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Mineral dust and global tropospheric chemistry: Relative roles
of photolysis and heterogeneous uptake
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Abstract. We investigate the influence of mineral dust on tropospheric chemistry
in the present climate at the global scale. The analysis examines the effects
of dust on photolysis and heterogeneous uptake, operating independently and
together. In numerical experiments the size-resolved, time-varying mineral dust
distribution predicted by the global Dust Entrainment And Deposition (DEAD)
model perturbs the gas phase species in a global Chemical Transport Model (UCI
CTM). We find that the photolysis perturbation dominates limited regions in the
low to middle troposphere, while heterogeneous uptake dominates the rest of
atmosphere. Coupling of the photochemical and heterogeneous effects of dust
is weak in the global mean but moderate in dusty regions, where coupling is
sometimes responsible for more than 20% of ld@ailchanges. Ozone and odd-
nitrogen concentrations are perturbed in opposite directions by photolysis and
heterogeneous chemistry, resulting in a weak net change. However, both processes
decrease the concentrations@ifl andHO,. The global mean change due to dust

is —0.7% for tropospheric©;, —11.1% for OH, —5.2% for HO,, and—3.5% for
HNO3. Large seasonal signals are present near dust source regions. Over the north
African region and tropical Atlantic Ocean downwirdH decreases by 66.8%,

six times more than the global mean reduction. Interestingly, net photolysis-
induced annual meaf; changes are greater in the Southern Hemisphere than in
the Northern Hemisphere, where significantly more dust@ggrecursors reside.

In polar regionsQ3 change is dominated by transportegland is not sensitive to
local dust concentrationO; change due to photolysis depends not only on dust
vertical structure, but also on the availability ©f precursors.O; change due

to heterogeneous reactions on dust is sensitive to dust vertical structure, mainly
through the influence of temperature on uptake rates.

1. Introduction annual aerosol emissions by maBstiner et al.2001. On

average, mineral dust contributes more than 60% of total
!Aerosols impact the chemical composition of the atmos-aerosol optical depth in dusty regions, 15% in urban regions,

phere by providing a surface for heterogeneous chemistryand up to 10% in the remote Southern Hemisph&liarie

and for light scattering and absorption at photolytic wave-et al,, 2003. Besides seasonal and annual dust variations,

lengths. Mineral dust is an important aerosol to considerdust fluctuates on climatic time scales in both source regions

in atmospheric chemistry because its natural and anthroand downwind [e.g.Ram and Koenigl1997 Kohfeld and

pogenic sources account for one-third to one-half of totalHarrison, 2001]. This work focuses on the current annual
mean and seasonal cycle of global dust-chemistry interac-
tions.

1Copyright 2003 by the American Geophysical Union. " ; ;
0148 0227/03/2002)0003143309.00 Convincing evidence that heterogeneous chemistry on
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mineral dust significantly alters the concentration of impor-tative species butane, propane, xylene and isoprene. This
tant atmospheric gases has been firmly established in fieldtoposphericO3-NO,-NMHC chemistry scheme contains
lab, and model settingZhang et al. 1994 Dentener etal. 36 species, with 88 chemical reactions and 22 photochem-
1996 Tabazadeh et 811998 Zhang and Carmichagll999 ical reactions \ild and Prather 200Q Bian and Prather
Goodman et a)200Q Galy-Lacaus et a)2002 Underwood  2003. Reaction rates are principally taken frobeMore

et al, 2001, Michel et al, 2003. Research also shows min- et al. [1997 and from Atkinson et al.[1997, with addi-

eral dust significantly alters atmospheric photochemistry bytional rates from lHough 1991 and from the Leeds Univ-
absorption and scattering in photolytic wavelengtbgk- ersity Master Chemical Mechanism. Photolysis rates are
erson et al. 1997 Jacobson 1998 He and Carmichagl calculated with an on-line treatment of molecular, aerosol,
1999 Balis et al, 2001, Bian et al, 2003. These previous and water and ice cloud absorption and scattering using the
three-dimensional Chemical Transport Model (CTM) simu- Fast-J scheméWild et al, 200Q Bian and Prathey2003.
lations of the chemical influence of dust focus on the impactFor use in calculating photolysis rates, stratospheric ozone
of one process (photochemical or heterogeneous) in isolds taken from the Models and Measurements (M&M) clima-
tion on atmospheric oxidants. Many of these efforts weretology [Park et al, 1999 while tropospheric ozone is taken
conducted on regional spatial scales and/or event-based fnom the instantaneous CTM values.

synoptic timescales. Recent research on global tropospheric The meteorology driving the CTM is provided by the
chemistry includes the dust impact through both processegoddard Institute for Space Studies (GISS) general circu-
[Martin et al, 2002 Liao et al, 2003 but does not thor-  |ation model version 11(4° x 5°, 9 vertical layers) based
oughly analyze or attribute the chemical forcing by dust.on the climatological sea surface temperature of the 1980s.
In this paper, we use a CTM framework to investigate theThe meteorological fields are supplied every 3 hours and lin-
chemical alteration of the troposphere by dust through bottearly interpolated to the nearest time step. The advection
photolysis rate forcing and heterogeneous uptake. We alsgcheme conserves second-order moments and considers not

highlight the non-linear interaction between dust photolysisonly gradients of tracer concentration but also the curvature
rate forcing and heterogeneous uptake to determine the bigg the tracer distributionfrather, 1986.

that arises from neglecting this interaction. Dry deposition is treated with a resistance-in-series scheme
Our objectives are: (1) Estimate the perturbation by dushased on the surface meteorological properties, vegetation
to global oxidant distributions due to the coupled effects oftype and species solubilityJficob et al, 1992 Hanson
photolysis and heterogeneous uptake, (2) Isolate the effect gfpoq. Wet deposition of soluble species is allowed for dur-
each process and learn whether there are non-linear interamg convective transport and in |arge_sca|e precipitation us-
tions between them, (3) Identify regions and seasons whergg Henry's Law coefficientsian, 2001. Washout in rain-
dust has its maximum influence on chemistry and compargg|| uses precipitation mass fluxes from the supplied meteo-
these to selected observations, (4) Understand the influenqg|ogica| data and thgH of the water droplets. Evaporation
of dust horizontal and vertical distributions on ozone pro-occurring in the lower atmosphere allows these processes to
duction. transport soluble trace gases down through the atmosphere
The paper is organized as follows. Section 2 describesather than removing them entirely.
the two global models employed. Section 3 presents, in or- \We map the GEIA inventories of trace species emissions
der, the results of the model simulations of the phOtOChemfrom 1° x 1° resolution to the model grid, preserving the sec-
ical, heterogeneous uptake, and coupled effects of dust, anshd order moments of the emissions. Additional emissions
concludes with the effects of spatial distribution in selectedfor CO and biomass burning sources4atx 5° resolution
regions. We discuss our main findings, their uncertaintiesare fromwang et al.[19984. Diurnal variations are pro-

and implications for future studies follows in Section 4. yjded for industrial and biogenic sources, and seasonal vari-
ations are provided for soil emissions, methane, and biomass

2. Simulation Framework burning sourcesNO from lightning is based on the param-
eterization ofPrice and Rind1997. The vertical mass flux

2.1. CTM description from the meteorological fields is used to define deep convec-

The UCI CTM [Wild and Akimoto2007 includes a de- tive events to distribute th¥O source. AnNO source from

tailed tropospheric photochemical scheme which uses thglrcraft is also includeddaughcum et a,l:199q. )

ASAD scheme Carver et al, 1997 with an implicit solver. . The upper boundary for. stratospheric ozone is calculated
The chemical scheme includes complete treatment of inorWith the Synoz modelNicLinden et al.200Q. The global
ganic plus methane chemistry and a lumped “family” treat-annual mean flux of ozone from the stratosphere is specified
ment of hydrocarbon oxidation schemes for the represen@s475 Tgyr—* based on observations[irphy and Fahey
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1994] Synoz a”OWS the Circulation tO determine Where and Dust extinction (1/km), dstmch90, Jan. 005 Dust extinction (1/km), dstmch90, Jul. 005
when O3 enters the troposphere. A dynamical tropopause
is diagnosed as thi20 ppb isopleth of this synthetic ozone.

Below this level, the tropospheric chemistry scheme is ap-
plied, and above, a simplified stratospheric scheme is used
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2.2. Mineral Dust

2

0.01 0.01
1

0 0

The usefulness of global chemical studies of mineral dus_ P e T e
depends, in part, on the fidelity of the simulated dust dis- S 1 SN Juty i
tribution to observations. The climatological global 3-D - f««ﬁ%ﬁ ° i
dust concentrations used in the UCI CTM are predicted *" g 4o V\‘*’ 1

by the mineral Dust Entrainment And Deposition (DEAD)
model Zender et al.2003. Predictions from DEAD have

0

Latitude

been used and evaluated against field measurements in n s FI M, s _
merous aerosol studieR@sch et al.200% Collins et al, [ S g X 55
2001, 2002 Mahowald et al,2002 Luo et al, 2003 Zender 5 2w oW 0 0k 1208 8 Taow s 0 soE 120

et al, 2003. Lorigitude Longitude

DEAD predicts the size-resolved distribution of atmos-
pheric dust in four size bind(1-1, 1-2.5, 2.5-5, and 5— Figure 1. Zonal mean dust extinction [km] at 340 nm
10 pm). Mobilization processes include entrainment thresh-4n January and July (upper panels). Horizontal distributions
olds, moisture inhibition, drag partitioning, saltation feed- of dust 340 nm optical thickness in January and July (lower
back, and erodibility enhancements in sedimentary basinganels).
Dry deposition processes include sedimentation and turbu-
lent mix-out. Nucleation and collision scavenging in both i i
stratiform and convective cloud types are simulated. DEADNge transport of particles larger tham contributes to
simulations of 1994-199&Ender et al.2003 inthe NCAR  this common model bias [e.dg3inoux 2003 Colarco et al,
MATCH model [Rasch et a].1997 at T62xL28 resolution 20034.
were averaged to create global 3-D monthly mean dust con-
centrations for the UCI CTM. These dust concentrations are3. Results and Discussions

then re-gridded to the spatial and temporal resolution of the i
UCI CTM. The results presented are taken from the final 12 months

Figure 1 depicts the predicted zonal mean mineral dustmc CTM simulations of July 1 of year 1 through Jan 31 of

L2 . L ear 3. These nineteen month runs include a seven-month
extinction [knT '] at 340 nm and horizontal distributions of y

. . ; spin-up time which allows for most chemically important
dust optical thickness in January and July. Strong summer-
. S ; : : frace gases, excefift,, to reach steady state. Throughout
time convection lifts dust into higher atmosphere in July, and,, . ; . .

. . this paper, the influence of dust on atmospheric chemistry
spreads more dust into remote region. Dust centers around

10°N in January and shifts north 9°N in July. The an- IS isolated by subtracting the control run (without aerosol)

nual mean atmospheric dust burden is 29 mgniThe ge- f_rqm th? _p(_arturbatlon run (with dust) and (f_or Some quan-
: o . tities) dividing by the control run. The species changes re-
ographic and seasonal variations of dust loading are shown

and evaluated iZender et al[2003 and Luo et al.[2003. ptortted rﬁfef onlg/ todtropospherlc (i-e., not troposphefic
These studies show that, in the 1980s and 1990s, DEAIf ratospheric) abundances.

broadly agrees with station observations of mass conce
tration, mass deposition, optical depth, and satellite-inferre
dust distribution. The model captures the seasonal migra- Aerosols manipulate the atmospheric radiance field in
tion of the trans-Atlantic African dust plume and the spring such an intricate way that outstanding problems remain in
maximum in Asian dust outflow. However, DEAD predicts modeling the closure of even the clear sky radiative budget
emissions, burden, and optical depth are significantly (10fValero et al, 2003. Sokolik et al[200]] review current ex-
50%) less than predicted b@inoux et al.[200], largely  perimental and theoretical approaches used to quantify the
due to differences in wet deposition. DEAD underestimatesdust radiative effects. They point out that despite recent
transport and deposition of East Asian and Australian dust t@dvances, dust optical properties remain poorly quantified
some regions of the Pacific Ocean. An underestimate of longlue to limited data and incomplete understanding of relevant

3.1. Effects of Photochemical Forcing
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physical and chemical properties. The reader is referred t January 100 Auly
the existing literature on the sensitivity of photochemistry to  ze| —— A-jovisEitiswony 1 -/} [
plausible ranges of dust optical propertiésap and Sein- 0 e I et
feld, 1998 He and Carmichagl1999.
600

The refractive index is an essential parameter required : 0 B
to derive the optical properties used in photolysis rate cal- s P 800 1
culations. Specifically, Fast-J requires the single scatter *® -7 900 S

1000 100
4

ing albedo and the first 7 coefficients in the Legendre ex- ° = = - ©° 1w © 4 =
pansion of the scattering phase function for ultraviolet and o
visible wavelengths (300-600 nmiMld et al, 200Q Bian ~ _ | %
and Prather 2009. As in Bian et al.[2003, we assume a
wavelength independent refractive indexs= 1.50+0.025i,

which is approximately the mean value of measurements b* .
Patterso{ 19871 between 300—400 nm. For the lognormally s 900
distributed long range transport mode of dust with volume %o '33_na;ch;i‘;e (pemen}i" i SR e o
median diameter of 2.am [Zender et al.2003, the single

scattering albedo at = 300 nm is 0.64. Previous observa-

tions and simulations agree that dust causes significant alifigure 2. Simulated dust-induced change ifvalues.
sorption in the key tropospheric photochemical wavelength$oint A (10°N, 15°E) in this study is solid line, and from
(300-400 nm) $avoie et al.200Q Diaz et al, 200, Kauf-  simulation ofMartin et al. [200] is dotted line. Point B

man et al, 200% Dubovik et al, 2003. The influence of  (18°N, 5°W) is dashed line. Point CL{°N, 32°W) is dash-
Relative Humidity (RH) omn is neglected since the radia- (ot line.

tive properties of atmospheric dust are relatively insensitive
to RH changesl]i-Jones et al. 1998 He and Carmichagl
1999. o

45N

Figure2 shows the change in photolysis rate coefficients
(J values) forO(*D) and NO, due to scattering and ab- s
sorption by mineral dust at three dusty locations. Points A ses==_ === — =" T
(10°N, 15°E) and B (8°N, 5°W) are centers of dust emis- 1400m  Jan 400 m .
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sions over west Africa in January and July, respectively. .

Point C (L4°N, 32°W) is downwind in the tropical Atlantic. 0
Dust significantly reduceso 1 py and./xo, in the lower tro- 458 -
posphere at all three points. A large seasonal shift is evider ®5= ww o wE 1208 oW EwW 5 BOE  S56E
in the source regions (cf. Figuf¢. soN 32001 e 3001 ik

It is interesting to contrast our results at Point A to those «n
of Martin et al.[2003, who also employ the Fast-J photoly-  °
sis code but who use th@inoux et al[2001] dust distribu- ~ **°

tion. Compared tdlartin et al,, we predict greatey-rate re- W ew 0 wE t20E WSTW W 0 SOE zE
ductions due to dust in January, but smaller reductions at a/ , . . )
altitudes in July. The discrepancy between dust-induted : : s

. ) 0 10 20 30 40 50 60 70
rate changes between these models is due to differences be-

tween the modeled dust distributions. In DEAD, dust emis-
sions are maximum at Point A in January and then move torigure 3. ClimatologicalO; [ppb] in January and July at
the northwest in JU'y, Ieaving low column dust at Point A three atmospheric |ayers simulated using gas phase chem-
(cf. Figurel). istry alone.

To place theO3 response to mineral dust in context, we
first show the unperturbe@; abundance in Figurd. This
is the O3 abundance simulated with gas phase chemistrydownwind regions in July.

alone. Seasonal biomass burning forms ¢hemaxima in Plate1 and Figure4 show the effects of photolysis rate
sub-Saharan Africa in January. .Industnal emission®9f  forcing by dust orD; andOH, respectively, in January and
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levels in the African dust region, while a more diffuég
decrease occurs over Asia. In July, there is a striking change
in the sign of theO3 perturbation due to African dust. The
Asian dustO3 perturbation also changes from decreasing to
20N 6OW 0  60E 120E 1200 6OW 0  60E 120E increasing above the boundary layer.

i e Comparison of Platé and Figure3 shows that in both
January and July the maximufs reduction by dust oc-
curs over continental, high‘O, ozone-producing regions.
Previous studies show that over |dWQ, oceanic regions,
oW e O B0E 120E lzow gow 0 BB 208 photochemistry destroyS3 [Olson et al, 1997. Dust ab-

4900 m Jan. 4900 m  Jul. . . . .
SN soN sorption reduces photochemistry, and hence this loss, in low-

T - L,
= < e B »- ‘o W NO, oceanic regions. This caus@s to increase therg&ian
¢ L e 0 ¢ I e . . .
¢ o , 9 | et al, 2003. The increased3 perturbation in remote re-

- - gions in July is associated with more background dust and

90N

458

o

908

o

L= =& |
908 908

L T Wl WE a2E higher ozone photochemical production and destruction rate
due to the higher solar irradiance and precursor emissions in
3 2 El 0 1 2 3 northern summer.

The tropical Atlantic ocean is an area of particular in-
terest because of its proximity to dust sources. Heréthe
Plate 1. Photolysis rate forcing 0®s [ppb] by dustin Jan-  change is small in January, and increases by more than 3 ppb
uary and July at three atmospheric layers. in July. The nearby upstream dust sources and biomass burn-
ing emissions (which provide higNO,) are controlling fac-
- 250m  Jan. - 50m Fors in this segsonal 'change. Biomass t.)ur.ning in the Sahel
- ,-?9 = - ,-?9 : in January'(F|guré3) is closg to dust emissions and trans-
0 5 g | o G port paths in r_lorth Africa (_F|gure)_. I—_|oweve_r, the centers
55 ) s 2 of dust and biomass burning emissions shift by about 10
s0s S e —— in opposite directions in July, separating the dust from the

120W 60W 0 B0E 120E 1200 BOW 0 60E 120E X . ! ;
400m  Jan. 00m  Jdul biomass burning plumes. This leaves 103, in the trop-

j:: == ::: = ical North Atlantic ocean in July. These results are consis-
0 > o e 0 B - 2 tent with previous studies which show that absorbing aerosol

455 , Y ws ’ S reduces ground levéD; in polluted environmentsicker-

%03 %08 son et al, 1997 Jacobson1998 He and Carmichaell999

120W  B60W 0 60E  120E 120W  BOW 0 60E  120E

oon AR JEh oon Ak and thatO3 increases or decreases in the upper atmosphere

i v ' P *ﬁ} = depending on the availability dNT.OX [He and Cgrmichaz_al

<. Q 0 . 4&3 1999. The OH decreases in Figuré are consistent with
s 7 Ve the spatial distribution of dust (Figufg. The decreases are
WS —w w0 wE mE 5 ow ww o e mE driven by reductions ifD(*D) caused by reduced ultravio-
let photolysis 0fO3. The OH decreases are exacerbated by

chemical reduction o®H due to reducel O and increased
B ¢ CO due to photolysis changeBign et al, 2003.

Table1 lists the mean January, July and annual changes

Figure 4. Photolysis perturbation tOH [%] by dustin Jan- N Os [%] andOH [%] due to light scattering and absorption

uary and July at three atmospheric layers. by dust. The amplitude of th@3 perturbation in July in the
Northern Hemisphere (NH) is much larger than the South-
ern Hemisphere (SH) perturbation. This is due to the three

actors: absolute dust amount, proximity@ precursors,

nd relative land area, already mentioned. Interestingly, net

6{ghotolysis—induced annual me&@y changes are greater in

e SH than in the NH due to negati@g change in the NH
winter time. The global annual mean perturbatioidgfand
OH by dust via photolysis i9.23% and —2.44%, respec-

o

key tropospheric oxidants and drive tropospheric chemis:try].c
The maximum perturbations are in dust source regions i
the boundary layer and decrease with altitude. The perturb
tion patterns are consistent with dust abundance, and sho
that tropospheric chemistry responds quickly to photochem
ical forcing. January is characterized by decredsgat all
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Table 1. January, July, and Annual mean photochemical per-Table 2. Uptake Coefficients of Mineral Dust in UCI

turbation [%] by dust of NH, SH, and Glob@l; andOH. CT™M
Region O3 OH Reaction Uptake~y References
Jan Jul Ann. Jan Jul Ann. H505 + Dust — Products 1.0 x 10~* 1
NH —0.12 0.98 0.19 —251 —-482 -407  HNOj + Dust — Products 1.1 x 1073 1,25
SH 040 021 0.26 —0.68 —1.03 —0.82 HO, + Dust — Products 0.1 16
Global  0.14 059 0.23 “159 -292 244 6 i Products 1.0 x 103 12
NOs + Dust — Products 4.4 %x107° 5
tively. The globalO perturbation is a factor of four larger  NOs + Dust — Products 0.1 ) 4,6
in July than in January. The perturbation of both gases is O3 + Dust — Products 5.0 x 107 1,2,6,3
about a factor of four larger in the NH than in the SH in  OH + Dust — Products 0.1 6

both seasons and in the annual mean (§of). The annual
. ) o .
change irs is aboul_O.Q/o in eac_h hemisphere, because the aReferences: 1, Dentener et al[1996; 2, DeMore et al.[1997; 3,
seasonal changes differ dramatically. Michel et al.[2002; 4, Seinfeld and Pandif1997; 5, Underwood et al.
[2001; 6, Zhang and Carmichadl999;

3.2. Effects of Heterogeneous Uptake

Direct measurements and theoretical research provide o . .
convincing evidence that mineral dust plays important r0|e§nore_thoroughly later in th'_s S(?Ct'quA Is the gas-phase
in altering atmospheric chemistry through heterogeneous re(j|ffu5|on500(2aff|cl|ent of specied in air, and ranges frofi—
actions {soodman et a).200Q Galy-Lacaus et al.2003. 2 x 107> m"s* for most speciesqchwartz 1986 Prup-
Once sequestered on mineral dust particles, oxidants such R&cher and Kle{t1994. Measurements oD, have not
HNO; andSO, appear to undergo fast neutralization reac-°€€n reported for many species modeled here, so we set

_ -5 m2 1 ; e
tions with alkaline material (e.gaCOs3) in mineral dust Da N 103 m”s for all species as iMie et aI.[ZOO]]. )
[Dentener et al.1996 Zhang and Carmichagll999 Un- S [m*m~°] is the surface area density of the particles and is

derwood et al.200% Michel et al, 2003. Dentener et al. determined from the predicted mass mixing ratio of dust in

et . ” ke .
[199§ estimated that at least 40% of total column nitrate is OU" Size bins using the specific ar8gm- kg™ ] shown in
found on the mineral aerosol over vast regions of the NH.'aple 2 ofZender et al[2003. The mass uptake coefficient

We simulate the net direct uptake on mineral dustgf ~ ©Of SPECiesA isy.

odd-hydrogen QH, HO,), odd-nitrogen XO,, NOs, and The uptake coefficients of the eight species considered
HNOs3), N5Os, andH,0,. Heterogeneous reaction 86, to undergo irreversible reactions on mineral dust surfaces
on dustis also an important uptake proc@er{tener et al. in our model are summarized in Tabfe Uncertainties

1996 Song and Carmichagl001. However, we do notin- in v are large, up to three orders of magnitude for cer-
clude the sulfur cycle in this study. Our results on heterogelain specieszhang and Carmichagl999 Goodman et aJ.
neous uptake on dust for some species should be consideré§0Q Michel et al, 2002 Underwood et a].2001. For ex-
an upper bound on dust uptake since some of these speci@gple, recent studies rep@rox10~% < v < 2.5x10~ for
would be lost to heterogeneous reactions on other aeroséls [Michel et al, 2003 and2.0 x 107° < v < 1.6 x 1072
types. for HNO3; [Goodman et a).200Q Underwood et a].2001].
Using the method ofSchwartz[1986 and Tie et al. We apply_the values in Tal_al%globally so that regional dif-
[2007], the lifetime of species\ associated with heteroge- ferences iny due to dust mineralogy and RH are neglected.

neous reactions on particles of radils is provided by the Figures5 and 6 show the reduction oD; [ppb] and
inverse of the pseudo first-order heterogeneous rate constaf! [%], respectively, due to heterogeneous reactions on

k for diffusive and kinetic transport of to the particle sur- ~ dust. Since the net uptake is irreversible, mineral dust up-
face: take reduce®3; andOH globally. Heterogeneous uptake of

O3 by dust (Figureb) is broadly controlled by two factors:
E(A,R,,T) = S[R,/Da +4/(va7y)] (1)  theOj3 abundance (Figur8) and the horizontal and vertical
distributions of dust (Figurd). In January, the maximum
Here, v, is the mean molecular speed of gas spediest  reduction occurs along the plume from western Africa to the
temperaturd’ [K]. We will discuss theT-dependence of tropical Atlantic ocean just above the boundary layer. In
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Figure 5. Decrease O3 [ppb] due to heterogeneous reac- Figure 6. Decrease irOH [%] due to heterogeneous reac-
tions on dust in January and July at three atmospheric layersions on dust in January and July at three atmospheric layers.

Table 3. January, July, and Annual mean decrease [%] in

our simulations African dust that is lifted above the bound-\H sH and GlobaD; andOH due to heterogeneous reac-
ary layer in January is conveyed over the Atlantic ocean i”tion,s on,dust.

a layer betweeri—3 km known as the Saharan Air Layer
(SAL) [Karyampudi et al.1999. The O3 change is greatest

. Region O3 OH
near the top of the poundary quer where the local maxima Jan oA, 3an i s
in O3 abundance (Figurg) coincides with the SAL.
In July, O3 uptake over Asia becomes significant and in- NH —152 —143  —148 —10.97 —19.96  —16.35
—0.46 —0.33 —0.30 -3.67 —-3.11 —2.86

creases with altitude. This is due to meteorology @3dnd
dust concentrations. The Arabian peninsula has less dustClobal  —0.99  —0.88 —0.89 —-732 —11.54  —9.60
but much moré)s, than west Africa in July. Asiaf®3 abun-
dance is elevated by pollution transport from Europe and
by stratospheric intrusions near Tibet, but west Afri€an  This reflects the quicker response(@H to indirect effects.
has decreased as biomass burning shifts south of the equéihe gas phase lifetime is only seconds @ but often ex-
tor. Thus heterogeneous forcing by dust causes stranger ceeds a few days fdDs.
depletion in Asia than in west Africa, especially in the mid- Table3 lists the mean January, \]u|y, and annual Changes
troposphere. HigtD3; abundance over the Arabian desertin O, [%] and OH [%] due to heterogeneous chemistry
and strong vertical transport of dust are the factors drivingon dust. Globally,0; decrease$.9% and OH decreases
the stronger uptake in Asia. The summertime Tibetan lowhearly10%. Regional reductions rea¢h5% for O; at the
pressure cell facilitates convective transport and displacegpp of boundary layer over west Africa and the tropical At-
the region of heterogeneous uptake to higher altitudes. Ifantic Ocean in January and in the mid-troposphere over the
is interesting that th@; response to heterogeneous uptakeArabian desert in July.OH decreases by- 80% within
increases with altitude in July, especially over Asia, whilethe boundary layer in the zonally extensive tropical region
the photochemical response©f to dust decreases with al- from northern Africa to the Atlantic ocean in January and by
titude (Plated). ~ 50% from India to the Caribbean in July. Our interpo-
Figure6 shows that heterogeneous chemistry is importantated monthly mean dust fields contribute to exces€he
for OH over the dusty regions in both January and July. Thisuptake in very dusty regions by not allowing dust-free peri-
is consistent with th©H photolytic perturbation (Figuré). ods during whichOH could temporarily recover. The larger
OH uptake favors lower altitudes th&h; uptake (Figuré). chemical perturbation occurs in the NH, where trace gas re-
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ductions are more than triple those in the SH. Heterogeneous 08 dan o8 ‘
uptake changes glob&; and OH about four times more  g* g*
than photolysis rate forcing. This result is not quantitatively %Z ‘ 8 ”
robust since our predicted changesOiil are large, as is  <i .l'.!,/' “ 1 “ "‘ é
0 S 0 45|
H OH Ji

de (ki

Altit

the uncertainty in the uptake coefficients (TaB)e We are o0s 458
guantifying these uncertainties in a separate study.

Unfortunately, field measurements which could confirm E: £
or deny our findings for climatological heterogeneous uptakeg 2
of oxidant species on mineral surfaces in dusty regions are ' g
scarce Bey et al, 200]. Previous research has focused on *°  ®¢ o N snows s 0, o™
the heterogeneous perturbation in dusty conditions. Using a , ~
global three-dimensional mod&gentener et al[1994 esti- <5 <
mated that heterogeneous uptake on dust leads-td @% ;éz
reduction of O3 in dust source regions during the dusti- !
est season. Using a box mod@hang and Carmichael ~ *° *° ~ ° % @0 s ws 0 e
[1999 estimated that spring dust storms in East Asia de- BN s
creaseOs by 11-40%, NOy (NO5+N205+HN05) by 16— 05 06 07 08 09 1 11 12 13 14 15
100%, andH, O, (OH+HO2+H;02) by 11-59% via hetero-
geneous uptake. Our simulations indicate global reductions ) _
due to heterogeneous uptake on dusd.6%6 for Os, 3.9% Plate 2. Zonal mean coupling fa<_:t0x between photolyis
for NO,, and5.1% for H, O, Thus our global estimates are "ate and heterogeneous dust forcinggf OH, andHNO;
an order of magnitude less than estimates from other mod January (left column) and July (right).
els during dusty conditions. In dusty parts of North Africa

during late winter and early spring, we predict boundaryinteraction increases over the subtropics, especially in the
layer ozone reductions ef 10%, similar toDentener etal.  NH where most dust resides. Feedback®gfproduction

[199§. In East Asia in spring, we predict the monthly mean ang |oss due to changes @y precursors leads to the com-
O3 decreases by about 2%. This is consistent with 1the plicated structure ofio,. Involvement ofOs in photolysis

40% instantaneou®; reduction during spring dust events in jteration is negligible in its contribution ts,, magnitude
East Asia reported bghang and Carmichadll999. (Dust  and structure. Coupling amplifig3; reductions in most of
concentrations during these events are an order of magnitudge SH and suppresses it in the tropics and NH in January.
larger than the monthly mean concentrations.) The effect of coupling in July is similar except in the NH
mid-to-high latitudes where coupling changes from a sup-
pressing to an amplifying effect dns. Strong coupling oc-
Sections3.1-3.2 describe the photolytic and heteroge- curs in the boundary layer and lower troposphere from the
neous forcing of oxidants by dust, examining each process igquator t&50°S in January and in the NH subtropical bound-
isolation. We now quantify interactions between photolytic ry layer and high latitudes in July. Other species studied
and heterogeneous forcing when those processes operate ii-this paper exhibit coupling patterns similar @ or to
multaneously, as in nature. We define the effects of thédINOs.
photolysis-rate-only, heterogeneous-only, and coupled (pho- We now examine the relative roles & andAy in deter-
tolysis plus heterogeneous) forcing by dustgs Ay, and  mining Ap, 4, and how the vertical structure of dust affects
Ap,y respectively. The degree of non-linear interaction be-this relationship. We define the relative contribution of pho-
tween photolysis and heterogeneous effects of dust defindslysis,dp, to Ap, 4, the net species change by dust, as
the coupling facton Ap

A= Bpar/(Bp+ An) @ % = [Bel = 1A ©

45N 90N 908 45! N 90N

Ol Jan. ul.

km

Altitude

km

Altitude

3.3. Photochemical and Heterogeneous Coupling

Values of A near unity indicate that the individu@élp and  Thus0 < |0p| < 1 and|dp| = 0.5 where the magnitudes
Ay perturbations are additive (i.e., linear). Platghows the  of the photolysis-only effect and the heterogeneous-only ef-
zonal meamo,, Aon, andgno, in January and July. In  fect of dust are equal. Strictly, this definition is only valid
most remote and upper tropospheric regionis, near unity.  whereA = 1. We take this definition approximately due
In these regions, feedbacks between the photolytic and hete the weak nonlinear interaction on global scale (PRte
erogeneous perturbations are generally less 1086 The  The relative contribution of heterogeneous reactiopgnot
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Figure 7. Relative role of photolysigp in altering six Figure 8. Same as Figuré except for July.
species in Tabl@ in January. Shading indicatés < 0.

dust both decrease their abundance. In contrast, the individ-
_ _ ual changes\p and Ay are of opposite signs faps, odd-
shown) is defined analogously t8)( Heterogeneous uptake nitrogen,N,O5, andH,0,. Thus cancellation by opposing

is negative definite, so thaly = —1 + [dp|. Thus|dp[iS  responses to dust results in smaller net chanyes, for
small wherddy| is large, and visa versa. these species.

Figures7 and 8 show the zonal meade for six of the Table4 also lists the global mean coupling factorg2).
species in Tabl@ in January and July, respectively. In the global meanQH is the most sensitive to coupling—

Most regions dominated by photolysis perturbation (i.e.,7% of its change is due to the interaction of the photochemi-
|op| > 0.5) are confined to low-to-mid altitudes. This is cal and heterogeneous responses to dust for€ipgxhibits
consistent with our results in the previous section that hetno sensitivity to couplingXo, = 1) in the global mean due
erogeneous forcing by dust is almost four times larger tharito mutual cancellation of regions of positive and negative
the photolysis rate forcing. Patterns&ffor O3 and odd-  coupling (Plate2). On regional scales, howevérz exhibits
nitrogen are similar. All show large values in the SH mid- moderate coupling.
latitude boundary layer in January and in tropics and the NH  \we demonstrate this by examining the effects of dust on
high latitudes in July. Among these speci&), is most  atmospheric chemistry in a dust-dominated region. This is
changed by photolysis, with extensive vertical and merid-Northern Africa and Tropical Atlantic (NATA) region down-
ional regions of largadp|. Odd-hydrogen@H andHO2)  wind (830W-30E, 0-30N). This NATA region carries the
shows larggAp| in polar regions in both seasons. largest dust burden on the planet due to African dust sources

Table 4 summarizes the annual mean changes due t¢e.g.,Zender et al.2003. Figure9 shows the seasonal cy-
photolysis-onlyAp, heterogeneous-onlxy, and the cou- cles of the dust forcingXAp, Ay, andAp, ) of each species
pled forcing of dustAp, . The NH change dominates the in Table2. The photolysis rate forcings peak in spring for
SH change for most species, in accord with the hemispheri©OH, HNO3, andHO,, and in summer fo©3, NO3, NOo,
asymmetry of dust mass. Global annual mean tropospheridl;O5. This seasonal change is also consistent with regional
03, Hy04, NOy, andN;O5 change less than or arouhéb; seasonality of dust burden from observatioBa\oie et al.
HNOj3, HO,, andNO3 change3—6%, andOH changes by 1992 Holben et al, 1999 and simulations Ginoux et al,
—11.1%. OH andHO., are the most sensitive species in our 2001, Zender et al.2003. The net dust forcing of atmos-
study because photolysis rate and heterogeneous forcing Ipheric chemistry is substantially larger in this region (see Ta-
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Table 4. Annual mean changes [%)] of eight species due to effects of dust. ShowhparAy, and Ap,y in NH, SH,
Global mean, and North Africa and the Tropical Atlantic (NATA) region downwi@¥—-30E, 0-30N), and global mean and
NATA-region coupling factors\ (2).

PhotolysisAP HeterogeneouAH CoupledAP+H A

NH SH Global NATA NH SH Global NATA NH SH Global NATA Global NATA
O3 0.2 0.3 0.2 0.9 —1.5 —0.3 ~0.9 —5.0 —1.3 —0.0 ~0.7 —3.8 1.00 0.93
OH —4.0 —0.8 —2.4 —15.0 —16.4 —2.9 —9.6 —64.0 —18.5 —3.6 —11.1 —66.8 0.93 0.85
HNOg3 0.4 0.3 0.3 0.8 —6.1 —1.5 —3.8 —28.3 —5.8 —1.2 —3.5 —27.7 1.00 1.01
HO9 —1.0 0.2 —0.4 —6.0 —9.1 —1.1 —5.1 —43.5 —9.6 —0.9 —5.2 —45.3 0.95 0.92
NOg 1.9 0.8 1.3 5.4 —10.2 —1.5 —5.9 —47.2 —8.7 —0.8 —4.7 —44.2 1.02 1.06
NO2 2.1 0.7 1.4 9.8 —0.5 —0.2 —0.3 —6.9 1.6 0.5 1.1 3.1 1.00 1.07
N2 Op 3.3 1.2 2.2 12.0 —3.4 —0.8 —2.1 —19.6 —0.3 +0.4 0.0 —9.4 —_ 1.24
H5 09 0.3 0.7 0.5 —0.6 —0.4 0.1 —0.2 —2.2 —0.2 0.8 0.3 —3.0 1.00 1.07

gion than in the global mean. Coupling accounts &,
15%, and24% of the change 0®3, OH, andN,Os, respec-
tively, in the NATA region.

Our results are consistent with previous regional studies
of dust-chemistry interactions in AsiZhang et al[1994
observed short term anti-correlations ©f and dust con-
centrations in Happo, Japan. They estimafgddecreases
about3-10% per 10pgm~3 dust. Our simulated annual
mean boundary layer dust concentration in Happo, Japan
is about 1.2ugm~3 [Zender et al. 2003. We estimate
Ap;pO3 is about—1.2% in fall, —1.3% in winter, and
—1.5% in spring (consistent witEhang et al), and+0.4%
in summer.

Figure 10 compares our modeled; profile to observa-
tions at Abidjan {°N, 4°W) made during the MOZAIC air-
craft program from 1994-199Martin et al, 2003. The
January simulation improves in the lower troposphere when
we account for the effects of mineral dust on chemistry. The
simulated influence of dust on tk&; profile in July is not
obvious due to the cancellation of positive photolysis forcing
and negative heterogeneous forcing over this station.

Tabazadeh et a]1999 propose heterogeneous chemistry
on mineral dust and biomass burning aerosols irreversibly
removes gaseoudNOs. If so, then representing this pro-
cess should help reduce high biasedliNO; common to
gas-phase-only models. For example, previous studies of
9 10 11 12 the nitrogen cycle simulated summertiH&NO3 levels 2—

10 times larger than observed in the upper troposphere over
the east China coastihuglustaine et a).1998 Wang et al.
1998K. The UCI CTM summertimdINOj3 bias in this re-
gion is also close to a factor of two. We find that dust reduces
HNOj3 by about60% in the mid-to-upper troposphere in and
downwind of dust source regions in summer, and by about
40% in winter. Based on our best estimate uptake rates (Ta-
ble2), therefore, dust explains a significant portioridf O
biases as proposed Oabazadeh et al.1998. Remaining

) ) ) model-observation differences could be further, but proba-
ble 4) than in the global mean. For instan€&il reduction . ot completely, reconciled if we are underestimating up-

in this region reaches-66.8%, six times the global mean 50 rates and/or dust surface area in this region. Dust and
OH change. Tabld shows that the influence of photolysis- NO, are often in the same plume and it is possible that in-
heterogeneous coupling is much stronger in the NATA re-

Change Due to Dust (%)

Figure 9. Seasonal cycle of chemical changes in north
Africa and tropical Atlantic region downwind 8(W-
30E,0-30N). Shown are photolysis-oniyAp (dot-dash),
heterogeneous-onlzy (dash), and coupled\p, (solid)
forcings of dust.
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Figure 10. Ozone model-observation comparison over
Abidjan (5°N, 4°W) in January and July. 1994-1999-mean
MOZAIC measurementdartin et al,, 2003 are thick solid
lines. Error bars indicate standard deviations. Number of =
observations for each month is in parentheses. Model re-

sults are shown with (thin solid lines) and without (dashed
lines) mineral dust. Figure 11. July zonal mean (a) column dust burden

[mgm~2], (b) tropospheric0; change [%] due to normal

dust distribution broken down intép (thin line) andAy
terpolated monthly mean dust used here underestimates tifthick line), (c) O3 forcing efficiencies of dust by photoly-
impact of dust olINO3. Further investigation is needed to sis forcingep (thin line) and heterogeneous uptake(thick
guantify these uncertainties. line). Dashed lines show correspondiipgandéy for the in-
verted dust distribution. (d) Normalized vertical distribution
of dust.
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3.4. Sensitivity to Dust Spatial Distribution

In this section we examine the sensitivity of column
ozone change to dust horizontal, vertical, and geographicoming several times larger in polar regions than in the NH
distribution. Our goal here is to link the efficiency with subtropics. Thu®; change is far greater in remote regions,
which dust alters important oxidants liki to physical pro-  per unit local column dust mass, than in source regions. At
cesses, so that we understand where and why oxidants afiest glance it appears that a small amount of dust transported
most sensitive to marginal changes in dust emissions. We dde polar regions causes an inordinate change in pOlar
fine the netD3 forcing efficiency of dustp, 4 as the change However, this depends on wheth@g change at high lati-
in tropospheric columr®O; [%] normalized by the column tudes is due to local dust or to the advection of pertu®ed
mass of dust in mg m?. The analogous forcing efficiencies from dustier regions.
due to photolysis-only and heterogeneous-only forcing are |n July, total dust burden decreases monotonically away
ep andey. from the NH subtropical source region (Figutéa). The

Figure 11a shows the zonal mean column dust burdenOs forcing peaks in the NH subtropics with slight variations
[mgm~2] in July. The vertical scale is logarithmic and in the other latitudes (Figurélb). To determine the rela-
shows the dramatic variation of dust with latitude. Fig- tive importance of transport and local chemistry in the po-
ure 11b shows the July change in troposphebig [%] due  lar regions, we diagnosed separately the advective and local
to the photolysis-only and the heterogeneous-only effects oEhemical contributions to th@s budget in the region2°—
dust. Figurellc shows the forcing efficiencies and ey 90°N. In our gas-phase-only simulation, horizontal advec-
(i.e., the ratio of panel b to panel a). Note the scale is logation is an order of magnitude more important than the local
rithmic. Bothep andey increase toward high latitudes, be- chemistry in determinings. With dust, the change db;
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in this region due to horizontal advection is about five timeserally keeps constant or weakens toward the poles. Thus
more than the change from local chemistry. TAdschange O3 change in remote regions is more sensitive to gldbal
in non-dusty Northern high latitudes is controlled by trans-transport than to dust vertical structure.
port of perturbed); from the NH midlatitudes and subtrop- The difference betweesyy andéy tracks the normalized
ics. Consequently); change at high latitudes appears to be dust distribution in Figuré1d. Where dust normally resides
insensitive to model biases in high latitude dust. in the lower troposphere, > ¢4, and visa versa. In the tro-
The strong meridional gradient ip is also a function posphere, inverting the dust has little effect on the amount
of the meridional gradient in the vertical structure of dust. of O3 the dust is exposed to because the zonal mean vertical
Figure 11d shows the normalized vertical structure of dust.distribution ofO3 is relatively homogeneous. Thus the dis-
This is obtained by dividing the dust column by the local crepancy betweesy andéy is largely explained by the in-
mass (so the values in each column sum to unity). Dustrease of heterogeneous uptake with temperatures /7T
in source regions is concentrated in the lower troposphera (1).
in July (cf. Figurelb). At the same time, dust reaching  |nabox model study-ie and Carmichadl1999 reported
the remote high latitudes is concentrated in the upper trothat surfaceO; decreases slightly by dust photochemical
posphere where scavenging processes for these clay-siz@stcing when the aerosol layer is raised within the bound-
(D < 2.5 pm) particles are inefficienlender et a.2003.  ary layer, but thaO; stops changing as the aerosol layer is
Thus the vertical structure of dust is inverted during tranS-raised further. Our results indicate that in the real atmos-
port from source regions to high latitudes. phere the sensitivity ob5 to the vertical location of dust is
We studied the sensitivity of ozone forcing to the verti- more complicated than this and can change signs depending
cal distribution of dust by inverting the vertical profile of the on the presence @3 precursors. We find that in dusty re-
dust while fixing the total dust column amount. In this sensi-gions,O3 is sensitive not only to the height of the dust layer,
tivity study, therefore, high-latitude dust is concentrated neabut also toNO, availability. In remote region®; transport
the surface, while NH subtropical dust is concentrated in thes more important than local dust vertical structure.
upper troposphere. Figutdc shows both the photolysis and
heterogeneous forcing efficiencies derived from the realisti
dust vertical distributiongp andey, and the efficiencies of
the inverted dust distributiodr andéy. The significant sep-
aration betweewrp andép (the scale is logarithmic), as well

C .
4. Conclusions

We simulated and analyzed the influence of mineral dust
- : ...~ ontropospheric chemistry through its impact on atmospheric
as betweemH. and eH,'ShOWS the strong vertical sensitivity photolysis and heterogeneous chemistry. The global annual
of the O forcing efficiency. mean change due to dust is on the order of several percent for
Dust high in the atmosphere alters colufdg through  most species considered, except®di (—11.1%) (Tabled).
photolysis more than the same amount of dust in the loweps expected the largest changes occurred in and downwind
atmosphere. Howevetr < ¢p in the NH subtropics. As  of dust source regions, e.g., northern Africa, the tropical
discussed in SectioB.1, dust in lowNO, environments in-  agjantic, and the Arabian peninsula (Plate Figures4, 5,
creases)s by reducing photochemical destruction ©6.  and 6). Changes ifD; and OH due to dust are more than
In the normal dust vertical distribution, lower tropospheric fiye times greater in the NH than in the SH (Ta)e
dust f“’”f‘ northern Africa lies beneath the mid-to—upper tro- To examine the coupling between photolysis rate forcing
posphericNOx from southern African biomass burning re- and heterogeneous forcing, we defined a coupling faktor

gions, resulting in mgrease(dg in the dusty region. .In the . (2) as the ratio of the forcing by both processes acting simul-
m_verted dust scenario, Upper tropospheric dust mixed WltrIaneously to the sum of the forcings of each process acting
high-NOx reduces photolyti©s there. alone (Sectior8.3). Photolysis forcing and heterogeneous
The largest discrepancy betweesnand ép occurs near  forcing by dust are weakly coupled in the global mean, and
45°N. Dust neard5°N that normally resides betweeR  moderately coupled over dusty regions. In northern Africa
4 km is located betweeh-8 km in the inverted experiment. anq the tropical Atlantic downwind, coupling accounts for
European emissions 6¥; precursors in NH summer create 24%, 15%, and 7% of the changesNaO5, OH, andOs,
a strongO3 band in the Eurasian mid-latitudes near 5 km respectively (Tablet). Studies which neglect photolysis-
(Figure3). In the inverted dust experiment, dust in the high- heterogeneous coupling in dusty regions are likely to have
NO Eurasian mid-troposphere causes substa@fiagduc-  piases of these magnitudes. Globally, heterogeneous uptake
tions there. The negativ®s change over land cancels the \yeakly modifies the atmospheric photolysis field by reduc-
positive O3 change over ocean resulting in a small zonaljng tropospheric)s, but this indirect effect has no signifi-
meaney neard5°N. The difference betweerp andép gen-  cantimpact on photolysis rates. Photolysis forcing generally
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produces mor€s, but uptake of this addition&)s is alsoa  dust. Thus non-linear relationships between dast,pre-
second-order effect. cursors, and their chemical responses may be biased in our
Dust horizontal and vertical distributions influence col- model simulations. Further investigation is needed to quan-
umn ozone in subtle ways. High latitudg change is dom-  tify these potential biases.
inated by transport oD altered by dust close to source re-  The uncertainty in our estimates of the photochemical
gions. Therefore, uncertainties in dust concentration neaforcing of mineral dust stems from the choice of refractive
the poles do not propagate @ changes. In dusty regions, indexn compounded by regional biases in the size and ver-
the photolysis forcing efficiency db; by dust is not only tical distribution Bian et al, 2003. Previous studies show
sensitive to the vertical structure of dust, but also to the cothat dust strongly absorbs in the near ultraviolet, and that
incidence ofO3 precursors. In remote regiofg photolysis  n varies with wavelengthSavoie et al.200Q Diaz et al,
forcing is not sensitive to dust vertical structure. The hetero2001 Kaufman et al.2001, Dubovik et al, 2003. Although
geneous uptake efficiency 6f; by dust is sensitive to the the constant dust refractive index adopted in this study (Sec-
vertical structure of dust, mainly through the influence oftion 3.1) results in strong absorption at key tropospheric
temperature on uptake rates. photochemical wavelength8(00—400 nm), it should have
There are many uncertainties in our results. First, DEADa strong wavelength dependence.
predicts lower global emission, burden, and optical depth The uptake coefficients in Tablare taken to be glob-
of dust than some other recent estimat€npux et al, ally uniform, although the mineralogical composition of dust
2001 Zender et al.2003. Thus, our present results are varies with sourcesjokolik et al.2001 Michel et al, 2003.
based on a conservative estimate of dust abundance. Sed/e emphasize that our results are senstivite to our choice of
ond, like many recent studies [e.¢gohmann et a].1999 uptake coefficient values which have large uncertainties. An
Ginoux et al, 2001, Woodward 2001, Martin et al., 2002 analysis of the sensitivity our results to these uncertainties in
Colarco et al, 20034, we restrict our attention to dust of ~ is underway and we hope it will help prioritize future lab-
size0.1 < D < 10 pm. This is reasonable sinéghang  oratory research of. Gaseous uptake may also vary with
and Carmichae[1999 show that most nitrate and sulfate Relative Humidity through two mechanisms. First, high RH
is found on dust particles with.5 < D < 10 um. How-  may significantly the increase surface area on deliquescent
ever, models appear to under-estimate the mass fraction gfarticles Hanel 1974. Second, RH may increase for
D > 3 pm dust relative to observations in and downwind some gases, such &NOs, but not others, such asO,
of dust source regiond.f-Jones and Prosperd998 Reid  [Underwood et al.2001. Unfortunately,v(RH) for most
et al, 2003. Since a given mass of large particles exertsinteresting species is unknown. The resulting biases may be
less photolysis rate and heterogeneous forcing than the sansenall since RH is low in arid source regions, and particle
mass of smaller particles. Our estimates of dust optical deptBurface area is low in most ocean regions except the tropical
are reasonableZgnder et al. 2003 Luo et al, 2003, so North Atlantic.
our underestimate large dust particles may not induce large pue to these uncertainties in model inputs, this study
errors. Furthermore, large particles have short atmospherighould be regarded as exploratory and subject to further im-
lifetimes so CIimatOIOgical errors in our Study will be small. provementS, inc|uding improved model evaluation. Unfor-
At least two studies report that indirect forcing by sulfate tunately, field data to evaluate modeled dust photochemical
aerosol decreases B9% when the aerosol is simulated in- and heterogeneous effects are limited. Few comprehensive
teractively rather than interpolated from monthly medres[ measurements @3 have been performed in dusty regions,
ichter et al, 1997 Rotstayn and Lohman2003. The sul-  and the available observations, being for limited field experi-
fate indirect effect depends strongly on non-linear relation-ments, do not provide representative climatologies. Records
ships between aerosols, clouds, and radiative fluxes. Minfor other photochemically active species are also sparse. Re-
eral dust is not as efficient a CCN as sulfate, therefore theent field campaigns such as ACE-Asia and ITCT 2k2 will
non-linear relation between dust and clouds may be weakegreatly facilitate future studies since these campaigns were
than that of sulfate. However, dust aN@,, are often inthe conducted in and downwind of dust source region during
same plume, e.g., in east Asia in spring and in west AfricaAsian dust outbreaks. Fully evaluating the seasonality, ge-
in northern winter. Our model predictSO, dynamically  ographic location, and vertical structure of dust perturba-
with a full chemistry scheme, but uses interoplated monthlytion predicted by our model, however, will require sustained
mean dust abundances. This artificially suppresses dust comeasurements in dusty regions.
centration during dust events and promotes the concentration
between events. We showed that the preséngcerecur- Acknowledgments. We thank V. Grassian for providing data
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