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Abstract. A mineral dust module is developed and imple- in Saharan source regions because the direct emission of dust
mented into the global aerosol microphysics model, GISS-articles outweighs any microphysical feedbacks. The im-
TOMAS. The model is evaluated against long-term measurepact of dust on CCN concentrations active at various water
ments of dust surface mass concentrations and depositiosupersaturations is also investigated. Below 0.1%, CCN con-
fluxes. Predicted mass concentrations and deposition fluxesentrations increase significantly in dusty regions due to the
are in error on average by a factor of 3 and 5, respectivelypresence of coarse dust particles. Above 0.2%, CCN concen-
The comparison shows that the model performs better neairations show a similar behavior as CCN(0.2%).

the dust source regions but underestimates surface concen-
trations and deposition fluxes in more remote regions. In-

cluding only sites with measured dust concentrations of at )
least 0.5.gm~3, the model prediction agrees with obser- 1 Introduction

vations to within a factor of 2. It was hypothesized that

the lifetime of dust, 2.6 days in our base case, is too shorNrnOSpheriC aerosols are important contributors to global
and causes the underestimation in remote areas. Howeve?!'mate_ change. The_y perturb the Earth’s_energ_y l_)alance_ by
a sensitivity simulation with smaller dust particles and in- scattering or ab;orblng solar and terrestrial radiation, which
creased lifetime, 3.7 days, does not significantly improveare known as dlrecF eﬁect; of ae_rosols. Also, they change
the comparison. These results suggest that the underestimgl-OUd. properties b_y Increasing thelr albedo (reﬂe_ctqnce) and
tion of mineral dust in remote areas may result from local MY INCrease their lifetime, which are termed "indirect ef-

factors/sources not well described by the global dust sourcé\ectS - Aerosol effects on the gIo_baI C"m"’?te syste_m_are gen-
function used here or the GCM meteorology. The effect Oferally thought to be a net negative (cooling) radiative forc-

dust aerosols on CCN(0.2%) concentrations is negligible in, L ;

most regions of the globe: however, CCN(0.2%) concentra-n9 Of greenhouse gases such as carbon dioxide. According

tions change decrease by 10-20% in dusty regions the impa&? a recent report from the Intergovernmental Panel on 'CI.|—
of dust on CCN(0.2%) concentrations in dusty regions is verymate Change (IPCC), the global and annual average radiative

sensitive to the assumed size distribution of emissions. 1f°rcings frchm direct a”‘i indirect effects are estimated to be
0 . )
emissions are predominantly in the coarse mode, CCN(O.Z%%O'SWW (0.4 Wnm* for the 90% confidence interval)

ing, which partly compensates for the positive radiative forc-

2 2 1
decreases in dusty regions up to 10-20% because dust co nd —0.7 Wit = (—1.8 to —0.3Wnt= for the 90% confi

petes for condensableoBOy, reducing the condensational er;ceﬁmttervr?l), respgct|\lle(ljy. Els'umates 01; ‘?'”tecé an? indi-
growth of ultrafine mode particles to CCN sizes. With sig- rect efiects, however, inciude a large uncertainty due to poor
nificant fine mode emissions, however, CCN(0.2%) doublesunderstandlng of aerosol properties and behaviors including
aerosol physical, chemical, and optical properties, and mi-

crophysical processes affecting size distributions.
Correspondence toY. H. Lee Mineral dust aerosol mobilized by wind erosion in arid
BY (yunhal@andrew.cmu.edu) and semi-arid areas contributes to the global aerosol burden
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significantly. Interest in mineral dust has increased signif-in this work, the TOMAS model includes all the major cli-
icantly due to its many important roles in the Earth’s cli- matically significant aerosol types. In this work, we use pre-
mate system. Dust aerosol modifies the radiation budget iviously existing dust source functions to simulate mineral
the atmosphere through by direct effects (Tegen and Lacisdust in the TOMAS framework, thereby completing devel-
1996; Haywood and Boucher, 2000; Sokolik et al., 2001;opment of the GISS-TOMAS model and studying the im-
Prospero et al., 2002; Chin et al., 2002). The direct radiajpacts of mineral dust on the tropospheric CCN cycle. The
tive forcing by anthropogenic mineral dust 4€0.1 Wn12 dust module developed in the TOMAS global microphysics
(£0.2Wn12) as estimated in the IPCC Fourth Assessmentmodel is evaluated against dust surface mass concentrations,
Report; dust aerosol can have either a net positive or negativdeposition flux data, and mass size distributions. Evaluation
forcing depending on its single scattering albedo and the unef model predictions against aerosol optical depth (AOD)
derlying surface albedo (Liao and Seinfeld, 1998). Mineralmeasurements will be reported in a separate manuscript.
dust aerosols may influence climate indirectly through inter- Section 2 provides general information about the GISS
action with liquid clouds or acting as ice nuclei and modify- GCM Il-prime and TOMAS before documenting the min-
ing cloud properties and precipitation processes (Levin anceral dust module itself. Section 3 presents the simulated
Ganor, 1996; Rosenfeld et al., 2001; Sassen et al., 2003; Madust global budgets and the evaluation of the dust model with
howald and Kiehl, 2003). In the presence of mineral dust,observations of dust surface concentrations, deposition, and
gas phase chemistry can be altered either by serving as a reaass size distributions. The effect of dust aerosols on CCN
action surface or reacting with gas species (e.g. Dentener ajoncentrations is also in this section. Finally, Sect. 4 presents
al., 1996; Umann et al., 2005). Dust particles ranging fromdiscussion and conclusions for this work.
0.1 to 10um in diameter tend to undergo long range trans-
port and are deposited in remote areas, causing both positive
and negative effects on terrestrial and oceanic ecosystem@. Model description
Dust deposition can provide nutrients to oceans, including
iron, which is often a limiting factor for plankton growth 2.1 General description of GISS GCM and TOMAS
(Falkowski et al., 1998; Jickells et al., 2005; Mahowald et
al., 2005; Meskhidze et al., 2007). Dust deposition can leadn this work, we use the GISS GCM Il-prime as the host
to adverse effects on oceanic ecosystems such as the declingodel for the TOMAS aerosol microphysics simulation; the
of coral reefs due to dust-borne microorganisms (Shinn elGISS-TOMAS model refers to the GISS GCM II-prime and
al., 2000; Griffin et al., 2002, 2006). Finally, studies have the TOMAS aerosol model. The GISS GCM provides me-
shown the impact of climate change on dust emissions (e.gieorological data required by TOMAS. In this model, equa-
Mahowald et al., 1999; Mahowald and Luo, 2003). tions for conservation of energy, mass, momentum, and the
To understand these impacts of mineral dust, its global disequation of state are combined and solved for each grid cell.
tribution must be understood and modeled. Even though dusthe GISS GCM has horizontal grid dimensions 6fl4t-
concentrations at the surface have been monitored over sevtude by 5 longitude, with nine vertical sigma layers pre-
eral decades, measurements have limited coverage. Satelominantly in the troposphere but including the stratosphere
lite measurements complement ground-based observatiorts the 10 hPa level (Hansen etal., 1983). The GISS GCM Il is
by providing more complete spatial coverage, but challengesiescribed in detail in Hansen et al. (1983), and the model has
are associated with uncertainties and difficulties in the re-been updated (to the II-prime version) by Del Genio and Yao
trieval processes. A well evaluated dust model can compen(1993), Del Genio et al. (1996), Hartke and Rind (1997), and
sate for some of these weaknesses by predicting dust corRosenzweig and Abramopoulos (1997). The dynamical time
centrations and characteristics not well observed by thesstep in the model is 1 hour. The model uses a fourth-order
data sets and examining impacts and processes not readischeme for momentum advection. Chemical tracers, heat,
amenable to observations. and moisture are advected every hour by the model winds
The purpose of this work is to develop a dust module to beusing a quadratic upstream scheme (Prather, 1986).
incorporated into a global aerosol microphysics model andto The TOMAS aerosol microphysics model has been incor-
evaluate it against available observations. The TwO-Momenporated previously into the GISS GCM and uses a moving
Aerosol Sectional (TOMAS) microphysics model has beensectional approach in which the boundaries between size bins
incorporated previously into the Goddard Institute for Spaceare defined in terms of dry aerosol mass (Adams and Sein-
Studies General Circulation Model Il-prime (GISS GCM II- feld, 2002). It tracks two moments of the aerosol size distri-
prime) and has been developed to study tropospheric aerosbltion in each size bin, total aerosol number and mass con-
microphysics and predict cloud condensation nuclei (CCN)centrations for each aerosol species, explicitly simulating the
concentrations. Previously, sulfate, sea-salt, and carbonanicrophysical processes of nucleation, condensation, and co-
ceous aerosol modules have been developed in the TOMA&gulation to predict the aerosol size distribution. The model
framework (Adams and Seinfeld, 2002; Pierce and Adamshas 30 size bins with the lower boundary of the smallest size
2006; Pierce et al., 2007). With the addition of mineral dustbin being 1021 kg dry mass, and each successive boundary

Atmos. Chem. Phys., 9, 2442458 2009 www.atmos-chem-phys.net/9/2441/2009/



Y. H. Lee et al.: Global model of mineral dust aerosol microphysics 2443

has twice the mass of the previous boundary. The size disules. Dust emission is based on Ginoux et al. (2004) and
tribution ranges from 10 nm to 10m dry diameter for typi-  explained in detail in the next sub-section. For purposes
cal aerosol densities. A detailed description of the TOMAS of activation and nucleation scavenging calculations, min-
model is in Adams and Seinfeld (2002). eral dust is treated as insoluble, but dust is assumed to be
Sulfate (Adams and Seinfeld, 2002), sea-salt (Pierce andénternally mixed with other aerosol species, which accounts
Adams, 2006), and carbonaceous aerosols (Pierce et af9r aging of dust as sulfate condenses onto it. Other species
2007) have been developed previously for the GISS-TOMASare treated in activation calculations as described in Pierce
model and are incorporated here as well. The sulfur modekt al. (2007). Dust is removed by dry deposition in the
uses the GEIA emissions inventory (Benkovitz, et al., 1996).first vertical layer using the size-resolved deposition veloc-
Three percent of total anthropogenic sulfur is emitted as parities described in Adams and Seinfeld (2002). Dust parti-
ticulate sulfate (Adams and Seinfeld, 2002). Sea-salt emiscles undergo gravitational settling between model vertical
sion is based on Clarke et al. (2006), and anthropogenic catayers due to their large size. To improve the simulation
bonaceous aerosol emissions are from Bond et al. (2004). of the vertical distribution of coarse mineral dust as well as
Atmospheric wet deposition, in general, has three scavcoarse sea-salt, gravitational settling between vertical layers
enging mechanisms: nucleation/activation scavenging, iniS néwly implemented into the GISS-TOMAS model. It uses
terstitial scavenging, and below-cloud scavenging. In thisthe Stokes settling velocity to account for settling of particles
model, interstitial scavenging of non-activated particles infrom an upper vertical layer to a lower vertical layer. Since
clouds is ignored. The GISS GCM distinguishes betweenthe settling velocity is proportional to the square of particle
large-scale (stratiform) and convective clouds as describedliameter, gravitational settling results in larger changes to the
by Del Genio and Yao (1993) and Del Genio et al. (1996). budgets of coarse particles such as dust aerosols than those
Nucleation/activation scavenging occurs in large-scale anf fine particles such as sulfate aerosols.
convective clouds, which are assumed to have supersatura-
tions of 0.2% and 1.0%, respectively. To determine which2 2.1  Dust emissions
size sections activate, modifiedHKler theory is used to ob-

tain the critical supersaturations for activation that are evaI—Dust aerosol is mobilized into the atmosphere by a sand-

uated at the boundaries of each size section given the ConBlasting process occurring during “saltation”, in which the

position of particles in that size section (Pierce et al., 2007)... . . . . ;
) netic energy carried by saltating sand particles results in
When the cloud supersaturation exceeds (does not excee o : : o
obilization of smaller particles. This process is still not

the critical supersaturation at the lower (upper) size bound- . . .

. . . well understood with many factors potentially playing a role
ary, all of the particles are assumed to activate (remain as o 7
. - o 7. 7in determining dust emission rates. However, the most
interstitial aerosol). When the critical supersaturation is in-

termediate between that required at the size bin boundarieémportant factors are the wind friction velocity, vegetation

linear interpolation within the activating size bin is used to Cover, soll particle size distribution, and soil moisture con-

. . . . . tent. Unfortunately, these factors are not well known on

determine the fraction of particles activated. Activated par- o o
. . a global scale. Therefore, dust emission parameterizations
ticles follow the GCM cloud water such that the fraction . g : . .

. . L tend to be semi-empirical expressions derived from experi-
of activated particles removed by wet deposition is propor- . . . i
! . o ments and observations (e.g. Gillette and Passi, 1998; Mar-
tional to the fraction of cloud water that precipitates. Below-

cloud scavenging uses a first-order removal scheme first imycorena and Bergamettl, 1995). A more physically based

plemented for bulk aerosols by Koch et al. (1999), and inmodel has been proposed by Alfaro and Gomez (2001) that

. . accounts for the sand-blasting process with a parameteriza-
TOMAS, that method Is adapted for size-resolved aerosol%on of the size-dependent vertical flux as a function of the
(Adams and Seinfeld, 2002).

e h ) , horizontal flux (saltation), the soil aggregates size distribu-
Dry deposition is based on the series resistance approadiy, ang wind friction velocity. A difficulty in this approach
with size-dependent gravitational settling of particles and a5 yhat the dust emission vertical flux is a function of the

_size-dependent_resistan.ce in the quasi-laminar sublayer (Sgq| aggregates size distribution. Because there is no global
infeld and Pandis, 1998; Adams and Seinfeld, 2002). A€royaanase of soil aggregates size distribution, it is generally
dynamic resistances are calculated as a function of GCM SUr3csumed to be uniform everywhere

face momentum and heat fluxes. The surface resistance is

assumed to be negligible for aerosol species. In this work, soil mass fraction is also assumed to be glob-

ally constant and is not a function of wind friction velocity.
Tegen et al. (2002) estimate that less than 10% of dust emis-
sions results from human activities, and this work includes
dust emissions only from natural processes. The emission
A dust aerosol module is developed for the TOMAS model parameterization of dust aerosol used here, shown in Eq. (1),
and runs in conjunction with the previously existing size- is based on Ginoux et al. (2004). That work used an empiri-
resolved sulfur, sea-salt, and carbonaceous aerosols modal formulation by Gillette and Passi (1998) that shows dust

2.2 Dust model description
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emission is proportional to the third power of wind speed soil particles, decreasing the chance to be mobilized into the

above a threshold velocity. The resulting equation is atmosphere. In this paper, the threshold velocity including
soil moisture contenty,, is based on the equation given by

Fo— {CSSkufo(ulo —Us) D U0 > Us } (1) Ginoux et al. (2001), and the threshold velocity excluding

u 0:uio<u soil moisture content (hereafter it is called dry threshold ve-

locity), u,,0, is based on the parameterization from Marti-
whereF, is the dust mass emission fluxg m—2s~1) within corena and Bergametti (1995), shown in Eq. (2),
a given size sectiort; is a dimensional factor of tg € m~5,
§ is the source functiony; is the soil fraction that can be | _ [uz,o -(L.2+0.2logow) if w<05
uplifted in each size bingg is the wind speed at 10m al- o if w>05
titude, andu, is the threshold velocity for each size bin and J2EEPe [(14 £x10°% (2
has units of ms1. Each of these is discussed in more detail u, o = 0.0013 Lrsly
in the paragraphs that follow.

The source functions, indicates the probability of hav- \ynerew is the soil moisture contentD,, (cm) is a parti-
ing accumulated mobilizable sediment in the grid cell and isg|o diameter;g (=980 cm s?) is gravitational acceleration;
calculated using the same method as Ginoux et al. (2001)pa (=0.00125 g cm3) andp , (=2.65 g cnm3) are air density
Previous studies showed that erodible alluvial soils were dez g particle density respelz:tively. Along with the thresh-
posited during earlier pluvial periods in the riverbeds or to- 54 velocity, u,, term determines the dust emission size dis-
pographic depression regions corresponding to major dusfipution.
source areas (e.g. Prospero et al., 2002; Goudie and Mid- Theu1o used is a mean wind speed in a grid cell provided
dleton, 2001). Ginoux et al. (2001, 2004) use a topography,y the GISS GCM. There are two challenges associated with
ical surface height to specify the source function assuming,ging the GISS GCM wind speed. One issue is related to the
a basin with pronounced topographic variations contains &,_grid scale variability in wind speed within a grid cell.
large amount of mobile sediment. The source functi®n, pyst emission occurs when wind speed is larger than the

is a fur_lction of location, therefore, with high values in all threshold value; using only a mean wind speed can introduce
the major dust source areas such as the Sahara and Saheljjys in emission rates. The other issue is that the modeled

Africa, the Taklimakan and Gobi Deserts in China and Mon-ing speed is not necessarily representative of the real one,

golia, the Arabian Desert, and the Great Sandy and Greajhich can also lead modeled dust emissions to be biased.
Victorian Deserts in Australia. To evaluate emissions biases due to high or low model wind
The soil fraction s, gives the fraction of total mass emis- speeds, we calculate a dust “emission ratio” by comparing
sions that occurs in each of the 30 size bins of TOMAS.{he GISS GCM wind speed to that from the National Centers
Based on d’Almeida and Schutz (1983), we assume that théyr Environmental Prediction (NCEP) reanalysis wind fields

mass emissions flux follows the sum of two log-normal dis- for the years 1990-2004. The “emission ratio” is defined in
tributions that represent silt and clay particles. The silt dis—Eq_ 3),

tribution has a geometric mean number diameter of Lrh5
and a geometric standard deviation of 2, while the clay dis- i(u G )3
tribution has a geometric mean number diameter of Qrh4 o o =0 10.GISStY, J
and a geometric standard deviation of 2. Ten percent of th&Mission ratial, )= | ®)
total mass emissions flux results from clay particles (Tegen > (uroncept(, )3
and Fung, 1994; Prospero and Bonatti, 1969). We assume =0
that 75% of the mass emissions flux results from particlesvhereu1ciss, (i, j) is the GISS wind speed at 10 m in the
ranging from 2um to 10um in diameter, and the remain- i-th (longitude) andj-th (latitude) grid box at time step;
ing 15% results from particles larger than A diameter  u19ncept(i, j) is the same for the NCEP reanalysis wind
and are not included in this work. The soil fraction for speed. Because dust emissions are proportional to wind
each TOMAS size bin is obtained by integration of thesespeed cubed (neglecting any threshold speed), this defini-
log-normal distributions between the corresponding size bintion of the emission ratio gives the factor by which emis-
boundaries. sions are biased high or low due to biases in the GISS wind
The threshold wind velocity is mainly determined by the fields, assuming the NCEP winds are correct. This defi-
inter-particle adhesive and cohesive forces that are a funcnition gives a time-averaged wind speed that appropriately
tion of particle size, soil moisture content, and particle den-weights the high wind speed events that largely determine
sity. Small particles, such as clay, have cohesive forces betotal emissions; our experience has shown that comparisons
tween them that inhibit uplifting, while larger sand parti- based on the usual time-average wind speed (without any
cles (greater than 20m in diameter) have threshold veloc- exponent) are often misleading in this regard. The func-
ities determined primarily by their weight (Tegen and Fung, tional form of Eq. (3) is approximate because it neglects the
1994). The moisture in soil causes an attractive force amonghreshold velocity, which depends on the time history of sail

//1.928(1331x D}561.0.38)0092_1)
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Table 1. Global annual budget of mineral dust aerosol predicted by this model and compared with other models. Note that NR indicates that
data are not reported. Also note that * indicates that the model includes dust particles largerithafti® upper size cutoff in this work).

GISS GCM (Base case) GISS GCM (Sensitivity) GOCART* ECHAM5* LMD GCM

Emission [Tgyr 1] 2440 2030 1814 662 1307
Percent mass emissions flux

with D, <2 um 5.8 14.5 18.5 NR NR
with D, <1pum 0.6 4.1 NR 14 9.3
Burden [Tqg] 17.6 20.6 35.9 8.3 12.1
Total lifetime [day] 2.6 3.7 7.1 4.6 34
Dry deposition [Tgyrl] 1880 1370 1606 NR 924
Dry deposition lifetime [day] 3.4 5.5 7.1 NR 4.8
Wet deposition [Tg yr1] 560 659 235 NR 383
Wet deposition lifetime [day] 11.5 114 57.1 NR 115

I . ]
0 A 2 5 7 15 2 5 10 5000 N 2 5 7 15 2 5 10 500

Fig. 1. Seasonally averaged dust “emission ratios” based on a comparison of wind fields in the GISS model with those from the NCEP
reanalysis. See text for a full definition and discussion of the “emission rdapDecember—February (DJRR) March—-May (MAM), (c)
June—August (JJA), and) September—November (SON).

moisture. Figure 1 shows the dust emission ratios thus cal3 Model results

culated. The most important features are an underestimation

of dust emission in the Sahara during summer and in Takli-In this section, the globally averaged budget of dust aerosol
makan throughout the year. Cakmur et al. (2004) and Milleris presented and model predictions are evaluated against the
et al. (2006), dust models that run in the GISS GCM Mod- surface dust mass concentrations and the total dust deposi-
elE, report significant underestimations of dust in Sahara estion flux. The model results presented here are based on a
pecia”y during summer and in Taklimakan throughout the One-year simulation with an initial three months discarded
year as well. Although they used a different version of the for model spinup purposes. The GISS GCM provides a cli-
GISS GCM, similar wind speed biases in their version maymatological meteorology; therefore, a model year does not

cause biased dust emissions over these locations. correspond to an actual year. Thus, multi-year observations
are used to evaluate the model predictions in order to take

interannual variation of the observations into account.
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3.1 Global dust budgets ‘ ‘ ‘ ‘

Table 1 presents the annual budget of dust aerosols simu- |
lated by the GISS GCM and compared with previous work.
Dust aerosol budget data from the GOCART, ECHAMS5, and
LMD GCM models are obtained from Ginoux et al. (2001), -
Stier et al. (2005), and Reddy et al. (2005), respectively. Note
that emission and burden data from GOCART and ECHAMS
model cannot be compared exactly with our model bud-
get because these models include dust particles larger than
10.m. Our simulated annual dust emission is 2440 Tgyr s : % N
which is slightly higher than the other models shown in Ta- © 1 1 3 10 30 100
ble 1 and an estimated range of 1000 to 2150 T¢yZen-
der et al.,, 2004). The predicted annual burden of dust i
17.6 Tg with an lifetime of 2.6 days. The burden is within
the range of other models presented in Table 1 and the range

of 8 to 36 Tg presented in Zender et al. (2004). Althoughjnant effect of particle size in determining lifetime. The

our predicted dust emission is higher, the burden is intermeary deposition lifetime for coarse (3-2.0um) particles is

diate due to the short dust lifetime, shortest of the modelsy;mewhat longer in the sensitivity case, reflecting the shift
listed in Table 1. A short lifetime can result from emissions i, w6 sjze distribution to smaller sizes within this size cate-

of predominantly larger particles with higher dry deposition o, otherwise, the dry and wet deposition lifetimes within
velocities, or more frequent scavenging. However, the fol-, gien size category are very similar. Therefore, the longer
lowing evidence suggests that the emissions size distributiofjetime of dust overall in the sensitivity case is primarily the
is playing some role in the model's short lifetime compared result of a shift in the dust mass size distribution to longer-

to other global models. The percent mass emissions fluXyeq smaller particles. Although the mass budgets presented

of clay particles ([ <2pm) for our model is 5'8%6 while  hore are similar between the base and sensitivity cases, the
that in GOCART by Ginoux et al. (2001) is 18.5%. Par- n,mper of dust particles in the sensitivity case is substan-

ticles smaller than &m represent only 0.6% of our total oy higher, which is important for the impact of mineral
mass emissions, but the corresponding values in ECHAMS st on CCN.

by Stier et al. (2005), which is based on AEROCOMOem|s- The global distribution of annual-average dust emission
sions, and LMD-GCM by Reddy et al. (2005) are 1.4% andg,, is presented in Fig. 2. There are major dust source

9.3%, respectively. The percent mass emissions flux of ﬁnq'egions shown in the figure such as the Saharan and Sahel
particles is less than half that found in other models, and thisregions in North Africa. the Kalahari and Namib deserts in
could be due to our parameterization of the dry thresholdg y Africa, the Arabian desert, the Taklimakan and Gobi

velocity, u;,0, based on Marticorena and Bergametti (1995). jegerts in Asia, the Australian deserts, the Patagonian desert
This parameterization requires higher threshold velocities for, 5,,th America. and the Southwest of North America.

smaller particles; therefore, the model tends to emit relativelyThroughout the year, the largest amount of dust aerosols
more coarse dust particles, which would then lead to a shorgiyteq is in North Africa and Asia, while the dust emitted
lifetime. Dry deposition contributes 77% of the total removal from South Africa. South America. and North America are

l . . .
rate, or 1880 Tgyr™. The lifetime with respect to dry depo- ot gjgnificant on a global scale. However, they can be re-

sition, 3.4 days, is slightly shorter than that in the other threegionally important because of links to local air quality and

global models listed in Table 1, consistent with the relatively transport of dust aerosols to nearby receptor regions as well

larger sizes of dust particles in this model. In a sensitivity ¢ long distance regions, e.g. the transport of dust emitted
simulation that uses the dry threshold velocity based on Gi,,, Patagonia into the Southern Ocean (Bassd Stein
noux et al. (2001) (see Sect. 3.5), the percent mass emissio%on '

flux of clay particles is increased to 14.5%. The total lifetime
of mineral dust is increased to 3.7 dayS. 3.2 Dust surface mass concentrations

Table 2 shows size-resolved annual budgets of mineral
dust mass in the base and sensitivity cases. The sensitivFhe global distribution of mineral dust mass concentrations
ity case shows that the emissions and burdens of fine dush the model surface layer is presented for the four seasons in
particles, D, <2.0um, approximately double, while those of Fig. 3. Two large source regions, North Africa and Asia, con-
coarse particles (greater than 2.8) are reduced by 24% tribute to the broad transport of mineral dust throughout the
and 9%, respectively. As one would expect, the depositionNorthern Hemisphere (NH). The Sahara/Sahel source region
lifetimes of each size category are similar between both thehas a maximum concentration during MAM and a minimum
base case and sensitivity simulations, illustrating the dom-during SON. During JJA, concentrations in the western part

6|

giig. 2. Global distribution of the predicted annual dust mass emis-
sions flux [gn2yr—1].
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Table 2. Size-resolved global aerosol budgets of mineral dust in the base case and sensitivity case.

2447

D, range pm] below0.2 0.2-1.0 1.0-2.0 2.0-10.0
Base case Emission [Tg/yr] N/A 14.0 128 2300
Burden [Tg] N/A 0.38 3.3 14
Dry deposition [Tg/yr] N/A 0.70 18.3 1860
Wet deposition [Tg/yr] N/A 131 109 436
Total deposition lifetime [days] N/A 10.0 9.4 2.2
Dry deposition lifetime [days] N/A 199 63.9 2.7
Wet deposition lifetime [days] N/A 10.7 10.3 11.7
Sensitivity case  Emission [Tg/yr] 2.67 80.8 211 1740
Burden [Tg] 0.045 2.3 5.5 12.7
Dry deposition [Tg/yr] 0.11 3.7 28.4 1340
Wet deposition [Tg/yr] 1.47 76.0 182 400
Total deposition lifetime [days] 10.4 10.3 9.6 2.7
Dry deposition lifetime [days] 145 227 68.0 35
Wet deposition lifetime [days] 11.3 11.0 9.8 11.6

l [ [ .
0 .1 1 =2 5 10 50 100 200 5001000 O .1 1

e) Observation sites

l [ [ .
2 5 10 50 100 200 5001000

=

Fig. 3. Global distributions of the dust mass concentrations, m‘3 at 273 K and 1013 hPa] in the model surface layer(&mDecember—
February (DJF)(b) March-May (MAM), (c) June—August (JJA), an@dl) September—November (SONE) the geographical location of
observation sites. Note the number given at each site corresponds to the site number in Table 3.
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100 >
LMNB: -0.35 -
LMNE: 0.48 e N C mod.
10 /// s Z IOglO( CZ:;[_")
- o gEre T e =S Q
= 1 /// 4// N
2 // 44 5/::3’ Zlabs[loglo (%)]
() v , =
'é 0.1 4 ///// : /1/?/];9 LMNE N
0.0 e .;1 6 V\{hereCmod,- _is the model-predicted mass conpentratiqn at
' // site i, Cops; IS the observed mass concentration at sjte
o 011 and N is the total number of observation sites. Only two
0.001 f ‘ ‘ ‘ stations, Sal Island (1) and Cape Grim (2), are located very
0001 0.01 01 1 10 100 near source regions; the remaining stations can be regarded
Measurement [ug m’] as long range transport or remote background. The LMNB
of —0.40 indicates an average underestimation by a factor of
‘oAfrica e Asia e Australia oAntarctica‘ 2.5. The LMNE is 0.49, which means that the model pre-

dictions are, on average, within a factor of 3.1 of observed
Fig. 4. Scatter plot of annually averaged surface mass concentravalues. Overall, the model agrees better with the measure-
tions of mineral dust predicted by the model and measurementgnents at higher concentrations. Stations showing highly bi-
in units of xgm~3 at 273K and 1013hPa. Log-mean normalized ased model prediction are located either near the equator or
bias (LMNB) and log-mean normalized error (LMNE) are given. Antarctica. The tendency to underpredict mostly in more re-
Thick and thin solid lines are the 1:1 line and 2:1 lines, respectively.mote areas suggests that the model transport and relatively
Dashed lines are 10:1 lines. Note the number given at each sitghort Jifetime may be responsible for the biases. In Sect. 3.5,
corresponds to the site number in Table 3. we investigate this possibility with a sensitivity simulation.
Without stations with annual-average concentrations below

—3 P o .
of the Sahara are noticeably suppressed. According to ob(-)'5ng m~=, LMNB is improved to—0.27 (an underestimate

servations, however, North African dust is emitted through-tz)yzf1 factor of 1.84) and LMNE is 0.33 (within a factor of
out the year and especially during summer, when the high Figure 5 presents temporal distributions of monthly aver-

dust emissions are related to the strong convective disturé ed dust mass concentration predictions and observations
bances that occur over West Africa (Goudie and Middleton 9 b ’

'Stations numbered 1 to 5 and 22 are influenced by African

2001; Prospero et al., 1989; Prospero, 1996). Emission rate& )
. . : . dust events. Annual-average dust concentrations at Sal Is-
of mineral dust in the model are low during JJA, and this

) . o .~ land (1), Barbados (2), Mace Head (5), and Virgin Islands
is most likely due to the underestimation of surface wind . . N

X ) : . . . (22) agree with observational data within a factor of two, but
speeds in West Africa during that time period (see Fig. 1at Bermuda (3) and Miami (4) the agreement is only within a
and Sect. 2.2.1). Dust is widely distributed in the Southern 9 y

Hemisphere (SH) during SON and DJF. Mineral dust in thefactor of 6 as depicted in Fig. 4. Figure 5 shows that the sea-

SH is transported to oceans near the source regions, aIbeEtOnal cycle is predicted well very near source regions (1, 13)

N . . ut not downwind. The maximum dust concentration in the
on a more limited scale. Figure 3e shows geographical loca; : , : : :
. . . Sal Island observations is during winter (DJF), not during the
tions of 20 sites with long-term measurements of dust mass

concentrations made by researchers from the University opummer (JJA) when other African sites (2, 3, 4, and 22) mea-

Miami (Savoie and Prospero, 1989; Prospero et al., 1989§ure maximum concentrations. Because dust is transported

and 2 sites with long-term measurements of fine mode dus t high altitude during summer, it does not contribute much

mass concentration from the Interagency Monitoring of Pro- 0 dust concentrations at the surface at Sal Island (e.g. Carl-
gency 9 son and Prospero, 1972; Chiapello et al., 1995, 1999). In the

tected Visual Environments (IMPROVE) network. Site in- model, low wind speeds during JJA, as discussed in Sect. 3.2,

formation and corresponding measurement time periods are oo .
) X . . . (fause low dust emissions and low dust concentrations at the
listed in Table 3. For convenience, all sites are categorize

into four regions: Africa, Asia, Australia, and Antarctica. downwind sites.

LS . ) L . In Fig. 4, Asian dust at downwind sites such as Midway
These divisions help diagnose model biases in either emis;, .
. (8) and Oahu (9) show good agreement to within a factor
sions or transport.

. . of two, but other locations agree less well. Given that near-
Figure 4 compares the simulated annual-average dust sur- . . .

) . . source sites, Jeju Island (6) and Hedo (7) show more dis-
face concentration with measurements and gives the log:

. . . agreement than Midway (8) and Oahu (9), this is somewhat
mean normalized bias (LMNB) and log-mean normalized er- | icine “ according to Uematsu et al (1983) and Arimoto
ror (LMNE), which are defined as follows: prising. 9 '

et al. (1996), dust in the upper troposphere is transported
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Fig. 5. Comparison of monthly averaged surface dust mass concentrations simulated (solid line) and measured by University of Miami and

IMPROVE network (disconnected line) at 22 sites, in unita.gim—3 at 273 K and 1013 hPa. Note the number given at each site corresponds
to the site number in Table 3.

4.0 [um] over the Pacific more extensively than that in the lower tro-
posphere; therefore, air carrying dust could pass over Korea
and Japan without increasing the surface dust concentration
but then subside and result in relatively high dust concentra-

s 300 tions in the Northern Pacific area. Figure 6 displays the ver-

£ 400 tical and longitudinal distribution of predicted average dust

E 500 particle diameters weighted by mass mixing ratio. The av-

§ erage particle size is also spatially averaged frorhNs@o

o 600 45° N latitude to highlight Asian dust. Preferential removal

% 700 of larger particles results in average dust diameters decreas-
800 ing as it is transported from the source. Therefore, average

dust particle diameter is indicative of the degree of transport.

900 The average diameter in the surface level around® E2®

80 90 100 110 120 130 140 150 160 170 130 E (Korea and Japan) is even smaller than at higher al-
Longitude titudes, which indicates the dust plume is indeed transported

to the east mainly at higher altitudes. Low dust concentra-

Fig. 6. Annually averaged model prediction of average mineral dustjgy in the model at Jeju Island (6) and Hedo (7) might be
diameter km] weighted by dust mass mixing ratio as a function of

due to missing particles larger than At. In Fig. 4 and 5,
altitude and longitude. The weighted diameter is averaged betwee gp . 9 A 9
" I auru (11) and Fanning Island (12) located near the equa-
35° N to 45° N in latitude. 2. A L
tor have very poor predictions. The sensitivity simulation in
the next section will show that predictions at these sites are
not improved by changing dust aerosol lifetime to increase
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Table 3. List of observation sites for surface dust mass concentrations measured by the University of Miami (Sites 1 to 19) and by IMPROVE
network (Sites 20 and 21). *Note that the IMPROVE data are for the fine mogle 2I5.m) of dust mass concentration.

Site  Location Latitude Longitude Years
1 Sal Island 16.8N 22.9W  1996-1997
2 Barbados 132N 59.#W 1984-1998
3 Bermuda 32.3N 64.9W 1989-1998
4 Univ. of Miami 25.8 N 80.3 W 1989-1998
5 Mace head 53°N 9.°W 1988-1994
6 Jeju Island 335N 126.E 1991-1995
7 Hedo 26.9N 128.3 E 1991-1994
8 Midway Island 282N 177.48W 1981-1997
9 Oahu, Hawaii 213N 157.PW 1981-1995
10 Enewetak Atoll 11.3N 162.3 E  1981-1987
11 Nauru 0.8S 167.0E 1983-1987
12 Fanning Island 30N  159.2W 1981-1986
13 Cape Grim 407S 1447E 1993-1996
14 Yate 22.2S 167.0E 1983-1985
15 Norfolk Island 29.1S 168.0E 1983-1997
16 Funafuti 8.8S 179.2E 1983-1987
17 American Samoa 1£% 1706 W 1983-1999
18 Rarotonga 2135 159.8W  1983-1994
19 Marsh 62.2S 58.3W 1990-1996
20 Mawson 67.60S 6250 E 1987-1996
21* Hawaii Volcanoes 19.#N 155.2W 1988-1993
National Park 2001-2004
22*  Virgin Islands 18.3 N 64.8W 1991-1998

long-range transport. In addition, Hawaii (21) shows a slightclear whether our model underpredicts dust concentrations in
overestimation of fine mode dust. Perhaps the underestimaAntarctica. The seasonality of simulated dust concentrations
tion at Nauru (11) and Fanning Island (12) is due to a smallat Marsh is similar to that of South American dust emission;
local dust source that is not well represented by the globathus, the dust in this region is influenced mostly by South
emissions parameterization and underestimation of surfacAmerica. The low model values could reflect the underesti-
wind speed in near the equator (Pierce and Adams, 2006). Imation of dust emission in South America.

addition, using the GISS ModelE, Cakmur et al. (2004) and
Miller et al. (2006) also show underprediction of dust near
the equator due to heavy precipitation in the model, and a
similar problem may be occurring in the GCM llI-prime.

Stations from 13 to 18 are influenced by Australian dust.
Similar to the previous paragraph, the model predictions are
worse near the equator as shown in Fig. 4. Interestingly, the °
observations show different temporal distributions at many
stations, while the model shows a consistent peak during
SON and often a smaller peak during MAM. This probably
is another indicator that the model does not capture small,
highly localized, sources of dust in these locations.

“Hgo — 180
[ | — ]
1 . 200

Marsh (19) and Mawson (20) in the Antarctic agree poorly

W'th opseryatlons being (_)nly within a factor of 6 as de- Fig. 7. Global distribution of annually averaged dust mass deposi-
picted in Fig. 4. Antarctic dust measurements presenteion flux [gm-2yr—1]. Note the number given at each site corre-
by Dick (1991) (geographically close to Marsh) show lower sponds to the site number in Table 4.

concentrations than the model predictions. Due to poten-

tial problems of contamination at low concentrations and

due to the few observations available in this region, it is not
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Table 4. Lists of measurement sites for total dust deposition ﬂuxesreasqnably well in dUStY regions, §9met|mes with a modest
given in Ginoux et al. (2001). low bias, but underpredicts deposition fluxes more severely

in remote regions. In fact, our model may underestimate total
deposition flux of dust near source regions because it omits

Site  Location Latitude Longitude Years ) . ;
particles larger than 10m found in those areas. Taklimakan

1 French Alps 45.5N 6.3 E 1955-1985 (5) is biased low by a factor of 20, which could be due to

2 Spain 41.8N 2.3E  1987-1990 super coarse particles or possible anthropogenic source that

Z !\I'/lelflz‘vliv gggs 83?43;\/'\5/ 13%‘1983 is not included in the model. In remote areas, the underpre-
. . ' diction of the deposition flux is more severe than for mass

5 Taklimakan 40.9N 85.00E 1994 . . . .

6 Shemya 509N 174 FPE  1981-1987 concentrations. E_|the_r missing I_arge partlcles (DL_JCE_}, 1995;

7 Midway 282N 177.8W 1981-1987 personal communication with Cliff Davidson) or missing lo-

8 Oahu 218N  157.6 W 1981-1987 cal emission (Uematsu et al., 1985) might cause the more

9  Fanning 39N  159.2W 1981-1987  Severe underprediction.

10 Enewetak Atoll  11.3N 162.3 E 1981-1987

11 Nauru 0.8S  167.0E 1981-1987 3.4 Dust size distributions

12 Samoa 143s 170.6W 1981

13 Rarotonga 2135 159.8W  1981-1987 Observations of the number size distribution under condi-

14 Yate 222S  1670E 1983-1985 tions dominated by mineral dust are obtained from the NASA

15 Norfolk Island 29.1S 167.9E 1983-1987

African Mon n Multidisciplinary Analysis (NAMMA
16 New Zealand 34%5S 172.8E 1983 ca onseo UtdSCp ary ayss( )

campaign and the ACE-Asia campaign. The observed size
distribution in the NAMMA campaign (summer 2006) is
generated from data collected between 20 and 30 degrees
W longitude and 10 and 20 degrees N latitude. The ob-
3.3 Dust deposition fluxes served number size distribution is converted to a mass dis-
tribution based on the assumption that dust has a density of
Figure 7 shows a global distribution of annual-average t0-2650 kg nT3. The campaign targeted the SAL, so the abso-
tal deposition fluxes in the model. Due to the largest emis-ute concentration is expected to be higher than our monthly
sions from North Africa, the Atlantic Ocean is significantly average grid concentrations. Thus model mass size distribu-
influenced by dust aerosols in the model, especially alongions are scaled to meet the same mass concentration as the
the primary transport pathway of Saharan dust, usually calledneasurement with the goal of comparing the shape of the
the Saharan Air Layer (SAL). In this figure, it is noticeable size distribution. The size distribution data measured dur-
that the Atlantic Ocean has a local maximum neat ) ing local dust storm events in the Chinese deserts is obtained
20° N latitude, even though this location is far from the North from Zhang et al. (2003), which shows the mean size distri-
African deserts. The model deposition flux gives a picture ofputions of dust aerosols from 20 ground-based samples col-
the amount of dust deposited into the oceans and is importangcted at 10-20 m altitude in spring of 1994 and 2001, ACE-
due to the effects of dust deposition on the ocean ecosystemsia data plus 6 earlier samples from 1994 (hereafter, re-
(Griffin et al., 2002, 2006; Jickells et al., 2005). ferred to simply as ACE-Asia). Their samples are from five
The measurement site information for total depositionlocations: Aksu (40.2N, 80.3 E), Qira (37.6 N, 82.3 E),
fluxes obtained from Table 6 in Ginoux et al. (2001) are Jarti (40.3 N, 106.3 E), Dunhuang (403N, 94.5 E) and
listed in Table 4, the ones obtained from Table 4 in TegenYulin (38.2° N, 109.2 E). They find a log-normal distribu-
et al. (2002) are listed in Table 5. It should be noted thattion with aerodynamic mass mean diameter (MMD) of 4.5
some locations have observation periods less than one @nd standard deviatiow} of 1.5. We convert the aerody-
two years. To compare the model deposition fluxes againshamic diameter to geometric diameter using a shape factor
the two observations, two scatter plots of simulated and ob-1.6, which is used in the NAMMA data, giving a geometric
served monthly deposition fluxes are presented in Fig. 8. Al-mean diameter of 3.am. As with NAMMA, model mass
though the dust deposition measurements are generally at diéize distributions are scaled to meet the same mass concen-
ferent sites than the mass concentration measurements, theation. Figure 9 shows the comparison of three mass dis-
two comparisons show consistent trends. Comparing againgtibutions: observation, base case, and sensitivity simula-
the Ginoux et al. (2001) compliation, the simulation of dust tion (see Sect. 3.5). Model dust mass concentration is sam-
deposition flux is underestimated by a factor of 3.7 on aver-pled during JJA for comparison with the NAMMA measure-
age (LMNB: —0.57), and the model predictions are typically ments. In the ACE-Asia measurements, the measurement
within a factor of 4.9 of observed values (LMNE: 0.69). The height is very close to surface. Therefore, it is reasonable to
comparison with the Tegen et al. (2002) compliation givescompare these measurements to the size distribution of dust
similar results for LMNB (0.59) and LMNE (0.75). Simi- emissions flux rather than dust mass concentration (Gong et
lar to the comparison of mass concentrations, the model doesl., 2003), and model dust mass emission size distribution
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Table 5. Lists of measurement sites for total dust deposition fluxes given in Tegen et al. (2002) for the DIRTMAP campaign.

Sample ID Location Category Latitude Longitude
WS-4 Weddell sea Minor source —64.93 —2.59
PB2 Panama Basin Minor source 5.37 -85.58

P station papa Minor source 50 —144.98
WR1 Southern Atlantic  Minor source —20.07 9.17
WR2-LOWER Southern Atlantic  Minor source —20.05 9.16
WR2-UPPER Southern Atlantic  Minor source —20.05 9.16
SITE13 shallow Southern Pacific Australia —35.52 161
SITE12SHALLOW Southern Pacific Australia —-17.76 154.83
SITE11SHALLOW Southern Pacific Australia —-12.99 155.99
CEPS-03 UPPER Eq. Pacific Australia 0 175
SITE3 UPPER Eq. Pacific Australia 0 175.16
SITE10 Eq. Pacific Australia 1.22 160.57
ECC-T Eq. Pacific Asia 5.01 138.83
NEC-T Eqg. Pacific Asia 12.02 134.29
SITE6 Northern Pacific Asia 30 175
SITESUPPER Northern Pacific Asia 34.42 177.74
SITE7TUPPER Northern Pacific Asia 37.4 174.95
WP-3 Northern Pacific Asia 40 145.43
SITE8 Northern Pacific Asia 46.12 175.03
NP-B Northern Pacific Asia 46.82 162.12
M5 Indian Middle East 10 65
CAST Indian Middle East 14.48 64.77
EAST Indian Middle East 15.47 68.75
M4 Indian Middle East 15.98 61.5
WAST Indian Middle East 16.25 60.47
M2/M3 Indian Middle East 17.4 58.8
GBz4 Eq. Atlantic Africa —2.18 -9.9
GBN3 UPPER Eq. Atlantic Africa 1.79 -11.13
CV 1 UPPER Eq. Atlantic Africa 11.48 —-21.02
EUMELI MESOTROPHIC Northern Atlantic  Africa 18.5 —21.08
BOFS-1 Northern Atlantic  Africa 19 —-20.17
CB1-1 Northern Atlantic  Africa 20.92 -19.75
CB1-2 Northern Atlantic  Africa 20.92 —-19.74
CB1-3 Northern Atlantic  Africa 20.92 —-19.74
CB2-1 Northern Atlantic  Africa 21.15 —20.68
CB2-2 Northern Atlantic  Africa 21.15 —20.69
EUMELI OLIGOTROPHIC Northern Atlantic  Africa 21.15 -31.17
22N25W Northern Atlantic  Africa 21.93 —25.23
25N 23 W Northern Atlantic  Africa 2455 —-22.83
28N22W Northern Atlantic  Africa 28 —21.98
Cl 1 UPPER Northern Atlantic  Africa 29.11 -15.45
ST Northern Atlantic  Africa 31.55 —24.67
SARGASSO Northern Atlantic  Africa 32.08 —-64.25
L1-93 Northern Atlantic ~ Africa 33.15 —-21.98
34N-21W Northern Atlantic  Africa 33.82 -21.02
48N 21W-1 Northern Atlantic  Africa 4772 —-20.87
48N 21 W-2 Northern Atlantic  Africa 47.83 -19.5

is sampled during MAM for comparison. All three distribu- is better. The peaks of the three distributions in Fig. 9b are
tions in Fig. 9a show roughly similar peaks (2.5 to @@ in around 3.5-%um in diameter but with very different spec-
diameter) with roughly similar spectral dispersions. In termtral dispersions. For the clay mass fraction, the base case
of emission of small-size dust particles, the sensitivity caseagrees better with the observation. Contrary to the NAMMA
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0.001 ! ‘ ‘ ‘ ‘ Fig. 9. (a) Mass size distribution from the NAMMA campaign
0001 o001 01 1 10 100 1000 (green) and re-scaled mass size distributions of the model base case
Measurement [g m2yr] (red) and the model sensitivity case (blue) near the African dust

source region (Z20W to 3¢° W longitude and 19N to 2C° N lati-

tude). (b) Same for mass size distribution from Zhang et al. (2003)
(green) and re-scaled emission mass size distribution of the model
Fig. 8. Scatter plots of monthly averaged deposition fluxes of min- pase case (red) and the model sensitivity case (blue). See text for a
eral dust, predicted and observed, in units of tfgr—1. Deposi-  more complete discussion of the observational data sets. Note that
tion flux observed from Ginoux et al. (2001) and Tegen et al. (2002)the total mass of the two model cases is normalized to achieve the

is shown in(a) and (b), respectively. Log-mean normalized bias same total mass as the field campaign data.
(LMNB) and log-mean normalized error (LMNE) are given. Thick

and thin solid lines are the 1:1 line and 2:1 lines, respectively.
Dashed lines are 10:1 lines. Note the number given at each sitg,5c5 size distribution (Reid et al., 2003). The NAMMA
corresponds to the site number in Table 4. campaign uses the Aerodynamic Particle Sizer (APS), and
the ACE-Asia uses a cascade impactor. Reid et al. (2003)
) ) o o i shows discrepancies in mean diameters of size distributions
comparison, there is a significant overprediction of fine dustyneasured with different impactors as well as with APS. The
particles in the sensitivity simulation. The discrepancy be-gpserved distribution in the NAMMA shows a large and un-

and Zender (2004), physically based models tend to predict

better dust source size distribution compared to observationg.5 Sensitivity simulation

Using soil mass fraction, which neglects the dependence of

vertical flux on friction velocity, in the dust emission scheme Both observational comparisons suggest that modeled dust
might result in the discrepancy in size distributions betweenis underpredicted significantly in remote locations. As dis-
our model and observation. However it is worthwhile to note cussed in Sect. 3.1, our average particle size is larger than
that different instruments report different peaks in the dustother global models, contributing to a short dust lifetime and

\ © Minor source O Africa O Asia O Austraila 0 Middel East \
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a) CCN(0.2%) conc. 304 12 em—3 at STP improved unambiguously: for the Ginoux et al. (2001) com-
20 ‘ ‘ \ ‘ pilation, LMNB improves slightly to -0.48 from-0.57 but
the LMNE worsens slightly to 0.71 from 0.69; for the Tegen
et al. (2002) compilation, LMNB improves slightly te0.55
from —0.59 and LMNE to 0.71 from 0.75. Even with the
longer dust lifetime in the sensitivity simulation, the under-
estimation in the remote regions is not improved. This in-
dicates that the model underestimation in remote locations
is perhaps due to underestimation of local emissions (caused
by the GCM meteorology or problems in the dust emission
parameterization) rather than short lifetime of dust aerosols.

| [ [ [ [ \ [ | . . .
O 20 40 70O 100 200 400 700 1000 2000 500( 3.6 Cloud condensation nuclei concentrations
b) CCN(0.2%) conc. ratio 0.99 ratio

I

Figure 10 shows a global distribution of annual-average CCN
(cloud condensation nuclei) concentrations at 0.2% supersat-
uration and their percent change in the first vertical layer
when dust is included in the model. Over most of the
globe, CCN(0.2%) concentrations in a simulation without
dust (Pierce et al., 2007) are almost identical to those with
dust. However, in dust regions, there are modest decreases
of 10% to 20% in CCN(0.2%) concentrations. Although dust
emissions are a direct source of CCN in the model (the as-
sumption of internal mixing guarantees that there is always
o T T enough soluble material for large dust particles to activate),
c) H2S04(g) conc. ratio 1.01 ratio their number concentrations are small, so the direct impact of
dust on CCN(0.2%) is expected to be small. The decrease in
CCN(0.2%) could result from two microphysical feedbacks
that outweigh the direct contribution of dust. First, CCN and
ultrafine particles growing to become CCN undergo coagula-
tional scavenging by the larger dust particles. Second, the ad-
ditional surface area associated with dust particles competes
with ultrafine and CCN particles for condensableS@y.
Figure 10c shows the 50, concentration ratio for the sim-
ulations with dust and without dust. A strong reduction in
gas-phase 5Oy concentration is correlated with the dusty
regions, which results in slower condensational growth of ul-
trafine mode (10 nm to 100 nm) particles into the accumula-

Fig. 10. (a)Annually averaged CCN(0.2%) concentrations in the tion mode.(O.Jum t0.0.5,um). The upper boundary of Fhe
first vertical layer [cnT3 at 273K and 1013 hPa] from the model accumulgtlon mod_e is selected to be 0rb to separate size
base case, (b) the ratio of predicted annual-average CCN(0.29dj@nges with and without dust.
concentrations including mineral dust to a scenario without mineral Examining column and latitude average {26-30° N)
dust in the first vertical layer, and (c) same(aybut for predicted  accumulation-mode number concentrations in a dusty region,
annual average gas-phasgS®, concentrations. we see that they decrease from 46.0 to 44.5¢mhen dust
is added to the model. In the same region, total sources
of accumulation mode particles (including direct emission,
perhaps too little long-range transport. Here, we investigatecondensational and coagulational growth from the ultrafine
an alternative formulation of the dry threshold velocityp, mode, and cloud processing) are reduced by 1.9% in the
based on Ginoux et al. (2001) to see if dust predictions inscenario with dust. The majority of this reduction (75%)
remote areas are improved. As presented in Table 1, thé slower condensational growth due to lowes3®, con-
dust lifetime in the sensitivity simulation is increased to 3.7 centrations (see Fig. 10c). Changes in coagulation growth
days from 2.6 days. Dust mass concentrations in the sensand cloud processing are responsible for the remainder. At
tivity simulation are slightly improved; the LMNB changes the same time, the lifetime of accumulation mode particles
from —0.40 t0—0.34, and the LMNE changes from 0.51 to in this area decreases from 8.5 to 8.44 days. To separate
0.51. Deposition fluxes in the sensitivity simulation are not whether decreased sources or decreased lifetime contributes
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b) CCN(0.2%) conc. ratio 1.02 ratio Fig. 12. CCN spectra (m3 at 273K and 1013 hPa) with and with-
I

| ‘ out dust aerosols in the African dust region (18 t& B 7 to

12° W). Blue solid and dashed line with triangles are dust model
simulation in the base case and the sensitivity case, respectively.
The pink solid line with circles is the model simulation without dust.

Fig. 10c, this reflects that the lower CCN(0.2%) concentra-
tion in Fig. 10b, is mainly due to lower gas-phaseS@y
concentrations and slower condensational growth of ultrafine
to CCN particles in the presence of dust.

‘ ‘ Similarly, the number concentration of ultrafine particles
84 .9 93 .95 .88 .99 101 11 15 2 5 is reduced in dusty regions (not shown). The same type of
c) H2504(g) conc. ratio 1.01 ratio analysis (Eq. 5) shows that the reduction in total ultrafine
lifetime (from 1.69 to 1.67 days) is primarily the result of
a shorter lifetime with respect to coagulation. We conclude
that coagulational scavenging of ultrafine particles by min-
eral dust is responsible for the reduction.

Analogous figures showing the impact of dust on
CCN(0.2%) for the sensitivity case are shown in Fig. 11. Un-
like the base case, in dusty regions, Fig. 11b shows increases
in CCN(0.2%) concentrations from 10% to more than a fac-
tor of two. Although the condensational growth of ultrafine
particles to CCN is reduced by the additional dust surface
area (see Fig. 11c), the significant mineral dust emissions in
the fine mode directly increase CCN(0.2%) concentrations.
Fig. 11. Same as Figure 10 but for the sensitivity case compared tq\loting the opposite effects of mineral dust on CCN(0.2%)
the case without dust. concentrations in the base and sensitivity cases, we conclude
that the impact of dust on CCN(0.2%) is very sensitive to un-
certainties in the dust emission size distribution. Although
the dust size distribution in the sensitivity case slightly out-
performed the base case in the comparison with the NAMMA
campaign, it is difficult to rule out either scenario at the
(5) present time.

To investigate the impact of dust on CCN more generally,
where M stands for CCN(0.2%) burden (proportional to CCN spectra are calculated with and without dust aerosol
number concentrationy, for total sources, andfor lifetime. in the African region (18 to ZIN, 7 to 12 W). The CCN
The “dust” and “nodust” subscripts refer to simulations with spectra in Fig. 12 show higher CCN concentrations with dust
and without dust, respectively. The first and second terms orat lower supersaturation values from 0.01% to 0.1%. This
the right-hand side of the equation, represent the effects oéffect is mostly due to direct emission of dust and is most
changed sources and sinks, respectively. Using Eq. (5), thpronounced at the lowest supersaturations where the addi-
change in accumulation mode particles in this region is contion of easily activated coarse particles is most noticeable.
tributed mostly by the source change80%). Along with Recall that our model assumes internal mixing and coarse

more to the decreased number of CCN(0.2%), the following
equation is applied (Racherla and Adams, 2006):

Mdust— Mnodust _ Sdust — Snodust+ Tdust — Tnodust
Maust Sdust Tdust

www.atmos-chem-phys.net/9/2441/2009/ Atmos. Chem. Phys., 9, 24882009



2456 Y. H. Lee et al.: Global model of mineral dust aerosol microphysics

dust particles require only small fractions of soluble materialthe result of the additional aerosol surface area provided by
to activate. An exception to this behavior is the CCN concen-dust causing a suppression of$0, concentrations and less
trations at 0.05% supersaturation, which are lower in the seneondensational growth of ultrafine particles to CCN sizes.
sitivity case than in the case without dust. Here, the changindn the sensitivity case, dust caused increases up to a factor
aerosol composition is playing the dominant role; the addi-of two in CCN(0.2%) concentrations as the result of signif-
tion of insoluble dust shifts the activation diameter to largericant dust emissions to the fine mode. The effect of dust
particle sizes and reduces the CCN active at this supersaturan CCN is therefore highly sensitive to uncertainties in the
tion. This effect is small, however, and depends on a specifidust emissions size distribution. At low supersaturations (be-
mix and size distributions of soluble species (sulfate, sealow 0.1%), there are generally higher CCN concentrations
salt, hydrophilic organic matter) and mineral dust. At higher with dust mostly as the result of direct dust emission into
supersaturations corresponding to smaller particles, there athe coarse particle size range. Although this result highlights
two opposite results from with dust in the base and sensitiv-only one of many effects of mineral dust on clouds and pre-
ity cases. The base case shows reduced CCN by dust due tipitation, the development of the TOMAS dust model lays
the lower BSO4 concentrations mentioned in previous para- the basis for more systematic work in the future.

graphs, while the sensitivity case shows increased CCN by

direct emission that compensates number reduction by th@cknowledgementsThis research was supported by NASA Grant
lower HSOy4 concentrations. Along with Figs. 10 and 11, No. NNG04GD53G. We thank Joseph M. Prospero and Dennis L.
it shows CCN is sensitive to the emission size distributions.Savoie for providing the measurements of dust mass concentrations
This simple analysis suggests but does not directly addresgnd Gao Chen for providing the NAMMA campaign dust size
potentially important effects of dust on precipitation by act- distribution measurements.

ing as giant CCN or ice nuclei (e.g. Levin et al., 2005; Posselt_ .

and Lohmann, 2007) or to suppress rainfall (Rosenfeld et al, Edit¢d by: B. Karcher
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