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Abstract. We implement the TwO-Moment Aerosol Sec- els because of lower SCavailability. These findings stress
tional (TOMAS) microphysics module into GEOS-CHEM, the need for accurate meteorological inputs, updated emis-
a CTM driven by assimilated meteorology. TOMAS has 30 sion inventories, and realistic clouds and oxidant fields when
size sections covering 0.01-Lén diameter with conserva- evaluating global aerosol microphysics models.

tion equations for both aerosol mass and number. The im-
plementation enables GEOS-CHEM to simulate aerosol mi-
crophysics, size distributions, mass and number concentray
tions. The model system is developed for sulfate and sea-

salt aerosols, a year-long simulation has been performed, angimospheric aerosols impact climate in two ways: directly
results are compared to observations. Additionally modelrefiecting solar radiation, known as the aerosol direct effect
intercomparison was carried out involving global models (charison et al., 1992), and acting as cloud condensation
with sec.tlonal mmrophysms: GISS GCM-II’ and GLO_MAP. and ice nuclei (CCN and IN, respectively), thereby chang-
Comparison with marine boundary layer observations ofing the reflectivity and the likelihood of precipitation, which
CN10 and CCN(0.2%) shows that all models perform well 5 cajled the aerosol indirect effect(Albrecht, 1989; Twomey,
with average errors of 30-50%. However, all models under-1974, 1977). The aerosol direct effect has been estimated
predict CN10 by up to 42% between15 and 48S while  \yith more certainty than the indirect effect. According to the
overpredicting CN10 up to 52% between°4band 60N,  Foyrth Assessment Report of the Intergovernmental Panel on
which could be due to the sea-salt emission parameterizatiogjimate Change (IPCC), the global and annual average indi-
and the assumed size distribution of primary sulfate emisygct aerosol radiative forcing uncertainty range is between —
sion, in each case respectively. Model intercomparison at thg g 3nd —0.3 W m2 (IPCC, 2007). Note that this uncertainty
surface shows that GISS GCM-II' and GLOMAP, each com- range refers to only the cloud brightness effect (first aerosol
pared against GEOS-CHEM, both predict 40% higher CN10jngjrect effect), not including changes in cloud lifetime and
and predict 20% and 30% higher CCN(0.2%) on average, regjstribution (second aerosol indirect effect); this underlines
spectively. Major discrepancies are due to different emissionpe need to improve the estimate of aerosol indirect radiative
inventories and transport. Budget comparison shows GEOStycing.

CHEM predicts the lowest global CCN(0.2%) due to micro-  The aerosol indirect effect is caused by CCN, the sub-
physical growth being a factor of 2 lower than other mod- et of airborne particles that become cloud droplets. To
reduce uncertainty in estimates of indirect radiative forc-
ing, the links between emissions, CCN, and cloud droplet

Correspondence tadV. Trivitayanurak number concentrations (CDNC) must be well simulated in
BY (win@cmu.edu) models. Early attempts to predict CDNC used empirical
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relationships between sulfate mass and CDNC without ex-global aerosol microphysics and accompanying meteorology
plicitly simulating aerosol and cloud microphysics (Boucher at high time-resolution for aerosol model evaluation.
and Lohmann, 1995; Jones et al., 1994; Martin et al., 1994). The aerosol microphysics model of interest in our work is
This kind of empirical relationship is of limited use for loca- the Two-Moment Aerosol Sectional (TOMAS) model, which
tions and times other than where the relationship was meawas developed for sulfate aerosol in GISS GCM-II' model by
sured. As pointed out by Kiehl (2000), limitations and uncer- Adams and Seinfeld (2002), hereafter referred to as AS02,
tainties associated with the empirical approach suggest thwith additional sea-salt implementation (Pierce and Adams,
need to take a mechanistic approach, for example by explic2006). A GCM is advantageous because it generates its own
itly simulating aerosol number concentrations and size disimeteorology and allows interaction of clouds with aerosol;
tributions. More recent aerosol models use a mechanistic apthus, it can simulate the aerosol indirect effects. However,
proach to predicting CCN concentrations by including size-its inability to predict actual historical meteorological varia-
resolved aerosol microphysics(Adams and Seinfeld, 2002tion on a day-to-day timescale hinders model testing at high
Easter et al., 2004; Ghan et al., 2001; Herzog et al., 2004time-resolution against short-term field campaign observa-
Spracklen et al., 2005b; Stier et al., 2005a; von Salzen etions. For this reason, the aerosol microphysics module
al., 2000; Wilson et al., 2001). The main difference in theseneeds to be implemented in a different host model driven
models lies in how the aerosol size distributions are repreby meteorology that matches the actual conditions during
sented, e.g. the modal approach, single-moment sectionathe field campaign period, which will allow detailed com-
and two-moment sectional methods. Two-moment sectionaparison against field campaign observations. A chemistry-
algorithms are advantageous in terms of conserving numberansport model (CTM) driven by assimilated meteorology
and mass unlike the single-moment sectional algorithms thaserves this purpose. In the long run, having a CTM-based
tend to have problems with numerical diffusion and/or con-aerosol microphysics model driven by assimilated meteorol-
serving number concentrations (Tzivion et al., 1987) duringogy will be beneficial for long-term comparisons as well,
the condensation process. Thus a two-moment sectional akuch as with global aerosol satellite observations. Evaluat-
gorithm is applied in this study. ing against a long-term data set, the ability to have accurate
Apart from the numerical properties of the microphysics synoptic variability in meteorological fields allows a more
algorithm, the quality of aerosol predictions is directly de- demanding high time resolution comparison.
pendent on accuracies of emissions inventories and other as- Model intercomparison is another exercise to assess global
sumptions used in an aerosol model. The importance of nuaerosol models relative to each other. Although model inter-
cleation treatment and assumptions regarding characteristiasomparison does not provide a definitive test of performance
of primary aerosol emissions, e.g. their size distributions,it can reveal behaviors, diversities, and sensitivities of differ-
have been the subjects of several studies (Adams and Seimnt process treatments among models and suggest observa-
feld, 2002, 2003; Pierce and Adams, 2007; Spracklen et al.tions required to eliminate intermodel discrepancies. An ex-
2005a; Spracklen et al., 2006; Stier et al., 2005b). Althoughhaustive model intercomparison activity would involve nu-
global models with mechanistic CCN predictions have beenmerous models and tightly constrained scenarios designed
developed, substantial evaluation is needed to improve théo isolate the effects of different processes and inputs. A
quality of their predictions. more limited model intercomparison compares models as
To test the aerosol microphysics model, aerosol predicthey are and looks at the intermodel discrepancies to indi-
tions can be compared with atmospheric aerosol observacate the range of uncertainty currently facing the scientific
tions, especially aerosol number concentrations and sizeommunity. This work presents this more limited style of
distributions. Ideally we want to have global, long-term, intercomparison. Intercomparison of aerosol budgets offers
and highly time-resolved measurements of the full suite ofdeeper insight to the contributions of controlling processes
aerosol chemical and physical properties, e.g. compositioneven if the predicted global concentrations are similar. Sev-
hygroscopicity, size, shape, amount, mixing state. In real-eral model intercomparisons performed in the past provided
ity, different measurement platforms and techniques providesnapshots of the collective performance of global aerosol
limited observations covering different durations and loca-models, though the focus was on aerosol mass (Barrie et al.,
tions. An intensive field campaign integrates multi-platform 2001; IPCC, 2001; Textor et al., 2006). Model intercom-
measurements by collocating instrumentation for reasonablyarison of aerosol number and aerosol size distributions are
detailed snapshots of the atmospheric aerosol. The primariacking but are more relevant for evaluating CCN predictions
limitations of a field campaign are cost and complexity, andin global aerosol microphysics models, and is a goal of this
resulting limited duration and coverage. Several field cam-work.
paigns were carried out in parts of the globe during the last This paper documents the implementation of the TOMAS
decade (Bates et al., 1998; Bates et al., 2001; Huebert et almicrophysics module into the GEOS-CHEM host model,
2003; Jacob et al., 2003; Raes et al., 2000a; Ramanathan ethich is driven by assimilated meteorology. Simulation re-
al., 2001). The durations of these campaigns, which are orsults for sulfate and sea-salt aerosols are presented. Addi-
a scale of weeks, emphasize the need to accurately simulatenally, the results from GEOS-CHEM are compared with
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two other global aerosol microphysics models with two- work, microphysical processes in GEOS-CHEM are limited
moment sectional algorithms. Future work will incorpo- to the troposphere for computational expediency.
rate carbonaceous and mineral dust aerosols and present
comparisons against field campaign data. 2.1.1 TOMAS microphysics model
Section 2 describes the GEOS-CHEM host model, the

TOMAS microphysics module and its implementation, and Theé TwO-Moment Aerosol Sectional (TOMAS) micro-
also briefly describes other models included in our inter-Physics model is incorporated into the host model, GEOS-

comparison. Section 3 presents model results from GEOSSHEM, to account for aerosol microphysical processes. De-
CHEM. Section 4 shows comparison of model predictionst@ils of the development of TOMAS are described in AS02.

with field observations. Section 5 discusses model intercom!1ere we summarize key information about TOMAS and
parison. Finally, Sect. 6 briefly concludes this work. highlight differences between its implementation in GEOS-

CHEM compared to GISS GCM-II" in AS02.
A key feature of TOMAS is its ability to track two in-
_ dependent moments of the aerosol size distribution for each
2 Model descriptions size bin. The two moments that we track are aerosol number
_ . _ concentration and mass concentration. There are 30 size sec-
In this section, we describe _the host_model, GEOS-CHEMions segregated by dry aerosol mass, and the upper boundary
and the TOMAS aerosol microphysics module. Next we of each size section is twice the mass of the lower boundary.
discuss the models for intercomparison, GISS GCM-II" and The smallest particle that we track is Fdkg dry aerosol
GLOMAP. The scope of this work is limited to sulfate and mass per particle, which is about 0,0t dry diameter for a
sea-salt aerosol simulations. In some regions, these tweypical aerosol density of 1.8 g cr. For the upper boundary
aerosol species are dominant and model predictions shoulgs the |argest size section, the particle size is close tarh0
be realistic while some regions the lack of other aerosolsqry diameter. We assume all aerosols to be internally mixed.

e.g. carbonaceous aerosols, dust, can be significant. Even though assuming sea-salt and sulfate to be internally
mixed instantaneously is physically unrealistic, the assump-
2.1 GEOS-CHEM and TOMAS tion works for our purpose of focusing on CCN since both

sea-salt and sulfate activate at similar diameter80(nm

GEOS-CHEM is a global three-dimensional model of tro- for 0.2% supersaturation). For aerosol physical properties,
pospheric chemistry driven by assimilated meteorologi-we assume all sulfate exists uniformly as ammonium bisul-
cal observations from the Goddard Earth Observing Sysfate. With the water uptake curve of ammonium bisulfate
tem (GEOS) of the NASA Global Modeling and Assimila- and sodium chloride calculated offline, the density of the am-
tion Office (GMAO) (Bey et al., 2001). We chose to use monium bisulfate-sea-salt-water mixture can be calculated at
GEOS-CHEM with a horizontal grid resolution of 4ati- any time.
tude by 5 longitude and a 30-level sigma-coordinate verti- ~ Microphysical processes include coagulation, condensa-
cal grid between the surface and 0.01 hPa at the model tofion/evaporation, nucleation, and in-cloud sulfur oxidation.
of atmosphere. Prior to this work, the GEOS-CHEM model Coagulation, an important sink of aerosol number and a
tracked only aerosol mass and had no aerosol microphysimeans for freshly nucleated particles to grow to larger sizes,
cal simulation. Bulk aerosol mass of sulfate (Park et al.,is based on the method developed by Tzivion et al. (1987)
2004) and carbonaceous aerosols were predicted. Sea-salith an assumption that particles coagulate via Brownian dif-
mass was tracked in 2 bins and dust mass was tracked in fision neglecting gravitational settling and turbulence effects
bins (Alexander et al., 2005; Fairlie et al., 2004). (Adams and Seinfeld, 2002). Condensation of gas-phase sul-

The main changes to the original GEOS-CHEM are furic acid to existing particles, an important source of aerosol
replacement of the original aerosol treatments with themass by which small particles grow to become CCN, is mod-
TOMAS module for sulfate and sea-salt. Tracers are addectled using the algorithm by Tzivion et al. (1989).
to GEOS-CHEM with 30 tracers to represent the size dis- Nucleation accounts for a very small and insignificant ad-
tributions of each of the following: aerosol number, sulfate dition of mass by gas-to-particle conversion but contributes
mass, and sea-salt mass. We use the GEOS-CHEM modsignificantly to the aerosol number concentrations and size
version 5.07.08 Hitp://www-as.harvard.edu/chemistry/trop/ distributions. The nucleation treatment is based on binary
geos/index.htm)l The size-resolved sulfate aerosol intro- nucleation (Jaecker-Voirol and Mirabel, 1989). Their nu-
duced to the GEOS-CHEM model as described in thiscleation rate calculation is simplified into a calculation of a
work is based on AS02. The implementation of size- critical H,SOy concentration for significant nucleation with
resolved sea-salt aerosol is based on the work by Pierce arttie critical concentration being a function of temperature and
Adams (2006). The 2001 simulation was initialized on 1 relative humidity (Wexler et al., 1994). This critical sulfuric
November 2000 and conducted for 14 months, in which theacid concentration is the criteria for determining when nucle-
first 2 months was used only for model initialization. In this ation occurs in the model. As in AS02, we treat nucleation
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in a simple way by first allowing gas-phase sulfuric acid to choose the sea-salt emission of Clarke et al. (2006) because
condense onto existing particles during one model time stejit covers a wider size range of ultrafine emissions with im-
(1 h). At the end of the time step, if the remaining gas-phaseportant implications for marine CN and CCN concentrations
sulfuric acid concentration exceeds the critical concentration(Pierce and Adams, 2006). The emission parameterization
then the remaining mass nucleates. Although there are unceof Clarke et al. (2006) is derived from coastal field campaign
tainties surrounding the actual nucleation mechanism in thalata. This sea-salt emission is computed as a function of
atmosphere, binary nucleation with this simple treatment apwind speed at 10 m above the ocean surface and covers the
pears to perform relatively well in AS02 as they predict rea- dry diameter range of 10 nm to.8n.
sonable CN number concentrations in the upper troposphere.

In-cloud oxidation modifies the aerosol size distribution as2 3  Advection
the particles activate into cloud droplets, gain sulfate mass by

aqueous chemistry, then water evaporates resulting in Iargefracer advection is calculated every 30 min using the TP-

particles than prior to entering the cloud. In this work, the ~qrE algorithm (Lin and Rood, 1996), a flux-form semi-
amount of sulfate produced by_ in—cloud. qhemistry is Calcu'Lagrangian transport scheme. TPCORE is a flexible algo-
lated based on the treatment in the original GEOS-CHEMyjhm that allows several choices of 1-D advection scheme

model as described in Park et al. (2004) and includes reacg, e applied for different directions as well as for different
tions with both hydrogen peroxide and ozone. Sulfate Pro-egions of the globe, e.g. to handle converging grids at the
duced by aqueous oxidation is distributed over size bins Iarg%obs_

enough to activate as described in AS02. . . .
Regarding assumed activation diameter, there is a dis: Despite the good performance of TPCORE in transporting

tinct difference in this work compared to AS02. In AS02 individual tracers, TPCORE creates an inconsistency prob-

the GISS GCM II' handles in-cloud oxidation in two sepa- 'eT“ when it attempts to transport two reIQted tracers. In
this work, the aerosol mass and number in each size sec-

rate cloud types: stratiform and convective clouds. GEOS'tion are related quantities that must be advected together in
CHEM, in contrast, does not distinguish between aqueous q 9

chemistry in stratiform and convective clouds. AS02 as-2 consistent fashion. The problem happens when the se-

, . . lected 1-D transport scheme, such as the Piecewise Parabolic
sumed that the GCM’s stratiform clouds experienced a max- .
. ) : .~ Method (PPM)(Carpenter et al., 1990; Colella and Wood-
imum of 0.19% supersaturation corresponding to the activa-

tion diameter of 0.08z2m. Similarly, for convective clouds ward, 1984), uses non-linear spatial interpolation. When the

the maximum supersaturation was 0.75%, and the activation patial distribution parabolas for the number and mass trac-

diameter was 0.038m. For this work and for purposes of ers are constructed separately, sub-grid regions W|_th aerosols
) - . . : that are too large or too small (dry mass per particle above
in-cloud oxidation, the activation diameter is assumed to be ) e
. or below the size boundary) are artificially created due to the
0.055um, an average of those in AS02. . ) . 2
numeric of the interpolation. Our solution is to allow TP-

CORE to transport only the aerosol number tracers in each
size section; we subsequently compute the corresponding

Sulfur emissions in GEOS-CHEM are based on the GlobalMass advection based on the assumption that aerosols in each

Emissions Inventory Activity (GEIA) for 1985 with updated size bin and grid c.eII have a upiform size.equal to the average

national emission inventories and fuel use data (Bey et al.dry mass per particle at that time and grid cell.

2001; Park et al., 2004). Anthropogenic sulfur is emitted as

SO, and a small fraction as sulfate (5% in Europe and 3%2.4 Chemistry

elsewhere) (Chin et al., 2000). The original sulfur simulation

in GEOS-CHEM emitted sulfate as bulk sulfate mass. HereGEOS-CHEM includes the capability to simulate tropo-

we introduce size-resolved sulfate emission by distributingspheric photochemistry and sulfur chemistry. In a “full

the emitted sulfate across different size sections using a biehemistry” run, concentrations of oxidants, i.e. OHQ4,

modal and lognormal size distribution with number geomet-O3, are predicted based on a comprehensive set of photo-

ric mean diameters of 10 and 70 nm and standard deviationshemical reactions (Bey et al., 2001). Optionally, photo-

of 1.6 and 2.0, respectively (Adams and Seinfeld, 2002). Thechemistry can be turned off and archived monthly average

sulfate aerosol number emitted is calculated based on the birexidant fields used for the sulfur chemistry calculation. We

center mass per particle of each size section. did a full chemistry run for this study. The sulfur species in-
Regarding sea-salt emission, previous work (Alexander etlude DMS, SQ, H,SO4, and MSA. Previously, the 350,

al., 2005) incorporated sea-salt into GEOS-CHEM using theproduced from S@ oxidation was immediately converted

emission parameterization of Monahan et al. (1986). Theyinto bulk sulfate mass. In this work, to represent the mi-

introduced two modes of sea-salt aerosols, fine (Q@n2  crophysical processes by which &0, becomes sulfate, we

dry diameter) and coarse (2—2@n) modes, aiming to study add a new tracer for $50, (gas), which then undergoes con-

sulfate formation on sea-salt particles. In this work, we densation and nucleation. Distinguishing the pathways by

2.2 Emissions
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Fig. 1. Global and annual-average dry deposition velocities
(cm s 1) as a function of particle size (solid curve). For compar-
ison, the global and annual-average dry deposition velocity used for
bulk sulfate in the original GEOS-CHEM is also plotted (straight,
dashed line).
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which gas-phase $$0, converts to aerosol sulfate is crucial

for predicting aerosol number size distributions. b Rl e ST i St
The existing sulfate-producing in-cloud chemistry - E——

in GEOS-CHEM is ready for coupling with TOMAS

m'CmphyS'Cs_' The SUI_fate'pmdL_‘C'ng aqueous chemistry Ir_‘Fig. 2. GEOS-CHEM predicted annual average number concentra-

sea-salt particles as discussed in Alexander et al. (2005) ions (cnt3 at STP conditions of 273K and 1 atm) in the lowest

not included in this work because Alexander et al. (2005)model layer foa) CN10 and(b) CCN(0.2%).

found a small effect of including the mentioned aqueous

oxidation pathway on the global lifetime and burden of removal in the convective column during vertical transport.

251

sulfate. Details of the wet deposition scheme used in GEOS-CHEM
N are described in Liu et al. (2001). Here we discuss the
2.5 Dry deposition changes made to accommodate size-resolved wet deposition.

o ) ) i i In-cloud scavenging, sometimes called “nucleation scav-
Dry deposition is modeled using the resistance-in-series apaning" s treated as a first-order loss utilizing the rainout

proach. For sulfate and sea-salt aerosols, we implement,;. -qnstant computed by Giorgi and Chaimedes (1986).

size-resolved dry deposition velocities following the size- tq rate constants are different for stratiform and convective
dependent scheme of Zhang et al. (2001). For all otheryn i precipitation. We did not modify the original calcu-

species, dry deposition velocmes_are modeled using the aPation of the rate constant but simply apply the assumption,
proach of Wesely (1989) as described by Wang et al. (1998)g;mjjar to ASO2, that only those particles larger than the ac-
Flgure} shows a_\r]nual and glob_al area-welghte_d average diy\ation diameter are subjected to removal. The activation
deposition velocities as a function of aerosol diameter. Foryomater for large-scale precipitation is 0.082 and for
comparison, the original bulk aerosol dry deposition velocity convective precipitation is 0.038m. These activation diam-

is shown as the straight line. eters were chosen based on the maximum supersaturations
that stratiform and convective clouds typically experience of
0.19% and 0.75%, respectively.

Wet deposition in GEOS-CHEM includes three main pro- Below-cloud scavenging of gaseous and bulk aerosol

2.6 Wet deposition

cesses: species in the original GEOS-CHEM was calculated using
a washout rate constant of 0.1 mtof precipitation applied
1. in-cloud scavenging (rainout), to the precipitating fraction of the grid area (Liu et al., 2001).

Here we introduce size-resolved washout in the same way as
in ASO2. The size-dependent washout rate constants were
3. and scavenging taken from Fig. 2 of Dana and Hales (1976), which are theo-

retical washout rate coefficients as a function of aerosol size.
in convective updrafts. In-cloud and below-cloud scavenging

are treated separately for stratiform precipitation and con-
vective anvils. Scavenging in convective updrafts represents

2. below-cloud scavenging (washout),

www.atmos-chem-phys.net/8/3149/2008/ Atmos. Chem. Phys., 8, 31682008
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The wet deposition scheme also allows release of scav2.9 GLOMAP model
enged aerosol during evaporation of precipitation below
cloud. The assumption is, for a given fractignof evapo- GLOMAP (GLObal Model of Aerosol Processes) is a size-
rating precipitation, only 0.3 of the scavenged aerosol load resolved microphysics model which is an extension to the 3-
is released at that level. The 0.5 fraction is to account forD offline Eulerian chemical transport model, TOMCAT, de-
a combination of drops that evaporate completely, releasingcribed in e.g. Stockwell and Chipperfield (1999). GLOMAP
their entire dissolved aerosol, and drops that partly evaporatéuns on assimilated meteorology from the European Centre
and do not release any dissolved aerosol (Koch et al., 1999for Medium-Range Weather Forecasts (ECMWF). The spa-
In the original GEOS-CHEM, the re-evaporating scavengedtial resolution of the model grid is 228atitude by 2.8 lon-
SO, is put into the bulk S@ aerosol assuming it has under- gitude with 31 hybrid sigma-pressure-p) levels extending
gone aqueous oxidation. In this work, we distribute the re-from the surface to 10 mb level. The aerosol size distribu-
evaporating S@over the aerosol size distribution in the same tions are simulated using the moving-center scheme of Ja-
way as SQ produced by standard aqueous oxidation. cobson (1997b) and represented by 20 size sections having

Scavenging in convective updrafts is calculated by a first-bin centers spanning 0.003 to 2t equivalent dry diam-
order rate loss where the scavenged fraction is a functioreters. The details of GLOMAP are described in Spracklen
of scavenging efficiency and the height of the updraft col-et al. (2005b). The results used in our comparison are from
umn. Here we do not make any change to the scavenging version of GLOMAP that includes only sulfate and sea-
fraction calculation. However, we apply the same assump-salt aerosols using the GEIA 1985 sulfur emission and the
tion described above, namely that only activated particles aréea spray emission parameterization of Gong (2003). In this
scavenged. For convective precipitation, these are particlegersion of GLOMAP, oxidant (OH, b2, HO, and NQ)

larger than 0.033m. concentrations are specified using 6-hourly monthly mean
fields archived from TOMCAT detailed tropospheric chem-

2.7 Models for intercomparison istry simulations. We use GLOMAP model results from a
simulation of year 1996 for our intercomparison.

2.8 GISS GCM-II"model Although GLOMAP and GEOS-CHEM with the TOMAS

microphysics are models developed independently, there

IEE ?gafsc '\r:TICIr(;n?]d:léz 6;]2'5Dbgeeenner.ilcgrrcglrgtt'gg n;?:il]'eare several similarities. Both use assimilated meteorology.
icrophyst ' P ' While both TOMAS and the moving-center algorithms are

GISS GCM'” and applied to sulfate aerosol as descnbeq "Ntwo-moment sectional approaches, they differ in the closure

ASO02. This work uses the model results from a later version . i
f the GISS GCM-II' with the additi f it | assumptions used to solve the aerosol general dynamic equa-

OP. € 4 Ad ) ZV(VJIOG ir? tion o sfé'lssas g‘g&sﬁ, tion. TOMAS treats the aerosol size distribution within a

ElalercEOa_n ont ?rgsbl t'on)bf 4laltst Vdeésgongolon ude d- section with either a “top hat” or “linear” approximation

9 s?gza-géord?n;t(: Ietj/eils from slul:faceyio 10 rr?tl)lljeve?nGISS(Stevens’ 1996; Tzivion et al., 1987, 1989) but the moving-

sulfur emission in the model is taken from the GEIA 1985 in- center approach treats the size distribution as monodisperse

¢ Specificall inst the “CLRK” si within the bin (Jacobson et al., 1994; Jacobson, 1997a).
ventory. Speciiically, we compare againstthe simu- oth the two-moment sectional treatment of TOMAS and

lation of Pierce and Adams (2006), which calculated sea-sal he moving center treatment in GLOMAP are high-resolution

Z;no'?)?;%nﬁelﬂzmg same Clarke et al. (2006) parametenzatlorslectional treatments of the aerosol size distribution that have

, been evaluated against analytical solutions and found to be
Both the GE.O.S'CHEM model .and the GISS GCM'” very accurate and guarantee that both number and mass bal-
model have similar implementations of TOMAS micro-

physics, so a major difference is simply their respective me_ance equations are satisfied (Jacobson et al., 1994; Jacob-
teorological fields. Additionally, the GISS GCM II' uses son, 1997a; Tzivion et al, 1987). Any difference in aerosol

rognostic HO, calculated from archived average photol- prediction caused by these different microphysics schemes
prog 2 . . g€ p hould be insignificant compared to the uncertainties of other
ysis rates and uses archived average oxidant fields for O

. odel components, e.g. chemistry, deposition.
HO,, and NG (Koch et al., 1999 and references therein) . X . . .
while GEOS-CHEM, in this work, uses the option to calcu- An important difference in GLOMAP microphysics and

late and update the oxidant fields simultaneously with Ioho_TOMAS microphysics are their nucleation parameterizations

: ) : ; and how they treat the competition between nucleation and
tochemistry. Another important difference is the treatmentcondensation Both assume binary nucleation in th8®-
of clouds for in-cloud oxidation; GISS GCM-II' explicitly ' y

. : . HoO system. While TOMAS uses a critical concentration
handles stratiform and convective clouds separately wh|IeOf H,SOy as a criterion for nucleation, GLOMAP explic-
GEOS-CHEM does not. This leads to different treatments.,, : ; ' Xp

y calculates nucleation rates with the parameterization of

L . R ool
of aerosol activation during aqueous oxidation as descrlbeqzulmala et al. (1998). Regarding the competition of nucle-

in Sect. 2.1.1. ation and condensation for the available gas phasey,
GLOMAP captures this competition by selecting a short
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Table 1. A summary comparison of the three aerosol models used in this work.

GEOS-CHEM GISS GCM-II GLOMAP
Aerosol microphysics model TOMAS TOMAS GLOMAP
Aerosol species Sulfate Sea salt Sulfate Sea salt Sulfate Sea salt
Aerosol size sections 30 30 20
Equivalent size range«n) 0.01-10 (bin boundaries) 0.01-10 (bin boundaries) 0.003-25 (bin center)
Aerosol microphysics algorithm  Two-moment sectional Two-moment sectional “Moving-center” (Jacobson, 1997)
(Adams and Seinfeld, 2002) (Adams and Seinfeld, 2002)
Nucleation Binary HSOy4-H,0 Binary Ho)SOy4-H>0 Binary HoSO4-H>0
“critical concentration” “critical concentration” rate calculation
(Jaecker-Voirol and Mirabel, 1989) (Jaecker-Voirol and Mirabel, 1989) (Kulmala et al., 1998)
Host model type CTM GCM CTM
Meteorology NASA GMAO GISS GCM generated ECMWF
Grid resolution 4x5°/30 levels 2x5°/9 levels 2.8x2.8°/31 levels
Horizontal/ vertical
Sulfur emission Updated GEIA GEIA 1985 GEIA 1985
Sea salt emission Clarke et al. (2006) 10 nm+~8 Clarke et al. (2006) 10 nm-8m Gong (2003) 35 nm-10m
Oxidants Online chemistry calculation Average OH, 1@nd NG fields Average OH, HO5, HOo,
from GISS GCM and prognostici, and NG; fields from TOMCAT
In-cloud oxidation Combined oxidation in stratiform Separately for stratiform Combined oxidation in stratiform
and convective clouds; (activation diameter of 82 nm) and convective clouds;
assumed activation diameter of 55nm  and convective clouds assumed activation diameter of 50 nm

(activation diameter of 33 nm)

time step (generally 90s) for both nucleation and conden+o 4.4 days. The implementation of microphysical processes
sation. TOMAS treats the competition in a simpler way asaffects the mass burden primarily by changing the deposi-
discussed in Sect. 2.1. Another important assumption usetlonal sinks. Size-resolved wet deposition, a major sink of

in GLOMAP is the activation of particles with dry diameter sulfate mass and a major change from the bulk aerosol model,
larger than 0.0xm. A summary of differences and similari- affects the sulfate mass budget by slowing down wet depo-
ties between GEOS-CHEM, GISS GCM-II', and GLOMAP sitional lifetime by 11%. The major reduction of in-cloud

are listed in Table 1. scavenging only impacts ultrafine mode particles, which are
a small portion of the total sulfate mass, while the modifica-

2.10 Model predictions tion of below-cloud scavenging results in only little change
due to the relative unimportance of the below-cloud scaveng-

2.11 Sulfate mass prediction ing. Also, sulfate dry deposition changes only slightly de-

spite the new size-dependent dry deposition velocities shown

Table 2 presents the sulfur budget calculated from GEOSjn Fig. 1. This is because the predicted sulfate mass distri-
bution is dominated by a mode centering on approximately

CHEM predictions using the size-resolved aerosol model de-

s ; 0.2um. At this size, the new dry deposition velocity equals
veloped in this work compared to the previous bulk aerosol )
P P P that of the bulk aerosol model; thus the effect of the size-

model and the two other microphysics models. Note that ved drv d o dest 20% | indrv d
evaporating S@from cloud droplets is assumed to have been'€solved dry .eposmon 'S a modest o Increase in dry de-
positional lifetime.

oxidized to SQ via aqueous chemistry (Sect. 2.1.6) and is,
therefore, included in the SG- H,O, term in Table 2. Over-

all, the sulfur budget in this work changes only slightly with
respect to the original GEOS-CHEM with bulk aerosol. The
annual-average global burden of sulfate is increased from
0.34TgSt00.38Tg S, and the lifetime is increased from 3.8
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Table 2. Global and annual-average sulfur budgets of three global models.

GEOS-CHEM with TOMAS  GEOS-CHEM Bulk aerosol ~ GISS GCM-II'  GLOMAP

DMS
Sources (Tg Syrh) Emissions 13.6 13.6 10.6 12.6
Sinks (Tg Syrl) DMS oxidation 13.6 13.6 10.6 12.6
Burden (Tg S) 0.017 0.017 0.050 0.020
Lifetime (days) 0.46 0.46 1.7 0.58
SO,
Sources (Tg SyTl) Emissions 67.8 67.8 70.8 77.6
DMS oxidation 12.3 12.2 9.5 12.6
Total 80.0 80.0 80.3 90.2
Sinks (Tg Syrd) SO, + OH 8.7 8.5 14.6 10.8
SO, + HyOo 20.9 21.0 28.4 30.5
SO; + Og 0.7 0.7 - -
Dry deposition 35.8 35.7 35.9 37.8
Wet deposition 141 141 15 11.4
Total 80.2 80.0 80.3 90.4
Burden (TgS) 0.33 0.33 0.65 0.37
Lifetime (days) 15 15 2.9 15
Oxidation lifetime (days) 4.0 4.0 5.5 3.3
Dry deposition lifetime (days) 3.4 3.4 6.6 3.6
Sle7
Sources (Tg S)Trl) Primary emissions 2.0 2.0 2.0 2.4
Gas-phase oxidation - 8.5 - -
Nucleation 0.06 - 0.04 0.06
H,SO4 condensation 8.7 - 145 10.8
Aqueous oxidation 21.6 21.7 28.4 30.6
Total 323 32.2 45.0 43.9
Sinks (TgSyr1) Dry deposition 3.4 3.7 1.2 6.1
Wet deposition 28.8 28.6 43.8 37.7
Total 322 323 44.9 43.8
Burden (Tg S) 0.38 0.34 0.78 0.45
Lifetime (days) 4.4 3.8 6.3 3.8
Wet deposition lifetime (days) 4.8 4.3 6.5 4.4
MSA
Sources (Tg Syrh) DMS oxidation 1.3 1.3 1.0 -
Sinks (TgSyr1) Dry deposition 0.09 0.09 0.2 -
Wet deposition 1.2 1.2 0.8 -
Total 1.3 1.3 1.0 -
Burden (TgS) 0.017 0.017 0.020 -
Lifetime (days) 4.7 4.7 7.0 -
2.12 Sea-salt mass prediction al. (2001), which can calculate a dry deposition velocity for

any given size, Alexander et al. (2005) only had two modes
Table 3 presents the sea-salt mass budget from this work inf sea-salt while our size bins are more resolved, thus expe-
comparison with the earlier work by Alexander et al. (2005) riencing a greater range of deposition velocities. The coarse
and the intercomparison models. The Clarke et al. (2006)node sea-salt in Alexander et al. (2005) is assumed to have
emission (this work) produces 78% more sea-salt than thai fast dry deposition velocity of a10um diameter par-
of Monahan et al. (1986) (Alexander et al., 2005). Pierceticle. In our work, most of the coarse sea-salt mass cen-
and Adams (2006) also found the sea-salt emission from theéers around 7:m diameter, with a correspondingly lower
Clarke et al. (2006) parameterization to be more than thatiry deposition velocity (Fig. 1). Consequently, their coarse-
from the Monahan et al. (1986) parameterization. Com-mode depositional lifetime is 0.7 days compared with 4.9
paring our budget with that from Alexander et al. (2005) days in our work. As for wet deposition, we implemented
also highlights the effect of different size-dependent drysize-dependent wet deposition criteria while Alexander et
deposition treatments, with dry deposition being a dominantal. (2005) use the original wet deposition for bulk aerosol
sink in their work. Though both versions of GEOS-CHEM (Liu et al., 2001). The difference in wet depositional life-
have the size-dependent dry deposition scheme of Zhang et
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Table 3. Comparison of global and annual-average sea-salt budgets of four models.

GEOS-CHEM with TOMAS  ALO5®  GISS GCM-II' with TOMAS GLOMAP
Size rang®), um  0.01-1.0 1.0-10 0.2-20  0.01-1.0 1.0-10 0.003-1.0 1.0-25
Sources (Tgyrl)
Emissions 130 9410 5370 100 7020 100 8310
Sinks (Tgyr1)
Dry deposition 10 2220 3289 10 4950 20 7240
Wet deposition 120 7190 2150 90 2070 90 1060
Total 130 9410 5380 100 7020 110 8300
Burden (Tg) 0.64 29.6 5.9 0.73 12.2 0.18 2.4
Lifetime (days) 1.8 11 (o) 2.7 0.6 0.6 0.1

@ Pprevious GEOS-CHEM model version without microphysics (Alexander et al., 2005) labeled ALO5.
® Dry particle diameterD,,.

(© These are calculated from the provided lifetime and percentages of each deposition in Table 1 of Alexander et al. (2005).
@ Lifetime of sea-salt withD,, <2umandD), >2um are 1.3, and 0.3 days, respectively.

time (50% slower in this work compared to Alexander et al., land are 100-1000 crd, while they range only from 10 to
2005), however, is not mainly due to size-dependent wet de100 cnT2 over oceans in agreement with expected values
position but rather to a combination of different precipitation (Andreae et al., 1995).

in different simulation years and different locations of emis-  Table 4 presents a global annual aerosol number budget.
sions. The combined result of these changes is that wet deFhe size modes are categorized into ultrafine (0.01-0r68
position is the dominant sink of coarse mode sea-salt in ouand CCN (0.08-1@m) modes. Note that coagulation is a

sea-salt budget with an overall longer sea-salt lifetime. sink for smaller particles and also a microphysical growth
process adding particles into larger size bins, so coagulation
2.13 Aerosol number concentration prediction is tabulated under both categories in Table 4. Source con-

tributions to the ultrafine mode from nucleation and primary

Figure 2 shows the predicted annual average CN10 an@mission are comparable suggesting potential importance of
CCN(0.2%) concentrations (crd at STP conditions of both sources for CCN production. A major contributor of
273K and 1atm) in the lowest model layer. CN10 is de- CCN is growth by aqueous oxidation. Coagulation is the
fined here as a total number concentration of particles withdominant sink of ultrafine aerosols while wet deposition is
diameters larger than 10nm. The CCN at 0.2% supersatthe dominant sink of CCN.
uration is calculated as particles with diameter larger than
80 nm, which accurately represents the corresponding acti¢-14 Aerosol size distributions
vation diameter of sulfate, sea-salt, and mixtures thereof. . . ]
The predictions show the expected features of high numFigure 3 presgnt§ vgrtlcal profiles .of the predicted aerosol
ber concentrations over land and low over oceans. PrelUmber size distribution for two regions:
dicted CN10 concentrations exceed 10 000 &iim the most 1. a polluted continental region, Eastern China
polluted industrialized areas and are within the range of ob- (100 E-120 E , 30° N—46° N)
served values of 5000 (Raes et al., 2000b) and 100 008 cm . . .
(Pandis et al., 1995). Outside the most polluted regions, 2+ @nd @ clean marine region, the South Pacific Ocean
continental CN10 concentrations mostly range from 500 to (135 W-160°' W, 14° S-30 S).
5000 cnT3. For the marine boundary layer, CN10 concen- Vertical profiles emphasize how primary emissions, nucle-
trations are 100-500 cnd, which are comparable with ob- ation, and different aerosol growth mechanisms impact size
servations (Andreae et al., 1995; Clarke et al., 1987; Coverdjistributions at different altitudes. In the upper troposphere,
etal., 1996; Fitzgerald, 1991; Pandis et al., 1995; Raes et alpucleation is the contributor as is evident in both Fig. 3a and
2000b). b with peak ultrafine concentrations of up to 3000 émThe

For CCN(0.2%) concentrations, the same trend of higherair column over Eastern China shows higher nucleation rates
concentration over land than ocean is captured as wellwith greater vertical extent than the South Pacific because
CCN(0.2%) concentrations exceed 1000¢rover the most  there is more S@ circulating in the northern hemisphere
polluted regions. Typical CCN(0.2%) concentrations over compared to the southern hemisphere. In the boundary layer,
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Table 4. Global and annual-average number budgets of three global models with size-resolved aerosol microphysics.

GEOS-CHEM-TOMAS  GISS GCM-II'-TOMAS GLOMAP
Size rang&, um 0.01-0.08 0.08-10 0.01-0.08 0.08-10 0.003-0.08 0.08-25
Sources (cm3day 1)
Primary emissions 84 1.4 86 1.2 140 1.4
Nucleation 56 0 37 0 1340 0
Total 139 14 123 1.2 1480 14
Microphysical growth (cm3 day 1
Condensation 2.2 2.2 —4.6 4.6 -3.8 3.8
Aqueous oxidation —-4.5 4.5 —-8.7 8.7 -7.8 7.8
Coagulation - 0.1 - 0.3 - 0.1
Total —6.7 6.8 —-13.3 13.6 -11.6 11.7
Sinks (cnm3day™1)
Dry deposition 23 1.0 4 0.3 44 15
Wet deposition 8 7.3 4 145 22 12.3
Coagulation 101 - 102 - 1400 -
Total 132 8.3 109 14.8 1466 13.8
Burden (cm)3) 607 35 535 62 3915 44
Lifetime (days) 4.6 4.2 4.9 4.2 2.7 3.2

* Size segregated by dry particle diameiep,

primary emissions are the dominant source of aerosol num-
ber. Primary sulfate emission gives higher ultrafine number
concentrations in the polluted continental region in Fig. 3a
than the remote marine region in Fig. 3b. Similarly, primary
sea-salt emission influences the size distribution in the Pa-
cific Ocean with lower number concentration overall com-
pared to primary sulfate emission. The bimodal structure
in the boundary layer, most noticeable for the remote ma-
rine area, can be explained by in-cloud oxidation provid-
ing a source of sulfate mass and a growth mechanism for
Aitken mode particles to grow to accumulation mode. Sea-
salt emission supplies significant mass to the coarse mode
10000 in the marine area, which explains the tail of the size distri-
2000 bution extending over & m size range in the remote marine
1000 region but not for the continental region. We can observe
1 %0 trends with altitude as nucleated particles grow as they sub-
100 side. Freshly nucleated particles aloft become larger at lower
1% altitudes and finally form a bimodal structure in the cloud-
10 processed BL. Subsidence and entrainment from the FT into
5 the PBL is more important to CCN formation for the MBL

i than the polluted boundary layer.

(o)} » N
o o o
o o o

Pressure [mbar]

[o3)
o
o

0.1 1.0
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200

400
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O.‘l 1.‘0
Diameter [um] b . o )
(b) 2.15 Comparison with field observations

Fig. 3. GEOS-CHEM predicted annual average vertical profile of To test how realistic the model predictions are, model re-
aerosol number size distribution (cthat STP conditions of 273K sults can be compared with observational data. As a perfor-
and 1atm);(a) over Eastern China (10€-120 E, 30’ N-46°N)  mance benchmark of currently available global models, the
and(b) South Pacific (135W-160 W, 14° S-30 S). IPCC model comparison workshop reported average abso-
lute errors (in percent) of modeled concentrations versus sur-
face observations among different models for each aerosol
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Fig. 4. Comparison of marine aerosol number distribution observations (black) at 273 K and 1 atm published in Heintzenberg et al. (2000)
with predictions from GEOS-CHEM (red), GISS GCM-II'(Acosta et al.), and GLOMAP (blue). The modeled size distributions are taken
from grid cells that represent the marine areas used to compile the Heintzenberg et al. (2000) data.

species, i.e., sulfate (26%), sea-salt (46%), dust (70%), black For our model testing, we compare model results with the
carbon (179%) and organic carbon (154%)(IPCC, 2001).observational data of Heintzenberg at al. (2000). That data
The COSAM experiment (Barrie et al., 2001) found inter- came from a large set of long-term sampling sites and various
model differences in surface level seasonal mean of sulfatéield campaigns and a variety of sampling instruments. The
mixing ratios within 20% and up to a factor of 2 for 3O marine aerosol size distribution measurements were summa-
mixing ratios compared to observations. These comparisongzed by fitting the data to two lognormal modes for different
show the level of predictive skill among currently available latitudinal zones. Each latitude band i 1%ide with no data
global models for bulk aerosol mass. between 75S-90 S and 60 N-75° N. To focus on marine
aerosol, we exclude some of our continental grid cell data
where it falls in their 18x15° grid area.
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— 1400 - plores the result of adding carbonaceous aerosols to a sulfate-
«"E 1200 - sea-salt model in GISS GCM-II' and found only a minor im-
i” 1000 - - provement, reducing model bias in CN10 prediction from
2 800 A —63% to —38% for 30 S—45 S region compared to the
g 600 - » same observations. Spracklen et al. (2007) also had a sim-
8 400 ilar finding.
§ 200 4 = =17 __' Figure 5b presents a meridional distribution of predicted
Or——T 7T+ CCN(0.2%) comparing with observed accumulation mode
-90 -60 -30 0 30 60 90 aerosol P, >80nm) concentrations used as surrogate for
Latitude @) CCN(0.2%). Variability ranges are estimated standard de-
viation values of the accumulation mode aerosol shown in
600 Fig. 3 of Heintzenberg at al. (2000). Global average abso-
500 - lute errors in cm® (and in percent) of predicted CCN(0.2%)
400 A are 109 (50%), 101 (51%), and 80T/(44%) in GEOS-
300 - - CHEM, GISS GCM-II', and GLOMAP, respectively. Over-
all, we find that all three models have encouragingly high
200 1 _ skill in predicting CN10 and CCN (0.2%) concentrations in
100 { | — the marine boundary layer, with average errors in the 30%-—
0+ 50% range, comparable to global model skill for predicting
90 -60 -30 0 30 60 90 sulfate and sea-salt mass concentrations and much better than
Latitude (b) carbonaceous or mineral dust mass concentrations.

2.16 Model intercomparison
Fig. 5. Comparison of annual-average meridional distribution
of observed (Heintzenberg et al., 2000) (black) and predicted byln this section, we compare GEOS-CHEM predictions with
GEOS-CHEM (red), GISS GCM-II' (Acosta et al.), and GLOMAP those from GISS GCM-II' and GLOMAP. The goal is to
(blue) for (a) CN10 and(b) accumulation mode aerosol concentra- opserve model behaviors and the level of agreement or dis-
tions at 273K and 1 atm. The error bars of the observations showagreement, keeping in mind that the results are not from the
one standard deviation_range of variability. Negative latitudes de'same simulation year. The focus of this intercomparison is
note the Southern Hemisphere. on CN10 and CCN(0.2%) predictions.

2.17 Surface predictions

Shown in Fig. 4, the bimodal structure of the Heintzenberg
at al. (2000) data is captured in the predicted size diStribUWe compare the predicted surface CN10 and CCN(OZ%)
tions of all models. An important feature of the size distribu- concentrations from the GISS GCM-II' and the GLOMAP
tions from each model is the minimum between modes, themodels to those from GEOS-CHEM in terms of concentra-
location of which Corresponds directly to the assumed aCtiva'[ion ratios as shown in F|g 6. The |atitude-|0ngitude map
tion diameters in aqueous oxidation (Sect. 2.1.1). In the casghows the spatial distribution of concentration ratios while
of GISS GCM-II', as a result of having two activation diam- the scatter plots present the level of agreement with GEOS-
eters, three modes appear in the size distributions of SOMEHEM. Over the southern part of Europe and Asia, GEOS-
latitudinal bands. The detailed size distributions from theCHEM predicts h|gher CN10 concentrations Compared to
models differ, and no model clearly outperforms the others. hoth GLOMAP and GISS GCM-II'. This is because, among

Figure 5a shows the meridional distribution of predicted these models, only GEOS-CHEM uses the sulfur emission
and observed CN10 concentrations. Global average absoluiaventory with updated national emission and fuel use data.
errors in cnT3 (and in percent) of predicted CN10 are 244 Although SQ emissions globally and from developed coun-
(45%), 204 (41%), and 176 (32%)crin GEOS-CHEM, tries are lower in the updated inventory, emissions from de-
GISS GCM-II', and GLOMAP, respectively. The latitudes veloping countries such as Thailand, Indonesia, Turkey, and
where all models fail to predict within the range of the ob- Pakistan have increased by factors of 2 to 3 in 2000 with re-
served mear: one standard deviation are’15-60 S. Over  spect to 1985. GLOMAP exhibits notably higher CN10 and
Southern Ocean regions, the marine aerosol should be donparticularly lower CCN(0.2%) over Antarctica compared to
inated by sea spray emission when not affected much bYGEOS-CHEM and GISS GCM-II'. These high CN10 con-
carbonaceous aerosols from biomass burning. Therefore theentrations are due to high elevations over Antarctica with
31%—-72% underprediction in the 1S-60 S latitude band  corresponding cold temperatures resulting in high nucleation
in all models could be due to either the sea-salt emission orates calculated by GLOMAP especially in the winter months
the lack of carbonaceous aerosols. Pierce et al. (2007) exas presented in Fig. 1la of Spracklen et al. (2005b). The
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Table 5. Mean log of ratios and mean absolute log of ratios for CN10 and CCN(0.2%) of global models compared against GEOS-CHEM.

CN10 Ratios CCN(0.2%) Ratios
GISS GCM-II’ GLOMAP GISS GCM-II’ GLOMAP

Regions* ML MAL ML MAL ML MAL ML MAL
Polar 3.1 3.1 3.3 3.3 1.7 1.8 0.3 4.2
Marine 1.4 1.5 1.5 1.6 1.1 1.5 1.3 1.7
Continental 1.3 1.7 1.0 1.6 1.3 1.5 1.4 1.6
Polluted continental 1.0 1.7 1.0 1.6 0.5 2.2 1.1 1.7
All 1.4 1.6 1.4 1.6 1.2 1.5 1.3 1.7

* Regions are categorized by typical number concentrations of each region in GEOS-CHEM prediction.
— CN10 concentration ranges are100, 100-500, 500-5000, arndb000 cnm3 (at 273K and 1 atm).
— CCN(0.2%) concentration ranges are25, 25-100, 100—-1000, and1000 cnt 3,

limited availability of condensable vapor means that theseGLOMAP predict 40% higher surface CN10 concentrations
particles do not grow significantly to become CCN(0.2%). compared to GEOS-CHEM. For surface CCN(0.2%), GISS
Elevated ultrafine concentrations over the Antarctic surfaceGCM-II"’and GLOMAP, compared with GEOS-CHEM, pre-
is a behavior that GLOMAP exhibits but not present in dict 20% and 30% higher concentrations on average, respec-
TOMAS as shown in Fig. 7. Figure 6 also presents scattetively. Lower concentrations of both CN10 and CCN(0.2%)
plots comparing surface CN10 and CCN(0.2%) predictionsin GEOS-CHEM are attributable to the use of updated emis-
from model pairs. Comparisons of GEOS-CHEM againstsion inventories with lower sulfur emissions.
GISS GCM-II" and GLOMAP do not exhibit significantly Table 5 shows that GEOS-CHEM CCN(0.2%) predic-
different trends except in specific regions, e.g. CCN(0.2%)tions are slightly closer to those from the GISS GCM
in polar regions. II' than GLOMAP. Otherwise, despite sharing the com-
The level of agreement of surface prediction is summa-mon TOMAS aerosol microphysics, the overall differences
rized in Table 5 as area-weighted mean log (ML) of ratiosbetween GEOS-CHEM and GISS GCM II' are generally
and mean absolute log (MAL) of ratios, which are calculatedas large as the differences between GEOS-CHEM and
as follows, GLOMAP. Therefore, the intercomparison does not show ob-
vious behaviors influenced by meteorology or aerosol micro-

1Y physics alone but suggests that meteorological fields are as
logML = = ) logx; 1 ; L
°g N ; 09 (1) important to the aerosol number predictions as model chem-
B istry and microphysical schemes. Also the differences are
and higher on a monthly average basis (not shown), which rein-
N forces the need to simulate accurately at specific times using
logMAL = % Z llog x; | ) the assimilated meteorology.
i=1

2.18 Zonal average predictions
wherey; is a ratio of concentrations from a model pair at
grid boxi andN is the number of grid boxes. The ratios are Figure 7 shows the annual and zonal average CN10
categorized into four different regions based on the CN10and CCN(0.2%) predictions at STP conditions from
and CCN(0.2%) concentrations predicted by GEOS-CHEM.the three models and zonal average nucleation mode
The resulting regions can be loosely described as “polluted1-10 nm) concentrations from GLOMAP. For GEOS-
continental”, “continental”, “marine”, and “polar”. ML of CHEM results, we only show predictions below the annual
ratios is indicative of the ratio of burden over the domain average tropopause above which aerosol microphysics was
of interest, e.g. the surface, while MAL suggests the levelnot simulated. For CN10 concentrations, features evident in
of agreement between two models on average and MAL ofall models are the elevated CN10 concentrations in the upper
1.0 means perfect agreement. MAL of ratios of both CN10troposphere because of nucleation and the high CN10 from
and CCN(0.2%) fall within a factor of 2 except for over the surface primary emissions centering at about M50 N.
poles in both models. Differences of predictions among mod-The low temperatures, low particle surface area, and high
els could be purely due to different wind fields distributing relative humidity in the equatorial upper troposphere cre-
the same total amount; however, this is not the case. Orate ideal conditions for binary nucleation. However, while
average, the ML results show that both GISS GCM-II' and all models predict high CN10 concentrations in the upper

www.atmos-chem-phys.net/8/3149/2008/ Atmos. Chem. Phys., 8, 31682008



3162

W. Trivitayanurak et al.: Tropospheric aerosol microphysics simulation and intercomparison

of each model to transport SQip to the free troposphere.

In Fig. 7a, GEOS-CHEM predicts high CN10 concentration
across the tropopause spreading into the stratosphere unlike
CN10 predicted by GLOMAP, in which the high concentra-
tions are confined by the tropopause being higher over the
equator and descending toward both poles (Fig. 7c and g).

For CCN(0.2%) concentrations, GEOS-CHEM predicts
the most widespread and deepest CCN(0.2%) minimum in
the tropical upper troposphere, shown in Fig. 7d. The low
aerosol surface area in this region contributes to the higher
nucleation rates and CN10 concentrations already mentioned
in Fig. 7a. GISS GCM-II"' has the tendency to transport heav-
ily polluted air toward the North Pole as evidenced by the
higher CCN(0.2%) concentrations there.

Model-to-model differences increase as one moves up-
ward from the surface; a similar result was found in the
COSAM intercomparison of sulfur models (Lohmann et
al., 2001). In the free troposphere, predicted CN10 and
CCN(0.2%) concentrations among models can differ by an
order of magnitude or more. For example, at 300 mb level
(not shown) GISS GCM-II' compared against GEOS-CHEM
has the MAL of ratios of CCN(0.2%) of 2.8 and a maximum
ratio of 20 with a large region of high values 10) over India
and a region of low values<{0.1) over Southeast Asia. Simi-
larly, the MAL of CCN(0.2%) ratios of GLOMAP to GEOS-
CHEM predictions at 300 mb is 2.3 with a maximum of 15.5.
Different vertical transport schemes definitely play a part in

10%

GISS GCM [em™] 2

10"

10

10°

10*

GEOS—CHEM [em™]

10*

10"

10?

10*

GEOS—-CHEM [cm™]

10*

the discrepancies. Several studies in the past evaluated ver-
tical transport of each model using one or more or the com-
bination of?22Rn, 21%Ph, and’ Be as tracers (Allen et al.,
1996; Jacob et al., 1997; Koch et al., 1996; Liu et al., 2001;
Lohmann et al., 2001; Rind and Lerner, 1996; Stockwell and
Chipperfield, 1999) and yet vertical transport remains an im-

portant uncertainty. Nevertheless, all models were able to
Fig. 6. Ratios of predicted annual average number concentrations imreproduce measured vertical profile concentrations to within
the lowest model layer for GISS GCM-II'GEOS-CHEK&) CN10  a factor of five. Though we cannot postulate the exact causes
ratios and(b) CCN (0.2%) ratios. Comparison of GISS GCM-II'  of discrepancy here, several factors definitely contribute in-

prediction versus GEOS-CHEM prediction ftg) CN10 and(d)  cjuding microphysics schemes, precipitations, and meteoro-
CCN(0.2%) concentrationge)+(h) same aga)-(d) but for ratios logical inputs.

and comparison of GLOMAP against GEOS-CHEM. The scatter
plot includes a 1:1 line (solid), 2:1 and 1:2 lines (dashed-dotted),
and 10:1 and 1:10 lines (dashed). Each data point represents da alg Global budgets

f del grid box. . .
oM one Modet gricibox Analyzing global aerosol mass and number budgets provides

some insights into how factors such as meteorology, micro-
troposphere because of nucleation, there are differences iphysics, and chemistry, affect the prediction of CN and CCN
the locations and magnitudes of the peak concentrationsconcentrations and their lifetimes. Tables 2, 3, and 4 present
All models exhibit major nucleation in the equatorial up- global annual budgets of sulfur, sea-salt, and aerosol number,
per troposphere, while GLOMAP also shows its maximum respectively, from each model in our model intercomparison.
nucleation region extending to the northern mid-latitudes, The sulfur budgets in Table 2 show that, for all of the
as shown in Fig. 7g. Also, the peak CN10 occurs at dif- sulfur-containing species, GISS GCM-II' has higher burdens
ferent altitudes for each model, i.e. 150 and 100 mbar forand longer lifetimes than those of GLOMAP and GEOS-
GEOS-CHEM and GISS GCM-II', respectively, and 100 and CHEM. For sulfate, all models have similar source contri-
300 mbar for GLOMAP; this could be because the differentbution profiles (percentage of each source) although GISS
temperatures and relative humidity predicted in each modelGCM-II' shows slightly more condensation. The effect
as well as the ability of different vertical transport schemesof different oxidant fields is demonstrated in the oxidation
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Fig. 7. Zonal average CN10 concentrations (cirat 273K and 1 atm) from th@) GEOS-CHEM,(b) GISS GCM-II', and(c) GLOMAP
models.(d)—(f) same aga){(c) but for zonal average CCN(0.2%)y) GLOMAP nucleation mode (1-10 nm) number concentration.

lifetime of SG showing that GLOMAP has the most abun- centration and has the fastest oxidation agrees with the find-
dant oxidants in regions with high SCboth OH and HO,, ings by Roelofs et al. (1998; 2001) that models applying full
for reacting with S@ while GISS GCM-II' has the slow- chemistry or prognostic approach tend to have lower sulfate
est oxidation. The fact that GLOMAP is the only model in oxidation by HO, because they represent oxidant limited
this intercomparison that uses prescribed averagggtdon-  conditions more realistically. Also, DMS oxidation in GISS
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GCM-II' is about three times slower compared to other mod- interpretation, the global burden has been converted to con-
els and the majority of the difference in lifetime is the differ- centration using a tropospheric volume based on an aver-
ent oxidants while the different rate constants over differentage tropopause height of 12km. The aerosol number bud-
temperatures contribute to about 10% discrepancy. Neverget shows that GEOS-CHEM has approximately a factor of
theless DMS emissions between models are similar therefor@ lower microphysical growth compared to other models,
the SQ production from DMS is also similar. which is the reason for low global CCN(0.2%). Moreover,

Dry deposition is the most important sink for $@nd effective scavenging in the tropical convection in GEOS-
is modeled using similar resistant-in-series approach in allCHEM contributes to low tropical UT CCN(0.2%) shown
models. Despite similar treatment of gas dry deposition, thdn Fig. 7d. Globally averaged, however, GEOS-CHEM has
GISS GCM-II' shows a higher dry deposition lifetime com- slower removal compared to other models; wet depositional
pared to GEOS-CHEM and GLOMAP. This difference can lifetimes of CCN(0.2%) are 4.8, 4.3, and 3.6 days for GEOS-
be attributed to the lower vertical resolution in GISS GCM- CHEM, GISS GCM-II', and GLOMAP, respectively. Again
II' and is consistent with the findings in the COSAM inter- faster wet removalin GLOMAP suggests that year 1996 may
comparison that models with higher vertical resolution ap-Pe awetter year than 2001 of GEOS-CHEM simulation. Low
parently weaken mixing between the boundary layer and thénicrophysical growth in GEOS-CHEM is attributable to it
free troposphere, thereby enhancing the impact of dry depohaving the lowest available sources of sulfate due to effective
sition of sulfur Species (R0e|ofs etal., 2001) SO, loss by dry depOSition. In Table 2, total $Oxidation

For SOZ_ sources, transformation via agueous Chem_sinks, equivalently the source of sulfa.te for microphysical
istry is the largest contribution (67—70%). Despite hav- growth, are 39'3’ 43.0,and 41.4Tg Sg’".” GEOS'CHE.M’
ing the slowest oxidation, GISS GCM-II' has the largest GISS GCMII' an(_j GLOMAP, respectlve_zly. The hlgher,
SO;~ source because its weaker dry deposition than othefucleation source in GEOS-CHEM than in GISS GCM-II
models results in more SOavailable for oxidation. As sh_own In Table_4,_desp|te the lower source f_ror_nZSOH,_
for Soﬁ‘sinks, all models consistently indicate that wet reinforces the finding that there are fewer existing particles

o ) L in the upper equatorial troposphere.
deposition is dominant. The §Owet deposition lifetime, CCNpIF:‘ . q Tabl 4p ?4 5 4.2 432 d ;
summarizing the effects of different cloud and precipitation ifetimes (Table 4) c? .d, 4, and o.c days Ior
fields in each model, is shown in Table 2. GLOMAP has the CEOS-CHEM, GISS GCM-II', and GLOMAP, respectively,

most active removal by precipitation and GISS GCM-II' has are compa:jrable. For partif:Ies Zmaller thaln Q‘ﬁf'f G.EOS'
the slowest wet removal despite the largest removal rate. CHEM and GISS GCM-II" predict very close lifetimes as

well. Not surprisingly, GLOMAP has a much shorter lifetime

Comparison of sea-salt budgets in Table 3 points to dis'of 2.7 days for ultrafine particles than the other two models;

crepancies due to meteorology and dry deposition SChemef.‘Jiven that GLOMAP’s lower size limit includes smaller par-
Because GEOS-CHEM and GISS GCM-II" use the samey; g i the 1-10 nm size range, their ultrafine particles are

emissions parameterization, total sea-salt emissions in eacihbjected to very fast coagulation.
model represents the average strength of their winds. Re-

garding dry deposition, GEOS-CHEM'’s coarse-mode dry

deposition is significantly slower than other models; dry

deposition lifetime of GEOS-CHEM, GISS GCM-II', and 3 Conclusions

GLOMAP are 4.9, 0.9, and 0.1 days, respectively. Coarse-

mode dry deposition velocities in our work are around anpjscussion and conclusions The size-resolved aerosol micro-
order of magnitude smaller than those in GISS GCM'”,, physics module, TOMAS, has been introduced to the GEOS-
hence the slower dry deposition. The size-dependent dry desHEM chemical-transport model. Because GEOS-CHEM is
position scheme in GLOMAP is the same as GEOS-CHEM.{riven by assimilated meteorology, it will be an ideal vehicle
Therefore, the difference results from different sea-salt sizeor testing the TOMAS microphysics simulation, especially
distributions of the respective emissions parameterization%gainst field campaign data. Advantages of a two-moment
combined with GLOMAP’s inclusion of particles up to sectional method are high size resolution, accurate and effi-
25um leading to greater range of dry deposition velocities cient representation of both mass and number, and conserva-
(see trend in Fig. (1). Global budgets show that GEOS-tjon of aerosol number, which are essential to our ultimate
CHEM has the highest sea-salt burden among all models, alyoal of improving the indirect radiative forcing estimates.
though the contribution to global CCN(0.2%) is modest sinceicrophysical processes include condensation/evaporation,
the majority of sea-salt mass is in the coarse-mode and trangpagulation, and nucleation. Apart from introducing micro-
lates to few particles. physical processes to the model, existing processes, namely
Presented in Table 4, in this intercomparison, GEOS-emission, advection, convection, chemistry, and deposition,
CHEM predicts the lowest global-average CCN(0.2%) con-were modified to handle aerosol size distributions properly.
centration (burden) of 35 cn? compared to 62 and 44 crA The aerosol size distribution is represented by size bins seg-
in GISS GCM-II" and GLOMAP, respectively. For ease of regated by dry aerosol mass covering the range of about
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10nm to 1Qum dry diameter. Sulfate and sea-salt aerosolssimulation. Then aerosol predictions can be tested with field
are included in the current microphysics model. campaign observations such as the ACE-Asia experiment,

Qualitative features of atmospheric aerosols are well simwhich will potentially lead to improvement in our simula-
ulated, e.g. higher aerosol concentrations over land thation of the aerosol microphysics and ultimately the estimate
oceans, the nucleation dominated size distribution in the upef the aerosol indirect effects.

per troposphere, the primary emission dominated size distriacknowledgementsie thank Jeffrey Pierce for providing model
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microphysics. A comparison of annual-average MBL CN10
and CCN(0.2%) predictions from each model to a com-
pilation of MBL aerosol observations of Heintzenberg et
al. (2000) show reasonably good predictive skill with an-
nually averaged absolute errors of 30-50%. However, all
models underpredict CN10 and _CCN(O'Z%) over t_he SOl4th'Adams, P. J. and Seinfeld, J. H.: Predicting global aerosol size
ern Ocean by 45-57% suggesting a common point for im-  gistributions in general circulation models, J. Geophys. Res.-
provement in sea-salt emissions. Moreover, all overpredict aAtmos., 107, 4370, doi:10.1029/2001JD001010, 2002.
CN10 concentrations between®4&nd 60 N suggesting po-  Adams, P. J. and Seinfeld, J. H.. Disproportionate im-
tential weakness in the common sulfate primary emission. pact of particulate emissions on global cloud condensa-
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rine aerosol source and in the Northern hemisphere polluted\brecht, B. A.. Aerosols, Cloud Microphysics, and Fractional
latitudes to improve the estimates of size-resolved emission Cloudiness, Science, 245, 1227-1230, 1989.
and rates of aging. Overall, model skill for predicting CN10 Alexander, B., Park, R. J, Jacob, D. J., Li, Q. B., Yan-
and CCN(0.2%) is comparable with global model skill inpre- 03¢ R. M., Savarino, J, Lee, C. C. W, and Thiemens,
- M. H.: Sulfate formation in sea-salt aerosols: Constraints
d|ct|qg _sulfate and sea-salt mass and much better than those ¢, oxygen isotopes, J. Geophys. Res.-Atmos., 110, D10307,
predicting carbonaceous aerosols and dust mass. doi:10.1029/2004JD005659, 2005.

Model intercomparison at the surface shows agreemenfjien, D. J., Rood, R. B., Thompson, A. M., and Hudson, R. D.:
generally within a factor of 2 for CN10 and CCN(0.2%) pre-  Three-dimensional radon 222 calculations using assimilated me-
dictions except over the poles; GISS GCM-II’and GLOMAP teorological data and a convective mixing algorithm, J. Geophys.
on average predict CN10 and CCN(0.2%) within 60% and Res.-Atmos., 101, 6871-6881, 1996.

50%-70% to GEOS-CHEM prediction, respectively. Ma- Andreae, M. O., Elbert, W., and Demora, S. J.: Biogenic Sulfur
jor differences at the surface are due to different transport EMissions and Aerosols over the Tropical South-Atlantic 3. At-
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add other aerosol species to GEOS-CHEM'’s microphysical 20767-20782, 2001.
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