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Abstract. Aerosol nucleation events, widely observed at var- troposphere over Indiana and Ohio. Nucleation and subse-
ious locations around the globe, are a significant source ofjuent growth of secondary particles are important sources of
cloud condensation nuclei (CCN) which determines aerosolCCNO.4, accounting for more than 80 % in most parts of the
indirect radiative forcing. In this study, a size-resolved, Eastern United States.

computationally efficient, advanced particle microphysics
(APM) model, which has been previously incorporated into
a global chemistry transport model (GEOS-Chem), is inte-
grated into the Weather Research and Forecast model cod- Introduction

pled with Chemistry (WRF-Chem) to study new patrticle for-

mation and its contribution to particle number concentrationAtmospheric aerosols can substantially reduce the surface
and CCN abundance over the Eastern United States. Sizesolar irradiance, alter the vertical solar heating profile and
and composition-resolved aerosol properties from GEOS-<cloud properties, suppress precipitation, and modify the hy-
Chem +APM simulations are used to initialize and provide drological cycle (Atwater, 1970; Twomey, 1977; Albrecht,
boundary conditions for the WRF-Chem + APM model. The 1989; Charlson et al., 1992; Pincus and Baker, 1994; IPCC,
modeling results have been evaluated with the relevant mea2007; Luo et al., 2009). The impact of aerosols on the Earth’s
surements obtained during the INTEX-A field campaign in climate depends strongly on the particle properties (size dis-
the summer of 2004. Model simulation captures the hightribution, composition, and mixing state), and is a major
concentrations of Sgand CN10 at surface layer and source source of uncertainties in weather and climate predictions
regions but underpredicts the values in the upper tropo{Pan et al., 1998; Dusek et al., 2006; Clarke and Kapustin,
sphere. The particle formation and number concentration2010). At a given supersaturation ratio, cloud condensation
simulated by WRF-Chem+APM are generally consistentnuclei (CCN) concentrations which are important for aerosol
with those based on GEOS-Chem +APM over the Easterrindirect radiative forcing are largely controlled by the num-
United States, but the WRF-Chem + APM simulation has aber size distribution and composition of atmospheric parti-
much higher spatial resolution and can reveal urban and eveoles. Dusek et al. (2006) suggested that the aerosol number
plume scale processes. Our simulations show that high valsize distribution may play an important role in the determi-
ues of nucleation rates are largely confined to the regions ohation of the particles’ ability to act as CCN. Most previous
high SGQ emissions and that aerosol nucleation dominatesveather and climate models only consider particle chemical
the spatial and temporal distributions of condensation nuclecomposition, and few regard particle size distributions. In
lager than 10 nm (CN10). Similarly, high concentrations of view of the importance of particle size information in as-
CCN at supersaturation of 0.4 % (CCNO0.4) are generally consessing the impact of aerosols on climate and the environ-
fined to SQ source regions, with the highest monthly (July) ment, more and more works began to consider size-resolved
mean CCNO.4 value exceeding 1600 #Tin the lower  aerosol microphysics in regional (Fast et al., 2006; Gustafson
etal., 2007; Zaveri et al., 2008; Chapman et al., 2009; Zhang
et al., 2010a) and global (Spracklen et al., 2008; Pierce and
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The WRF-Chem model opens new possibilities for study- We have recently studied detailed particle formation and
ing the interactions of meteorology, aerosol, cloud, radiation,growth processes in a global chemistry transport model
and chemistry in a fully interactive manner over a wide range(GEOS-Chem) using an advanced particle microphysics
of spatial and temporal scales (e.g. Fast et al., 2006). WRF(APM) model (Yu and Luo, 2009). The APM model, de-
Chemv3.1.1 includes three choices for aerosol models whiclsigned specifically for studying the contribution of secondary
are the Goddard Chemistry Aerosol Radiation and Transporparticles to CCN abundance, employs 30 sectional bins to
(GOCART) model, the Modal Aerosol Dynamics Model for represent particles in the range of 1.2nm to 120nm (in
Europe incorporated with the Secondary Organic Aerosoladdition to 10 bins used to represent particles in the size
Model (MADE/SORGAM) and the Model for Simulating range of 120nm-12 um). The APM model employs state-
Aerosol Interactions and Chemistry (MOSAIC). GOCART of-the-science, ion-mediated nucleation (IMN) theory (Yu
does not include aerosol microphysics. MADE/SORGAM and Turco, 2000; Yu, 2010a) which has been supported, as
uses three lognormally-distributed modes (the Aitken, ac-shown in detailed and well constrained case studies (Yu and
cumulation and coarse modes) to simulate particle size disTurco, 2011), by recent state-of-the-art multiple-instrument
tribution, while MOSAIC uses a sectional approach wherecharacterization of nucleation processes including the charg-
aerosol size distribution is divided into discrete size bins de-ing state of freshly nucleated particles (e.g. Kulmala et al.,
fined by their lower and upper dry particle diameters. MO- 2007). The new particle formation and particle number con-
SAIC has been widely used in WRF-Chem studies (Fast etentrations predicted by the APM model in the framework of
al., 2006; Gustafson et al., 2007; Zaveri et al., 2008; Chap-GEOS-Chem have been extensively evaluated against a wide
man et al., 2009). The implementation of MOSAIC improves range of land-, ship-, and aircraft- based measurements (Yu
WRF-Chem’s ability in studying aerosol related problems; and Luo, 2009, 2010; Yu et al., 2010).
however, MOSAIC has limited capacity in modeling new  In this study, we seek to improve simulations of the aerosol
particle formation and predicting CCN number concentra-formation and growth processes in WRF-Chem by incorpo-
tion. For example, the two nucleation schemes consideredating the same APM used in GEOS-Chem into the frame-
in the publically released version of MOSAIC are$0y- work of WRF-Chem. The resulting model is then used to
H>0 binary homogeneous nucleation (BHN) from Wexler et study the evolution of size-resolved secondary and primary
al. (1994) and HSO4-NH3-HO ternary homogeneous nu- particle properties in the atmosphere over the Eastern United
cleation (THN) from Napari et al. (2002). Recent assessmenstates. In Sect. 2, the details of the coupled model and key
reported by Zhang et al. (2010b) indicates that these two nufeatures are described. Section 3 presents model configura-
cleation schemes are kinetically incorrect and thus should notion, the comparisons with measurements, and results. Sec-
be used. Since nucleation is an important source of CCNion 4 is the Summary and Discussion.
which is essential for aerosol indirect effect calculation (e.g.

Spracklen et al., 2006, 2008; Makkonen et al., 2009; Wang
and Penner, 2009; Yu et al., 2010), more robust nucleatior2 Description of models, approaches, and key features
mechanisms with clear physics and state-of-the-art thermo-
dynamics are apparently needed to improve the represent&.1 The WRF-Chem model
tion of the nucleation process in WRF-Chem. Another lim-
itation of MOSAIC in studying nucleation and growth pro- The Weather Research and Forecast/Chemistry model
cesses is its default size range and resolution. MOSAIC cafWRF-Chem) is an online-coupled, multi-scale, mete-
be implemented in the sectional framework where the aerosobrology, atmospheric chemistry model which can sim-
size distribution is divided into 4 or 8 discrete size bins. ulate meteorology-chemistry-aerosol-cloud-radiation feed-
Even with 8 discrete size bins, the smallest size bin in MO-backs via direct, semi-direct and indirect effects. Bio-
SAIC is 59 nm which is much bigger than the sizes of freshly genic and anthropogenic emissions, convective and turbulent
nucleated particles in the atmosphere (a few nanometersghemical transport, photolysis, advective transport, dry de-
There are many land-, ship-, and aircraft-based measureposition, and wet scavenging are all treated simultaneously
ments which can provide the concentrations of condensatiomwith the online meteorology. All transport processes related
nuclei larger than~3 (CN3) or larger than 10nm (CN10) to atmospheric composition can be done by the WRF mete-
(see Yu et al., 2010 and references therein). Thus currentrological model with the same horizontal and vertical co-
MOSAIC particle size ranges are not suitable for using theseprdinates. The same physics parameterizations for sub-grid
data to constrain the modeling of aerosol number concentrascale transport are used in this model where as horizontal and
tions. Furthermore, the current version of MOSAIC only em- vertical interpolation in time is not needed.
ploys 2 size bins to represent particles smaller than 150 nm The WRF-Chem model version 3.1.1, which is em-
and thus does not have high enough size resolution to studgloyed in this study, includes several gas-phase mechanisms
the growth of nucleated particles-£.5nm) to CCN 30—  (e.g. Regional Acid Deposition Model, version 2 (RADM2)
90 nm). (Stockwell et al., 1990) and Carbon-Bond Mechanism ver-
sion Z (CBM-2Z) (Zaveri and Peters, 1999) through the
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use of the Kinetic Pre-Processor (KPP) and several aerosalonsidered through equilibrium uptake. Scavenging of sec-
modules (e.g. the Modal Aerosol Dynamics Model for Eu- ondary particles by other types of particles is also taken into
rope (MADE) with the secondary organic aerosol model account. The emission inventories and key features of the
(SORGAM) of Schell et al. (2001) as well as the MO- coupled model related to size-resolved aerosol microphysics
SAIC sectional model aerosol parameterization, Zaveri etare described below.

al., 2008). The Madronich, Fast-J Photolysis, and or FTUV

scheme can be chosen for the photolysis calculation. WRF2.3.1 Emissions

Chem version 3.1.1 can simulate the mass concentrations of ) o
particles of different types or compositions and treat size-HoUrly anthropogenic aerosol and trace gas emissions are

resolved aerosol microphysics within the MOSAIC model currently available for the contiguous 48 states of the United
which uses either 4 or 8 bins for various aerosols covering>tates, southern Canada and northern Mexico based upon the

a dry diameter range of 0.059-10um. A detailed descrip_United States Environmental Protection Agency (EPA) Na-

tion of the model (including the treatment of various emis- ional Emissions Inventory (NEI) from 2005. Area emis-
sion sources, chemistry and aerosol schemes) can be fourdionS are available on a structured 4km grid, while point

in the model websitehttp:/ruc.noaa.goviwrf/WGJand the emissions are available by latitude and longitude locations.
WRF-Chem version 3.1 Users Guidbttp:/ruc.noaa.gov/ ‘Aréaand point emissions for SONOy, NH3 VOC, primary

wrf/lWG11/Usersguide.pdj. black carbon and organic carbon (BCOC) are included in
the database. The detailed description of NEIO5 emission
2.2 Advanced Particle Microphysics (APM) model data can be found online attp://ruc.noaa.gov/wrf/WG11/

anthropogenic.htm
The multi-type, multi-component, size resolved APM model Many investigations have suggested the importance of the

is the result of past development and validation efforts aimec?SSUmptions of the mass fraction and size distribution of pri-

at explaining atmospheric particle observations (e.g. Turcdn@" sulfate (sulfuric acid or sulfate formed in sub-grid an-
et al., 1979; Toon et al., 1988; Jacobson et al., 1994; Jathropogenic S@ plumes) in the modeling of aerosol parti-
cobson and Turco. 1995 Yu and Turco. 1997. 2011: Yu.cle number concentrations and CCN abundance (Spracklen

1998, 2006; Yu and Luo, 2009). The basic microphysicalet al., 2005; Wang and Penner, 2009; Luo and Yu, 2011). Pri-

processes which are resolved in the model include nucleMa"y sulfate emission parameterization is expected to have

ation, condensation/evaporation, coagulation and thermody/2r9€ uncertainty, and presently it is difficult to determine the
namic equilibrium with local humidity. The APM model em- c_orrect value for sub-grid secondary sulfate particle forma-
ploys an up-to-date kinetically consistent IMN model incor- 10N (Luo and Yu, 2011; Yu, 2010b). Luo and Yu (2011)'s
porating recently available thermodynamic data and scheme¥0k indicated that the number concentrations of sulfate par-
(Yu, 2010a) to quantify the spatial and temporal variationsticles directly |n!ecFed into the grid boxes decrease as pri-
of secondary particle formation and its contribution to total Mary Sulfate emissions decrease, but that the rate of new par-

particle number concentration and CCN abundance throughticle formation near the source regions increase, and the in-
out the atmosphere. The APM model is also versatile, inclusmn.of primary sulfate emissions does.notlmprove agree-
that the number of bins (sections), compositions, and type&n€nt with the measurements. Therefore, in the present study,
of aerosols can be easily specified. APM contains a numbeW/€ assume that all anthropogenic sulfur emission is emitted
of computing efficiency algorithms, including the extensive 8 SQ and no anthropogenic sulfur is emitted as primary
usage of pre-generated lookup tables and variable time stepi/fate particles.

for different microphysical processes (Yu and Luo, 2009).  1h€ parameterization of Gong (2003) is employed to cal-
culate the size-resolved sea salt emission. Size resolved

2.3 WRF-Chem coupled with the APM model: key dust emission is based on the scheme described in Zender
et al. (2003) and D’Almeida (1987). Carbonaceous aerosol
emissions mainly result from fossil fuel and bio-fuel com-

In order to improve our understanding of the impact of bustion, and biomass burning. We assume that 20%_of bla_ck
aerosols on regional climate, the size-resolved aerosol mic@Pon and 50 % of organic carbon from anthropogenic emis-
crophysics has to be handled properly within the regionalS'o"S aré hydrophllllc and the rest are hydrophobic. As dis-
meteorology-chemistry-aerosol-cloud-radiation model. InC€usSed inour previous work (Yu and Luo, 2009), BCOC from

this study, the WRF-Chem (version 3.1.1) coupled with thefuel combustion is assumed to have a lognormal distribution
APM model is used to simulate the size-resolved micro—With number median diameter of 60 nm and standard devia-

physics for primary and secondary particles over the Easter '

features

fjon of 1.8, and BCOC from biomass burning is assumed to

United States. We do not consider the feedback of aerosol8aVe & log-normal distribution with number median diameter
on radiation in this work. The formation of new particles is ©f 150nm and standard deviation of 1.8.

determined by the IMN mechanism (Yu, 2010a). Contribu-

tions of nitrate and ammonium to sulfate particle growth are
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2.3.2 Representation of major particles in the coupled 2.3.3 Key microphysical processes controlling particle
model size distributions

Bin resolution in the APM model can be varied so we canNuycleation
use a higher resolution for the size range of our interest. For
the WRF-Chem + APM model, we use 40 sectional bins toNucleation plays a vital role in controlling particle number
represent sulfate (or secondary) particles covering dry diamdistribution and CCN number abundance. The IMN mecha-
eters ranging from 0.0012 um to 12um. There are 30 sizenism is adopted in the current study because it is physically-
bins for 0.0012-0.12 um dry diameter range and another 1Gased and well constrained by laboratory data (Yu, 2006,
size bins for 0.12-12 um, providing a high resolution for the 2010a). Additionally, not only does it explain the detailed
size range important to the growth of nucleated particles tonucleation events observed in boreal forests (Yu and Turco,
CCN. We use 20 sectional bins to represent sea salt, covering011), it also predicts global nucleation distribution and par-
dry diameters from 0.012 to 12 um. Bin resolution is variable ticle number concentrations consistent (in terms of both spa-
and 10 bins are used for 0.012-0.12 um (dry diameter) rang€ial patterns and absolute magnitude) with land-, ship-, and
and another 10 bins for 0.12-12um. 10 sectional bins areaiircraft-based observations (Yu et al., 2010). In a more re-
used in the model to represent dust for 0.12-12 pm. In theent study (Yu et al., 2010), we compared the spatial distri-
present study, we do not implement the size-resolved micropution of particle number concentrations predicted by 6 dif-
physics for primary BCOC. Primary BCOC particles gener- ferent nucleation schemes to land-, ship-, and aircraft-based
ally have a log-normal distribution, and we derive the BCOC measurements, and showed that only the IMN scheme can
number concentrations from the simulated mass and assumedasonably account for both absolute values (within a factor
size distributions with 8 tracers following the same treatmentof ~2) and spatial distributions of particle number concentra-
in GEOS-Chem (Yu and Luo, 2009). In order to assess theions throughout the troposphere. The strategy to accelerate
relative contribution of secondary versus primary particles tothe calculation of IMN rates is to use pre-generated look-up
CCN budget, the scavenging of secondary particles by pritables from a detailed kinetic IMN model (Yu, 2010a). Accu-
mary particles has to be properly considered. In addition, theate IMN in each grid box can be retrieved from the look-up
coating of primary particles by secondary species may sigtables with a simple multiple-variable interpolation subrou-
nificantly influence the optical and hygroscopic properties oftine.
primary particles. In the APM, secondary particles are sep- |t should be noted that the present IMN model considers
arated from primary particles but the coating of secondarythe binary BSOs-H,0 system only. Amines and other com-
species on primary particles is considered (we termed suchounds may affect both neutral and ion-mediated nucleation
an aerosol system as “semi-externally mixed”). Via coag-processes, with the magnitude of the effect depending on the
ulation, condensation, and in-cloud oxidation, some of sectoncentrations of these species in the atmosphere. Further
ondary species become part of primary particles (i.e. coatresearch is needed to develop theoretical nucleation models
ing). The coating of primary particles by secondary speciesso that the potential impact of amines and other compounds
is simulated using 4 separate tracers (8ffate, OCsulfate,  on atmospheric particle formation can be assessed.
sea salisulfate, and dussulfate) to keep track of the bulk
sulfate mass associated with BC, OC, sea salt, and dust, rezondensation, equilibrium, and coagulation
spectively. The amount of nitrate and ammonium associated
with sulfate is calculated with the ISORROPIA thermody- The size of existing particles (especially nucleated particles)
namic equilibrium model. Compared to the simulation of is changed via the uptake or desorption of precursor gases
WRF-Chem using CBM-Z, 85 additional tracers have beenin the atmosphere. In our study, the condensation of sulfu-
added into WRF-Chem + APM to improve simulations of the ric acid on particles is explicitly determined, while the up-
aerosol processes in WRF-Chem. take of nitrate and ammonium are calculated through ther-
In the present study, we do not consider the condensatiomodynamic equilibrium according to ISOROPIA (Nenes et
of low volatile secondary organic gases (SOG) onto seedil., 1998). The amounts of nitrate and ammonium partitioned
aerosols which will lead to the under-prediction of particle to sulfate particles in each size bin and sulfate mass coated
growth rate. Yu (2011) studied the contribution of successiveon the primary particles are assumed to be proportional to the
oxidation aging and kinetic condensation of organic com-corresponding sulfate mass. With this treatment, our model
pounds to particle growth and pointed out that this processan consider the contribution of nitrate and ammonium up-
can significantly increase the growth rates of nucleated partitake to secondary particle growth.
cles, which is consistent with many field measurements and The mass conserving semi-implicit numerical scheme of
important for properly accounting for the contribution of nu- jacobson et al. (1994) is employed to solve the self coagu-
cleated particles to CCN. Further research is needed to ingtion of size-resolved sulfate and sea salt particles, as well
clude the recently developed extended SOA formation mechas the coagulation scavenging of sulfate particles by primary
anism (Yu, 2011) into WRF-Chem + APM. particles. Coagulation is the most time-consuming among
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various size-resolved microphysical processes. To reducand 34 vertical layers over the Eastern United States (Ta-
the computing cost of a 3-D sectional aerosol microphysicsble 1). The coupled WRF-Chem + APM model has 138 trac-
model, it is important to optimize the coagulation calcula- ers (53 gases and 85 aerosol species). With full size-resolved
tion. Here, we have implemented two schemes which submicrophysics considered (nucleation, condensation, coagu-
stantially reduce the coagulation computing expenses. Théation, deposition, and scavenging) and CBM-Z chemistry, it
first scheme uses pre-generated lookup tables for coaguldeok the coupled model5.5h computational time for the
tion kernel calculations and the second one uses a variablsame day simulation on the same machine. Such a rela-

time-step for coagulation calculations (Yu, 1998). tively small increase in computational cost associated with
- full size-resolved microphysics is desirable. Table 1 also
Dry and wet deposition shows the computational costs of two pre-existing aerosol

- ) ) modules in WRF-Chem when aerosol feedback on radia-
Dry deposition of aerosols in WRF-Chem+APM is calCu- 45 has been turned off. WRF-Chem + MOSAIC, which has
lated using the updated resistance-in-series approach of Wer; 3 tacers (53 gases and 11 type® aerosol bins and 9
sely (1989). Size-dependent gravitational settling veIocitiestypeSX 8 cloud bins),took~15.5h computational time for
(Zhang et al., 2001) are also employed in this model. Wet, o day simulation. WRF-Chem + MADE/SORGAM has
deposition of both trace gases and aerosols is now includeg ¢ tracers (42 gases plus 34 aerosol tracers and 34 cloud
in the model. In-cloud and below-cloud wet removal of tracetracers), and it took-5.0h computational time for a one
gases and aerosols are considered. For size-resolved sulfa&sy simulation. As shown in Table 1, the time cost for each

and sea salt particles, we assume that particles larger thafyitional tracer associated with aerosol in APM, MOSAIC

the activation diameter are subject to removal via in-cloud;,q MADE/SORGAM simulation is 2.1, 4.9, and 1.7 min,

scavenging. The removal rate of sulfate and sea salt palzggpectively. The computational cost for one day simula-

ticles by falling rain droplets are calculated using the size-;on with WRE-Chem + MOSAIC for each additional aerosol

resolved washout rate parameterization developed by Henz;,er is~2-3 times of those of the other two aerosol mod-
ing et al. (2006), which calculates precipitation scavengingeg.

coefficients as a function of aerosol particle size and precipi-
tation intensity. When some of BC, OC, sea salt, and dust are
removed from the atmosphere via dry and wet deposition, the8 Simulations and comparisons

corresponding portions of secondary species coated on these
particles are also removed. 3.1 Description of model configuration and simulated

periods

2.3.4 Initial conditions
For this investigation, WRF-Chem + APM was configured

Proper initial condition is important for atmospheric chem- with a horizontal resolution of 27 km 27 km. The domain
istry and microphysics modeling. It can efficaciously save covered the middle and eastern United States, extending ap-
the spin-up time and provide reasonable background masgroximately from latitudes 21.90N to 52.55 N and from

and number concentrations to avoid unexpected values whiclongitudes 118.05W to 61.98 W, with 140 grid nodes in the
only appear in extreme conditions. In this study, the initial east-west direction and 108 in the north-south direction. The
condition for gases and aerosols in WRF-Chem + APM aredomain extended 34 nodes in the vertical, from the surface to
regridded from GEOS-Chem+APM X 2.5° outputs (Yu  50hPa, with finer resolution near the surface. Major physics
and Luo, 2009) at the date when we begin our simulation.options used include the Rapid Radiative Transfer Model
Because both WRF-Chem + APM and GEOS-Chem + APM(RRTM) for longwave radiation, the Goddard shortwave ra-
use the same aerosol microphysics module, the initial numdiation scheme, the Noah Land Surface Model (NOAH), the
ber concentrations and particle size distributions at each gridvonsei University (YSU) planetary boundary layer (PBL)

can be readily obtained from GEOS-Chem + APM. scheme, and the modified Lin cloud microphysics module,
and the new Grell scheme for cumulus clouds. Gas-phase

2.4 Computational cost of the WRF-Chem + APM atmospheric chemistry in this study is based on the CBM-Z
model mechanism (Zaveri and Peters, 1999) which uses 67 prog-

nostic species and 164 reactions in a lumped structure ap-

In this study, all simulations were executed on 8-CPU 440 that classifies organic compounds according to their
Linux workstations with the 2.2 Ghz Dual Quad-Core AMD jnternal bond types. Rates for photolytic reactions within

Opteron Processor ?354' The model system was compilegg;_z were derived using the Fast-J scheme. Initial and lat-
using MPICH2 ttp://www.mes.anl.gov/research/projects/ g1 houndary conditions for meteorological variables were
mpich2) for parallel processing. When CBM-Z was used, gpiained from the NCEP FNL (Final) Operational Global

there were 53 gas phase tracers. It toek5h computa-  apgiysis data on<x 1° degree grids continuously every 6 h
tional time for a one day simulation covering a region of (http://dss.ucar.edu/datasets/ds083.2/
3780x 2916 knf with 27 kmx 27 km horizontal resolutions
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Table 1. The comparison of computational costs among different chemistry and aersol schemes in WRF-Chem.

RADM2+MADE/
WRF CBM-Z CBM-Z+APM CBM-Z+MOSAIC RADM2 SORGAM
tracers 0 53 138 213 42 110
microphysics no no yes yes no yes
cost for 1 day simulation 0.2h 25h 5.5h 155h 2.0h 40h
time cost for each additional aerosol tracer 2.1 min 4.9 min 1.7 min

In this study, we used the up-to-date WRF-Chem + APM adequately captured the overall evolution of local meteorol-
model to simulate the spatial and temporal distributions ofogy during the simulation period. Figure 1 indicates that the
particle formation and number concentration over the Eastlapse rate of temperature and the vertical gradient of wind
ern United States during the period of INTEX-A. The spin- speed of observations are well represented by model simu-
up time of our simulations was 15 days (15 June to 30 Jundations. The high values of relative humidity in the lower
2004). Simulated meteorological and chemical variablestroposphere and the low values in the upper layers are also
were output every hour. All monthly averaged results shownsimulated by the model. The Normalized Mean Error (NME)

in this paper were simulated for July 2004. for temperature and wind speed-§.003 and 0.004, respec-
tively. The corresponding Normalized Mean Absolute Error
3.2 Comparisons with the aircraft observations (NMAE) is 0.007 and 0.325, respectively. Simulated temper-
obtained during INTEX-A ature and wind speed are very close to the observations. Tem-

perature shows good agreement with measurements. Corre-
The Intercontinental Chemical Transport Experiment-North|ation between the simulations and observations (4767 sam-
America Phase A (INTEX-A) is an integrated atmospheric ples during the aircraft measurement period) can be high
field experiment performed over North America. It seeksyp to 0.996. Simulated wind speed shows good agreement
to understand the transport and transformation of gases angith observations when the wind speeds are high and poor
aerosols on transcontinental scales and their impact on cliagreement at low wind speeds. Usually, the high wind speed
mate and air quality (Singh et al., 2006). In this work, we js dominated by the pressure gradient. Good agreement of
used the relevant INTEX-A minute averaged data (down-higher wind speeds means the model can generally capture
loaded fromhttp://eosweb.larc.nasa.gov/PRODOCS/intexa/the meteoro|ogica| patterns. Lower wind Speeds are usua”y
tableintexa.htm) to evaluate the WRF-Chem +APM mod- ynder the control of boundary layer processes which are very
eling results. INTEXA DC8 data included the aircraft ob- hard to predict. The prediction of relative humidity in the
servations of aerosol number concentrations and composimodel is not as good as temperature and wind speed. The
tions, along with a suite of meteorological, gas-phase chemnME and NMAE for relative humidity are-0.116 and 0.37,
istry, and radiative measurements. The measurements of Mgespectively. The correlation between the simulations and
teorological parameters, chemical tracers and particle numphservations of relative humidity is 0.54. In this study, sim-
ber concentrations are used to initially evaluate the aerosoljjated RH is lower on average than observed values. Dif-
processes simulated by the APM model added to WRF+erences in modeled versus observed RH may lead to dif-
Chem. Unless indicated otherwise, model results in thisferences in certain aerosol microphysical processes (nucle-
comparison are from the hourly averaged outputs from WRF-ation, equilibrium partition, hygroscopic growth. ..) and the
Chem +APM with 27 kmx 27 km horizontal resolution. amount of water associated with aerosols which may affect

aerosol physical properties.
3.2.1 Meteorology

3.2.2 SQ and CN10 concentrations
Local meteorological parameters strongly affect the trans-
port, mixing and chemical processes of both trace gase3race gas mixing ratio (S£) and aerosol number concentra-
and aerosols. They are also very important for the WRF-tion (CN10) measurements from the INTEXA DCS8 aircraft
Chem + APM modeling of microphysics. We therefore be- observations from 6 July through 14 August are presented
gin the results section by briefly comparing predicted andwith observed values along the flight paths in Figs. 2a and 3a,
observed meteorological quantities before presenting traceespectively. The available aircraft observations cover most
gas and aerosol results from the WRF-Chem + APM sim-regions over the Eastern United States from the land surface
ulation. The comparisons presented here suggest that the 12 km.
WRF-Chem + APM configuration employed for this study
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Fig. 1. Scatter diagrams of meteorological parameters simulated by WRF-Chem + APM and the aircraft observations obtained during
INTEX-A (6 July to 14 August 2004):(a) temperatureyb) wind speed;(c) relative humidity. The aircraft observations are obtained

from minute averaged data of INTEXA DC8. The simulations are obtained according to the date-time and location of each observation along
the flight paths. The output of WRF-Chem + APM is an hourly mean.
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Fig. 2. Comparison of S@simulated by WRF-Chem + APM and the aircraft observation obtained during INTE(&)Asbserved S@ by
aircraft, view from the top(b) scatter diagram of the observed and simulategd.SO

The comparison between observed and simulated SOposphere. The comparison of observed and simulated sul-
along the flight paths is shown in Fig. 2b. Observed high con-fate as shown in Fig. 3b indicates that simulated sulfate in
centrations of S@are mainly located in the lower boundary the lower troposphere<2 km) shows good agreement with
layer (~1 km) with peak values exceeding 2000 ppt. Becauseobservations. Similar to that for SOWRF-Chem + APM
the Eastern United States region includes numerous powealso under-predicts sulfate concentration in the upper tropo-
plants with significant S@emissions, surface concentrations sphere.
of SO, are much higher than values in the upper troposphere.

The concentration of S£drops to~10—100 ppt in the free The main source of small particles in the free atmosphere

) is the nucleation process which highly depends on the oxi-
atmosphere although some values in the lower troposphergaﬂon of gaseous SQo sulfuric acid, surface area of pre-

I(StTgnksn(]:)a(p::SrztltlrI](IenfrzgjisreCEZrt:;ggEt?c;[;sTJ?(\a/enr]t(i)cda?IgSrQZjliJ(;ntseXiSting particles, temperature, relative humidity, and ion
of SO, along the flight paths, however, in the upper tropo- concentration. If a model under-predicts S@ixing ratios

sphere, simulated SOvalues are much lower than the ob and relative humidity, it will likely under-predict the forma-
phere, . tion of atmospheric freshly nucleated particles and may af-
servations. Figure 2b shows that the NME of SOr the . .
3427 aircraft measured samplesi6.44 oot and the correla- fect the aerosol microphysical processes (such as condensa-
tion coclafficient betvtjeen obszfrvatioﬁs alc:]% simulationsis 0 49tion and coagulation) which in tum impact number concen-
o ““trations of condensation nuclei. The comparison between
When the SQ@ concentration is low €100 ppt), the under- ' , ueel par

rediction of simulated Socan be high t a factor of observed and simulated CN10 is presented in Fig. 4. As
prediction of simufated Szcan Le nigh, up to a 1actor of - g, iy Fig. 4b, the NME and NMAE for CN10 (4623 air-
~10-100. Uncertainties in surface emission @Ridation,

ertical transport. and other boundary laver processes coul raft observation samples) aré.24 and 0.73, respectively.
vertical transport, rboundary 'ayer processes COUR 4 the correlation between observations and simulations
all contribute to the under-prediction of $@ the upper tro-

is 0.61. When CN10 number concentrations are within the
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Fig. 3. Same as Fig. 2, except for sulfate.
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Fig. 4. Same as Fig. 2, except for the number concentration of condensation nuclei larger than 10 nm (CN10).

range of 100-1000 # cn? (general value of CN10 in free trations. Further research is needed to identify the reasons
atmosphere/remote regions), the simulated values are mudor WRF-Chem'’s under-prediction of $On the upper tro-
lower than those observed by aircraft measurements. Theosphere.
deviations of observation and model simulation can increase
up to a factor of 10-100. Observations indicate that CN103.3 Simulated particle formation and number
is high the in lower boundary layerl km) and then de- concentration in the lower boundary layer
clines sharply with increasing altitude (2—6 km). In the up-
per troposphere (6—12 km), aircraft observations find someAs shown in Sect. 3.2.1, the WRF-Chem simulations can
high concentrations of CN10 with values 6000 # cnt2. capture the major characteristics of observed meteorological
Figure 4b shows that the model can capture the sharply defactors and the spatial-temporal distribution of atmospheric
clining CN10 well with increasing altitude under 6 km, but components. It will be interesting to use the model to ex-
it fails to simulate areas of higher values in the upper tro-plore the role of new particle formation in particle number
posphere. This behavior is expected, as WRF-Chem + APMudgets over the Eastern United States.
significantly under-predicts the CN10 number concentration Figure 5 presents the simulated horizontal (averaged in
in the upper troposphere due to its under-prediction of rela-seven of the lowest model layers representing the boundary
tive humidity and S@in the same regions. layer) monthly mean S©mixing ratio, ion-mediated nucle-
The comparisons of WRF-Chem + APM simulations and ation rate (JIMN), and CN10 by WRF-Chem + APM, WRF-
the aircraft observations obtained during INTEX-A presentChem + APM regrided to the GEOS-Chem + APM scale, and
a detailed model validation to make quantitative assessmenBEOS-Chem + APM. GEOS-Chem + APM has been evalu-
of model performance. The model simulations match wellated by land-, ship-, and aircraft-based measurements (Yu et
with aircraft measured temperature and wind speed. But thal., 2008, 2010) and widely used to study the contribution of
model under-predicts the relative humidity and;S@ixing the formation of secondary patrticles (i.e. nucleation) and the
ratio in the upper troposphere. These deviations can lead tdirect emission of primary particles to atmospheric particle
the under-prediction of new particle formation rates over thenumber abundance (Luo and Yu, 2011; Yu and Luo, 2009,
corresponding regions which impact CN10 number concen2010).
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Fig. 5. Simulated horizontal distributions of S@oncentrationga, b, c), nucleation rateéd, e, f), and the number concentration of particles
larger than 10 nn(g, h, i) in the boundary layer¢1 km) by WRF-Chem + APM, WRF-Chem + APM regrided to the GEOS-Chem horizontal

resolution, and GEOS-Chem + APM (2004 July).

The spatial distribution of July Sn the lower boundary  Figures 5d—f indicate that IMN in the boundary layer shows a
layer simulated by WRF-Chem + APM (Fig. 5a) is generally high correlation with the spatial distribution of OAt most
consistent with GEOS-Chem + APM simulations (Fig. 5c), sources or urban regions, although local pollutants enhance
showing that S@ high concentration is largely confined to the condensation and coagulation sinks of sulfuric acid, the
the source regions and $@oncentrations over continents predicted IMN is still at a very significant level because of
are generally much higher than those within a marine boundthe high concentration of residual sulfuric acid over there.
ary layer. High SQ@ concentration zones over Pennsylvania, Low temperature can also help nucleation occur and thus rel-
West Virginia, Ohio, Kentucky and Indiana are reflected in atively high nucleation rates are predicted over the Northern
both models. The major difference is that WRF-Chem sim-regions of the United States by both models.
ulation can capture the high concentration of,§flume at New particle formation rates, primary particle emissions
urban region for the model’s high spatial and temporal reso-and particle transport processes contribute to the spatial
lution. Significant difference of S£between urban area and distribution of CN10. Figure 5g—-i indicates that the re-
rural area is shown in Fig. 5a. When WRF-Chem +APM gions with high CN10 values are generally associated with
simulation results are regrided to the GEOS-Chem + APMhigh nucleation zones (Fig. 5d—f), but it is also clear that
scale (Fig. 5b), the high concentrations of §@ume at ur-  primary emission and transport processes have substan-
ban region are disappeared. Averageg 8@h value zones  tjal impact on CN10 values in some regions. The gradi-
are reflected by the regrided WRF-Chem +APM (Fig. 5b). ent of spatial distribution of CN10 is much smaller than
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that of predicted IMN rates. This indicates that the spa- The present model explicitly resolves secondary particles
tial distribution of CN10 does not depend on new parti- and primary particles as well as their interactions, enabling
cle formation rates alone. Some high values of CN10 overus to study the relative contribution of secondary particles
Texas, Alabama, Georgia, South Carolina and North Carversus primary particles to CCNO0.4 concentrations. The
olina are reflected in WRF-Chem + APM but not in GEOS- secondary fractions of CCN0.4 as shown in Fig. 6g-i in-
Chem + APM. This is due to the higher horizontal resolution dicate that secondary particles dominate the number abun-
for WRF-Chem + APM (27 knx 27 km) than that of GEOS- dance in most parts of the Eastern United States. In the lower
Chem+APM (2 x 2.5°). WRF-Chem + APM shows a sig- boundary layer, the secondary fractions of CCN0.4 are gen-
nificant benefit in capturing the high number concentrationserally above 80 % over most regions. The secondary frac-
of CN10 in SQ source regions, especially at those isolatedtion of CCNO.4 over the Southeastern United States simu-
urban/source regions within large remote areas. Figure 5h inlated by WRF-Chem + APM is a little less than that simu-
dicates that those high CN10 concentrations shown in WRF{ated by GEOS-Chem + APM. It is because we do not in-
Chem+APM but not in GEOS-Chem + APM are also re- clude DMS emission in our current work which will under-
flected in the regrided WRF-Chem + APM results. It meanspredict SQ concentrations and secondary particle formation
that the sub-grid scale processes not resolved in the globalver the oceans.
model could actually have an important effect on the pre-
dicted aerosol properties in the large scale.
4 Summary and discussion

3.4 CCN concentration and the contribution of

secondary particles in July The main objective of this study was to simulate the aerosol

processes in WRF-Chem by incorporating an advanced parti-

The number of aerosols activated to become cloud dropletg|e microphysics (APM) model into the framework of WRF-
depends on particle size distribution, composition, and wa-chem and explore the spatial and temporal variations of sec-
ter vapor supersaturation. Based on the simulated size digsngary particle formation (via the ion-mediated nucleation)
tributions of secondary particles and primary particles, Weanq its contribution to total particle number concentration
can calculate the spatial distribution of CCN concentra- 344 cCN abundance over the Eastern United States. The
tion at a given supersaturation. In this study, we presentomputationally efficient APM model has been previously
the simulated CCN concentration at supersaturation=0.4 O/Pncluded and validated in GEOS-Chem. The initial number
(CCNO.4). CCNO.4 is chosen because many CCN measurésoncentrations and particle size distributions at each grid for
ments gave CCN at supersaturation = 0.4 % (Andreae, 2009)yRF-Chem + APM simulations are regridded from GEOS-
Figure 6 shows the predicted horizontal and vertical distri-chem + APM outputs, substantially reducing the spin-up
butions of CCNO.4 and the fraction of secondary particle jme. \When WRF-Chem + APM were executed on 8-CPU
CCNO.4 in the boundary layer (0-1km). Similar to the spa- | jnyx workstations, it took-5.5 h computation time for one
tial distribution of CN10 number concentrations (Fig. 5g—i), day simulation covering a region of 37802916 kn? with
high CCNO.4 regions in the lower troposphere are generally>7 kmx 27 km horizontal resolutions and 34 vertical layers
confined to the S@source regions. The highest value of \yithin the Eastern United States. That is merely two times
CCNO.4 over the Eastern United States is mainly locatedpe computing cost of the WRF-Chem using CBM-Z for the
in Indiana and Ohio, with peak concentrations exceedingsgme day simulations on the same machine. Such a rela-
1600#cm 3. This is consistent with high anthropogenic tyely small increase in the computing cost associated with

SO, emissions, new particle formation rates and CN10 num-f)| sjze-resolved microphysics is desirable for the detailed
ber concentrations over the same region. We also notice tha{erosol modeling in the framework of WRF-Chem.

the high values of CCNO.4 over Georgia and Alabama Sim- \1oqe| results of meteorological parameters, chemical
ulated by WRF-Chem+APM is not reflected in the result 515 and particle number concentrations were validated by
of GEOS-Chem +APM. Even regrided to the GEOS-Chemyy,o minyte averaged aircraft observations obtained during the

scale,_ the average(_j high vglue zone is still shown in Fig. 6by\TEX-A field campaign in the summer of 2004. The model
The simulated vertical profiles of CCNO.4 zonally averaged g 1ations matched well with aircraft measured tempera-

from 722 W to 99 W by both of WRF-Chem+APM and 16 and wind speed but under-predicted the relative humidity
GEOS-Chem +APM (Fig. 5d-f) indicate that the high value g 5G mixing ratio in the upper troposphere. The spatial

of CCNO.4 concentration is located in the lower troposphereyisiribution of SQ in the lower boundary layer simulated

(0-2 k_m). C_CNO._4 concentration declines sharply with in- by WRF-Chem+APM for July 2004 was generally con-
creasing altitude in the free atmosphere. Although WRF-gistant with GEOS-Chem + APM simulations and the simu-

Chem +APM under-predicts S@nd CN10in the upper tro- 5164 5Q concentration in the upper troposphere was largely
posphere compared to INTEXA DC8 aircraft observations, conined to the source regions. Model simulations indicate

the impact on CCNO.4 concentration appears to be small. 5 jon-mediated nucleation in the boundary layer shows a
high correlation with the spatial distribution of $@nd it
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Fig. 6. (a, b, c)Simulated horizontal distributions of cloud condensation nuclei at water supersaturation ratio of 0.4% (CCNO.4) in the
boundary layer{1 km) by WRF-Chem + APM, WRF-Chem + APM regrided to the GEOS-Chem resolution, and GEOS-Chem + APM (2004
July); (d, e, f)simulated vertical profiles of CCNO.4 zonally averaged frofiWW2o 99 W, (g, h, i) same aga, b, c), except for the fraction

of CCNO.4 that is from secondary particles.

dominates the spatial and temporal distributions of CN10. While reasonable results with regard to particle formation
Some high values of CN10 over Texas, Alabama, Georgiaand number concentration over the Eastern United States
South Carolina and North Carolina are reflected in WRF-have been obtained, the present study is subject to uncer-
Chem + APM but not in GEOS-Chem + APM. The high res- tainties and further research are clearly needed to assess
olution WRF-Chem + APM model has a significant advan- the model performance and to reduce uncertainty. Valida-
tage in capturing the high CN10 concentrations in isolatedtion with aircraft observations suggest that the WRF-Chem
source/urban regions. The highest value of CCNO0.4 over thenodel may under-predict the $Qnixing ratio and CN10
Eastern United States mainly located in Indiana and Ohionhumber concentrations in the upper troposphere. The under-
with peak concentrations exceeding 1600#¢énm July and  prediction may be caused by errors in convective transport,
high value zone confined to the lower troposphere (0—2 km)boundary layer mixing within WRF-Chem and/or particle
Our study shows that secondary particles dominate the CCNjrowth associated with the condensation of secondary or-
number abundance in most parts of the Eastern United Stateganics. In the present study, we do not consider the con-
tribution of SOA to the particle growth. Recent study in-
dicates that the production of low volatile organics from
oxidation aging of secondary organic species is necessary in
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order to properly account for the contribution of SOA to par- Gong, S.: A parameterization of sea-salt aerosol source function for

ticle growth (Yu, 2011). It should be noticed that SOA is  sub- and super-micron particles, Global Biogeochem. Cy., 17,

likely to important for over the eastern US, especially during  1097,doi:10.1029/2003GB002072003.

summertime. Further research is needed to include the re@ustafson Jr., W. I, Chapman, E. G., Ghan, S. J., Easter, R. C.,

cently developed extended SOA formation mechanism (Yu, Fast_, an(_JI_J. D.: Impact on Mo_deled Cloud Characten;tlcs Due

2011) in WRF-Chem + APM. A more comprehensive evalu- to Slmp!lfled Treatment of Uniform Cloud Condensation Nu-

ation of the WRF-Chem + APM model performance by com- clei During NEAQS 2004, Geophys. Res. Lett., 34, 119809,

. . . . doi:10.1029/2007GL030022007.

paring simulated results with various relevant measurementﬁenzing, J.S., Olig, D. J. L., and van Velthoven, P. F. J.: A param-

obtained in different regions and seasons should be carried gerization of size resolved below cloud scavenging of aerosols

out. A logical next step is to consider aerosol and cloud in-  py rain, Atmos. Chem. Phys., 6, 3363—-33@6i:10.5194/acp-6-
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