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Abstract. Organic aerosol (OA) simulations using the sources. Both the amounts (from 0.18 to 1.12 pg)rand
volatility basis-set approach were made for East Asia and itghe fraction (from 75 to 87 %) of controllable OA were in-
outflow region. Model simulations were evaluated throughcreased by aging processes of organic vapors over East Asia.
comparisons with OA measured by aerosol mass spectrome-

ters in and around Tokyo (at Komaba and Kisai in summer

2003 and 2004) and over the outflow region in East Asia

(at Fukue and Hedo in spring 2009). The simulations with

aging processes of organic vapors reproduced the mass coi- Introduction

centrations, temporal variations, and formation efficiencies

of observed OA at all of the sites reasonably well. As OA Organic aerosol (OA) accounts for a significant mass frac-
mass was severely underestimated in the simulations withtion of submicron aerosols in the atmosphere (Kanakidou
out the aging processes, the oxidations of organic vaporgt al., 2005; Zhang et al., 2007) and influences the Earth’s
are essential for reasonable OA simulations over East Asiaclimate directly (by scattering/absorption of solar radiation)
By considering the aging processes, simulated OA concenand indirectly (by modifying cloud microphysical properties)
trations increased from 0.24 to 1.28 pg#rin the boundary  (Hallquist et al., 2009). OA is directly emitted from fossil
layer over the whole of East Asia. OA formed from the in- fuel combustion, biomass burning, and other sources (pri-
teraction of anthropogenic and biogenic sources was also ermary organic aerosol, POA) or formed from the oxidation
hanced by the aging processes. The fraction of controllablef thousands of volatile organic compounds (VOCs) in the
OA was estimated to be 87 % of total OA over the whole of atmosphere (secondary organic aerosol, SOA). Recent stud-
East Asia, which indicated that most of the OA in our sim- ies have shown that SOA accounts for a large fraction of
ulations were formed anthropogenically (from controllable OA globally (e.g., Kanakidou et al., 2005; Goldstein and
combustion sources). A large portion of biogenic secondaryGalbally, 2007; Zhang et al., 2007; de Gouw and Jimenez,
OA (78 % of biogenic secondary OA) was formed through 2009). However, as SOA formation processes are very com-
the influence of anthropogenic sources. These fractions werplicated, estimates of the SOA burden in the atmosphere and
higher than the fraction of anthropogenic emissions. An im-its impact on climate and human health remain highly uncer-
portant reason for these higher controllable fractions wasain compared with those of other aerosols such as inorganic
higher oxidant concentrations and the resulting faster oxi-aerosol species (Hallquist et al., 2009). The current estima-
dation rates of OA precursors by considering anthropogenidion of global SOA formation rate is about 30—450 Tg¥r
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(Hallquist et al., 2009; Heald et al., 2010; Spracklen et al.,centrations by a factor of 5. Matsui et al. (2009a) simu-
2011). lated OA over the urban area of Tokyo in July and August

In traditional OA models, the mass concentrations of SOA2003. The simulations reproduced the absolute concentra-
produced from individual parent VOCs (for example, iso- tions and their temporal variations of observed {NG@zone
prene and terpenes for biogenic VOCs, and benzene, toluen€Qs), VOCs, and inorganic aerosols reasonably well, but
and xylene for anthropogenic VOCSs) are calculated by usingseverely underestimated observed SOA (by a factor of 5) and
two mass-based yield coefficients and two partitioning coef-OA concentrations (by a factor of 2).
ficients which are estimated by fitting of laboratory exper- Few studies have focused on OA concentrations and their
imental results (two-product approach) (Odum et al., 1996, spatial distributions over the whole of East and Southeast
1997). Various global- and regional-scale simulations haveAsia and its outflow region (Han et al., 2008; Jiang et al.,
been made using these coefficients (e.g., Chung and Seir2012). They also underestimated observed OA and/or SOA
feld, 2002; Tsigaridis and Kanakidou, 2003, 2007; Heald etconcentrations over China. As the VBS approach has a po-
al., 2005, 2008), but they have underestimated observed OAential to explain realistic OA concentrations over East and
and/or SOA concentrations and formation rates in the atmoSoutheast Asia, the application and evaluation of the VBS
sphere by roughly an order of magnitude, especially over urapproach to the Asian region is important to obtain a quan-
ban regions (e.g., McKeen et al., 2007; Han et al., 2008; Mat+itative understanding of OA concentrations and their spatial
sui et al., 2009a). distributions over this region.

More recently, a significant source of SOA was pro- The understanding on the interaction of anthropogenic and
posed by laboratory studies (e.g., Robinson et al., 2007)biogenic sources is also very limited over the Asian region.
which found missing sources of semivolatile and intermedi- Anthropogenic sources may substantially influence biogenic
ate volatility organic compounds (S/1VOCs) and the impor- SOA (BSOA) formation (e.g., Carlton et al., 2010; Hoyle et
tance of chemical aging of S/IVOCs and VOCs in the atmo-al., 2011; Spracklen et al., 2011). The formation of BSOA
sphere. Donahue et al. (2006) developed a new frameworks enhanced by anthropogenic POA, N@nd VOCs be-
for OA modeling, the volatility basis set (VBS) approach. In cause they increase the concentrations of precursor VOCs,
the VBS, individual organic vapors are categorized to sur-the oxidation rates of VOCs, and the particle-to-gas parti-
rogate species with similar volatility, and their photochem- tioning ratios of organic compounds (e.g., Heald et al., 2008;
ical multigenerational oxidation and gas—particle partition- Tsigaridis et al., 2006; Tsigaridis and Kanakidou, 2007).
ing processes are calculated. The VBS approach has recentyarlton et al. (2010) estimated the effect of anthropogenic
been applied to global- and regional-scale simulations (e.g.emissions on BSOA formation and demonstrated that more
Lane et al., 2008a, b; Farina et al., 2010; Pye and Seinfeldthan 50 % of the predicted BSOA concentrations were in-
2010; Jathar et al., 2011). Improvements of the agreemeluenced by anthropogenic emissions in the eastern United
between oxygenated OA (OOA, thought to be analogous tdStates. Some global modeling studies have estimated much
SOA) observed by aerosol mass spectrometers (AMS) antligher contributions from enhanced BSOA (Tsigaridis et al.,
simulated SOA have been reported for the air over Mex-2006; Hoyle et al., 2009; Spracklen et al., 2011). As anthro-
ico City (Hodzic et al., 2010; Tsimpidi et al., 2010, 2011; pogenic and biogenic emissions are both very large over East
Shrivastava et al., 2011), the United States (Ahmadov et al.and Southeast Asia, the interaction of anthropogenic and bio-
2012), and Europe (Fountoukis et al., 2011; Athanasopoulogenic sources and the resulting enhancement of BSOA are
etal., 2013). very important and should be examined for this region. These

East and Southeast Asia is one of the largest sources afnderstandings would be useful for estimating the past, cur-
aerosols in the world (e.g., Dentener et al., 2006; Bond et al.rent, and future OA concentrations and their regional and
2013). Many studies have reported impacts of Asian aerosoleemispherical climatic impacts.
on regional and hemispherical scales (e.g., Ramanathan et The objective of this study is to understand OA concen-
al., 2001; Carmichael et al., 2003; Adhikary et al., 2010; Mat-trations and their spatial distributions over East and South-
sui et al., 2011a, b, 2013a; Oshima et al., 2012, 2013). Seveast Asia and its outflow region with the interaction of an-
eral global and regional modeling studies have simulated andghropogenic and biogenic sources. We simulate OA concen-
evaluated OA over East Asia (e.g., Heald et al., 2005, 2011trations over East Asia and its outflow region by using a
Han et al., 2008; Matsui et al., 2009a; Utembe et al., 2011VBS model we have developed (Sect. 2), and evaluate the
Mahmud and Barsanti, 2013). Most previous OA simulation results through comparisons with AMS measurements con-
studies have underestimated observed OA and SOA concemtucted in and around Tokyo and over the outflow region in
trations over the region. For example, Utembe et al. (2011)East Asia (Sects. 3 and 4). OA spatial distributions over East
evaluated their global OA simulations over the outflow re- Asia are described with the importance of aging treatments
gion in East Asia through the comparisons with OA mea-in the VBS (Sect. 5.1.1). We also examine the interaction of
surements during the ACE-Asia campaign. While their sim-anthropogenic and biogenic sources in OA formation pro-
ulations reproduced the vertical profile of observed OA masscesses, such as the enhancement of BSOA formation due
concentrations, they underestimated absolute OA mass cone aging processes of anthropogenic S/IVOCs and VOCs
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(Sect. 5.1.3). Finally, we estimate the contribution of anthro-dized to the surrogate species with an order of magnitude
pogenically induced (controllable) OA over East Asia and lower C* by OH radical with an assumed rate constant of
the impact of aging treatments on it (Sect. 5.2). The abbrevi-l x 10~ cm?® molecule 1 s~1 (Fig. 1). The increase in SOA
ations of organic vapors and aerosols used in this study arenass due to the addition of an oxygen atom is taken into
summarized in Table 1. account, as described by Tsimpidi et al. (2010): 7.5% in-
crease for the reduction of volatility by 1 order of magni-
i i i tude. The enthalpy of vaporization is based on Tsimipidi et
2 Regional three-dimensional model al. (2010) and Lane et al. (2008a): 64-112 kJTdbr POA
and 30kJmot? for SOA. Our scheme traces 53 surrogate
2.1 WRF-Chem model vapor species (9 for primary S/IVOCs, 8 for oxygenated

In this study, we use the Weather Research and Forecasting>/ 'VOCs, and 36 for OVOCs) and the corresponding 53

Chemistry (WRF-Chem) model with the MOSAIC aerosol aerosol species for bulk aerosol mass concentrations. In this
module (version 3.4) (Skamarock et al., 2008; Grell et al.,Study, we define oxidized POA (OPOA) as OA from oxy-

2005; Fast et al., 2006: Zaveri et al., 2008), which has beefg€nated S/IVOCs, anthropogenic SOA (ASOA) as OA from

used in our previous studies (Matsui et al., 2009b, 20102nthropogenic VOCs (ALK4, ALKS, OLEL, OLE2, ARO1,

2011c, 2013b, 2013c), with modifications of the schemes®"d ARO2), and biogenic SOA (BSOA) as OA from biogenic
VOCs (ISOP, TERP, and SESQ) (Fig. 1).

related to organic aerosol formation (see Sect. 2.2). The /A
chemical processes considered in the original WRF-Chem 1he scheme assumes equilibrium between the vapor and

model are emissions of gaseous and aerosol species, gagarticulate species. Bulk equilibrium gas—particle partition-

phase chemistry (Zaveri and Peters, 1999), new particle fori"d is calculated with an iteration scheme of Schell et
mation (Wexler et al., 1994), dynamical gas—particle parti-al' (2001). The changes in size-resolved mass concentrations

tioning (condensation/evaporation) (Zaveri et al., 2005a, b,in the eight size bins are calculated based on Koo et al. (2003)

2008), Brownian coagulation (Jacobson et al., 1994), aerosglith the Kelvin effect. The fraction of total flux of speciés
activation (Abdul-Razzak and Ghan, 2000), aqueous-phasQetwee” gas and aerpsol phases.tha't condenses onto or evap-
chemistry for inorganic species (Fahey and Pandis, 2001)°rates from aerosol size bin(f; 1) is given by

and dry and wet deposition (Easter et al., 2004). The mass eq

(sulfate (SQ), nitrate, ammonium, black carbon (BC), POA, ., — 2t Nidi Di F (Ci = € e”) , 1)

dust, sodium, chloride, and aerosol water) and number con-~ >_ 27 Nedi Di F (Ci — C; qﬁ)

centrations of aerosols are explicitly calculated for the size

range from 40 nm to 10 um in eight size bins. The meteoro-where N, is the number concentrations in bt d; is the
logical and chemical process options adopted in this studynean diameter of bitt: D;, C;, and Cieq are the diffusiv-
are summarized in Table 2. More detailed deSCI’iptionS Ofity, bulk gas_phase concentration, and equ”ibrium concen-
the WRF-Chem/MOSAIC model are given elsewhere (Fastration at the particle surface of speciesespectively;F is
etal., 2006). the correction for the non-continuum effects which depends
on the Knudsen number and the accommodation coefficient
(we assume a value of 0.1, which has been used in previ-

The WRF-Chem model was modified to consider OA for- 04> studies; Zhang et al., 2004; Zaveri et al., 2008); and

mation processes using the VBS approach (Fig. 1). Table P the Kelvm effept correction. In.our scheme,. Eq. (1) Is cal-
shows the summary of the OA formation scheme devel-cman.ad for |nd|V|dgaI VBS. SPecies (5.3 species), but all of
the size-resolved information is not directly used to calcu-

oped in this study. Similar to previous studies (e.g., Lane eﬁate the three-dimensional transport processes to reduce the

aI._, 2008a; TS|mp|d| et al., 2010; Sr_]_rlvastavz_i etal, 2011)'ct‘omputational cost. Only total OA (sum of all VBS species)
this study uses nine surrogate volatility species to represen

S/IVOCs with effective saturation concentration®'( sat- transported with the size-resolved information, and indi-
. . 1 vidual VBS species are transported with the information of
uration concentrations at 300K) of 19 1071, 1, 10, 16, ; .
1%, 10%, 10P, and 16 g nT2. Gas-phase chemistry is rep- bulk mass concentrations only (not size-resolved, and we as-
o ' sume that all VBS species have the same size distribution).

,:ﬁzefgtrergagz;h; ﬁézR;i?aﬁfﬁhoi?fi?eéc\?gg (Zooecgc\’\sn)thl'his treatment can reduce the number of transport variables
g (therefore computational cost) by a factor of 4 compared with

from the nine lumped VOCs: alkanes (ALK4 and ALKS), the size-resolved treatment for all VBS species and by a fac-
olefins (OLE1 and OLE2), aromatics (ARO1 and ARO2), ; . b y :
tor of 3 compared with the four-bin scheme presented in Shri-

isoprene (ISOP), monoterpene (TERP), and sesqwterpen\?astava et al. (2011), which was implemented in the original

(SESQ). The mass yields of the OVOCs from each lumpe
VOC are calculated using the same N@ependent four- %RF-_Che_m model_ (Table 3)' The_refore, the sch_eme devel-
oped in this study is a detailed (nine species), size-resolved

product basis fit¢* of 1, 10, 100, and 1000 pgmi) used . o
by Tsimpidi et al. (2010). S/IVOCs and OVOCs are oxi- (for total OA), and computationally efficient VBS scheme.

2.2 OA formation scheme (VBS)

www.atmos-chem-phys.net/14/9513/2014/ Atmos. Chem. Phys., 14, 99E35 2014
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Table 1. Abbreviations for organic vapors and aerosols used in this study.

Abbreviation Definition Explanation

OA Organic aerosol —

POA Primary OA Primary emission or formed from S/IVOCs by
equilibrium (without oxidation)

SOA Secondary OA Sum of OPOA, BSOA, and ASOA

VOCs Volatile organic compounds Primary emission

S/IVOCs Semivolatile and intermediatePrimary emission (primary S/IVOCSs) or sec-

volatility organic compounds ondary production through the oxidation of pri-
mary S/IVOCs (oxygenated S/IVOCs)

OVOCs Oxygenated volatile organic  Oxidation products of VOCs

compounds
HOA Hydrocarbon-like OA Obtained by AMS
OO0A Oxygenated OA Obtained by AMS
OPOA Oxygenated POA OA formed from oxygenated S/1VOCs
BSOA Biogenic SOA OA formed from biogenic OVOCs
ASOA Anthropogenic SOA OA formed from anthropogenic OVOCs

(including biomass burning sources)

Saturation conc. (C*) 106 10% 10+ 10® 102 10 1 10" 102 (ug m?3)
Emission factor 24 15 117 086 051 040 0.26 0.17 0.23

° ® ©¢ m ®mE =mE =m
: | | | | | | | | |
Primary
S/IVOCs O O O O O O (@) (@) (@)
? ? C|> C|> C|> C|> C|> C|> Anthropogenic OA
(AN + BB sources)
° ° ° ° ® ° ° ® OPOA AN + BB sources
ALK4, ALK5
OLE1, OLE2 l l l l
ARO1, ARO2 C|> CI) (I) C|>
® © @ @ ASOA
ISOP T
TERP (l) (l) (l) é
SESQ | | | | Biogenic OA
° ° S ® EBsoA (BIO sources)

Figure 1. Summary of the volatility basis-set approach used in this study. Circles and squares show individual gas-phase (open) and aerosol-
phase (closed) surrogate species. Squares denote primary emission species. AN, BB, and BIO denote anthropogenic, biomass burning, ar
biogenic sources, respectively. The oxidation processes shown by the black arrows are calculated using the coefficients given by Tsimipidi
et al. (2010). The oxidation processes shown by the orange arrows are calculated by assuming OH oxidation with a rate coefficient of
1x 10~ cmd molecule 1s71,

In WRF-Chem, interstitial (aerosol-phase) and in-cloud generated OA are assumed to equal those of interstitial OA
(cloud-phase) aerosols are treated separately for all aerosalt the same three-dimensional grid cell.
species (five inorganic species, BC, OA, and dust) and size The emission factors of S/IVOCs and POA were assumed
bins to calculate in-cloud aerosol formation, regenerationbased on Shrivastava et al. (2011). In this study, we applied
and wet removal processes. Therefore, OA size distributiorthe factors for anthropogenic sources (Table 2 of Shrivas-
is calculated separately for the aerosol phase and cloud phasava et al., 2011) to all the emission sources. The sum of
in our model. The model considers the increase in total OAall S/IVOCs and POA emissions is 7.5 times the traditional
(sum of all VBS species) through aerosol regeneration aftePOA emissions (Fig. 1), which are based on the rough es-
cloud evaporation. As the information of each VBS species istimate of the SVOC/POA ratio of 3 and the IVOC/SVOC
not calculated for in-cloud aerosols in our model, the chemi-ratio of 1.5 (or the IVOC/POA ratio of 4.5) in previous stud-
cal compositions (mass fraction of each VBS species) of redies (Tsimpidi et al., 2010; Shrivastava et al., 2011). To ensure
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Table 2. Meteorological and chemical process options used in thisgarding their reaction rates and products (Hallquist et al.,

study. 2009). Some recent studies have developed two-dimensional
VBS schemes (2-D VBS) in which the volatility and ox-

Atmospheric process Model option idation state were calculated by considering functionaliza-
Longwave radiation RRTM tion and fragmentation (e.g., Jimenez et al., ?009; Donahue
Shortwave radiation Goddard et al., 2011; Murphy et al., 2011, 2012; Shrivastava et al.,
Surface layer Monin—Obukhov 2013). In Murphy et al. (2012), heterogeneous oxidation and
Land surface Noah aqueous-phase chemistry processes were also taken into ac-
Boundary layer YSU count. They applied their one-dimensional (column) chem-
Cumulus clouds Kain-Fritsch ical transport model to Europe and showed that the simple
Cloud microphysics Morrison, 2-moment one-dimensional (volatility only) VBS (1-D VBS) scheme
Gas-phase chemistry SAPRC99 reproduced observed OA mass concentrations and O/C ra-
Aerosol nucleation Binary nucleation

tios reasonably well and that the performance of the 1-D VBS

Aerosol Condensf?‘t'on MOSAIC scheme was not worse than that of their more complex 2-D
Aerosol coagulation COAGSOLV VBS schemes, likely due to the uncertainties in understand-
Aqueous-phase chemistry  Fahey and Pandis (2001) . P y . S

Photolysis Fast-J ing of SOA evolution in the atmosphere. Considering these

uncertainties and computational costs of complex 2-D VBS
schemes, we use a simpler 1-D VBS scheme in this study.

consistent aerosol number concentrations between the trad2.3 Uncertainties in the treatment of the VBS model
tional OA emissions and the S/IVOCs/POA emissions, we

assume particulate emissions (POA) f6f ranging from  To understand the uncertainties of the simplicity in our VBS
102 to 1 pgn13, gas-phase emissions (S/IVOCs) 6t model, we conducted a sensitivity simulation without the
ranging from 16 to 107 ug 23, and a mixture of gas-phase simplicity. In this simulation, OA size distribution is cal-
and particulate emissions far* of 10 ug nt2 (Fig. 1). culated for each VBS species (53 specié® size bins).

Dry deposition of organic vapors (S/1VOCs and OVOCSs) Aerosol-phase and cloud-phase aerosols and their size distri-
is calculated by the scheme of Wesely (1989), which is usedutions are calculated separately for each VBS species. From
in the original WRF-Chem/MOSAIC model. In this study, the comparison between the sensitivity simulation including
the dry deposition velocity of HN®is assumed for all of the full representations of OA species and the base case sim-
the organic vapors, which is consistent with Ahmadov etulation, the uncertainties in the estimation of SOA mass con-
al. (2012). Dry deposition of OA is calculated for each size centrations in the base simulation were estimated to be about
bin with the scheme used in the original WRF-Chem model20 % (as a total effect of OA formation, activation, and re-
(Binkowski and Shankar, 1995; Easter et al., 2004). In-cloudmoval processes). The correlation coefficieREY of SOA
scavenging of organic vapors (S/IVOCs and OVOCSs) is cal-spatial distribution (at about 1 km) between the two simula-
culated by assuming an agueous-phase fraction of unity (alions was 0.96, suggesting that the performance of the OA
organic vapors are soluble). Below-cloud scavenging of or-distributions is sufficient in the base case simulation.
ganic vapors is calculated by assuming the mass transfer rate Our VBS scheme includes large uncertainties in the treat-
of HNOg3 to rain given in Levine and Schwarz (1982). In- ments of aging parameters, emission factors, and dry and
cloud and below-cloud scavenging of OA are calculated forwet deposition of organic vapors, which could change simu-
each size bin as calculated in the original WRF-Chem modelated OA concentrations considerably. In this study, the sen-
(Easter et al., 2004). A hygroscopicity value) (of 0.14, sitivity of aging coefficients is examined in Sects. 4.2 and
which is the value used in the original WRF-Chem for POA, 5.1.2. The uncertainties in the emission factors and the treat-
is assumed for all OA species used in the VBS. ments of dry and wet deposition for organic vapors used in

In our VBS model, oxidation processes are consideredhe VBS scheme are briefly described here. The S/IVOCs-
only for gaseous species, namely homogenous aging by Okb-POA emission ratio of 7.5 that was used in this study is
radicals. Our model does not consider other processes, suchhighly uncertain parameter. A sensitivity simulation with
as aqueous-phase reactions (e.g., Ervens et al., 2011; Liu an increase in SVOQ* ranging from 16 to 1072 ug n3)
al., 2012), heterogeneous oxidation (e.g., George et al., 200&missions by a factor of 2 enhanced total OA and SOA con-
2008), oligomerization (e.g., Kalberer et al., 2004; linuma centrations by 25 and 45 %, respectively, in our application
et al., 2004), and fragmentation (e.g., Jimenez et al., 2009¢ver East Asia (period- and domain-averaged values at an al-
Kroll et al., 2009; Murphy et al., 2012). These processestitude of about 1 km). Another sensitivity simulation with an
could be important because they alter the volatility and ox-increase in IVOC(* ranging from 16 to 10* pg n3) emis-
idation state (i.e., an atomic O/C ratio) of organic vaporssions by a factor of 2 enhanced total OA and SOA concentra-
and OA, which leads to changes in OA concentrations. How-tions by 20 and 15 %, respectively. These results suggest that
ever, these processes currently have large uncertainties ré&A concentrations are moderately sensitive to the treatment
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Table 3. Summary of the VBS schemes developed in this study and original WRF-Chem/MOSAIC model.

Item/process This study Shrivastava et al. (2011)

Gas-phase SAPRC99 SAPRC99

chemistry

VBS volatility 9 for POA and primary S/IVOCs 9 for POA and primary S/IVOCs

species 8 for OPOA and oxygenated S/IVOCs 8 for OPOA and oxygenated S/I1VOCs
4 for ASOA, BSOA, and OVOCs 4 for ASOA, BSOA, and OVOCs

Oxidation species ~ VOCs, S/IVOCs, and OVOCs VOCs and S/IVOCs

OVOCs formation  N@-dependent 4-product fit NOy-dependent 4-product fit
(Tsimpidi et al., 2010) (Tsimpidi et al., 2010)

Gas—particle Bulk equilibrium Bulk equilibrium

partitioning (Schell et al., 2001) (Donahue et al., 2006)

OA distribution to Koo et al. (2003) Koo et al. (2003)

each size bin

Number of size 8 (40-10000nm) 4 (40-10000 nm)

bins

Number of 122 380

variables in Gas phase: 53 Gas phase: 76

VBS Bulk aerosol: 53 Size-resolved aerosol: 304

Size-resolved aerosol: 16
(interstitial aerosol, in-cloud aerosol)

Dry deposition On On
Aerosol activation ~ On Off
Wet deposition On Off

of S/IVOC emissions over East Asia. OA concentrations areand Southeast Asia and its outflow region, though there are
sensitive to the dry deposition treatment of organic vaporsuncertainties in emissions and limitations of validations es-
because a factor of 2 different velocities for S/IVOCs and pecially for precursor gases. OA mass concentrations (Aero-
OVOCs lead to an increase/decrease in OA concentrationdyne AMS) at two sites in Japan were used to evaluate the
by about 50 % in our application over East Asia. OA concen-simulations over the outflow regions from the Asian conti-
trations are also moderately sensitive to the wet depositioment.

treatment of S/IVOCs and OVOCs. OA concentrations were

increased by 25% in the simulation without wet deposition3.1  Simulation in and around Tokyo (summer 2003 and

of S/IVOCs and OVOCs. 2004)

We used OA mass concentrations observed by an Aerodyne
3 Measurements and simulation setups AMS and gaseous species o @nd VOCs at an urban

area, Komaba (35.68, 139.67 E), Tokyo, in July and Au-
In this study, we simulate OA formation both in and around gust 2003 during the IMPACT-2 campaign and at a suburban
Tokyo urban area (Sect. 3.1) and over East Asia (Sect. 3.2)ite, Kisai (36.08N, 139.55 E), Saitama, in July and Au-
The purpose of the simulation in and around Tokyo is togust 2004 during the IMPACT-L campaign (Fig. 2a). Details
validate the VBS scheme over the region where meteoroof the measurements are given elsewhere (Takegawa et al.,
logical fields, emissions, and the concentrations of precur2005, 2006a, b; Kondo et al., 2006, 2007, 2008, 2010; Shirai
sor gaseous species are relatively well known (compareett al., 2007; Kanaya et al., 2007).
with over the Asian region). We used observed data during The oxygenated and hydrocarbon-like OA concentrations
the Integrated Measurement Program for Aerosol and ox{OOA and HOA) were estimated by least-squares fits to the
idant Chemistry in Tokyo (IMPACT) campaign (Takegawa time series of OA using a linear combination of the time
et al., 20064, b; Kondo et al., 2006, 2007, 2008, 2010). OAseries of AMS-derived signals at the mass-to-changgz)
mass concentrations observed with an Aerodyne AMS andatios of 44 and 57 (Zhang et al., 2005). Though there are
gaseous species such ag OH, and VOCs are available for some uncertainties in this method, the OOA/HOA concen-
the campaign period. These data can be used to validate theations derived from this method can be used as a proxy
simulations and constrain the parameters related to OA forfor SOA/POA concentrations because SOA and POA con-
mation such as precursor VOCs. The simulation over Asia iscentrations, which were estimated from the correlation of to-
conducted to understand the behavior of OA over all of Easttal OA with CO, correlated well with HOA and OOA, with
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Figure 2. Simulation domainga) in and around Tokyo during the IMPACT campaign ghjlover East Asia during the A-FORCE campaign.

(a) Simulations were conducted for 17 July to 15 August 2003 (IMPACT-2) and for 23 July to 15 August 2004 (IMPACT-L) with horizontal
resolutions of 27 km (outer domain, orange) and 9km (inner domain, red). Light-blue squares show the locations of the measurement
stations at Komaba (35.861, 139.67 E) and Kisai (36.08N, 139.55 E). (b) Simulations were conducted for 21 March to 26 April 2009

with horizontal resolutions of 180 km (outer domain, orange) and 60 km (inner domain, red). Light-blue squares show the locations of the
measurement stations at Fukue (32.K5128.68 E) and Kisai (26.87N, 128.25 E).

slopes of 0.88-1.36R? of 0.76-0.85) and 0.97-1.41R{ concentrations of these species at the Komaba site during
of 0.65-0.85), respectively, during the IMPACT campaign the IMPACT-2 campaign: AROL1 (toluene-like) and ARO2
(Takegawa et al., 2006a, b; Kondo et al., 2007). We used obfxylene-like) emissions were reduced by 50 and 30 %, re-
served HOA concentrations to constrain POA emissions angpectively, and POA emissions were increased by 25%. As
to simulate realistic POA concentrations by the model (seethe simulations with these modifications can reproduce mean
below). Observed OOA is used to validate simulated SOAconcentrations of aromatics and POA during the simulation
(Sect. 4.1). period, at least at and around Komaba, we can robustly eval-
For the simulations in and around Tokyo, the horizon- uate the performance of OA formation processes. The modi-
tal grid spacings in the model domain are 27 km (outer do-fications of emissions were applied to the simulations in and
main) and 9 km (inner domain) (horizontal scale 6f97°, around Tokyo only. We did not use these modifications in the
Fig. 2a), and there are 18 vertical levels from the surfacesimulations over East Asia (Sect. 3.2).
to 100 hPa. The lowest layer is about 30 m in depth. The
simulation periods are 17 July—15 August 2003 during the
IMPACT-2 campaign and 23 July—15 August 2004 during
the IMPACT-L campaign. The first 2 days of data were used
for model spin-up. The National Centers for Environmental We used OA and sulfate mass concentrations observed with
Prediction (NCEP) Final (FNL) Operational Global Analy- an Aerodyne AMS at Fukue (32.75l, 128.68 E) and Hedo
sis data were used for initial and boundary conditions and(26.87 N, 128.25 E), Japan, in March and April 2009 dur-
nudging (free troposphere only) of meteorological fields. Weing the Aerosol Radiative Forcing in East Asia (A-FORCE)
performed two model simulations, with and without aging aircraft campaign (Oshima et al., 2012). As described by
processes of organic vapors in the VBS. Takami et al. (2005, 2007), the collection efficiency was as-
We used anthropogenic emission inventories for 1998sumed to be 0.5 at Fukue and 1.0 at Hedo. Details of the AMS
at a horizontal resolution of 10k 10km with seasonal measurements at Fukue and Hedo are described by Takami
and diurnal dependencies (Kannari et al., 2004). The deet al. (2005, 2007). OA measurements over the outflow re-
tailed description of the inventories is given by Matsui et gions in East Asia are limited and are useful for evaluating
al. (2009a). We also used online biogenic emissions: theéhe model simulations. The air parcels observed at Fukue
Model of Emissions of Gases and Aerosols from Nature ver-and Hedo represent the histories of sources from wide ar-
sion 2 (MEGANZ2) (Guenther et al., 2006). Using the sameeas over northern China and their histories during transport
approach as described in Matsui et al. (2009a), the emission&.g., Kondo et al., 2011; Matsui et al., 2013a), which sug-
of aromatics (toluene and xylene) and POA were increasedjests that model evaluations at these sites are suitable for the
or decreased over all of the simulation domains (withoutoverall validations of aerosol sources, transport, and transfor-
modification of the spatial emission patterns) to achievemation from the Asian continent to the Pacific. We also used
good agreement between the observed and simulated me&C mass concentrations observed with a continuous soot

3.2 Simulation over East Asia (spring 2009)
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Table 4. List of model simulations. (Fig. 3c). The main source regions of TERP (biogenic) are
Southeast Asia and southern China (Fig. 3d).

Simulation Aging coefficient
(cm® moleculels—1)

S/IVOCs and Biogenic 4 Model results and evaluation
anthropogenic OVOCs OVOCs

4.1 IMPACT campaign (Tokyo)

Aging-on  1x 1011 1x 10711

Qg::g-o;f 01 10-11 8 Figure 4a and b show the time series afé@hd SOA at Kisai
Agingzzio OX 1x 10-11 during the IMPACT-L campaign (25 July—15 August 2004).
Aging_o o5 251012 > e 10-12 Simulated SOA is the sum of OPOA, ASOA, and BSOA.
Aging-4. 4;< 10-11 4.>< 10-11 Simulated concentrations in Sect. 4 were chosen from a grid

cell closest to each measurement site and were calculated for
particles with diameters of less than 1 um. The data at the
lowest layer were chosen for comparison with the surface
monitoring system (COSMOS) to evaluate primary aerosolsmeasurements. Meteorological conditions during the cam-
at Fukue and Hedo (Kondo et al., 2011). paign are summarized by Takegawa et al. (2006a). Northerly
For the simulation over East Asia, the horizontal grid and easterly winds were dominant during 25—-30 July, persis-
spacings for the model domain are 180 km (outer domain)}ent southerly winds were dominant during 31 July—9 August
and 60 km (inner domain) (horizontal scale of 12060°, (associated with a stable anticyclone located east of Tokyo),
Fig. 2b), and there are 26 vertical levels from the surfaceand the sea—land breeze circulation was dominant during 10—
to 100 hPa. The lowest layer is about 30m in depth. Theld August (associated with a stable anticyclone over Tokyo).
simulation period is 21 March—26 April 2009 during the A- Due to these meteorological conditions, relatively fresh air
FORCE aircraft campaign. The statistics are calculated fowas transported from the Tokyo metropolitan area to Kisai by
24 March—26 April 2009 period. The NCEP-FNL data were 9 August, which resulted in relatively lowzGand SOA con-
used for initial and boundary conditions and nudging (freecentrations at Kisai. In contrast, stagnant and aged air was
troposphere only) of meteorological fields. Our previous sim-transported to Kisai during 10-14 August, which enhanced
ulations using WRF-Chem successfully reproduced meteo©3 and SOA concentrations at Kisai due to the accumulation
rological fields due to synoptic-scale meteorological varia-of pollutants.
tions and related transport and variation processes of aerosol The simulation reproduces the absolute concentrations and
mass and number concentrations observed by both the aithe diurnal and day-to-day variations of observeg &nd
craft and surface measurements during the A-FORCE perio®OA concentrations reasonably well (Fig. 4 and Table 5).
(Matsui et al., 2013b, c). Our previous simulation using sim- In particular, the model reproduces the contrast between the
ilar model settings also showed that the observed precipitaearly (25 July—6 August, low concentrations) and the later
tion and its spatial distributions were generally reproduced(7—15 August, high concentrations) simulation periods and
by WRF during the simulation period (Oshima et al., 2013). the diurnal peak concentrations of both &d SOA (Fig. 4).
Table 4 shows a list of the simulations over East Asia con-The daytime peak concentrations of OH and H@dicals
ducted in this study. are also reproduced by within 50% at Komaba during the
We used the anthropogenic and volcanic emission inventodMPACT-L campaign in our simulations, though the concen-
ries of Streets et al. (2003), which were also used in our pretrations have large day-to-day variability: the median val-
vious studies (Matsui et al., 2013b, c). S@missions from  ues of the daytime peak concentrations of observed OH and
the Miyakejima volcano were modified based on measureHO, were 6.3x 10° cm~3 and 5.7 pptv, respectively (Kanaya
ments, as shown by Matsui et al. (2013c). We also used dailet al., 2007), and those of simulated OH and H@ere
biomass burning emissions from the Global Fire Emissions9.8x 10° cm~2 and 6.8 pptv, respectively.
Database version 3 (GFED3) (van der Werf et al., 2010), As both G and SOA were produced by photochemical
and online biogenic emissions from MEGANZ2. Sea salt andreactions during the IMPACT-2 and IMPACT-L campaigns,
dust emissions from natural sources are not considered in thidie SOA/Q ratio can be used as an index of OA formation
study. efficiency under given oxidative conditions (Fig. 5) (Hern-
Anthropogenic POA (from fossil fuel and biofuel combus- don et al., 2008; Kondo et al., 2008). The model simula-
tion) is emitted mostly from China and India (Fig. 3a), while tion tends to overestimate maximum SOA concentrations
biomass burning POA is emitted mainly from Southeast Asiaduring daytime and underestimate SOA concentrations dur-
and Siberia (Fig. 3b). Anthropogenic and biomass burninging nighttime. However, mean SOA concentrations are re-
sources account for 69 and 31 % of total POA emissions, reproduced by the model to within 25 % of the correspond-
spectively. ARO1 (anthropogenic) emissions are distributedng observed values (underestimations of 21 and 13 % dur-
over China, India, Southeast Asia, Japan, and South Koreang the IMPACT-2 and IMPACT-L campaigns, respectively)
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Figure 3. Period-averaged (24 March—26 April 2009) emissiongd®POA from anthropogenic sources (fossil fuel and biofuel combustion),

(b) POA from biomass burning sourcgs) ARO1 (aromatics), andd) TERP (monoterpenes). We used the anthropogenic and volcanic
emission inventories of Streets et al. (2003), daily biomass burning emissions of the Global Fire Emissions Database version 3 (GFED3) (van
der Werf et al., 2010), and online biogenic emissions of the Model of Emissions of Gases and Aerosols from Nature version 2 (MEGAN2)
(Guenther et al., 2006).

(Table 5). In both campaigns, the simulated fitting slopesfor only 6—7 % of total SOA at both sites during the simula-
(with aging processes) are consistent with the observedion periods.

slopes (and hence OA formation efficiency): the observed

and simulated fitting slopes are 0.16 and 0.19, respectively4.2 A-FORCE periods (East Asia)

during the IMPACT-2 campaign and 0.15 and 0.20, respec- _ )
tively, during the IMPACT-L campaign. Figure 6a—d show the time series of BC and;Sf the

The simulation without aging processes (orange lines and-ukue and Hedo sites during the A-FORCE campaign (24
triangles in Figs. 4 and 5), which is similar to the simula- March—26 April 2009). The meteorological conditions dur-
tion using a traditional OA model, severely underestimatesing this period are described by Matsui et al. (2013b, c).
mean observed OA concentrations by 76 and 86 % and fitting®Ynoptic-scale meteorological variations controlled tempo-
slopes by 80 and 82 % during the IMPACT-2 and IMPACT-L ral variations of observed aerosol concentrations at Fukue
campaigns, respectively. These results show that the emiand Hedo: high concentrations during the period covered by
sions of S/IVOCs and the oxidation processes of organic va@ high-pressure system and rapid decreases in concentrations
pors (S/IVOCs and OVOCs) must be considered for reasonafter the passage of a cold front. At Fukue, the site was cov-
able OA simulations in and around Tokyo: including these in €red by a high-pressure system during the middle of the sim-
the VBS scheme considerably improved the model’s ability ulation period (6-12 April), and cold fronts passed on 14,

to simulate OA absolute concentrations and their tempora0: and 24 April. The temporal variations of observed BC
variations in Tokyo and its outflow area at Kisai. and SQ due to synoptic-scale meteorological variations are

pogenic sources at Komaba and Kisai (77-80% of totalconcentrations are reproduced well by the model at Fukue
SOA). The three largest precursors of SOA are aromaticgnd Hedo (normalized mean bias (NMB)-e14 % at Fukue
(ARO1 and ARO2, 48 %), olefins (OLE1 and OLE2, 13— and—24 % at Hedo). The mean @oncentrations at Fukue

18 %), and monoterpenes (TERP, 13-16 %). OPOA accountd'e also reproduced well by the model (NMB-611 %, Ta-
ble 5), while those at Hedo are overestimated by a factor of
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Figure 4. Time series of the observed and simulatayiO3 volume mixing ratios angb) SOA mass concentrations at Kisai during the
IMPACT-L campaign. SOA values were simulated with and without aging.

Table 5. Statistics of concentrations of chemical species at the surface measurement sites.

Station Period Species Units Mean concentration NMB RP
Observation  Calculatih Calculatiod | (%)P
(Aging-on)  (Aging-off)

Komaba 19 July—13 August 2003 30 ppbv 19.6 15.3 15.4| —22.3 0.63
(IMPACT-2) SOA pg n3 4.36 3.45 1.03| —20.8 0.52

Kisai 25 July—14 August 2004 £ ppbv 26.4 20.6 20.7) —21.9 0.84
(IMPACT-L) SOA pg n3 5.31 4.61 0.76| —13.1 0.70

Fukue 27 March—-26 April 2009 BC pgT™ 0.87 0.75 0.74| —14.2 0.76
SOy pg i3 9.31 8.29 8.27| —10.9 0.65

OA pg n3 6.02 6.75 071 122 034

OA/SOy - 0.89 0.78 0.13) —11.9 0.28

Hedo 24 March-26 April 2009 BC pgTﬁ’ 0.36 0.27 0.27] —24.3 0.46
SOy pg n3 2.36 4.20 424 780 0.34

OA g m3 1.08 1.99 0.18) 84.2 0.25

OA/SOy - 0.58 0.42 0.058 —29.7 0.58

2 Values are calculated for the periods when measurements are available.
b statistics are calculated for the Aging-on simulation.

2 during the middle and latter parts of the simulation period At Hedo, simulated OA concentrations are overestimated
(NMB of 78 %, Table 5). by 80% (Table 5). The period of OA overestimation corre-
Figure 6e and f show the time series of OA at Fukue sponds to the period of Sverestimation. Therefore, it is
and Hedo during the A-FORCE period. At both sites, mostunlikely that the problems in OA formation processes are the
of the measured OA was OOA and most of the simulatedonly factors that made the discrepancy between observed and
OA was SOA (shown below). The temporal variations of simulated OA concentrations. The model may overestimate
OA are generally similar to those of @t both sites. At  the transport of pollutants, including precursor species and
Fukue, the model overestimates OA concentrations during 7-secondary aerosol formation from them. The uncertainties in
15 April but underestimates them during 28 March-2 April. the AMS measurements may also contribute to the discrep-
The model reproduces observed OA concentrations well durancy between the measurements and model simulations be-
ing the other periods. The period-averaged OA concentracause the observed OA concentrations at Hedo are the lower
tions are slightly overestimated (NMB of 12 %, Table 5), but limit in terms of the collection efficiency (Sect. 3.2).
the model simulations agree well with the measurements.
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The observed OOA/OA ratio was estimated to be greaterand by applying and validating the VBS scheme for various
than 95 % at Fukue and Hedo (Zhang et al., 2007). The simatmospheric conditions.
ulated SOA/OA ratio is 84 % at Fukue and 83 % at Hedo,
suggesting that our model simulations tend to underestimate
the fraction of SOA to total OA at these measurement sites. °
Figure 6g and h show the time series of OA /S@tio at
Fukue and Hedo during the A-FORCE period. The OA 4SO
ratio is used because both OA and S&i these sites are 51.1 Mass concentrations and contributions
formed through oxidation processes in the atmosphere. Their
oxidation pathways may not be the same (OA is formed fromNext, we examine the spatial distributions of OA over East
gas-phase oxidation only, but $@ formed from both gas-  Asia. In Sect. 5, all particles between 40nm and 10pm
phase and aqueous-phase oxidation in our model), but as tha diameter were used to calculate OA concentrations. For
formation processes of SQuve relatively well known com-  the simulation with the aging process, POA concentrations
pared with those of OA, the OA/SQratio can be used as at an altitude of about 1km peak over Southeast Asia
an index of OA formation efficiency relative to the amounts and northern and central China (Fig. 7a), corresponding to
of secondary aerosols transported to the measurement Sitq‘a{ge source regions of biomass burning and anthropogenic
The model reproduces the period-averaged OA/ 880 emissions, respectively (Fig. 3a and b). The spatial dis-
observed at Fukue and Hedo reasonably well: the observeglibution of OPOA is similar to that of POA (Fig. 7c).
ratios are 0.89 and 0.58, and the simulated ratios are 0.78SOA concentrations are h|gh over northern and central
(NMB of —12%) and 0.42 (NMB of-30 %), respectively  China and moderate over southern China, Japan, and South-
(Table 5). east Asia (Fig. 7e). The maximum of BSOA concentration
In contrast, the simulation without aging processes do nojs over Southeast Asia and southern China (Fig. 7g). To-
capture observed OA mass concentrations and OA4/I8O  tal SOA (OPOA+ ASOA+ BSOA) concentrations are dis-
tios. The model without aging processes considerably undertributed widely over East Asia, with peaks over Southeast
estimates both the OA concentrations (by 88 and 83 %) and\sja and northern and central China (Fig. 7i).
the OA/SQ ratio (by 85 and 90 %) at Fukue and Hedo, re-  The large contribution of BSOA over southern China and
spectively. These results demonstrate that the VBS schemgoutheast Asia is consistent, at least qualitatively, with previ-
with aging processes much improves the model performanceyus OA modeling studies (Han et al., 2008; Jiang et al., 2012;
the scheme realistically simulated OA mass concentrations j et al., 2013), in which 65-90 % of SOA in southern China
and their temporal variations and the OA/S@tio overthe  was estimated to be biogenic. Several measurement stud-
outflow regions in East Asia. ies have reported mean organic carbon (OC) concentrations
Simulated SOA is formed mostly from anthropogenic in spring over Guangzhou in southern China of 67 ggm
sources at Fukue and Hedo (90—91% of total SOA) ThE(TaO etal., 2012; Huang etal., 2012)’ over Hong Kong of 6—
three largest sources are aromatics (ARO1 and ARO2, 41¢ g n13 (Bahadur et al., 2009), and over Bangkok of about
46 %), S/IVOCs (34-41 %), and monoterpenes (TERP, 7-10 ugn13 (Sahu et al., 2011). We compared our simulation
8%). The contributions of OPOA at Fukue and Hedo (34—results with these measurements, though the meteorological
41 % of total SOA) are much higher than those at Komabaconditions, the amounts of emissions (e.g., biomass burning,
and Kisai (67 % of total SOA), due to continuous aging pro- biogenic), or both may have differed between those studies
cesses of organic vapors during transport from source areagnd ours. When we assume an OC-to-OA conversion rate of
to the measurement sites at Fukue and Hedo. 1.6 (Turpin and Lim, 2001), our simulations underestimate
The uncertainties in the aging coefficients of S/IVOCs ghserved OA concentrations by 35% at Guangzou and by
are very large in the VBS scheme. To understand the im$0-70% at Hong Kong and Bangkok. OOA concentrations
pact of these uncertainties on simulated OA mass concentran the Pearl River delta region observed with an AMS have
tions, we conducted sensitivity simulations using aging co-also been reported: about 5 ug#rin summer 2006 (Xiao et
efficients of 4x 101 cm® molecule > s (4 times the base  al., 2011) and in fall 2009 (Li et al., 2013). Our simulations
case, “Aging-4”) and 2.5 10~*2cm®molecule's™ (1/4  ynderestimate the observed SOA concentrations by 30-40 %
of the base case, “Aging-0.25") (Fig. 6e and f, Table 4).n this region. The rough comparisons shown above suggest
The Aging-4 (Aging-0.25) simulation increased (decreased)that our OA and SOA simulations over southern China and
period-averaged OA mass concentrations by factors of 3.Z0utheast Asia are consistent with measurements within a
(2.1) and 4.1 (2.4) at Fukue and Hedo, respectively; thus simfactor of 3 (underestimation by 3070 %). The agreement be-
ulated OA concentrations over East Asia are greatly affectedween the measurements and model simulations over south-
by the choice of aging coefficients. Therefore, it is importantern China and Southeast Asia was much improved by consid-

to improve our understanding of the oxidation processes Oéring aging processes of Organic vapors in the VBS scheme.
organic vapors by using laboratory and field measurements

Spatial distribution of OA over East Asia

5.1 Impact of aging processes
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Figure 5. Correlation of SOA mass concentrations witg @lume mixing ratioga) at Komaba during the IMPACT-2 campaign afix)
at Kisai during the IMPACT-L campaign. Solid lines show the fitting slopes:@.x) for observation (blue) and simulations with (red) and
without (orange) aging processes of organic vapors.
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Figure 6. Time series ofa, b) black carbon mass concentratiofts, d) sulfate mass concentratior{g, f) organic aerosol mass concentra-
tions, and(g, h) organic to sulfate mass concentration ratios at Fukue and Hedo, respectively. Red shéejramndé(f) shows the range

of organic aerosol mass concentrations with the aging coefficients of betwea62*1 cm® molecule 1 s~1 (4 times the base case) and
2.5x 107 2cm3 molecule 1s71 (0.25 times the base case). The periods when observed sulfate mass concentrations were less thén 1 pg m

are not shown for measurements (blue pointgpirand(h).

SOA concentrations in the Aging-off simulation are much demonstrating the importance of aging processes in OA sim-
lower than those in the Aging-on simulation (Fig. 7). By ulations for East Asia. POA concentrations, however, vary
considering aging processes, ASOA, BSOA, OPOA, totalless: the Aging-on POA concentrations over the outer domain
SOA, and total OA concentrations increased by between 44@re about 30 % more than those for the Aging-off simulations
and 1380 % over the outer domain (Fig. 8a and Table 6)(Fig. 8a and Table 6). The lower POA concentrations in the
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Figure 7. Period-averaged (24 March—26 April 2009) simulated mass concentrations ofdf ®) OPOA(c, d), ASOA (e, f), BSOA (g,
h), and total SOA (sum of OPOA, ASOA, and BSO@)j) at an altitude of about 1 km (layer number of 8, sigma level of 0.895). Left panels
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www.atmos-chem-phys.net/14/9513/2014/ Atmos. Chem. Phys., 14, 99E35 2014



9526 H. Matsui et al.: VBS OA simulation in East Asia

Table 6. Period-averaged organic aerosol mass concentration (a

-~

m POA m OPOA m ASOA m BSOA

(ng m~3) in the boundary layer< 1 km) over the outer domain. m; 0.4
. R g 0.3 —

Simulation POA OPOA ASOA BSOA Total OA s
Aging-on 0.236 0.369 0.333 0.346 1.284 % 0.2 |
Aging-off 0.164 0.000 0.023 0.048 0.236 §
Aging-an 0.229 0357 0313 0.111 1.004 8 01
Aging-bio 0.196 0.000 0.038 0.241 0.474 § I I I
Aging-0.25 0.188 0.056 0.106 0.132  0.483 =00 ull [ |
Aging-4 0.275 1.223 0.661 0.654 2.813 Aging-on Aging-off Aging-an Aging-bio
Aging-on (an offf  0.047 0.035 0.007 0.075  0.165
Aging-off (an offf* 0.040 0.000 0.001 0.018  0.059 (b) Aging-on (c) Aging-off

* Simulations without anthropogenic emissions (with biomass burning, biogenic, and volcanic
emissions).

Aging-off simulation are likely due to the smaller amounts
of low-volatility organic vapors, which are produced by OH
oxidation in the Aging-on simulation, and the resulting re-
duction of OA concentrations in the particulate phase due to
the shift of the gas—particle partitioning to the gas phase.

In addition to differences in the absolute mass Con_Figure 8. Period-averaged (24 March—26 April 2009) mass concen-

centrations, the contributions fr_om individual chemical \.:ons of POA, OPOA, ASOA, and BSOA at an altitude of about
compositions to total OA also differ greatly between the {1 over the outer domain for Aging-on, Aging-off, Aging-bio,

Aging-on and Aging-off simulations (Fig. 8b and c). In the ang Aging-an simulationga). Period-averaged fraction of POA,
Aging-on simulation, POA, OPOA, ASOA, and BSOA ac- OPOA, ASOA, and BSOA to total OA mass concentrations at an
count for 18, 29, 26, and 27 % of OA, respectively, over the altitude of about 1 km over the outer domain for simulations with
outer domain. The main precursors of ASOA are aromaticqb) or without(c) aging.

(ARO1 and ARO2, 80 % of ASOA), and those of BSOA are

monoterpenes (TERP, 55 % of BSOA). In the aging-off sim- ) _ _ )
ulation, POA is dominant (70 % of total OA) due to the for- OPOA increases from the Aging-on to the Aging-4 sim-
mation of much lower concentrations of ASOA and BSOA ulation mostly due to the faster aging processes of primary

with no OPOA. and secondary S/IVOCs. ASOA (BSOA) increases from the
Aging-on to the Aging-4 simulation due to the faster aging
5.1.2 Sensitivity of aging parameters over East Asia processes of both anthropogenic OVOCs (biogenic OVOCs)

and S/IVOCs. The contribution of S/IVOCs aging pro-

Table 6 shows the results of the Aging-4 and Aging-0.25 sim-cesses to ASOA and BSOA increases is about one-third of
ulations. Similar to the results at Fukue and Hedo (Sect. 4.2)total increases in ASOA and BSOA concentrations from the
SOA concentrations are highly sensitive to aging coefficientsAging-on to the Aging-4 simulation (not shown).
over the simulation domain. The period-averaged mass con-
centrations of OPOA, ASOA, and BSOA were enhanced (re-5.1.3  Interaction of anthropogenic and biogenic sources
duced) by factors of 3.3 (6.6), 2.0 (3.1), and 1.9 (2.6), re-
spectively, in the Aging-4 (Aging-0.25) simulation over the The sensitivity simulations shown in Sects. 5.1.3 and 5.2
whole East Asian region (Table 6a). In contrast, POA con-are summarized in Fig. 9. The simulation results with ag-
centrations are not so sensitive to the aging coefficients. Théd processes from biogenic sources only (no aging treat-
average POA concentrations increased by 17 % in the Agingment for S/IVOCs and anthropogenic OVOCs) are shown
4 simulation and decreased by 26 % in the Aging-0.25 simuJn Fig. 8a and Table 6 (the Aging-bio simulation in Ta-
lation, both relative to the Aging-on (base) simulation. ble 4). The contribution of aging processes from anthro-

Increasing the rate constant by a factor of 4 enhance®ogenic sources (AN-aging) can be estimated from the dif-
OPOA concentrations (increase by a factor of 3.3) more tharférence in OA concentrations between the Aging-on (base
ASOA concentrations (increase by a factor of 2). IVOCs and¢ase) and Aging-bio simulations (Fig. 9). As expected, the
their aging processes may contribute to the difference in thdmpact of AN-aging on OPOA and ASOA over the outer
enhancement between OPOA and ASOA because primar§lomain is very large: AN-aging increases OPOA concen-
and oxygenated S/IVOCs concentrations in the high volatil-trations from 0.0 to 0.37 ugn? and ASOA concentrations
ity (C* of 106—1C% ug n-3) are lower in the Aging-4 simula- from 0.038 to 0.33 ug m° (4-780 %) (Table 6). AN-aging

tion relative to the Aging-on simulation (not shown). S:SO )moderately enhances POA concentratier20(%, Ta-
e 6).
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BSOA concentrations are also enhanced considerablyn the simulation without anthropogenic emissions, POA,
(+45 %) by AN-aging (Table 6). This is because AN-aging OPOA, and ASOA decrease to 20, 9, and 2 %, respectively,
produces large amounts of low-volatility organic vapors andof the base case simulation. This is because the reduction of
OA from anthropogenic VOCs and S/IVOCs, and these va-anthropogenic VOCs, NQand POA reduces OA concentra-
pors shift the gas—particle partitioning ratio of BSOA to the tions by changing VOC concentrations, their oxidation rates,
particulate phase. Therefore, AN-aging is very importantand the gas—patrticle partitioning of organic compounds. Con-
for OA formation from both anthropogenic and biogenic trollable OA concentrations can be estimated from the differ-
sources. ences in OA between the simulations with (100 %) and with-

These results show that BSOA concentrations are substareut (0 %) anthropogenic emissions (Fig. 9). The fractions of
tially enhanced by OA models that can represent realistic OAcontrollable POA, OPOA, and ASOA are 80, 91, and 98 %,
concentrations from anthropogenic OA in the atmospheraespectively, in our simulations over all of East Asia.

(the VBS scheme in this study), even if we do not change The fractions of POA, OPOA, and ASOA in the simulation
the treatment of BSOA formation processes in the model. Inwithout anthropogenic emissions (20, 9, and 2 % of the base
this study, the importance of this effect was shown for spring-case) are smaller than the fractions expected from emissions,
time over East Asia, where anthropogenic and biogenic emisbecause biomass burning sources account for 30 % of POA
sions interact closely. Similar interaction is expected overemissions and 10 % of aromatics emissions over the outer do-
other large emission sources such as the United States andain (Fig. 3c and d). An important reason for these smaller
Europe, implying the importance of AN-aging to BSOA con- fractions is the lower OH concentrations (by a factor of 3)
centrations on hemispherical and global scales. Therefore, tand the resulting slower oxidation rates of organic vapors in
obtain more accurate simulations of BSOA, which is consid-the simulation without anthropogenic emissions compared
ered to be dominant globally, it is important to use a realisticwith the base case simulation. In fact, the fraction of low-
OA formation scheme for anthropogenic sources. volatility organics (sum of vapors and aerosols) is smaller in

Figure 8a also shows the simulation results with aging pro-the simulation without anthropogenic emissions (not shown).
cesses from anthropogenic sources only (the Aging-an simu- BSOA mass concentrations are positively related to the
lation in Table 4). We can estimate the contribution of agingamounts of anthropogenic emissions, though the relationship
processes from biogenic sources (BIO-aging) by the differ-is weaker than the relationships for POA, OPOA, and ASOA
ence in OA between the Aging-on (base case) and Aging<{green line in Fig. 10). The fraction of controllable BSOA
an simulations (Fig. 9). BIO-aging slightly influences (less is 78 % in our estimation; thus a large portion of BSOA is
than 4-7 %) POA, OPOA, and ASOA, whereas it is impor- formed through the influence of anthropogenic sources (the
tant for BSOA (210 % increase). Therefore, the enhancemenénhancement of anthropogenic VOCs, N@nd preexisting
of anthropogenic OA by aging processes of biogenic VOCsOA) over East Asia.
is limited. The difference in the importance of AN-agingand The period-averaged controllable OA concentrations over
BIO-aging is because anthropogenic sources are dominarihe outer domain are 1.12 pgrhand are higher than the sum

over East Asia (Fig. 8b). of POA, OPOA, and ASOA concentrations (0.94 pgi
The fraction of controllable OA is 87% (Fig. 11a), sug-
5.2 Estimation of controllable OA gesting that most of OA is controllable and formed anthro-

pogenically in springtime over all of East Asia. The frac-

We estimate the contribution of OA influenced by anthro- tion of controllable OA is more than 90 % over most of India
pogenic emission sources (i.e., controllable OA). Here, weand China and its outflow regions and 60-80 % over South-
assume that biomass burning emissions are not anthrceast Asia, where BSOA concentrations are high (Fig. 11c),
pogenic (honcontrollable) sources, following the treatment inthough S/1IVOCs emissions and their aging processes have
Carlton et al. (2010). To estimate the contribution of control- large uncertainties (Sect. 2.3). The fraction of controllable
lable OA over East Asia, we conducted sensitivity simula- PM> 5 is 92 % in our estimation, though dust and sea salt
tions with various amounts of anthropogenic emissions rangfrom natural sources are not considered in this study.
ing from 0 to 200 % of base case emissions for both gaseous We conducted an additional sensitivity simulation to quan-
(CO, NG, SOy, VOCs, and primary S/IVOCs) and aerosol tify the importance of the oxidant change (OH concentrations
species (POA and BC). Other settings are similar to the basey a factor of 3) when estimating the controllable OA con-
case simulation. Biomass burning, biogenic, and volcaniccentrations. In this sensitivity simulation, we excluded the
emissions are not changed in these sensitivity simulations. emissions from combustion sources for aerosol species and

Period-averaged POA, OPOA, and ASOA concentrationsSOA precursors (primary S/IVOCs, aromatics (ARO1 and
normalized by those in the base case simulation increase aAR0O?2), alkanes (ALK4 and ALKS5), and olefins (OLE1 and
most linearly with anthropogenic emissions over the outerOLE?2)) without changing the emissions of the other gaseous
domain in the sensitivity simulations, except for the range ofspecies (CO, NQ SO, and other VOCSs). Period-averaged
anthropogenic emissions from 0 to 50 %, where the contribu-OH concentrations in this sensitivity simulation were nearly
tions from biomass burning sources are dominant (Fig. 10)the same as those in the base case simulation (the difference
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between the two simulations is 7% for OH and 0.3% for
HO, over East Asia). This sensitivity simulation reduced OA
concentrations by 73% and BSOA concentrations by 42 %
over East Asia. These results suggest that the OH change by
NOy and VOCs has a large potential to increase controllable
OA amounts over East Asia (from 73 to 87 % for total OA
and from 42 to 78 % for BSOA).

Carlton et al. (2010) estimated that more than 50% of
BSOA in the eastern United States was controllable. Global
modeling studies have shown that only 31 % (Tsigaridis et
al., 2006) and 21% (Hoyle et al., 2009) of the simulated
SOA increase from the preindustrial period to the present was
formed directly from anthropogenic VOC, and that the great-
est part of the remainder was BSOA enhanced by anthro-
pogenic sources (Hoyle et al., 2011). Spracklen et al. (2011)
made top-down estimates of a global SOA budget by us-
ing AMS measurements and global model simulations: these
estimates suggested that 71 % of SOA formed in the atmo-

Figure 10. Sensitivity of POA, OPOA, ASOA, and BSOA mass sphere was controllable. The contribution of controllable OA
concentrations to changes in anthropogenic emissions (CQ, NO estimated in this study is greater than previously estimated
SO, VOCs, S/IVOCs, POA and BC) at an altitude of about 1km contributions. The higher contribution of controllable OA

over the outer domain. Mass concentrations and anthropogeni¢, this study is because anthropogenic sources are domi-

emissions in the sensitivity simulations are normalized by those in

the base case simulation.

Atmos. Chem. Phys., 14, 9513535 2014

nant over East Asia and OA is enhanced considerably by ag-
ing processes of organic vapors from anthropogenic sources
(Sect. 5.1.3).
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(a) Al (b) Aging-off the fraction (from 75 to 87 %) of controllable OA are in-
creased by aging processes of organic vapors over East Asia.
N ~
non- non- .
°<Eq‘2f?g'[,j7'§'e cczgtsrml;le 6 Summary and conclusions
We simulated OA concentrations over East Asia and its out-
flow region by using the VBS approach. Model simulations
were evaluated via comparisons with the AMS measure-
ments in and around Tokyo (at the Komaba and Kisai sites
© __Fraction of controllable OA ‘ during the IMPACT-2 campaign in summer 2003 and the
" ‘ IMPACT-L campaign in summer 2004) and over the outflow
- 1.0 region in East Asia (at the Fukue and Hedo sites during the
% 0.8 A-FORCE campaign in spring 2009).
2 06 Model simulations with aging processes of organic va-
3 04 pors (S/IVOCs and OVOCs) reproduced the mass concen-

0.2

00 trations, temporal variations, and formation efficiency (i.e.,

SOA/Q; and OA/SQ ratio) of observed OA with reason-
able accuracy: the model reproduced SOA concentrations to
Lengiiade (deg) within 25% during the IMPACT campaign (NMB of21
Figure 11. Period-averaged (24 March—26 April 2009) fraction of and—13% at Komaba and Kisali, respectively), the SOA/O
controllable and noncontrollable OA mass concentrations at an altifatio to within 25 % at Komaba and Kisai, OA concentrations
tude of about 1 km over the outer domain for simulations (ajfor ~ to within 15 % at Fukue and within a factor of 2 at Hedo, and
without (b) aging. Period-averaged (24 March—26 April 2009) frac- the OA/SQ ratio to within 30 % at Fukue and Hedo. In con-
tion of controllable OA at an altitude of about 1 km over the outer trast, the simulations without the aging processes did not cap-
domain for the simulation with agin@). ture these features. The model without the aging processes
severely underestimated mass concentrations (by 76—88 %)
and formation efficiencies of OA (by 80-90 %) at the four
measurement sites. Thus, the oxidation of organic vapors is
Carlton and Turpin (2013) suggested that aerosol wateessential for realistic OA simulations over East Asia.
produced in anthropogenic aerosols (e.g.45®ould en- Concentrations of simulated POA and total SOA (OPOA
hance biogenic SOA mass concentrations in the eastern U$ ASOA + BSOA) peaked over northern and central China
through aqueous-phase chemistry. This process is not corand Southeast Asia, corresponding to large source regions
sidered in our model but could be an important mechanisnof anthropogenic and biomass burning emissions. Concen-
for enhancing controllable OA concentrations in East Asiatrations of ASOA (BSOA) were high over central and north-
because the spatial distributions of £S@nd OA are gener- ern China (Southeast Asia and southern China). Simulated
ally similar over East Asia. OA concentrations at an altitude of 1 km over East Asia were
Our estimation of the controllable OA fraction may in- highly sensitive to aging processes of organic vapors: relative
clude large uncertainties because biomass burning emissione the results of simulations without aging, total OA con-
are still highly uncertain over East Asia (Matsui et al., centrations increased from 0.24 to 1.28 pugPn{+440 %).
2013a). The estimation may also be highly sensitive to theAging processes also changed OA chemical composition: in
simulation periods due to the large seasonal and interannuahe simulation with the aging processes, the contributions of
variations of biomass burning over East Asia (Matsui et al.,OPOA and ASOA were 29 and 26 %, respectively, of total
2013a). Since biomass burning emissions are highest durin@A, whereas in the simulation without the aging processes,
February—April over Southeast Asia and during March—May about 70 % of total OA was POA.
over China (Matsui et al., 2013a), a higher fraction of con- We also examined the importance of the aging processes of
trollable OA is expected during the other seasons in terms obrganic vapors from anthropogenic (AN-aging) and biogenic
biomass burning emissions. sources (BlIO-aging). AN-aging was very important for the
Without aging processes, the domain- and period-averagednhancement of OA formation from both anthropogenic and
controllable OA is 0.18 pug i, and the fraction of control-  biogenic sources. AN-aging enhanced BSOA concentrations
lable OA is 75 % (Fig. 11b). The fraction is lower than that considerably{45 %), while the enhancement of OPOA and
in the base case simulation with aging processes. This is beASOA (SOA from anthropogenic sources) by BIO-aging was
cause the fraction of OPOA and ASOA, which are mainly very limited (less than 4-7 %). The difference in the impor-
formed from anthropogenic sources, is larger in the base casnce of AN-aging and BlO-aging is because anthropogenic
simulation. Both the amounts (from 0.18 to 1.12 pgdnand ~ sources are dominant over East Asia. These results show

80 100 120 140 160
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that BSOA concentrations are substantially enhanced by OAReferences

models that can simulate realistic OA concentrations from

change the treatment of BSOA formation processes in the

model. Therefore, to obtain more accurate simulations of
BSOA, which is considered to be dominant globally, it is im-
portant to use a realistic OA formation scheme for anthro-
pogenic sources.

The fraction of controllable OA estimated in our simula-
tions was 87 %, suggesting that most of the OA was control-
lable and formed anthropogenically in springtime over all of
East Asia. The fractions of controllable POA, OPOA, ASOA,
and BSOA were 80, 91, 98, and 78 %, respectively, which in-
dicated that a large portion of BSOA was formed through the

influence of anthropogenic sources (the enhancement of an-

thropogenic VOCs, N@Q and preexisting OA). These frac-

tions were greater than the fraction of anthropogenic emis-,
sions (70% of OA emissions and 90 % of aromatics emis-
sions over East Asia during the simulation periods). An im-
portant reason for these higher controllable fractions was
higher OH concentration resulting in faster oxidation rates of

organic vapors by considering anthropogenic sources. Both
Athanasopoulou, E., Vogel, H., Vogel, B., Tsimpidi, A. P., Pandis,

the amounts (from 0.18 to 1.12pug®) and the fraction
(from 75 to 87 %) of controllable OA were increased by in-
cluding aging processes of organic vapors over East Asia.
This study is a first step to examine OA concentrations and
their spatial distributions and the anthropogenic—biogenic
interaction in OA formation over East and Southeast Asia
and its outflow regions. Further validations of OA, pre-
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