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Abstract We quantify the responses of aerosols to changes in emissions (sulfur dioxide, black carbon (BC),
primary organic aerosol, nitrogen oxides (NOx), and volatile organic compounds) over East Asia by using
simulations including gas-oxidant-aerosol coupling, organic aerosol (OA) formation, and BC aging processes.
The responses of aerosols to NOx emissions are complex and are dramatically changed by simulating
gas-phase chemistry and aerosol processes online. Reduction of NOx emissions by 50% causes a 30–40%
reduction of oxidant (hydroxyl radical and ozone) concentrations and slows the formation of sulfate and OA
by 20–30%. Because the response of OA to changes in NOx emissions is sensitive to the treatment of emission
and oxidation of semivolatile and intermediate volatility organic compounds, reduction of the uncertainty in
these processes is necessary to evaluate gas-oxidant-aerosol coupling accurately. Our simulations also show
that the sensitivity of aerosols to changes in emissions is enhanced by 50–100% when OA formation and BC
aging processes are resolved in the model. Sensitivity simulations show that the increase of NOx emissions
from 1850 to 2000 explains 70% (40%) of the enhancement of aerosol mass concentrations (direct radiative
effects) over East Asia during that period through enhancement of oxidant concentrations and that this
estimation is sensitive to the representation of OA formation and BC aging processes. Our results demonstrate
the importance of simultaneous simulation of gas-oxidant-aerosol coupling and detailed aerosol processes.
The impact of NOx emissions on aerosol formation will be a key to formulating effective emission reduction
strategies such as BC mitigation and aerosol reduction policies in East Asia.

1. Introduction

Aerosol particles in the atmosphere play an important role in the Earth’s climate system, both directly
(aerosol-radiation interactions) and indirectly (aerosol-cloud interactions) [Boucher et al., 2013]; they can also
cause a variety of human health problems [Pope et al., 2002]. Effective strategies to reduce aerosols and their
precursor gaseous species in the atmosphere are therefore urgently needed to address both climate and
human health problems. Black carbon (BC) aerosols, which absorb solar radiation efficiently, have large
positive radiative forcing. Reduction of BC emissions can reduce positive climate forcing in the short term
and mitigate global warming [Ramanathan and Xu, 2010; Bond et al., 2013]. Strategies to reduce aerosols
in megacities are also needed, especially for cities in East Asia (e.g., China and India), where severe air pollu-
tion due to ozone (O3) and aerosols occurs frequently [Chan and Yao, 2008].

The impacts of aerosols on climate and the responses of aerosols to emission reductions are generally
evaluated by using three-dimensional (global or regional) aerosol models. Various aerosol processes, such
as the transformation of BC particles by condensation and coagulation and the formation of organic aerosols
(OA) and nitrate aerosols, are important in these evaluations. The absorption efficiency and the cloud
condensation nuclei activity of BC particles are gradually enhanced by microphysical and chemical (aging)
processes during their transport in the atmosphere [Bond et al., 2006, 2013; Stier et al., 2006; Moteki et al.,
2007]. Some aerosol models can calculate these enhancements based on condensation and coagulation
[Jacobson, 2002; Bauer et al., 2013; He et al., 2016; Liu et al., 2016; Matsui, 2016a, 2016b]. Aerosol models
had severely underestimated OA formation rates and OA concentrations in the atmosphere, especially over
urban areas [Heald et al., 2005;Matsui et al., 2009; Utembe et al., 2011; Tsigaridis et al., 2014], but recent studies
have reported better agreement between observed and simulated OA concentrations over urban areas
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[Hodzic et al., 2010; Tsimpidi et al., 2011; Ahmadov et al., 2012]. Many aerosol models also consider the
formation of nitrate aerosols [Xu and Penner, 2012; Hauglustaine et al., 2014]. In addition, online simulations
of gas-phase chemistry and aerosol processes (gas-oxidant-aerosol coupling) are important [Shindell et al.,
2009] because oxidant species produced from nitrogen oxides (NOx) and volatile organic compounds
(VOC) change the formation rates of inorganic and organic aerosols. Many chemistry-aerosol models consider
gas-oxidant-aerosol coupling [Berglen et al., 2004; Bell et al., 2005; Fry et al., 2012; Yu et al., 2013]. Because
model representations of these gas and aerosol processes have improved considerably, an aerosol model
that can calculate these processes should be used to evaluate the responses of aerosols to emissions.
However, few aerosol models consider all these processes and improvements simultaneously.

In our previous studies, we developed an aerosol module called the Aerosol Two-dimensional bin module
for foRmation and Aging Simulation (ATRAS) [Matsui et al., 2014a] by using the framework of the Weather
Research and Forecasting and Chemistry (WRF-Chem) model with the Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) aerosol module. The WRF-Chem/ATRAS-MOSAIC uses a two-
dimensional bin representation (20 size bins for particles from 1nm to 10μm in dry diameter and up to 10
BC mixing state bins) to explicitly calculate a series of aerosol processes in the atmosphere, including OA
and nitrate formation and BC aging processes and their coupling with gas-phase chemistry.

In this study, we apply the WRF-Chem/ATRAS-MOSAIC model to East Asia, one of the largest sources of aero-
sols and their precursors in the world. Our aerosol modeling shows that gas-oxidant-aerosol coupling, OA for-
mation, and BC aging processes play important roles in simulations of aerosol concentrations, their radiative
effects, and their responses to changes of emissions (sulfur dioxide (SO2), BC, primary OA (POA), NOx, and
VOC) over East Asia. The model schemes and setups used in this study and the model simulations conducted
in this study are described in section 2. In section 3, we elucidate the sensitivity of aerosol mass concentra-
tions and radiative effects to reductions of primary emissions (section 3.1) and aerosol responses to emissions
from the past to the future (section 3.2) by focusing on the impact of changes in NOx emissions on aerosol
parameters through gas-oxidant-aerosol coupling processes.

2. Model Schemes, Setups, and Simulations
2.1. WRF-Chem/ATRAS-MOSAIC

We use the following chemistry schemes in the WRF-Chem/ATRAS-MOSAIC model. Gas-phase chemistry and
photolysis are calculated with the SAPRC-99 [Carter, 2000] and the Fast-J [Wild et al., 2000] schemes, respec-
tively. The nucleation rate at 1 nm is calculated by using the activation-type nucleation mechanism [Kulmala
et al., 2006] in the boundary layer and a binary homogeneous nucleation mechanism [Wexler et al., 1994] in
the free troposphere. A coefficient of 2 × 10�7 s�1 was adopted in the activation-type mechanism [Matsui
et al., 2011]. Coagulation is calculated with the scheme of Matsui et al. [2013a], which is an extension of a
semiimplicit algorithm of Jacobson et al. [1994]. Condensation and evaporation of sulfate and nitrate are
calculated with the MOSAIC module [Zaveri et al., 2008]. OA formation processes are calculated with the vola-
tility basis-set (VBS) scheme ofMatsui et al. [2014b], which uses nine volatility classes of semivolatile and inter-
mediate volatility organic compounds (S/IVOCs). Aqueous-phase and particle-phase OA formation processes
are not considered in our model, although OA formation has the potential to be more interactive with oxi-
dant and inorganic species when these formation processes are included in the model [Surratt et al., 2010;
Ervens et al., 2011, 2014; Liu et al., 2012]. Aerosol activation to cloud and aqueous-phase chemistry (for inor-
ganics) are calculated by the schemes of Abdul-Razzak and Ghan [2000] and Fahey and Pandis [2001], respec-
tively. The shift of bins due to condensation/evaporation and coagulation is calculated based on the scheme
of Matsui et al. [2013a]. Dry and wet deposition are calculated by using the scheme of Easter et al. [2004].

Optical and radiative parameters for aerosols are calculated off-line in this study [Matsui et al., 2013a, 2014a].
Aerosol optical properties are calculated for wavelengths of 300, 400, 600, and 999 nm using the codes of
Bohren and Huffman [1998] by assuming the shell-core representation (BHCOAT) for internally mixed BC par-
ticles and the well-mixed representation (BHMIE) for pure-BC and BC-free particles. The shell-core assumption
may overestimate/underestimate BC absorption because BC absorption is sensitive to the structure of BC and
coating material [e.g.,He et al., 2015]; however, the assumption is reasonable, at least over the outflow region
in East Asia during the simulation periods [Matsui, 2016a]. Using the optical parameters, shortwave radiative
transfer is calculated according to the Goddard scheme (a two-stream addingmethod based on Chou [1992]).
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Details of the WRF-Chem/MOSAIC model are given by Fast et al. [2006] and Zaveri et al. [2008]. Details of the
ATRAS model are given by Matsui et al. [2011, 2013a, 2013b, 2014a, 2014b].

2.2. Simulation Setups

We use the same simulation domains (outer and inner) as those used byMatsui et al. [2013a, 2014a] (Figure S1
in the supporting information). Horizontal grid spacings are 360 km and 120 km for the outer and inner
domains, respectively, and there are 13 vertical levels from the surface to 100 hPa. The simulation period is
from 21 March to 26 April 2009. We used the data over the inner domain from 24 March to 26 April for our
analysis of the results. The simulations have been validated in our previous studies [Matsui et al., 2011,
2013a, 2013b, 2014a, 2014b] by surface and aircraft measurements over the outflow regions in East Asia
[Takami et al., 2005, 2007; Kanaya et al., 2007; Kondo et al., 2010, 2011; Moteki et al., 2012; Oshima et al.,
2012; Takegawa et al., 2014]: BC, sulfate, and OA mass concentrations, number concentrations of aerosols
(>10 nm in diameter), BC mixing state, and O3 and OH concentrations.

We use anthropogenic and biomass burning emissions provided by Lamarque et al. [2010], and their his-
toric emissions in 2000 are used for the simulations in 2009 (section 3.1). Only these emission data are dif-
ferent from those used in the simulations of Matsui et al. [2014a]. The main conclusions obtained in this
study are not changed by the choice of these emissions (Figure S2). We also use the historic emissions
(from 1850 to 2000) and future emissions of the Representative Concentration Pathways (RCP) [Moss
et al., 2010] for sensitivity simulations in section 3.2. Biogenic emissions are calculated using the Model
of Emissions of Gases and Aerosols from Nature version 2 [Guenther et al., 2006]. Similar to previous studies
[Matsui et al., 2013a, 2014a], emissions of dust and sea-salt particles from natural sources are not consid-
ered. Primary aerosol emissions are given as pure-BC or BC-free particles from 40 nm to 10μm in dry
diameter. They are assumed to have lognormal distributions with a median diameter of 50 nm and a
standard deviation of 2.0. These assumptions are similar to those used by Matsui et al. [2013a, 2014a].
The parameters used in the VBS scheme are based on previous studies: the total emissions of S/IVOCs
and POA are 2.5 times the POA emissions [Tsimpidi et al., 2010], the oxidation by OH is calculated with a
rate constant of 4 × 10�11 (1 × 10�11) cm3mol�1 s�1 for S/IVOCs from POA and oxygenated POA (for
S/IVOCs from anthropogenic VOCs) [Murphy and Pandis, 2009], and the dry deposition velocity of S/IVOCs
is assumed to be half that of nitric acid [Ahmadov et al., 2012]. OA concentrations simulated with these
parameters are generally similar to those simulated by Matsui et al. [2014b] over East Asia when we use
the same emission inventory.

2.3. Model Simulations

To evaluate the sensitivity of simulated aerosols to changes in emissions, we conduct sensitivity simulations
by reducing the emissions for each of five emission species (SO2, BC, POA, NOx, and VOC) by 50% (section 3.1).
We also evaluate the responses of aerosols to the changes in emissions from 1850 to 2100 by using the his-
toric and RCP emissions; meteorological inputs in 2009 are used for these simulations (section 3.2).

We conduct model simulations with two different aerosol treatments (BASE and SIMPLE). The BASE simula-
tions calculate all aerosol processes in the ATRAS module (including OA and nitrate formation and BC aging
processes) by using a two-dimensional bin representation: 8 size bins for particles from 1 to 40 nm and 12 size
and 4 BCmixing state bins for particles from 40 nm to 10μm. The BASE simulations can treat pure-BC particles
(BC mass fraction of 0.99–1.00), BC-free particles (BC mass fraction of 0), and two classes of internally mixed
BC particles (BC mass fractions of 0–0.8 and 0.8–0.99). The enhancement of BC absorption efficiency by aging
processes is calculated from the information of internally mixed BC particles.

The SIMPLE simulations use the aerosol representation of size-resolved only: 20 size bins from 1nm to 10μm
in dry diameter (single mixing state for each size bin). In the SIMPLE simulations, aerosol radiative effects are
calculated without OA and nitrate formation and without enhancement of BC absorption, as described
below. OA formation processes are not considered in the SIMPLE simulations, and POA is treated as nonvo-
latile. Nitrate formation is considered in the WRF-Chem/ATRAS-MOSAIC simulations, but it is excluded in the
calculations of optical and radiative parameters by setting nitrate concentrations to zero. All particles are trea-
ted as internally mixed BC particles in the WRF-Chem/ATRAS-MOSAIC simulations, but they are treated as
pure BC or BC-free particles in the off-line optical calculations. In the optical calculations, particles are sepa-
rated into pure BC and BC-free particles by using the method of Matsui et al. [2013a, 2014a], in which total
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mass concentrations of each species are
conserved, but total number concentra-
tions are doubled. Because all BC is trea-
ted as pure-BC (externally mixed BC), the
optical and radiative parameters calcu-
lated in the SIMPLE simulations do not
include the enhancement of BC absorp-
tion efficiency by condensation and
coagulation processes.

The BASE simulations consider all pro-
cesses in Figure 1 (red, blue, and black
arrows), whereas the SIMPLE simulations
consider only the blue and black arrows
in Figure 1. Comparison of the BASE
and SIMPLE simulations allows us to con-
sider the importance of OA and nitrate
formation and BC aging processes.

3. Results and Discussion
3.1. Aerosol Responses to Reductions of Emissions

Figure 2 shows the sensitivity of aerosol mass concentrations (ΔM) at an altitude of 1 km to 50% reductions of
five emission species over East Asia in the BASE simulations. The emissions of S/IVOCs are treated as POA
emissions (not VOC emissions) in this study. Sulfate and BC concentrations decrease almost linearly (44%
for sulfate and 50% for BC) in response to 50% reductions in SO2 and BC emissions, respectively (two left col-
umns in Figure 2). The reduction of POA (+S/IVOCs) emissions reduces OA concentrations by 31%.

The responses to reductions of NOx and VOC emissions are much more complex (two right columns in
Figure 2). A 50% reduction of NOx emissions considerably reduces the concentrations of sulfate (by 24%)
and OA (by 30%), because oxidant concentrations are suppressed by the reduction of NOx emissions: the con-
centrations of OH, HO2, O3, H2O2, and NO3 decline by 40%, 9%, 27%, 12%, and 69%, respectively (Figure S3).
The lower oxidant concentrations slow both the conversion rate of SO2 to sulfate and the aging speed of
S/IVOCs. In contrast, the reduction of VOC emissions enhances OH concentrations (by 27%) so that sulfate
concentration is enhanced by 16%. The slight reduction (by 7%) of OA concentrations reflects the net effect

of the reduction of VOC concentrations
(lower emissions) and the faster aging
speed of S/IVOCs (higher OH concentra-
tions). In fact, anthropogenic and bio-
genic secondary OA (OA formed from
anthropogenic and biogenic VOCs) are
reduced by 30–45% due to the 50%
reduction of VOC emissions, whereas
oxygenated POA (OA formed from pri-
mary S/IVOCs) is enhanced by 25%
because of the enhancement of OH.
The responses of sulfate and OA con-
centrations to the changes in NOx and
VOC emissions are determined by the
sensitivity of sulfate and OA schemes
to oxidant concentrations in the model
simulations. OA is sensitive to reduc-
tions of NOx emissions in this study
because the OA formation rate calcu-
lated by the VBS scheme is strongly

Figure 1. Schematic illustration of aerosol formation and transformation
processes considered in the WRF-Chem/ATRAS-MOSAIC model. The blue
arrows show the gas-oxidant-aerosol coupling processes, and the red
arrows show the detailed aerosol processes such as OA and nitrate
formation and BC aging processes. BC(ext) and BC(int) denote externally
mixed and internally mixed BC, respectively. The red arrows from sulfate,
SOA, and nitrate show the enhancement of absorption and cloud
condensation nuclei activity of BC-containing particles by condensation
and coagulation processes. BASE simulations consider blue, red, and
black arrows. SIMPLE simulations consider only blue and black arrows.

Figure 2. Sensitivity of aerosol mass concentrations (ΔM) at an altitude of
1 km and aerosol direct radiative effect at the top of the atmosphere
(ΔDRETOA) to reductions of emissions by 50% for each of SO2, BC, POA,
NOx, and VOC over East Asia (domain- and period-averaged). The boxes
show ΔM for BASE simulations, and the lines show ΔDRETOA for BASE
(red) and SIMPLE (blue) simulations. We used the simulation results over
the inner domain (Figure S1).
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dependent on OH concentrations (compared with traditional OA schemes) because of the oxidation of
S/IVOCs and the resulting changes of gas-aerosol partitioning.

When OA formation is calculated without the S/IVOCs oxidation processes, the change in OA concentrations
by the reduction of NOx emissions is almost negligible in our simulations. When primary IVOC emissions are
ignored in the BASE simulation, the change in OA concentrations (due to the reduction of NOx emissions by
50%) is reduced by 40% (from 1.7 to 1.0μgm�3). These results show that the response of OA concentrations
to changes of NOx emissions is sensitive to the highly uncertain parameters of S/IVOC emissions and their
oxidation processes. Reducing their uncertainties is therefore important to evaluate gas-oxidant-aerosol
coupling accurately.

Based on these simulated responses of aerosols to reductions in emissions, we calculate the corresponding
changes in direct aerosol radiative effect at the top of the atmosphere under clear-sky conditions (ΔDRETOA;
Figure 2). The absolute values of ΔDRETOA in the BASE simulations are larger by 50–100% than those in the
SIMPLE simulations for the emissions of BC, POA, and NOx (increases of 68%, 49%, and 103%, respectively).
We attribute the difference of the estimated ΔDRETOA for BC emissions to the different treatments of BC
absorption enhancement for the BASE and SIMPLE simulations. The difference in ΔDRETOA for POA, NOx,
and VOC emissions can be explained by the treatment of OA formation processes. These results clearly show
the importance of OA formation and BC aging processes in obtaining accurate estimates of aerosol responses
to changes in emissions.

If gas-oxidant-aerosol coupling is not considered, the responses of ΔM and ΔDRETOA to the reduction of NOx

emissions will be much smaller because the changes of sulfate and OA concentrations are limited if both pre-
cursor (SO2, VOC, and S/IVOCs) and oxidant (OH, O3, and H2O2) concentrations do not change. This result sug-
gests that the responses of aerosols to changes in emissions change dramatically when gas-oxidant-aerosol
coupling is included in the simulations. Thus, including this coupling in simulations will be important to the for-
mulation of effective emission reduction strategies over East Asia.

Figure 3 shows the distributions of ΔM at 1 km and ΔDRETOA due to the reductions of emissions by 50%. The
distributions of ΔM for SO2 and POA emissions generally reflect the distributions of sulfate and OA mass con-
centrations, respectively. The ΔM for SO2 emissions is largest over northern and central China (Figure 3e); the
ΔM for POA emissions is also large over southern China and Southeast Asia (Figure 3g). The distributions of
ΔM for NOx emissions are explained by a combination of the distributions for SO2 and OA emissions
(Figure 3a). The results show that aerosol mass concentrations are most sensitive to changes in NOx (POA)
emissions over northern and central China and outflow regions such as Korea and Japan (over southern
China and Southeast Asia) in our simulations. The values of ΔM for VOC emissions are positive over China
and Southeast Asia and negative over the outflow regions. The distributions are determined by the reduction
of OA over China and outflow regions (lower VOC emissions) and the enhancement of inorganic aerosols
(higher OH concentrations) (Figure S4). The change of OA is positive over Southeast Asia and negative over
China and outflow regions (Figure S4a); although oxygenated POA is enhanced, POA and anthropogenic and
biogenic secondary OA are reduced by the reductions of VOC emissions (as shown above).

The distributions of ΔDRETOA reflect aerosol concentrations over all altitudes. The result that values of
ΔDRETOA are high at lower latitudes (20–30°N) for NOx and POA emissions (Figures 3b and 3h) is consistent
with the distributions of changes in aerosol optical depth (AOD) by the 50% reduction of emissions (Figure
S5). The distributions of ΔDRETOA are different from the distributions of ΔM likely because the mechanism
of upward transport of aerosols is different between lower and higher latitudes; aerosols at lower latitudes
are transported upward mainly by convection, and the peak concentration occurs at high altitudes [e.g.,
Matsui et al., 2013c; Oshima et al., 2013].

3.2. Aerosol Responses Using Emissions From the Past to the Future

Figure 4 shows oxidant concentrations (at an altitude of 1 km), aerosol mass concentrations (at an altitude of
1 km), optical parameters (at a wavelength of 600 nm), and radiative effects over East Asia from 1850 and
2100 simulated with historic and RCP2.6 emissions (simulations using RCP4.5, RCP6.0, and RCP8.5 emissions
are shown in Figure S6). Comparison of the results of the BASE and SIMPLE simulations shows that OA
concentrations in the SIMPLE simulations are lower than those in the BASE simulations (by 50–60%
during 2000–2100). The AOD differs for these two simulations, mainly because of the difference in OA

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024671

MATSUI AND KOIKE COMPLEX RESPONSE OF AEROSOL TO EMISSION 7165



concentrations. Absorption AOD (AAOD) in the SIMPLE simulations is underestimated, mostly because of the
treatment of BC absorption enhancement. The aerosol direct radiative effects under clear-sky conditions at
the surface (DREsurf) and at the top of the atmosphere (DRETOA) are also sensitive to the treatment of OA
formation and BC aging processes during 1850–2100. These results show the importance of these processes
in estimating impacts of aerosols on climate from the past to the future over East Asia.

We conducted sensitivity simulations to understand the impact of the increase of NOx emissions from
1850 on aerosol parameters through gas-oxidant-aerosol coupling processes. The BASE_NOx1850
(SIMPLE_NOx1850) simulations are the same as the BASE (SIMPLE) simulations, except for the treatment of
emission data. In the BASE_NOx1850 and SIMPLE_NOx1850 simulations, emission data from 1850 to 2100

Figure 3. Spatial distributions of ΔM at an altitude of 1 km and ΔDRETOA by 50% reductions of emissions.
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Figure 4. Simulation results (domain- and period-averaged) using emissions from 1850 to 2100 (RCP2.6 for 2050 and 2100)
and meteorological inputs in 2009: (a) OH concentrations (at 1 km altitude), (b) O3 concentrations (at 1 km altitude), (c)
sulfate mass concentrations (at 1 km altitude), (d) OA mass concentrations (at 1 km altitude), (e) column AOD, (f) column
AAOD, (g) DRETOA, and (h) DREsurf.
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are used for all gaseous and aerosol species,
with the exception of NOx. The NOx emis-
sions for 1850 are used for all simulations
in other years. Comparison of the results
of the BASE and BASE_NOx1850 simula-
tions shows that O3 and OH concentrations
in the BASE simulations increase consider-
ably (by factors of 2.8 and 4.1, respectively)
over East Asia from 1850 to 2000 (Figures 4a,
4b, and S7) as a result of increases of NOx

emissions by a factor of 5 (Table S1). These
increases of O3 and OH are generally consis-
tent with the results of previous studies
[Wang and Jacob, 1998; Murray et al.,
2014], although our simulations produce
much greater increases. Wang and Jacob
[1998] estimated that O3 and OH concentra-
tions in the lower troposphere increased by
more than 100% and 60%, respectively, in

the northern hemisphere midlatitudes from preindustrial times to the present, whereas they estimated that
global-averaged OH concentrations decreased by 9% since preindustrial times. H2O2 and HO2 concentrations
in the BASE simulation also increase by factors of 2.0 and 1.6, respectively, from 1850 to 2000.

The simulated increase of oxidant concentrations causes increases in OA and sulfate concentrations of
110–250% in 2000 and 30–130% in 2100, and it causes increases in AOD of 115% in 2000 and 85% in 2100
(Figures 4c–4e). AAOD increases by 16% in 2000 and by 9% in 2100 because BC absorption is enhanced by
increases in coating species (sulfate and OA) (Figure 4f). The absolute values of DREsurf are also enhanced
by 49% in 2000 and 40% in 2100 (Figure 4h). The change in DRETOA from 1850 to 2000 is an order of magni-
tude smaller for the BASE_NOx1850 simulations (�0.4Wm�2) than for the BASE simulations (�3.3Wm�2)
(Figure 4g) because negative DRETOA changes due to inorganic and organic aerosols are mostly canceled
by positive DRETOA changes due to BC in the BASE_NOx1850 simulations. The increase of NOx concentrations
enhances inorganic and organic aerosol concentrations, which leads to large negative changes of DRETOA in
the BASE simulations.

An important conclusion is that the increase of NOx emissions since preindustrial times may have contrib-
uted considerably to the increase of aerosol concentrations and radiative parameters since preindustrial
times as a result of the formation of oxidants such as OH and O3. We calculate the contribution of the
increase of NOx emissions to the enhancement of aerosol parameters from 1850 to 2000 (FE_NOx) with
the following equation:

FE _Nox;P ¼ CP;2000;BASE � CP;2000;BASE_NOx1850

CP;2000;BASE � CP;1850;BASE
(1)

where CP,Y,S is the domain- and period-averaged concentration or value of parameter P for year Y (2000 or
1850) and for simulation S (BASE or BASE_NOx1850). The values of FE_NOx for the SIMPLE simulations are also
calculated with equation (1) by using the SIMPLE and SIMPLE_NOx1850 simulations. The FE_NOx values in the
BASE simulations are estimated to be 73% for total mass concentrations (particulate matter less than 2.5μm
in diameter (PM2.5)), 61% for sulfate mass concentrations, 92% for OA mass concentrations, 61% for AOD,
17% for AAOD, and 39% for DREsurf (Figure 5). These results show the importance of changes of NOx

emissions from preindustrial times when simulating aerosol concentrations and radiative effects at the present
time. The results also suggest that reducing NOx emissionswould be an effective way to reduce aerosol concen-
trations over East Asia. The comparison of FE_NOx between the BASE and SIMPLE simulations shows that consid-
eration of OA formation and BC aging processes enhances the values of FE_NOx by 15–30% for PM2.5, AOD,
AAOD, and DREsurf and by 90% for OA (Figure 5). The representation of these aerosol processes is therefore
important for accurate estimation of NOx contributions through gas-oxidant-aerosol coupling processes.

Figure 5. The contributions of the increase of NOx emissions from
1850 to 2000 to the enhancement of aerosol parameters from 1850
to 2000 (FE_NOx) for total, sulfate, and OA mass concentrations at an
altitude of 1 km and for AOD, AAOD, and DREsurf (averaged over the
simulated domain and period). Equation (1) gives the definition of
FE_NOx.
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The results presented here are based on 1month simulations using meteorological inputs in 2009. Because
there are several limitations to our simulations, further studies will be needed in the future.

4. Summary

In this study, we quantified the sensitivity and complex responses of aerosols to changes in emissions over
East Asia by using simulations that took into account detailed microphysical and chemical processes, includ-
ing gas-oxidant-aerosol coupling, OA and nitrate formation, and BC aging processes.

The responses of aerosols to reductions of NOx emissions were complex and changed dramatically when gas-
oxidant-aerosol coupling was included in the simulations. A 50% reduction of NOx emissions considerably
reduced the concentrations of OH (by 40%), O3 (by 30%), sulfate (by 24%), and OA (by 30%) over the simula-
tion domain in East Asia. These reductions occurred because oxidant concentrations were suppressed by the
reduction of NOx emissions, and the lower oxidant concentrations slowed both the conversion rate of SO2 to
sulfate and the aging speed of S/IVOCs. Because the response of OA to changes of NOx emissions was
sensitive to the treatment of S/IVOC emissions and their oxidation processes, reducing the uncertainties in
these treatments is important to evaluate gas-oxidant-aerosol processes accurately.

The results of the responses of the aerosol direct radiative effect (ΔDRETOA) to reductions of emissions clearly
showed the importance of OA formation and BC aging processes in obtaining accurate estimates of aerosol
responses to changes in emissions. The absolute values of ΔDRETOA in the BASE simulations were about twice
the magnitude of those in the SIMPLE simulations for the emissions of BC, POA, and NOx (increases of 68%,
49%, and 103%, respectively).

Sensitivity simulations using emissions from 1850 to 2000 showed that O3 and OH concentrations increased
considerably (by factors of 2.8 and 4.1, respectively) over East Asia from 1850 to 2000 as a result of the
increase of NOx emissions after 1850. The contributions of the increase of NOx emissions to the enhancement
of aerosol parameters from 1850 to 2000 (FE_NOx) were very large because of gas-oxidant-aerosol coupling
processes. The values of FE_NOx in the BASE simulations were estimated to be 60–90% for PM2.5, sulfate,
and OAmass concentrations; 61% for AOD; 17% for AAOD; and 39% for DREsurf. The results suggest that redu-
cing NOx emissions would be an effective way to reduce aerosol concentrations over East Asia. Because the
values of FE_NOx were much smaller in the SIMPLE simulations (40% for PM2.5 and AOD, 20% for DREsurf, and
0% for OAmass concentrations and AAOD), the importance of NOx emissions depends on the representation
of aerosol processes in the model.

Our results suggest the importance of simultaneous simulation of gas-oxidant-aerosol coupling and detailed
aerosol processes, such as OA formation (including S/IVOCs emissions and their oxidation rates) and BC aging
processes, for the assessment of emission reduction strategies such as BC mitigation and aerosol reduction
policies in East Asia. Because whether NOx emissions in China increase or decrease in the future depends
on the policy scenario selected [Ohara et al., 2007; Xing et al., 2011; Zhao et al., 2013], an understanding of
the impact of NOx emissions on aerosol formation through changes in oxidant concentrations will be a key
to evaluating emission reduction strategies.
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