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This study applies the nested-grid version of Goddard Earth Observing System (GEOS) chemical transport model
(GEOS-Chem) to examine future changes (2000–2050) in SOA concentration and associated direct radiative forc-
ing (DRF) over China under the Representative Concentration Pathways (RCPs). The projected changes in SOA
concentrations over 2010–2050 generally follow future changes in emissions of toluene and xylene. On an annual
mean basis, the largest increase in SOA over eastern China is simulated to be 25.1% in 2020 under RCP2.6, 20.4% in
2020 under RCP4.5, 56.3% in 2050 under RCP6.0, and 44.6% in 2030 under RCP8.5. The role of SOA in PM2.5 in-
creases with each decade in 2010–2050 under RCP2.6, RCP4.5, and RCP8.5, with a maximum ratio of concentra-
tion of SOA to that of PM2.5 of 16.3% in 2050 under RCP4.5 as averaged over eastern China (20°–45°N, 100°–
125°E). Concentrations of SOA are projected to be able to exceed those of sulfate, ammonium, and black carbon
(BC) in the future. The future changes in SOA levels over eastern China are simulated to lead to domain-averaged
(20°–45°N, 100°–125°E) DRFs of +0.19 Wm−2, +0.12 Wm−2,− 0.28 Wm−2, and −0.17 Wm−2 in 2050 rel-
ative to 2000 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. Model results indicate that future changes
in SOA owing to future changes in anthropogenic precursor emissions are important for future air quality plan-
ning and climate mitigation measures.
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1. Introduction

Secondary organic aerosol (SOA) is an important secondary pollut-
ant in the atmosphere that affects atmospheric visibility (Huang et al.,
2014; Yang et al., 2012), human health (Gaschen et al., 2010;
Mauderly and Chow, 2008; Rohr, 2013), and climate change
(Intergovernmental Panel on Climate Change (IPCC), 2013; Lambe
et al., 2013). Over China, with rapid industrialization and urbanization
over the past years, concentrations of PM2.5 (fine particulate matter
with a diameter of 2.5 μm or less) are at considerably high levels (Cao
et al., 2012;Wang et al., 2015; Zhang et al., 2012), and the contributions
of SOA to PM2.5 are large in present-day and future (Colette et al., 2013;
Huang et al., 2014; Liao et al., 2007).

Precursors of SOA include anthropogenic and biogenic volatile organic
compounds (VOCs). Aromatics species, such as benzene, toluene, and xy-
lene, are the most important anthropogenic precursors, which mainly
come from solvent usage, vehicle exhaust, and biomass burning (Zhang
et al., 2013). Biogenic SOA precursors such as isoprene andmonoterpenes
are released by various types of vegetation (Fu and Liao, 2012). Early stud-
ies indicated that anthropogenic contributions to global SOA production
and burden are about 10% (Henze et al., 2008; Tsigaridis and Kanakidou,
2003), which are much smaller compared with those from biogenic pre-
cursors. However, recent ambient observations suggested that SOA for-
mation from anthropogenic sources is large and even exceeds that from
biogenic sources (Ding et al., 2012; Stone et al., 2009; Zhang et al.,
2013).Modeling studies, on the basis offield observations, have examined
the reasons for the underestimation of anthropogenic SOA in air quality
models. By comparing with the ambient measurements during the Asia-
Pacific Economic Cooperation (APEC, October 14 to November 14, 2014,
Beijing), Li et al. (2017) showed that aromatic VOCs emissions and SOA
yields have low biases by using the Regional Atmospheric Modeling Sys-
tem and Models-3 Community Multi-scale Air Quality (RAMS-CMAQ)
model.With both aromatic emissions and yield parameters elevated, sim-
ulated SOA concentrations increased by nearly 4 times and compensated
for 23.5% of the underestimation in SOAmass. The lack of photochemical
aging process of aromatic species inmodels would also lead to low bias of
SOA (Farina et al., 2010; Jathar et al., 2011; Jo et al., 2013; Murphy and
Pandis, 2009). By comparing SOA concentrations simulated with the vol-
atility basis set (VBS) approach in the GEOS-Chem model with observa-
tions in Europe, the United States, and East Asia, Jo et al. (2013)
suggested a large impact of chemical aging on global SOAbudget; the con-
sideration of chemical aging of anthropogenic SOA leads to better agree-
ment with observations and a 53% increase in SOA production (from
26.0 to 39.9 Tg year−1) for year 2009. Furthermore, the presence of an-
thropogenic pollutants can facilitate biogenic SOA yields (Spracklen
et al., 2011), since the oxidized biogenic VOCs can be condensed to the
pre-existing primary organic aerosol (POA) or acids to form SOA
(Carlton et al., 2010; Henze et al., 2008; Hoyle et al., 2009; Weber et al.,
2007). Controlling manmade emissions would lead to reduction in both
biogenic and anthropogenic SOA (Hu et al., 2017). Therefore, the role of
anthropogenic emissions in SOA formation should earn much attention.

Better understanding of future air quality and future climate change
requires the estimation of future concentration and radiative forcing of
SOA. The future changes of SOA are dependent on future changes in
emissions, climate, and land use. Heald et al. (2008) reported by using
a coupled global atmosphere-land model that, over 2000–2100 under
the IPCC A1B scenario, the global SOA burden was projected to change
by +26%, +7%, +6%, and −14%, owing to future changes in biogenic
emissions, anthropogenic emissions, climate (through changing life-
time of pollutants, excluding the responses of biogenic emissions to
temperature), and land use, respectively. SOA production in Asia was
simulated to have large increases (78% in anthropogenic SOA and 29%
in biogenic SOA) over 2000–2100 because of the large increases in an-
thropogenic emissions in aromatics in this region. G. Lin et al. (2016)
used the Community Earth System Model (CESM) to estimate the ef-
fects of future changes in climate, emissions, and land use on SOA
concentrations. Future climate change was found to be the main driver
of future changes in SOA under RCP8.5, which would increase annual
mean global SOA burden by 25% during 2000–2100. Conversely,
changes in anthropogenic emissions (including SOA formation from
the uptake of glyoxal, methylglyoxal, and isoprene epoxydiols) and
land usewere simulated to reduce global SOA burden by 2% and 14%, re-
spectively. In summary, the impacts of emission, climate and land use
on future SOA vary with different scenarios, time slices and regions.
We emphasize the role of future changes in anthropogenic emissions
in this study because of the projected large future changes in aromatic
emissions (Heald et al., 2008).

Previous studies have reported the simulated SOA direct radiative ef-
fect (DRE, defined as the differences in radiative flux with and without
the presence of SOA) and direct radiative forcing (DRF, defined as the dif-
ferences in DRE with and without anthropogenic SOA). By using Oslo
CTM2, an off-line aerosol chemistry transport model, Hoyle et al. (2009)
reported that the increases in SOA burden from 0.33 to 0.50 Tg led to a
DRF of−0.06 Wm−2 from the preindustrial time (1750) to present-day
(2004), when SOApartitions only to organic aerosol.When SOApartitions
to both organic and sulfate aerosols, SOA was simulated to have a DRF of
−0.09 W m−2 over 1750–2004. A similar magnitude of forcing was ob-
tained by Myhre et al. (2013), who reported a mean SOA DRF of
−0.06Wm−2 over 1850–2000 from6models in theAeroComPhase II ex-
periment. Lin et al. (2014) simulated by using the Integrated Massively
Parallel Atmospheric Chemical Transport (IMPACT) model that the in-
crease in SOA burden from 0.59 Tg in the preindustrial time to 0.99 Tg in
present-day exerted adirect forcing ranging from−0.12 to−0.31Wm−2.

Previous simulations of SOA over China were mainly focused on
present-day SOA concentrations. There have been studies updating SOA
modules to capture the current spatiotemporal distributions of SOA on a
regional or national scale (Feng et al., 2016; Han et al., 2016), analyzing
the relative contribution from biogenic and anthropogenic precursors
(Han et al., 2016; Hu et al., 2017; Jiang et al., 2012), quantifying the local
and distant source contributions to SOA pollution in a certain area (J. Lin
et al., 2016), and evaluating the effects of changes in emission, climate,
and land cover and land use (LCLU) on SOA in the past decades
(Fu et al., 2016). Yin et al. (2015) estimated a SOA DRE of−1.12 Wm−2

at the top of atmosphere (TOA) in July 2006 by using the Regional Climate
Model system vision 4 (RegCM4). However, the projection of SOA in the
future atmosphere over China is barely implemented, not to mention
the associated radiative forcing due to the changes in SOA burden.

In this study, we simulate future changes in SOA levels and associ-
ated DRF over China under the Representative Concentration Pathways
(RCPs) scenarios. We use the nested-grid version of the global chemical
transport model (GEOS-Chem) with a high resolution of 0.5° × 0.667°,
driven by GEOS-5 assimilated meteorology. The VBS approach and up-
dated yield parameters are implemented in thismodel, andphotochem-
ical aging is accounted for to improve the performance of SOA
(Section 2). Section 3 compares our model results with observations.
Sections 4 and 5 present simulated oxidant concentrations and SOA
concentrations in China under the RCPs scenarios, with special attention
to the four heavily polluted regions, including Beijing-Tianjin-Hebei
(BTH, 36°–41°N, 114°–120°E), Yangtze River Delta (YRD, 29.5°–
32.5°N, 118°–122°E), Pearl River Delta (PRD, 21°–24°N, 112°–116°E),
and Sichuan Basin (SCB, 28°–31.5°N, 102°–108°E). The future roles of
SOA in PM2.5 under RCPs are examined in Section 6. The future DRF of
SOA over China is presented in Section 7.

2. Model description, datasets, and numerical experiments

2.1. GEOS-Chem model

The simulations of SOA are carried out using the nested-grid capabil-
ity of the GEOS-Chem model (version 9-01-03; http://acmg.seas.
harvard.edu/geos/) driven by GEOS-5 assimilated meteorological data
from the NASA's Global Modeling and Assimilation Office (GMAO) for

http://acmg.seas.harvard.edu/geos/
http://acmg.seas.harvard.edu/geos/
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year 2010. The model is nested over Asia (11°S–55°N, 70°–150°E), with
a horizontal resolution of 0.5°(latitude) × 0.667°(longitude) and 47 ver-
tical layers up to 0.01 hPa. Lateral boundary conditions are supported by
the global GEOS-Chem simulation at a horizontal resolution of 4°-
(latitude) × 5°(longitude) with the concentrations of tracers updated
every 3 h (Chen et al., 2009).

The GEOS-Chem model includes coupled O3-NOx-hydrocarbon
chemistry (Bey et al., 2001) and aerosols including sulfate (Park et al.,
2004), nitrate (Pye et al., 2009), ammonium, organic carbon (OC) and
black carbon (BC) (Park et al., 2003), soil dust (Fairlie et al., 2007), and
sea salt (Alexander et al., 2005). For POA, two tracers, hydrophobic
and hydrophilic POAs, are considered in the model. It is assumed that
50% of POAs emitted are hydrophobic (Park et al., 2003). The hydropho-
bic POA becomes hydrophilicwith an e-folding time of 1.15 days (Cooke
et al., 1999; Park et al., 2003). The organicmatter to organic carbon ratio
for POA is assumed to be 2.1 (Jo et al., 2013; Pye and Seinfeld, 2010).

SOA is simulated by VBS approach with aging process. The lumped
scheme and updated yield parameters of semi-volatile species can be
found in Jo et al. (2013). Themodel divides all the semi-volatile organics
into 6 bins by volatility. Each VOC is oxidized byOH, O3, andNO3 to form
semi-volatile species with yield parameters suggested by Farina et al.
(2010). These gas-phase oxidized species are allocated into 4 bins by ef-
fective saturation concentration, [C*]= [1, 10, 100, 1000] μgm−3,which
are then subject to gas-particle partition to formSOA. SOA formation de-
pends on NOx levels (Henze et al., 2008). The chemical aging enhances
SOA formation by reducing saturation vapor pressure to the next
lower bin during the oxidation of gas-phase semi-volatile species by
OH, thus, leading to increases in SOA mass yields (Jathar et al., 2011).
It should be noted that the aging is only applied to aromatic species,
since previous studies indicated that the consideration of aging of bio-
genic SOA in models resulted in overestimation of SOA concentrations
as compared with observations (Lane et al., 2008; Murphy and Pandis,
2009, 2010). Following Jo et al. (2013), we use the rate constant of 4
× 10−11 cm3 molecule−1 s−1 to calculate the amount of aged gas-
phase aromatic SOA at every time step. It is assumed that all SOA parti-
cles in this model are soluble.

Wet deposition in the GEOS-Chem model follows the scheme de-
scribed by Liu et al. (2001) and applies only to soluble aerosols and
gases. This scheme accounts for scavenging in convective updrafts, rain-
out, and washout (Mari et al., 2000). Dry deposition uses a standard
resistance-in-series model that is dependent on local surface types
and meteorological conditions, as described by Wesely (1989).

The all-sky aerosol DRE at the TOA was calculated via the Rapid Ra-
diative Transfer Model for GCMs (RRTMG), which was implemented
into GEOS-Chem model by Heald et al. (2014). RRTMG calculates
long-wave (in 16 bands) and shortwave (in 14 bands) radiative fluxes
using the correlated-k method, with wavelength covering from
230 nm through 56 μm. The DRE of a specific aerosol species is calcu-
lated as the change in radiative flux with and without the aerosol. SOA
DRE is calculated by zeroing POA in the optics of total organic aerosol
in RRTMG. The DRF of SOA is estimated by differentiating the DRE be-
tween the pre-industrial (1850) and the present day (2000–2050).
The samemeteorological fields of year 2010 are used for all the simula-
tions. For pre-industrial times, we shut down all the anthropogenic
emissions and set the global mean CH4 concentration at the level of
year 1850 (0.7 ppm).

2.2. Emissions

Global anthropogenic emissions of aerosols and their precursors
(NOx, carbonmonoxide (CO), non-methane VOCs (NMVOCs), sulfur di-
oxide (SO2), ammonia (NH3), BC, and OC) for each decade over the
years of 2000–2050 under the RCPs were obtained from the website
http://www.iiasa.ac.at/web-apps/tnt/RcpDb and then interpolated into
the grid cells of the GEOS-Chem model. The original RCP emissions
have a horizontal resolution of 0.5°(latitude) × 0.5°(longitude).
Emissions are from 10 anthropogenic sectors (transport, shipping, avia-
tion, energy, industry, residential and commercial combustion, solvents,
waste treatment and disposal, agriculture, and agricultural waste burn-
ing) and two biomass burning sectors (grassland fires and forest fires).
Emissions from shipping, aviation, and biomass burning have monthly
variations, while those from other sectors have only annual mean
values. We obtained monthly scaling factors from the Emission Data-
base for Global Atmospheric Research (EDGAR) for the project of the
Hemispheric Transport of Air Pollution (HTAP) vision 2 for the year of
2010, and applied them to all anthropogenic emissions except for ship-
ping and aviation for all years and all RCP scenarios. The rationality of
the scaling was described in Li et al. (2016).

The future changes in anthropogenic emissions of SO2, NOx, NH3,
and BC in China over 2000–2050 under the RCPs were shown in
Fig. S1. We emphasize here on anthropogenic emissions of aerosols
and aerosol precursors that have effects on SOA. Fig. 1 shows the evolu-
tions of annual emissions of benzene, toluene, xylene, and POA over
China in 2000–2050 under the four RCPs. Anthropogenic emissions of
toluene and xylene display a similar pattern over the period of
2000–2050, except that the peak values of xylene occur a decade behind
those of toluene, emerging in 2020 (2030) under RCP2.6 (RCP4.5). Both
species peak in 2030 under RCP8.5. The evolutions of these two aro-
matics agree with the changes of NMVOCs in Zhu and Liao (2016). Un-
like toluene and xylene, the emission of benzene increases from 2000 to
2010 (or 2020), and then decreases sharply to 2050 under RCP2.6,
RCP4.5, and RCP8.5. The temporal evolution of POA emission is consis-
tent with Li et al. (2016); emission peaks in 2010, keeps relative high
value in 2020, and then decreases significantly to 2050 under RCP2.6,
RCP4.5, and RCP8.5.

Biogenic emissions of NMVOCs are calculated by the Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN) (Guenther et al.,
2006), which are dependent on meteorological conditions, land cover
and vegetation types (Wiedinmyer et al., 2006) in the model.

Under RCP2.6 (RCP4.5), emissions of benzene, toluene, xylene, and
POA are projected to decrease by 66.2% (57.4%), 39.6% (27.2%), 36.3%
(18.3%), and 52.3% (73.9%) from 2000 to 2050, respectively. Under
RCP8.5, emissions of benzene, toluene, xylene, and POA in 2000–2050
change by −47.6%, +69.2%, +99.9%, and −47.9%, respectively. For
RCP6.0, Chinese emissions increase continuously from 2000 to 2050
for all species except benzene, and emissions of toluene, xylene, and
POA increase by 125.8%, 160.0%, and 45.7% by 2050, respectively.

2.3. Observations

SOA tracers were observed simultaneously at 10 sites in 6 regions
(North, East, Southwest, South, Northwest, and Northeast) of China
from October 2012 to September 2013. These Filter-based particle sam-
ples were analyzed using SOA-tracer method (Ding et al., 2014; Ding
et al., 2016; Ding et al., 2012). The observed concentrations of SOA are
provided by Dr. Ding (xiangd@gig.ac.cn) and his group.

2.4. Numerical simulations

Weperform simulations of SOAwith emissions in 2000–2050 under
the four RCPs. Meteorological fields are fixed at the year of 2010 for all
the simulations considering that 2010 has the most realist present-day
meteorology among 2000–2050. Each of the simulations is carried out
for 18 months with the first 6 months initialized for both the global
(4° latitude × 5° longitude) simulations that provide boundary condi-
tions and the nested grid (0.5° latitude × 0.667° longitude) simulations.
Since the meteorological fields and hence the biogenic emissions are
fixed at year 2010 in all simulations, future changes in SOA are mainly
caused by the changes in anthropogenic emissions.

Sensitivity studies are carried out to separate the role of future
changes in POA from that of future changes in aromatics under RCP4.5:

http://www.iiasa.ac.at/web-apps/tnt/RcpDb
mailto:xiangd@gig.ac.cn


Fig. 1. Evolutions of annual anthropogenic emissions (units: Tg species year−1) of benzene, toluene, xylene, and POA in China for the period of 2000–2050 under the four RCPs.
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(1) CTRL_2010_RCP4.5: The control simulation with global anthro-
pogenic emissions of aerosols and aerosol precursors at year
2010 levels under RCP4.5.

(2) POA_C2050: The same as the CTRL_2010_RCP4.5 simulation ex-
cept that POA emissions in China are set to the year 2050 levels.

(3) Arom_C2050: The same as the CTRL_2010_RCP4.5 simulation ex-
cept that aromatics emissions in China are set to the year 2050
levels.

(4) POA_Arom_C2050: The same as the CTRL_2010_RCP4.5 simula-
tion except that the emissions of POA and aromatics in China
are set to the year 2050 levels.

The impacts of 2010–2050 changes in POA, aromatics, and both of
them in China on SOA formation can be quantified by
(CTRL_2010_RCP4.5–POA_C2050), (CTRL_2010_RCP4.5–Arom_C2050),
and (CTRL_2010_RCP4.5–POA_Arom_C2050), respectively.

3. Simulated present-day SOA concentrations over China andmodel
evaluation

3.1. Seasonal mean surface-layer SOA concentrations

The simulated seasonal mean concentrations of SOA over China
(Fig. 2) exhibit large temporal and spatial variability. The highest con-
centrations of about 5.50 μg m−3 are simulated over eastern China in
JJA and SON, followed by the concentrations of about 5.00 μg m−3 in Si-
chuan Basin (SCB) in JJA and DJF. Such feature is in accord with other
modeling studies, which indicated that the simulated highest SOA con-
centrationswere in the range of 4 to 10 μgm−3 over 25°N–35°N of east-
ern China and SCB (Han et al., 2016; Hu et al., 2017; Jiang et al., 2012; J.
Lin et al., 2016; Yin et al., 2015). Over Beijing-Tianjin-Hebei (BTH) area,
SOA concentrations are about 4.50 μgm−3 in JJA and 2.50 μgm−3 in DJF.
The simulated seasonal variation in BTH is in good agreement with the
observed seasonality of SOA in Beijing reported by Lin et al. (2009). SOA
in the Yangtz River Delta (YRD) is similar to that in BTH, both in magni-
tude and seasonal variability. The simulated highest SOA in JJA in these
two regions can be explained by the strong photochemistry and high
biogenic emissions. On the contrary, for the Pearl River Delta (PRD) in
southern China, highest SOA exceeding 5.00 μg m−3 is found in SON,
while relatively low level is simulated in JJA. This is because pollutants
are diluted by the clean air from the oceans and washed out by precip-
itation during the East Asian summer monsoon (EASM) season (Zhao
et al., 2010). Observations also showed that high SOA concentrations
tend to occur in winter over PRD (Cao et al., 2003; Cao et al., 2004;
Duan et al., 2007). Overwestern China, low SOA concentrations are sim-
ulated during all the seasons, which can be attributed to the uncertainty
and incompleteness of emission inventory in this region, as indicated in
other modeling studies (Fu et al., 2012; Yin et al., 2015).

3.2. Comparison of simulated SOA concentrations with measurements

Fig. 3 compares simulated monthly mean SOA concentrations with
observed values at 10 sites as described in Section 2.3. Since the mea-
surements were carried out over years 2012–2013, we show in Fig. 3



Fig. 2. Simulated seasonal mean surface-layer SOA concentrations (units: μg m−3) for year 2010 under RCP4.5. The colored circles denote the observed seasonal mean concentrations of
SOA at 10 sites over Chinameasured byDing's group. The purple rectangles in JJA denote the four polluted regions: Beijing-Tianjin-Hebei (BTH, 36°–41°N, 114°–120°E), Yangtze RiverDelta
(YRD, 29.5°–32.5°N, 118°–122°E), Pearl River Delta (PRD, 21°–24°N, 112°–116°E), and Sichuan Basin (SCB, 28°–31.5°N, 102°–108°E). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the simulated SOA concentrations with year 2010 and year 2020 an-
thropogenic emissions under RCP4.5. Simulated SOA concentrations at
Taiyuan in northern China are in good agreement with observations,
with mean bias (MB) of 0.07 μg m−3 and normal mean bias (NMB) of
3.9%. At Beijing, located in northern China, simulated SOA concentra-
tions are high from April to October and low from November to next
March. Our simulation in Beijing can generally capture the observed
seasonal variation of SOA, except for a bit overestimation in June–July
and underestimation in December–January. The observedmonthly var-
iations of SOA concentrations at Hefei, Wuxi, and Qianyanzhou (eastern
China) are well reproduced except that themagnitude is overestimated
in certain months. This overestimation is especially prominent in Hefei,
where the observed SOA levels are about 1.00–2.00 μg m−3 in January–
June while the simulated values are 3.00–4.50 μg m−3 during the same
period. Model underestimation is found at the sites in southern China,
with MB (NMB) of −1.66 μg m−3 (−50.6%) and − 0.73 μg m−3

(−39.1%) at Kunming and Sanya, respectively. At Dunhuang, the site
in northwestern China, the simulated concentrations are too low to cap-
ture the features of the observed ones.

The scatterplot of simulated seasonal mean SOA concentrations ver-
sus observed values at 10 sites is shown in Fig. 4. Overall, the model un-
derestimates seasonal SOA concentrations with MB of −0.19 μg m−3

and NMB of −8.7%. The correlation coefficient (R) of 0.62 indicates
that the model can capture the spatiotemporal distribution of observed
SOA concentrations in China to some extent. However, the model per-
formance differs seasonally. Except for an overestimation in JJA, the
model underestimates the observed SOA in other seasons. The MBs
(NMBs) for DJF, MAM, JJA, and SON are −0.49 μg m−3 (−22.6%),
−0.14 μg m−3 (−7.3%), 0.32 μg m−3 (14.2%), and − 0.46 μg m−3

(−19.0%), respectively. These biases can be attributed to the uncer-
tainties in precursor emissions (Li et al., 2017; Fu et al., 2012) and
yield parameters (Lane et al., 2008; Li et al., 2017), and the complex for-
mation mechanism of SOA (Pye and Seinfeld, 2010; Fu et al., 2008; Lim
et al., 2010).
4. Projected changes in surface-layer hydroxyl radical concentra-
tions over China under the RCPs

It has been reported that gas-phase chemistry of aromatic hydrocar-
bons such as benzene, toluene and xylene is dominated by reactionwith
the hydroxyl radical (OH) (Calvert et al., 2002; Volkamer et al., 2002).
OH is responsible for almost 100% of the oxidation of aromatics on an
annual basis (Tsigaridis and Kanakidou, 2007). Relatively, reactions
with other oxidants like ozone and NO3 radicals as well as their photol-
ysis are negligible (Volkamer et al., 2002). Therefore, before the presen-
tation of the future concentrations of SOA, future changes in OH over
China are examined. Previous studies (Su et al., 2012; Zhu and Liao,
2016) indicated that future increases in NOx emissions result in the pro-
duction of OH radicals, while future increases in emissions of NMVOCs,
CO, and CH4 lead to loss of OH.

Projected percentage changes in annualmean surface-layer OH con-
centrations in 2010–2050 for each decade relative to 2000 under RCPs
are presented in Fig. 5. Under RCP2.6, OH concentrations increase over
a large fraction of China by 2030 due to the increases in NOx emissions
and the decreases in CO and CH4 levels (Fig. S1). Minor decreases of
10.0–20.0% are simulated over southern China in 2040–2050. Under
RCP4.5, OH concentrations are simulated to increase slightly over
China in 2010–2020, while widespread reductions are simulated in
2050 owing to the dominant role of NOx reductions, withmaximumde-
creases of exceeding 30.0% in southeastern China. For RCP6.0, large in-
creases in NOx emissions lead to overall increases in OH
concentrations over China despite the decreases around BTH in all the
years. Among the four RCPs, the largest increases in OH of exceeding
60.0% are simulated over southeastern China in 2010–2030 under
RCP8.5, which can be attributed to the significant increases inNOx emis-
sions over this region during these years (Zhu and Liao, 2016). Without
much NOx emission in the west, the gradually high levels in CH4 result
in lower OH concentrations over western China in 2020–2050 under
RCP8.5. The general distributions and magnitudes of OH changes over



Fig. 3. Comparison of simulatedmonthlymean SOA concentrations (units: μgm−3) in year 2010 (black lines) and year 2020 (red lines) under RCP4.5 withmeasurements (blue dots, thin
blue vertical lines denote the standard deviations) at 10 sites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison of observed and simulated seasonal mean SOA concentrations (units:
μg m−3) at 10 sites. Also shown in plot are the 1:1 line (black dashed) and linear fit
(solid blue line and equation), mean bias (MB, μg m−3), normalized mean bias (NMB),
and the correlation coefficient between observed and simulated concentrations (R). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Percentage changes in annual mean surface-layer OH concentrations (unit
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China during 2010–2050 relative to 2000 under the RCPs in this study
are similar to those presented by Zhu and Liao (2016), who ran a full-
chemistry simulation in 2000–2050 under the RCPs but excluded the
formation of SOA. Compared with Zhu and Liao (2016), our study simu-
lates a lower OH level in 2010–2050 over BTH, YRD, PRD, and SCB under
all the RCPs (Fig. S3), because the emissions of aromatics are relatively
large over these regions (Fig. S2) and the oxidation of aromatics con-
sumes OH radicals (~0.4 × 106 molecules cm−3) to form SOA, which
was not considered in the former study.

5. Projected future SOA concentrations over China under the RCPs

5.1. Future changes in annual mean SOA concentrations

Fig. 6 shows the projected changes in annual mean surface-layer
SOA concentrations for each decade relative to 2000 over China.
Under RCP2.6, simulated SOA concentrations increase throughout
China in 2010–2030. Maximum increases of 1.00–1.50 μg m−3

(~34.0%) are simulated in southern China and the SCB over
2010–2020. Reductions in surface-layer SOA concentrations are simu-
lated over almost all parts of China in years of 2040 and 2050. Largest
decreases of 1.50 μg m−3 (~35.0%) are simulated in 2050 over the
same areas where SOA shows maximum increases during 2010–2030.

Under RCP4.5, the projected evolution and spatial distributions of
SOA concentration are similar to those under RCP2.6. Annual mean
surface-layer SOA concentrations exhibit increases over a large fraction
s: %) over 2010–2050 for each decade relative to 2000 under the four RCPs.



Fig. 6. Predicted changes in annual mean surface-layer SOA concentrations (units: μg m−3) over 2010–2050 for each decade relative to 2000 under the four RCPs.
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of China in 2010. The increasing trend is throughout China in
2020–2030, with the maximum increases of about 1.00 μg m−3

(~26.0%) over SCB in 2020. Concentrations of SOA are projected to de-
crease in 2040–2050; the maximum decreases of 1.50 μg m−3

(~33.0%) are simulated in southern China and the SCB by 2050.
For RCP6.0, the annualmean surface-layer SOA concentrations dem-

onstrate a gradually rising trend in eastern China over 2000–2040 and
then stabilize over 2040–2050. Relative to 2000, large increases of
about 3.00 μg m−3 (~80.0%) are simulated to occur across Hunan,
Hubei, and Henan provinces, as well as the SCB during 2040–2050.

The RCP8.5 leads to overall increases in annualmean SOA concentra-
tions over China in all the simulated years, as a result of the increases in
emissions of toluene and xylene over 2010–2050 relative to 2000. SOA
concentrations reach peak values in 2030, with themaximum increases
of 2.50–3.00 μg m−3 (~62.0%) in Hunan, Hubei, and Henan provinces.
During 2040–2050, SOA concentrations show smaller increases of
b2.00 μg m−3 (b40.0%) over these regions owing to the dominant role
of reductions in toluene and xylene after 2030 (Fig. 1).

5.2. Future changes in seasonal mean SOA concentrations in the four
heavily polluted regions

Fig. 7 shows the projected changes in seasonal mean surface-layer
SOA concentrations averaged over the four heavily polluted regions, in-
cluding BTH, YRD, PRD and SCB (domains are marked in Fig. 2). Note
that the changes are calculated relative to year 2000. Fig. 8 shows the
maximum percentage changes in seasonal mean SOA concentrations
during 2010–2050 relative to 2000 and the years in which these maxi-
mums occur over these four regions.

Over the four regions, the surface-layer SOA concentrations exhibit
similar trends in all seasons (Fig. 7), with peak values found in 2020
under RCP2.6 and RCP4.5, in 2050 under RCP6.0, and in 2030 under
RCP8.5 (Fig. 8). The patterns of future changes in SOA concentrations
mimic the future changes in annual emissions of toluene and xylene
and do not follow those of benzene, which can be explained by two rea-
sons. First, the future changes in emissions of toluene and xylene are
larger than those of benzene, especially under RCP6.0 and RCP8.5
(Fig. 1). Second, according to chamber experiments, toluene and xylene
have higher reaction rate constants than benzene (Calvert et al., 2002;
Ng et al., 2007). The yield parameters of toluene and xylene in our
model are set to be 1.08 and 1.16 times higher than the yield parameter
of benzene (Jo et al., 2013), leading to the large impacts from toluene
and xylene on future SOA formation.

5.2.1. BTH
The projected future increases in SOA concentration are the largest

in JJA, followed by those in DJF, SON, and MAM (Fig. 7). The future in-
creases in precursor emissions over BTH are the largest in DJF among
all seasons. For example, in 2020 under RCP2.6, aromatics emission
over BTH increases by 0.14 GgC grid−1 month−1 in DJF and by
0.11 GgC grid−1 month−1 in other seasons. Similarly, relative to 2000,
the increase in POA emission in 2020 is larger in DJF than in other



Fig. 7. Relative changes (left Y axis, solid lines, units: μg m−3) and percentage changes (right Y axis, dashed lines, units: %) in seasonal mean surface-layer SOA concentrations over
2010–2050 for each decade relative to 2000 in the four polluted regions under the four RCPs.
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seasons under RCP2.6. The simulated maximum increases in SOA con-
centration in JJA can be attributed to the strongest photochemical
reactions.

Under RCP2.6, the largest increase of 1.00 μg m−3 (28.0%) in SOA
concentration is simulated in JJA in 2020. The maximum for RCP4.5 is
also found during this period, but with a relatively smaller magnitude
of change of about 0.68 μg m−3 (+18.8%). Under RCP6.0, the largest in-
crease by 2050 is 2.70 μg m−3 (75.0%) in JJA. For RCP8.5, the increases
reach peak in JJA in 2030, with an increase of 2.10 μg m−3 (59.0%) in
concentration. The largest decreases by 2050 are 1.28 μg m−3 (35.5%)
and 1.22 μg m−3 (34.0%) in JJA under RCP2.6 and RCP4.5, respectively.
There is no projected decrease relative to 2000 for RCP8.5, since the
emissions of toluene and xylene in 2010–2050, despite the mitigation,
are still higher than those in year 2000.

5.2.2. YRD
Over YRD, the simulated future increases in SOA have the largest

values in DJF and the second largest values in JJA. The largest future in-
creases in SOA are 1.02 μg m−3 (44.3%) in 2020, 0.67 μg m−3 (29.3%) in
2020, 2.70 μg m−3 (116.9%) in 2050, and 1.94 μg m−3 (83.7%) in 2030
under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. Themagnitudes
of changes are about the same inMAMand SON. It should be noted that,
in DJF and MAM, the future changes in SOA over YRD are slightly larger
than those over BTH. This can be attributed to the slightly higher precur-
sor emissions and lower latitudes (stronger photochemical reactions) of
YRD.

5.2.3. PRD
Future changes in SOA in PRD are the lowest among the four pol-

luted region in DJF, MAM, and JJA. Surface-layer SOA concentrations in
DJF exhibit the largest increases of 0.90 μg m−3 (33.2%) in 2020, 0.69
μg m−3 (25.4%) in 2020, 2.06 μg m−3 (75.9%) in 2050, and 1.51
μg m−3 (55.5%) in 2030 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, re-
spectively. Over PRD, future changes in SOA are the lowest in JJA
among all the seasons, although the future changes of precursor emis-
sions are not the smallest in JJA. For example, under RCP2.6 in 2020,
the increase in POA emission over PRD is the largest in JJA and the in-
crease in aromatics emission is the second largest in JJA just behind
that in SON. The small changes of SOA concentration in JJA can be attrib-
uted to the rainfall associated with the EASM, which suppresses



Fig. 8.Themaximumpercentage changes (units: %) of predicted seasonalmean SOA concentrations over 2010–2050 for eachdecade relative to 2000 in the four polluted regions under the
four RCPs. The solid (dotted) bars denote the maximum percentage increase (decrease). The years in which the maximum increases occur are marked by orange symbols. For example,
under RCP2.6 over BTH, the maximum percentage increase in DJF SOA occurs in 2020. Note that the maximum percentage decreases all occur in 2050, so we don't use symbols to mark
them out.
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photochemical production of pollutants over southern China (Zhao
et al., 2010). On the contrast, relatively large changes in SOA are simu-
lated in both DJF and SON. Note that the emissions of aromatics over
PRD are about the same in the four seasons. The comparable large SOA
changes in DJF and SON can be attributed to the warm weather due to
the low latitudes.

5.2.4. SCB
Over SCB, the largest increases are simulated in DJF under all RCPs,

with the maximums of 1.23 μg m−3 (+39.4%) in 2020, 0.89 μg m−3

(+28.3%) in 2020, 2.76 μg m−3 (+88.3%) in 2050, and 2.26 μg m−3

(+72.1%) in 2030 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respec-
tively. The largest decrease is simulated by 2050, with 1.02 μg m−3

(32.7%) in DJF and 1.04 μg m−3 (34.7%) in JJA under RCP2.6 and
RCP4.5, respectively.

Note that themagnitude of future changes in emissions of aromatics
in SCB is comparable to that in BTH (Fig. S2). For example, emissions of
aromatics over SCB (BTH) increase by 0.14–0.24 GgC grid−1 month−1

(0.12–0.33 GgC grid−1 month−1) in DJF in 2020 under all RCPs except
RCP6.0. However, the changes in SOA over SCB are larger than those
over BTH in all seasons except JJA. The lower latitudes and the unique
terrain of basin (not favorable for pollution diffusion) play an important
role in SOA concentration over SCB.

6. The contribution of SOA to PM2.5 over China under the RCPs

6.1. Annual mean contribution of SOA to PM2.5

Fig. 9 shows the annual mean contribution of SOA to PM2.5 over
2000–2050 under the four RCPs. PM2.5 is the sum of sulfate, nitrate,
ammonium, BC, POA, and SOA. The contribution of SOA to PM2.5 is
12.6% averaged over thewhole of China in 2010under RCP4.5. High per-
centages are simulated over western China, with the maximums ex-
ceeding 24.0% in Kunming, Sichuan and Xizang provinces. The
contributions over eastern China are relatively low with a domain-
averaged (20°–45°N, 100°–125°E) value of 9.9%. The discrepancy be-
tween eastern and western China can be attributed to the different
local PM2.5 levels which are higher in the polluted eastern China than
in the relatively clean western China. It should be noted that SOA is
from both anthropogenic and biogenic sources. In years 2000–2050,
biogenic SOA accounts for 36.0–46.7% of SOA and therefore contributes
4.0–7.3% to PM2.5, as values are averaged over the whole of China.

Under all the RCPs (except RCP6.0), simulated SOA contribution to
PM2.5 increase gradually with decades. The percentages averaged over
eastern China increase from 10.5%, 9.9%, and 11.1% in 2010 to 13.8%,
16.3%, and 15.3% in 2050 under RCP2.6, RCP4.5, and RCP8.5, respec-
tively, indicating that SOA plays a more and more important role in
the future. Under RCP6.0, however, the percentages barely change.

6.2. Projected contribution of SOA to PM2.5 in the four heavily polluted
regions

Fig. 10 shows the contributions of SOA to PM2.5 over the four heavily
polluted regions in DJF and JJA of 2000–2050 under the four RCPs. The
contributions of SOA to PM2.5 are 3.2–14.3% in DJF, and 10.0–27.0% in
JJA over these four regions. The larger percentages in JJA can be attrib-
uted to the abundant photochemistry formation of SOA as well as the
relatively low levels in PM2.5 during summertime (Li et al., 2016).
Fig. 11 shows the future changes in the concentrations of PM2.5 compo-
nents to see more clearly the future role of SOA.



Fig. 9.The contribution of SOA to PM2.5 (units: %) in China over 2000–2050 under the four RCPs. Thepercentages averagedover eastern China (20°–45°N, 100°–125°E; see thepurple frame
in the first panel) are shown in the bottom-right corner of each panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Over BTH, the contribution of SOA to PM2.5 in DJF is the least (about
3.0–6.0%) among all the aerosols in the present and future except that
SOA concentration (1.67 μg m−3) will overtake sulfate (1.37 μg m−3)
and BC (1.61 μg m−3) in 2050 under RCP8.5. Wintertime PM2.5 concen-
trations that meet First Grand National Standard (FGNS, annual PM2.5

concentration below 35 μg m−3) are predicted to occur in 2040 under
RCP2.6 and RCP4.5, and in 2050 under RCP8.5. In JJA, concentrations of
SOA (2.36–6.44 μg m−3) exceed those of BC (0.67–3.19 μg m−3) in all
the years under all the RCPs. Moreover, SOA (2.36–5.00 μg m−3) will
overtake sulfate (1.93–4.16 μg m−3) and ammonium (1.81–4.09
μg m−3) in 2050 under RCP2.6 and RCP4.5, and in 2040 under RCP8.5.
The years when summer PM2.5 levels meet the FGNS occur in 2030
under RCP2.6 and RCP4.5, and in 2040 under RCP8.5.

Over YRD, the contributions of SOA to PM2.5 in DJF (5.2–9.7%) are
larger than those over BTH. SOA (1.52–3.33 μg m−3) in DJF exceed BC
(1.34–2.51 μg m−3) in concentrations in 2050 under RCP2.6, and in
2040 under RCP8.5. In JJA, SOA (2.33–6.14 μg m−3) exceeds BC
(0.65–3.23 μg m−3) in all the years under all the RCPs. The concentra-
tion of SOA also exceeds that of sulfate (ammonium) in JJA 2040
(2030) under RCP2.6 and RCP8.5, and in 2050 (2040) under RCP4.5. In
consideration of the FGNS, PM2.5 concentrations in JJA are expected to
be controlled well for all the RCPs except RCP6.0. However, PM2.5 levels
in DJF reduce to b35 μg m−3 in 2040 under RCP4.5, and in 2050 under
RCP2.6 and RCP8.5.

Over PRD, the contributions of SOA to PM2.5 in DJF are highest among
all the regions, with percentages above 8.9% for all the RCPs. SOA
(2.03–5.12 μg m−3) overtakes BC (1.01–4.74 μg m−3) in concentrations
after 2030 under all the RCPs. The wintertime PM2.5 concentrations
meet FGNS in 2040 under RCP2.6 and RCP8.5, and in 2030 under
RCP4.5. In JJA, the concentration of SOA (1.66–3.73 μg m−3) overtakes
that of ammonium (0.97–3.20 μg m−3) in all the years under all the
RCPs. SOA overtakes BC (sulfate) in concentrations after 2030 (2040)
under RCP2.6 and RCP8.5, and after 2030 (2050) under RCP4.5. Future
PM2.5 levels in JJA are all under the FGNS, which do not exceed 10.00



Fig. 10. Predicted 2000–2050 changes in the seasonal mean contribution of SOA to PM2.5 (units: %) in DJF (left) and JJA (right) for the four polluted regions under the four RCPs.
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μgm−3 in 2050 under all the RCPs except RCP6.0. Therefore, if the emis-
sions in winter could be well constrained, PRD would be the most pos-
sible city that meets FGNS.

Over SCB, the concentration of SOA (2.08–4.64 μg m−3) in DJF over-
takes that of BC (1.53–3.32 μgm−3) in 2040under RCP2.6 andRCP8.5. In
JJA, SOA exceeds BC under all the RCPs and ammonium under RCP2.6
during the period of 2000–2050. SOA also exceeds ammonium in JJA
after 2030 under RCP4.5 and RCP8.5, and sulfate after 2040 under all
the RCPs except RCP6.0. Although PM2.5 in JJA is within FGNS, the con-
trol of PM2.5 pollution in DJF is challenging over SCB. High PM2.5



Fig. 11. Predicted PM2.5 component concentrations (units: μg m−3) in DJF (left column) and JJA (right column) over BTH, YRD, PRD, and SCB for the period of 2000–2050 under the four
RCPs. The dashed line in each plot denotes the baseline of 35 μg m−3 in PM2.5 concentration suggested by the FGNS.
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concentrations up to 60.00 μg m−3 are simulated in 2010–2030 under
all the RCPs. Wintertime PM2.5 concentrations b 35 μg m−3 only appear
in 2050 under RCP2.6 and RCP4.5.
Notably, over YRD and PRD, the years when PM2.5 concentrations
meet FGNS in this study are later than those predicted by Li et al.
(2016), who modeled PM2.5 without SOA. For example, under RCP8.5,
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thewinter PM2.5 over YRD below35 μgm−3will appear in 2050, instead
of 2040 as Li et al. (2016) predicted. Over PRD, the PM2.5 was expected
to meet FGNS well according to Li et al. (2016). However, in our study
the winter PM2.5 over PRD exceeds 35 μg m−3 in 2010–2020 under
RCP2.6 and RCP4.5, and in 2010–2030 under RCP8.5. Moreover, PM2.5

pollution in the future atmosphere will be worse if mitigationmeasures
are not taken timely, as implied by RCP6.0.

6.3. Sensitivity of SOA production to future changes in emissions of aro-
matics and POA

Table 1 shows that the mitigation of POA emission
(CTRL_2010_RCP4.5–POA_C2050) over 2010–2050 reduces SOA pro-
duction and burden over China by 0.17 Tg year−1 and 0.0014 Tg, respec-
tively. Future reductions in aromatics (CTRL_2010_RCP4.5–
Arom_C2050) reduce SOA production and burden by 0.46 Tg year−1

and 0.0052 Tg, respectively. The combined effect of reductions in emis-
sions of both POA and aromatics would lead to a reduction of SOA pro-
duction by 0.61 Tg year−1 and of SOA burdenby0.0064 Tg. These results
indicate that reducing the emissions of aromatics, which mainly come
from industrial solvent usage and vehicle exhausts, or replacing them
with environmentally friendly chemicals is helpful for the future control
of SOA pollution (Zhang et al., 2013).

7. Projected SOA DRF over China under the RCPs

The present-day (2010) all-sky DRFs at the TOA relative to pre-
industrial times (1850) are calculated to be−0.43 to−0.52Wm−2 av-
eraged over thewhole of China under the four RCPs (Fig.12). Regionally,
the largest negative DRF of exceeding −1.60 W m−2 is simulated over
the SCB. Table 2 compares our estimated present-day DRF values with
those reported in previous studies. The estimated annual mean DRFs
of SOA by other models were in a range of −0.01 to −0.41 W m−2 on
a global mean basis (Hoyle et al., 2009; Lin et al., 2014; Myhre et al.,
2013; Spracklen et al., 2011). The global and annual mean DRFs of
SOA from our global simulations (4° latitude × 5° longitude) are
−0.24 to −0.31 W m−2 under the four RCPs, which are within the
range obtained from other models. The simulated maximum DRF of
−1.60Wm−2 over China in our study also agrees closelywith themax-
imum DRFs of−1.00 to−1.50Wm−2 over eastern China as presented
by other models (Hoyle et al., 2009; Lin et al., 2014).

The projected annual mean all-sky SOA DRFs at the TOA for the pe-
riod of 2010–2050 relative to 2000 over China under the RCPs are
shown in Fig. 13. The evolution pattern of the SOA DRF is opposite to
that of SOA concentration (Fig. 6), since SOA exhibits a cooling effect.
The negative DRF relative to 2000 averaged over eastern China (20°–
45°N, 100°–125°E) peaks in 2020 under RCP2.6 and RCP4.5, and in
2030 under RCP8.5. The maximums are −0.13 W m−2, −0.12 W m−2,
and −0.25 W m−2 under RCP2.6, RCP4.5, and RCP8.5, respectively.
The positive DRF relative to 2000 is the largest over eastern China in
2050 under RCP2.6 (0.19 W m−2) and RCP4.5 (0.12 W m−2), because
emissions of POA and aromatics are considerably reduced by then
(Fig. 1). Under RCP6.0, the gradually increased anthropogenic emissions
lead to a strong negative DRF of−0.28Wm−2 over eastern China from
2000 to 2050. Under RCP8.5, the future increases in emissions of aro-
matics relative to 2000 (Fig. 1) lead to future increases in SOA mass
and negative SOA DRFs of −0.13 W m−2 to −0.25 W m−2 at the TOA
in 2010–2050. In 2050, the projected SOA DRFs averaged over eastern
China are calculated to be +0.19, +0.12, −0.28, and −0.17 W m−2

for RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. These DRFs are
comparable in magnitude to the annual and regional mean ozone
DRFs over eastern China (18°–45°N, 95°–125°E) of −0.11 to
+0.14 W m−2 in 2050 relative to 2000 (Zhu and Liao, 2016). Li et al.
(2016) reported that the DRFs of PM2.5 (exclude SOA) in 2050 relative
to 2000 averaged over eastern China (20°–45°N, 100°–125°E) are
+1.22, +1.88, −2.73, and +0.66 W m−2 under RCP2.6, RCP4.5,



Fig. 12. Simulated annualmean all-sky SOADRF (units:Wm−2) at the TOA for present day (year 2010) relative to preindustrial times (year 1850) under the four RCPs. TheDRFs averaged
over the whole of China are shown in the bottom-right corner of each panel.
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RCP6.0, and RCP8.5, respectively. The inclusion of SOA in PM2.5 will en-
hance the warming (cooling) effects of PM2.5 in 2050 under RCP2.6 and
RCP4.5 (RCP6.0), but counteract the warming effects in 2050 under
RCP8.5.

8. Conclusions

This study applied the nested-grid (0.5° × 0.667°) version of the
GEOS-Chem model to simulate future changes (2000–2050) of
surface-layer SOA concentrations and the associated DRFs over China
in response to future changes in anthropogenic emissions under the
four RCPs (RCP2.6, RCP4.5, RCP6.0, and RCP8.5). Comparisons of the
simulated present-day (year 2010) SOA concentrations with measure-
ments (year 2012–2013) at 10 sites over China demonstrate that the
Table 2
Comparisons of the simulated all-sky DRF of SOA at the TOA in this work with the values
reported in previous studies.

Reference Model Year Region DRF (W m−2)

Yin et al. (2015) RegCM4 July 2006 China −1.12a

Jo et al. (2013) GEOS-Chem 2009 Global −0.28a

O'Donnell et al.
(2011)

ECHAM5-HAM 2000 Global −0.31a

Spracklen et al.
(2011)

GLOMAP 2000 Global −0.26 ± 0.15

Lin et al. (2014) IMPACT 1870–2000 Global −(0.12–0.31)
Myhre et al.
(2013)

6 models 1850–2000 (or
2006)

Global −(0.01–0.21)

Hoyle et al. (2009) Oslo CTM2 1750–2004 Global −(0.06–0.09)
This study GEOS-Chem 1850–2010 Global −(0.24–0.31)b

China −(0.43–0.52)

a The values refer to DREs.
b The global DRFs are calculated from global (4° latitude × 5° longitude) simulations.
model can capture reasonably the spatiotemporal distributions of the
observed SOA levels (R = 0.62). The model tends to overestimate SOA
in JJA with a NMB of 14.2% and underestimate SOA concentrations in
other seasons with NMBs in the range of −7.3% to−22.6%.

The projected changes in annual mean SOA concentrations over
2010–2050 generally follow future changes in emissions of toluene
and xylene. The largest increase in SOA is found over eastern China in
2020 under RCP2.6 and RCP4.5, in 2050 under RCP6.0, and in 2030
under RCP8.5. Over the four heavily polluted regions, future changes
in seasonal mean SOA concentrations exhibit similar trends, but with
different magnitudes. Over BTH, the largest changes in SOA concentra-
tions are found in JJA, due to the strongest photochemical reactions in
this season. Over YRD, PRD, and SCB, the largest increases are simulated
inDJF among all the seasons. The largest increases over YRD (SCB) in DJF
are simulated to be 44.3% (39.4%) in 2020, 29.3% (28.3%) in 2020, 116.9%
(88.3%) in 2050, and 83.7% (72.1%) in 2030 under RCP2.6, RCP4.5,
RCP6.0, and RCP8.5, respectively.

For all RCPs, the contributions of SOA to PM2.5 are 3.2–14.3% in DJF,
and 10.0–27.0% in JJA over the four regions of BTH, YRD, PRD, and SCB.
The contributions of SOA to PM2.5 increase with time during
2010–2050 under RCP2.6, RCP4.5, and RCP8.5. Concentrations of SOA
are projected to be able to exceed those of sulfate, ammonium, and BC
in the future. The earliest timewith SOA exceeding sulfate in concentra-
tion is simulated to be JJA 2040 over YRD under RCP2.6 and RCP8.5 and
over SCB under all the RCPs except RCP6.0. SOA is simulated to exceed
ammonium in JJA 2030 over YRD under RCP2.6 and RCP8.5 as well as
over SCB under RCP4.5 and RCP8.5. Note that the contributions from
biogenic SOA are high in these regions, which account for 24.6–42.7%
(32.1–49.8%) in SOA averaged over YRD (SCB) in 2000–2050 under
the four RCPs.

The annual mean SOA DRF over eastern China (20°–45°N, 100°–
125°E) in 2050 relative to 2000 are simulated to be +0.19 W m−2 and
+ 0.12 W m−2, responding to reductions in SOA over this region



Fig. 13. Predicted changes in annual mean all-sky SOA DRF (units: Wm−2) at the TOA in China over 2010–2050 for each decade relative to 2000 under the four RCPs. The DRF averaged
over eastern China (20°–45°N, 100°–125°E, see the purple frame in the first panel) is shown in the bottom-right corner of each panel. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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under RCP2.6 and RCP4.5, respectively. Although RCP8.5 is a scenario
with mitigation, the emissions of toluene and xylene in 2050 are still
larger than those in 2000, resulting in an increase in SOA level and a
negative DRF of −0.17 W m−2 over eastern China. Under RCP6.0, an
overall increase of SOA leads to a negative DRF of −0.28 W m−2 over
eastern China in 2050.

Note that there are some sources of uncertainties in this study.
Firstly, our simulation of SOA only accounts for SOA formation from
semi-volatile VOCs; we don't consider other pathways like SOA forma-
tion from intermedium VOCs or semi-volatile POA (Pye and Seinfeld,
2010), the heterogeneous uptake of dicarbonyls (Fu et al., 2008), and
the aqueous reactions in clouds (Lim et al., 2010). Secondly, the optical
parameter used for SOA is as same as that of POA, which may induce
some bias for SOADRF (Yin et al., 2015). Thirdly, the impact of future cli-
mate change on future SOA levels on an interannual to decadal time
scale (Cai et al., 2017; Fu et al., 2016; Liao et al., 2006) is not considered
in our study. These are the issues that need to be further studied.
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