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Abstract Severe PM2.5 air pollution in China and the First Grand National Standard (FGNS), implemented
in 2016 (annual PM2.5 concentration target of less than 35μgm�3), necessitate urgent reduction strategies.
This study applied the nested-grid version of the Goddard Earth Observing System (GEOS) chemical transport
model (GEOS-Chem) to quantify 2000–2050 changes in PM2.5 air quality and related direct radiative
forcing (DRF) in China, based on future emission changes under the representative concentration pathway
(RCP) scenarios of RCP2.6, RCP4.5, RCP6.0, and RCP8.5. In the near term (2000–2030), a projected maximum
increase in PM2.5 concentrations of 10–15μgm

�3 is found over east China under RCP6.0 and RCP8.5 and
less than 5μgm�3 under RCP2.6 and RCP4.5. In the long term (2000–2050), PM2.5 pollution clearly improves,
and the largest decrease in PM2.5 concentrations of 15–30μgm

�3 is over east China under all RCPs
except RCP6.0. Focusing particularly on highly polluted regions, we find that Beijing-Tianjin-Hebei (BTH)
wintertime PM2.5 concentrations meeting the FGNS occur after 2040 under RCP2.6, RCP4.5, and RCP8.5, and
summertime PM2.5 concentrations reach this goal by 2030 under RCP2.6 and RCP4.5. In Sichuan Basin (SCB),
wintertime PM2.5 concentrations below the FGNS occur only in 2050 under RCP2.6 and RCP4.5, although
future summertime PM2.5 will be well controlled. The difficulty in controlling future PM2.5 concentrations
relates to unmitigated high levels of nitrate, although NOx and SO2 emissions show substantial reductions
during 2020–2040. The changes in aerosol concentrations lead to positive aerosol DRF over east China
(20°–45°N, 100°–125°E) by 1.22, 1.88, and 0.66Wm�2 in 2050 relative to 2000 under RCP2.6, RCP4.5, and
RCP8.5, respectively. When considering both health and climate effects of PM2.5 over China, for example,
PM2.5 concentrations averaged over east China under RCP4.5 (RCP2.6) decrease by 54% (43%) in 2050 relative
to 2000, but at the cost of warming with DRF of 1.88 (1.22)Wm�2. Our results indicate that it will be possible
to mitigate future PM2.5 pollution in China, but it will likely take two decades for polluted regions such as BTH
and SCB to meet the FGNS, based on all RCP scenarios. At the same time, the consequent warming effects
from reduced aerosols are also significant and inevitable.

1. Introduction

Fine particulate matter with a diameter of 2.5μm or less (PM2.5) is a major air pollutant that affects human
health [Lelieveld et al., 2015] and atmospheric visibility [Wang et al., 2009], as well as regional and global cli-
mate change [Intergovernmental Panel on Climate Change (IPCC), 2013]. In China, with rapid industrialization
and urbanization over the past several decades, concentrations of major PM2.5 components (sulfate, nitrate,
ammonium, black carbon (BC), organic carbon (OC), and mineral dust) are at considerably high levels [Qu
et al., 2010; Cao et al., 2012; Zhang et al., 2012; Jiang et al., 2015; Wang et al., 2015]. For example, in January
2013, over the Beijing-Tianjin-Hebei (BTH) region, monthly mean and daily maximum PM2.5 concentrations
reached ~200μgm�3 and 700μgm�3, respectively [Jiang et al., 2015]. Thus, the focus of attention on air
pollution induced by high PM2.5 concentrations is rising in China, with both the general public and the scien-
tific community, where the need to reduce emissions of primary air pollutants and precursors is a recognized
concern [Wang and Hao, 2012; Guo et al., 2014; He et al., 2014; R.-J. Huang et al., 2014; Zhuang et al., 2014; Gao
et al., 2015; Kelly and Zhu, 2016].

The representative concentration pathways (RCPs) [van Vuuren et al., 2011], in support of the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), include estimates of air
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pollutants and precursors spanning from 2000 to 2100 under a range of warming scenarios. These future sce-
narios, denoted as RCP2.6, RCP4.5, RCP6.0, and RCP8.5, represent global radiative forcings of 2.6, 4.5, 6.0, and
8.5Wm�2 in 2100 relative to preindustrial times, respectively. The projected air quality based on future
emission scenarios in the next several decades has emerged as an important topic of interest for the scientific
community [e.g., Carmichael et al., 2009; Butler et al., 2012; Kelly et al., 2012; Colette et al., 2013; Trail et al., 2014;
Lapina et al., 2015; Val Martin et al., 2015]. Using Canadian climate models and a regional air-quality
modeling system (A Unified Regional Air-quality Modeling System), Kelly et al. [2012] reported a largemidcen-
tury decrease (up to 3–10μgm�3) in summer PM2.5 relative to the present day over the eastern United States
(U.S.) under the RCP6.0 and SRES (Special Report on Emissions Scenarios) A2 climate. Colette et al. [2013] pre-
dicted that decrease in PM2.5 concentrations by 2050 in western Europe attributed to air pollutant emissions
could reach up to 60% under a reference scenario (resembling RCP8.5) and 75% under a mitigation scenario
(resemblingRCP2.6).Most recently, ValMartin et al. [2015], using the Community Earth SystemModel, also pro-
jected PM2.5 concentrations to show a future decrease (4μgm�3 and 2μgm�3, by 2050, over the eastern and
western U.S., respectively), under both RCP4.5 and RCP8.5. Such findings assist policymakers in identifying
mitigation targets for the improvement of future regional air quality.

Several studies have differentiated the relative importance between climate change and emission changes
when assessing future changes in PM2.5 air quality [e.g., Tagaris et al., 2007; Lam et al., 2011; Kelly et al.,
2012; Colette et al., 2013; Jiang et al., 2013; Val Martin et al., 2015]. Specifically, they confirm a primary role
played by emission changes, although climate change has the potential to abate PM2.5 pollution or
counteract reduction efforts by altering meteorological variables (e.g., precipitation, temperature, wind, rela-
tive humidity, and boundary layer height), as well as the occurrence of stagnation episodes, to influence the
emission, formation, transport, and removal of aerosols [Liao et al., 2006; Jacob and Winner, 2009; Fiore et al.,
2012; West et al., 2013; Horton et al., 2014]. For example, Lam et al. [2011] pointed out that 90% of the
predicted future decline (by 2050) in PM2.5 concentrations over the U.S. will be contributed by emission
reductions, with climate change only expected to account for around 10%. Colette et al. [2013] concluded that
the main factor affecting future PM2.5 air quality in Europe is air pollutant emissions, rather than climate
change or intercontinental transport. Similarly, Val Martin et al. [2015] also reported that changes in anthro-
pogenic emissions could account for more than 95% of projected decreases in PM2.5 concentrations by 2050
all the entire U.S., while climate change may slightly offset the benefits of emission reductions. Moreover,
Fiore et al. [2012] reviewed studies on the interaction between global climate and air quality and indicated
that the ranges in projections of air quality throughout the 21st century are mainly driven by emission
changes rather than by climate change—a notion also adopted in the 2013 IPCC report [Kirtman et al., 2013].

Only a few studies have investigated the impacts of future emission changes on projected PM2.5 air quality
over China. Carmichael et al. [2009] estimated how PM2.5 (including carbonaceous aerosols and sulfate only)
over Asia may change by 2030, based on a regional chemical transport model (Sulfur Transport and
Deposition Model), with future emission scenarios and fixed present-day meteorology. They predicted that
annual mean PM2.5 concentrations could increase by more than 15μgm�3 over populated eastern China
under the SRES A1B scenario, while the SRES B1 scenario only showed a slight increase (0.5–2μgm�3) over
China. Using the Community Multi-scale Air Quality Model, Xing et al. [2011] reported that PM2.5 concentra-
tions by 2020 will decrease by 16% relative to 2005 over China under a scenario of improved energy
efficiencies and strict legislation but will increase by 8% under a scenario of current control legislation and
implementation status. Using the global chemical transport model (GEOS-Chem) driven by the version 3 of
the Goddard Institute for Space Studies General Circulation Model (GCM) at a resolution of 4° × 5°, Jiang
et al. [2013] predicted that PM2.5 concentrations in eastern China would reduce by 1–8μgm�3 over
2000–2050, under the SRES A1B scenario, due to changes in emissions. However, these studies failed to pro-
vide much information on either future regional and local PM2.5 air quality or related evolution trends over
China, partly due to limited model resolution or an incomplete chemical mechanism for the formation of
aerosols (e.g., nitrate).

Climatic effects of air pollutants should be considered simultaneously when developing emission reduction
policies to improve air quality [Leibensperger et al., 2012; Liao et al., 2015; Turnock et al., 2016]. Using a regional
climate model with off-line aerosols (sulfate, OC, BC, mineral dust, and sea salt), Qian et al. [2003] quantified
annual mean direct radiative forcing (DRF) at the top of the atmosphere (TOA) of total aerosols to be
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�5.11Wm�2 in eastern China (21°–37°N, 110°–120°E) and �6.77Wm�2 in the Sichuan Basin (SCB). Chang
and Liao [2009] estimated the annual mean DRF of anthropogenic sulfate, nitrate, BC, and OC at the TOA
to be �2.50, �0.75, +0.58, and �0.13Wm�2, respectively, averaged over eastern China (18°–45°N,
95°–125°E), based on a GCM with online simulations of gas-phase chemistry and aerosols. These DRF
estimates are vastly different, resulting from emissions and chemistry scheme in the models as well as the
treatments of aerosol optical properties (e.g., mixing state and aging process). The evolution of future aerosol
DRF in China could be pronounced under conditions of improved air quality. Li et al. [2014] studied the dec-
adal variations of radiative forcing of anthropogenic aerosols for the period of 1850–2100 and showed that
TOA aerosol DRF in East Asia (20°–45°N, 100°–145°E) will reach a maximum of �1.21Wm�2 by the 2020s,
before decreasing to only �0.2Wm�2 by the end of this century under RCP8.5. Westervelt et al. [2015]
concluded that 30–40% of total climate warming in East Asia by 2100 under RCP8.5 will result from reduced
aerosol. Furthermore, to our knowledge, few studies have quantified the changes in aerosol radiative forcing
when emission reduction measures are taken.

Building upon our related work in which we focused on future ozone (O3) air quality over China [Zhu and Liao,
2016], here we examine future (2000–2050) PM2.5 concentrations and associated DRF in China driven by dif-
ferent RCP emission scenarios with fixed meteorology for the year 2010, using the nested-grid version of
GEOS-Chem model with a high resolution of 0.5° × 0.667°. We aim to quantify (1) the possible ranges of
PM2.5 concentrations over the period of 2000–2050 under the various RCPs, (2) how PM2.5 components vary
in cases of changed emissions, and (3) the corresponding evolution of future aerosol DRF. We do not include
any changes in climate that would also affect future PM2.5 concentrations; instead, we focus on the impacts of
anthropogenic emission changes alone, which is the primary target for improving PM2.5 air quality in China. A
description of GEOS-Chem model, the RCP emission scenarios, and the numerical simulations is provided in
section 2. In section 3, simulated present-day PM2.5 levels are compared with measurements. Section 4
describes the projected changes in PM2.5 air quality under the RCP scenarios, especially over polluted regions.
Section 5 presents the projected evolution of aerosol DRF. Section 6 discusses some implications that may be
useful for policymakers. Conclusions are given in section 7.

2. Model Description, Emissions, and Numerical Experiments
2.1. GEOS-Chem Model

We simulated PM2.5 components in China by using the nested-grid capability of GEOS-Chem model (version
9-01-03; http://acmg.seas.harvard.edu/geos/) driven by assimilated meteorological data from the Goddard
Earth Observing System (GEOS) of NASA’s Global Modeling and Assimilation Office [Chen et al., 2009]. The
simulation domain was nested over Asia (11°S–55°N, 70°–150°E), with a horizontal resolution of
0.5° × 0.667° and 47 vertical layers up to 0.01 hPa. Tracer concentrations at the lateral boundaries were pro-
vided by global GEOS-Chem simulations at a horizontal resolution of 4° × 5° and updated every 3 h.

GEOS-Chem model includes fully coupled O3-NOx-hydrocarbon chemistry and aerosols, including sulfate
[Park et al., 2004], nitrate [Pye et al., 2009], ammonium, OC and BC [Park et al., 2003], mineral dust
[Fairlie et al., 2007], and sea salt [Alexander et al., 2005]. Wet deposition of soluble aerosols and gases
follows the scheme of Liu et al. [2001], and dry deposition follows the standard resistance-in-series model
of Wesely [1989]. In this study, we focus on changes of future anthropogenic PM2.5 levels; thus, mineral
dust and sea-salt aerosols are not included in the total PM2.5 concentrations. Secondary organic aerosol
(SOA) is also excluded, because a large fraction (~70%) of SOA formation in China happens through oxi-
dizing biogenic volatile organic compounds (BVOCs) [Fu et al., 2012; Fu and Liao, 2012]. BVOC emissions
were kept constant because we fixed meteorological fields at year 2010 in simulations, but anthropogenic
changes in oxidants might influence SOA formation [Shilling et al., 2013; Xu et al., 2015; Rattanavaraha
et al., 2016].

The all-sky aerosol DRF at the TOA was calculated via the Rapid Radiative Transfer Model for GCMs (RRTMG),
which has been coupled online with GEOS-Chem model [Heald et al., 2014]. The RRTMG solves the radiative
transfer equation in 14 shortwave bands and 16 longwave bands, covering 230 nm through 56μm. We cal-
culated instantaneous shortwave and longwave radiative fluxes every 3 h. The sizes and optical properties
of aerosol species followed the methods of Heald et al. [2014]. The differences in radiative flux with and
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without aerosols are often referred to as the aerosol direct radiative effect (DRE). The DRF of aerosols can be
estimated by differentiating the DRE simulated with and without the presence of anthropogenic aerosols.

2.2. Emissions

Global anthropogenic emissions of air pollutants (NOx, carbon monoxide, nonmethane VOCs, sulfur dioxide
(SO2), ammonia (NH3), BC, and OC) for each decadal time slice over the period of 2000–2050 under the RCP
scenarios were obtained from http://www.iiasa.ac.at/web-apps/tnt/RcpDb and then implemented into
GEOS-Chem model. The native RCP emissions, with a gridded 0.5° × 0.5° resolution, included 10 anthropo-
genic emission activities (surface transport, shipping, aviation, energy production and distribution, industrial
combustion, residential and commercial fuel use, solvent use, waste management and disposal, agriculture,
and agricultural waste burning), and two biomass burning types (grass fires and forest fires).

RCP emissions are generally annualmean values, except for biomass burning, shipping, and aircraft emissions,
whichhavemonthly variations. Tobetter simulate aerosols over China,weobtainedmonthly scaling factors for
O3 precursors, aerosol precursors, and aerosols, from version 2 of the EDGAR (Emission Database for Global
Atmospheric Research) Hemispheric Transport of Air Pollution (HTAP) data set for the year 2010 [Janssens-
Maenhout et al., 2015], and applied these griddedmonthly scaling factors to the RCP anthropogenic emissions
for all years and RCP scenarios. Anthropogenic emissions over China fromHTAP aremainly based on themost
recent inventory (the Multi-resolution Emission Inventory for China: http://www.meicmodel.org), which has
been widely used in modeling aerosols over China [e.g., X. Huang et al., 2014; L. T. Wang et al., 2014; Huang
et al., 2015; Zhang et al., 2015a, 2015b;Wang et al., 2016]. The ratios betweenmaximumandminimummonthly
emissions of SO2, NOx, BC, andOC in China fromHTAP are 1.39, 1.31, 2.11, and 2.84, respectively, which are very
close to the values of 1.36, 1.27, 2.11, and 2.81 from the Intercontinental Chemical Transport Experiment Phase
B inventory [Zhang et al., 2009].Monthly variations ofNH3 emissions inChina fromHTAPare also ingoodagree-
ment with those compiled by the study of Paulot et al. [2014].

The evolutions of anthropogenic emissions for SO2, NOx, NH3, BC, and OC over 2000–2050 in China under the
RCP scenarios are shown in Figure 1. Total anthropogenic emissions of SO2, NOx, NH3, BC, and OC over China
in 2000 are 18.1, 11.6, 6.4, 1.3, and 2.9 Tg species yr�1, respectively. Over 2000–2050, the evolutions of all
species except NH3 experience a similar pattern of peak emissions occurring in 2010 or 2020, and a large
reduction in emissions appearing during 2030–2050, under RCP2.6, RCP4.5, and RCP8.5. SO2 emissions are
lowered by 86%, 80%, and 69% in 2050 relative to 2000, respectively, under RCP2.6, RCP4.5, and RCP8.5.
Relative to 2000, NOx emissions in 2020 (2050) increase (decrease) by 55% (36%), 54% (50%), and 132%
(1%), respectively, under RCP2.6, RCP4.5, and RCP8.5. BC (OC) emissions in 2050 decrease by 60–96%
(60–80%), compared with those in 2000, under these three RCPs. Interestingly, under RCP6.0, all of the
emissions hold an increasing trend. By 2050, emissions of SO2, NOx, BC, and OC have increased by 38%,
113%, 43%, and 41%, respectively. It should be noted that although the RCP6.0 scenario in China seems to
be unmitigated over 2000–2050, its emissions drop sharply after 2050, as one would expect (supporting infor-
mation of IPCC [2013]). NH3 emissions increase steadily from 2000 to 2050 (by 35–81%) under all the RCP sce-
narios, which will mainly be due to the increased population and food demand [van Vuuren et al., 2011].

Natural emissions follow the configurations in the standard GEOS-Chem simulation and are all fixed at the
year 2010. Lightning NOx emissions were described by Sauvage et al. [2007] andMurray et al. [2012], and soil
NOx by Yienger and Levy [1995]. NH3 emissions from soil, vegetation, and the oceans were from the Global
Emissions Inventory Activity inventory [Bouwman et al., 1997]. BVOC emissions were calculated from the
Model of Emissions of Gases and Aerosols from Nature [Guenther et al., 2006]. Natural emissions of BVOCs,
lightning NOx, and soil NOx emissions over China were dependent on year 2010 meteorology, which are
18.07 Tg C yr�1, 0.30 TgN yr�1, and 0.26 TgN yr�1, respectively.

2.3. Numerical Simulations

An overview of the numerical experiments is already provided in Zhu and Liao [2016]; thus, only a brief
description is provided here. Simulations were performed with present-day emissions (year 2000) and future
emissions (years 2010, 2020, 2030, 2040, and 2050) for each of the four RCP scenarios. All of the simulations
were driven by the assimilated GEOS-5 meteorology of the year 2010. Since we aim to simulate future PM2.5

air quality with 2010, 2020, 2030, 2040, and 2050 emissions, year 2010 is selected considering that 2010 has
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the most realist present-day meteorology among these years. Simulated concentrations of PM2.5 and its
components with meteorology of 2010 compare very well with those simulated with consecutive 5 year
(2008–2012) meteorology (see Figure S1 in the supporting information). Each of the simulations was
integrated for 18months, and the first 6months were treated as model initialization for both the nested
high-resolution (0.5° × 0.667°) and global (4° × 5°) simulations that provided the boundary conditions.

3. Simulated Current PM2.5 Levels Over China and Model Evaluation

GEOS-Chemmodel has been extensively applied to reproduce observed PM2.5 concentrations and their com-
ponents (including sulfate, nitrate, ammonium, BC, and OC) over China [e.g., Zhang et al., 2010; Fu et al., 2012;

Figure 1. Anthropogenic emissions (units: Tg species yr�1) of (a) SO2, (b) NOx, (c) NH3, (d) BC, and (e) OC in China for the
period of 2000–2050 under the four RCP scenarios (different colored lines). Recent emission inventories of aerosols and
aerosol precursors (different colored dots) for the years 2010 or 2006 are also shown in Figures 1a–1e (HTAP [Zhang et al.,
2009; Lu et al., 2011; Huang et al., 2012]), and all of these emissions are listed at year 2010 in comparison of those under RCP
scenarios. (f) Monthly variations of anthropogenic emissions for aerosols and aerosol precursors (units:
Tg speciesmonth�1) in China for the year 2010 from the HTAP inventory.
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Jiang et al., 2013; Lou et al., 2014; Mu and Liao, 2014; Yang et al., 2015; Li et al., 2016; Mao et al., 2016]. In this
section, we evaluate the ability of GEOS-Chem simulations driven by current (year 2010) RCP emissions to
reproduce the spatial distributions and seasonal variations of observed current surface-layer PM2.5 concentra-
tions. Figure 1 presents the current emissions of SO2, NOx, NH3, BC, and OC in China from several of the latest
inventories [Zhang et al., 2009; Lu et al., 2011; Huang et al., 2012; Janssens-Maenhout et al., 2015]. These afore-
mentioned emission inventories are widely adopted in modeling aerosols over China. Compared with these
inventories, current NOx emissions in China are underestimated by all the RCPs in 2010. Current emissions of
SO2 and BC are in good agreement with those from the 2010 emissions of RCPs, except RCP6.0. All the RCPs in
2010 except RCP2.6 underestimate current OC emissions in China, while OC emissions are highly overesti-
mated under RCP2.6. Current NH3 emissions are underestimated by all the RCPs. Here we mainly show the
simulated surface-layer PM2.5 concentrations driven by 2010 emissions under RCP4.5, which is seemingly
the closest scenario to current emission inventories.

3.1. Simulated Surface-Layer PM2.5 Concentrations

Figure 2 shows the simulated seasonal mean concentrations of sulfate, nitrate, ammonium, BC, OC, and PM2.5

(sum of sulfate, nitrate, ammonium, BC, and OC) over China from the simulation driven by 2010 emissions of
RCP4.5. The highest seasonal mean concentrations of PM2.5 over the North China Plain (NCP) are 70–80μgm-
3 in DJF (December-January-February), followed by 50–60μgm�3 in SON (September-October-November),
40–50μgm�3 in JJA (June-July-August), and 30–40μgm�3 in MAM (March-April-May), respectively. Over
the SCB, the highest PM2.5 concentrations are more than 80μgm�3 in DJF, but decrease to only 30–50μgm-
3 for the other three seasons. The simulated regions with high PM2.5 concentrations in China are consistent
with where haze pollution episodes have frequently happened during recent years [Zhang et al., 2012;Wang
et al., 2015]. The seasonal variations of PM2.5 concentrations also agree well with previous model results [e.g.,
Fu et al., 2012; Wang et al., 2013; Lou et al., 2014; Mu and Liao, 2014].

The simulated sulfate concentrations over the NCP are 15–20μgm�3 in JJA, due to strong photochemistry
during this season, while sulfate over south China demonstrates low concentrations of 4–8μgm�3 in JJA
as a result of enhanced wet removal associated with Asian summer monsoon precipitation [Zhang et al.,
2010]. In DJF, high concentrations of sulfate (20–25μgm�3) are found over the SCB, owing to large SO2 emis-
sions from the residential sector for winter heating. High nitrate concentrations are simulated over the NCP,
with 15–20μgm�3 in DJF and SON, and 8–15μgm�3 in JJA and MAM. This seasonal variation could be
explained by the low temperatures in DJF and SON favoring nitrate ammonium formation, and its formation
in JJA is enhanced by high emissions of NH3 [Huang et al., 2012]. Simulated ammonium concentrations are 6–
10μgm�3 over the NCP throughout the year and show high values of 10–15μgm�3 over the SCB in DJF. The
maximum concentrations of BC and OC reach 10 and 20–25μgm�3, respectively, over both the NCP and SCB
in DJF. Meanwhile, their low values are both found in JJA, due to decreased emissions and enhanced wet
scavenging by monsoon precipitation [Zhang et al., 2010; Fu et al., 2012].

3.2. Comparison of Simulated Concentrations With Measurements

Figure 3 shows the simulated spatial distribution of annual mean surface-layer PM2.5 concentrations under
the 2010 emissions of RCP4.5. Also shown are observations from an aerosol measurement network (China
Atmosphere Watch Network (CAWNET)) that produced monthly measurements of surface mass concentra-
tions of PM10 components at 14 sites for the period 2006–2007 [Zhang et al., 2012]. This set of measurements
has been widely applied to evaluate modeled aerosol concentrations in China [e.g., Fu et al., 2012; Jiang et al.,
2013; Lou et al., 2014;Wang et al., 2013; Gao et al., 2014; Huang et al., 2015; Zhang et al., 2015a; Li et al., 2016].
For comparison purposes, we converted the observed PM10 to PM2.5 by multiplying by 0.6, based on the sug-
gestion in Zhang et al. [2002]. It can be seen that observed high values of PM2.5 over the NCP and SCB, though
underestimated, are generally reflected in the GEOS-Chem simulations.

Figure 4 compares simulatedmonthly mean PM2.5 concentrations for the year 2010 under RCP scenarios with
observed values at five sites (Gucheng, Zhengzhou, Linan, Panyu, and Chengdu) from CAWNET, which are all
located in polluted regions (defined in section 4.2). At Gucheng, observed seasonal variations of PM2.5 con-
centrations are generally captured, except for low biases from October to February. The observed magnitude
and seasonal variations of PM2.5 concentrations at Zhengzhou are better reproduced than those at Gucheng.
Simulated PM2.5 concentrations at Linan and Panyu are in very good agreement with those from
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Figure 2. Simulated seasonal mean surface-layer concentrations (units: μgm�3) of sulfate, nitrate, ammonium, BC, OC, and PM2.5 (sum of sulfate, nitrate,
ammonium, BC, and OC) for year 2010 under RCP4.5 emissions.
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observations. At Chengdu, the model can successfully capture the observed PM2.5 concentrations in winter,
and low biases are found in the simulation during the other seasons. This underestimation can be partly
explained by the observed high ratios of secondary OC in total OC [Zhang et al., 2012] and the omission of
SOA in the simulations. It is also noted that simulated PM2.5 concentrations at these five sites are highly
consistent with each other under different RCP scenarios.

A comparison of seasonal mean concentrations of PM2.5 and their components between the simulations and
observations at 14 CAWNET is given in Figure 5. Scatterplots of simulated versus observed PM2.5 components
exhibit high correlation coefficients for sulfate (r= 0.69), nitrate (r= 0.68), ammonium (r= 0.73), and BC
(r= 0.53), but a relatively low value (r= 0.29) for OC. Table S1 in the supporting information shows correlation
coefficient and normalized mean biases (NMBs) for observed and simulated seasonal mean PM2.5 and its
components. For PM2.5, the lowest (highest) bias of �31% (�44%) is found in DJF (JJA), while the highest r
of 0.7 occurs in SON. As for sulfate-nitrate-ammonium (SNA) aerosol, simulated sulfate (nitrate) exhibits
highest NMB of �47% (�39%) in DJF (JJA). Model performance is better in simulating BC than OC. Overall,
total PM2.5 concentrations show a coefficient correlation (r) of 0.63 and a normalized mean bias (NMB) of
�37%. The low bias could be attributable to the underestimation of sulfate and OC; the simulated sulfate
and OC concentrations have NMBs of �43% and �57%, respectively, while the NMBs for simulated nitrate,
ammonium, and BC concentrations are only �15%, �5%, and �17%, respectively. The simulated low bias
in sulfate concentrations could be partly explained by lower emissions of NH3 and SO2 under RCP4.5
than in current emission inventories [Zhang et al., 2009; Huang et al., 2012]. Moreover, several recent studies
[e.g., He et al., 2014; X. Huang et al., 2014; Y. Wang et al., 2014] have proposed some possible pathways for
sulfate formation in China that are not fully considered in current models. The low biases in simulated OC

Figure 3. Simulated annual mean PM2.5 concentrations (units: μgm�3) for the year 2010 under RCP4.5 emissions. The
colored circles denote the annual mean PM2.5 concentrations measured at 14 sites of the China Atmosphere Watch
Network (CAWNET) [Zhang et al., 2012] during 2006–2007. Four polluted regions are highlighted by green rectangles:
Beijing-Tianjin-Hebei (BTH, 35°–40°N, 114°–120°E), Yangtze River Delta (YRD, 29.5°–32.5°N, 118°–122°E), Pearl River Delta
(PRD, 21°–23.5°N, 112°–116°E), and Sichuan Basin (SCB, 28°–31.5°N, 102.5°–107.5°E).
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could be attributable to underestimated OC emissions under RCP4.5 and the exclusion of SOA formation in
our simulations.

Wealso compareour simulated changes (2000–2010) of PM2.5with the changes fromtwoprevious studies: one
is a 15 year (1998–2012) global PM2.5 concentration data set at a resolution of 1° × 1° derived from satellite-
retrieved aerosol optical depth (AOD) products [Boys et al., 2014], and the other is simulated PM2.5 air quality
over 1990–2010 across the Northern Hemisphere using the Weather Research and Forecasting-Community
Multi-scale Air Quality model and historical emission inventories [Xing et al., 2015]. Over 2000–2010, our simu-
lated changes in PM2.5 averaged over east China (20°–40°N, 100°–125°E) under the RCPs are 3.6–5.3μgm

�3 (or
21–31%), which agree fairly well with the changes of 7.9 ± 2.7μgm�3 from Boys et al. [2014] and 4.8μgm�3

(22%) from Xing et al. [2015]. Generally, the simulations with 2010 RCP emissions can reproduce the spatial
distributions, seasonal variations, and historical changes of PM2.5 level in China reasonably well.

4. Projected Changes in PM2.5 Air Quality Over China Under RCP Scenarios
4.1. Future Changes in Annual Mean PM2.5 Concentrations

Figure 6 shows the projected changes in annual mean PM2.5 concentrations in 2010–2050 relative to 2000
over China. In the near term (2000–2030), the projected PM2.5 under RCP2.6 holds at a high level during
2010–2020, with a maximum increase of 20μgm�3 in 2020 relative to 2000 over the NCP and SCB. By

Figure 4. Comparison of simulated monthly mean concentrations (units: μgm�3) of PM2.5 for the year 2010 under RCP
scenarios (different colored dashed lines) with actual measurements (purple dots) at five CAWNET sites. These five sites
are all located in polluted regions (as indicated in the top-right corner of each panel, see Figure 3 for definitions).
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2030, increases in PM2.5 concentrations are generally less than 5μgm�3 across China. The evolution and spa-
tial distributions of projected PM2.5 under RCP4.5 are similar to those under RCP2.6. Under RCP6.0, PM2.5 con-
centrations demonstrate a rising trend during 2010–2030 and feature a large increase (10–15μgm�3) over
the NCP by 2030. Projected changes in PM2.5 under RCP8.5 in 2010–2020 closely resemble those under
RCP2.6. However, PM2.5 concentrations under RCP8.5 could increase by 5–15μgm�3 over a large fraction
of eastern China by 2030. Figure S2 shows the near-term changes in annual mean concentrations of PM2.5

components. The largest changes are found in nitrate concentrations, which increase by 6–8μgm�3 over
the SCB and NCP under RCP2.6, RCP6.0, and RCP8.5. Sulfate concentrations are projected to decrease
(increase) by 2–4μgm�3 over the NCP (south China) under RCP2.6 (RCP8.5). Predicted OC concentrations
in the near term decrease by 2–4μgm�3 over the NCP and SCB under RCP4.5, and changes in BC are
generally within ±2μgm�3 over China under all RCPs.

In the long term (2000–2050), large decreases of 15–20 (20–30)μgm�3 in PM2.5 concentrations under RCP2.6
(RCP4.5) are found over the NCP by 2050. Predicted PM2.5 concentrations under RCP4.5 exhibit the lowest
values, which mainly result from the low intensity of NH3 and OC emissions under this scenario (see
Figures 1c and 1e). High anthropogenic emissions under RCP6.0 contribute to the highest PM2.5 concentra-
tions among the RCPs, and the maximum increase (20–30μgm�3) is predicted to occur over the NCP and
SCB by 2040–2050. Under RCP8.5, projected PM2.5 concentrations over China are comparable with those
under RCP2.6. This can be explained by the fact that emissions of SO2 and NOx under RCP8.5 are larger by
121% and 55%, respectively, compared to those under RCP2.6, while NH3 emissions under RCP8.5 are lower
by 25%. Figure S3 shows the long-term changes in annual mean concentrations of PM2.5 components. By
2050, the decrease in sulfate concentrations reaches 4–8μgm�3 over large areas of east China under all
RCP scenarios except RCP6.0. Nitrate concentrations decrease by 4–8μgm�3 under RCP4.5 over the NCP,
but increase over south China by 0–8μgm�3, under RCP2.6, RCP4.5, and RCP8.5. Decreases in ammonium
and BC are small (less than 4μgm�3) in China under these three RCPs. OC concentrations decrease by
4–8μgm�3 over the NCP under all scenarios except RCP6.0.

Figure 5. Comparison of observed and simulated seasonalmean concentrations (units:μgm�3) of (a) PM2.5 and its components: (b) sulfate, (c) nitrate, (d) ammonium,
(e) BC, (f) OC at 14 CAWNET sites. The 1:1 (red dashed) line and linear fit (solid purple line and equation) are also shown in each plot. The r value is the correlation
coefficient between observed and simulated concentrations. All of the r values shown above are statistically significant at the 95% level.
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Based on the Atmospheric Chemistry and Climate Model Intercomparison Project multimodel outputs, Silva
et al. [2016] concluded that population-weighted PM2.5 concentrations over East Asia will decrease by 13, 15,
and 12μgm�3 in 2050 relative to 2000 under RCP2.6, RCP4.5, and RCP8.5, respectively. Compared with the
study of Jiang et al. [2013], who predicted a decrease in PM2.5 of 1–8μgm

�3 over east China in 2050 relative
to 2000 under the SRES A1B scenario, the decreases (by 5–30μgm�3) in PM2.5 concentrations over east China
under RCP2.6, RCP4.5, and RCP8.5 in this study are quite significant. The large decreases in PM2.5 concentra-
tions in our simulations can be partly attributed to the differences in emission reductions between RCPs and
A1B scenario and our higher model resolution that could better represent oxidant environment [Zhang et al.,
2011; Yan et al., 2016] and transport processes [Chen et al., 2009]. The projected changes in annual mean
concentrations of PM2.5 and their components under RCP2.6, RCP4.5, and RCP8.5 provide possible options

Figure 6. Projected changes in annual mean surface-layer PM2.5 concentrations (units: μgm
�3) for the period 2010–2050 relative to 2000 under four RCP scenarios.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025623

LI ET AL. FUTURE PM2.5 OVER CHINA UNDER RCPS 12,995



to control and mitigate PM2.5 air pollution on a national scale. In the following section, we pay particular
attention to PM2.5 air quality on the regional scale.

4.2. Future Changes in Seasonal Mean PM2.5 Concentrations in Four Heavily Polluted Regions

The National Ambient Air Quality Standards (GB 3095-2012), launched by Ministry of Environmental
Protection of China, will be implemented from 2016. The First Grand National Standard (FGNS) for annual
PM2.5 concentrations is no more than 35μgm�3. This standard is associated with a long-term mortality risk
of around 15% higher relative to the air quality guidelines (10μgm�3) [World Health Organization, 2005].
Thus, we focus on the evolution of projected PM2.5 levels over four heavily polluted regions (domains shown
in Figure 3) in China: BTH (35°–40°N, 114°–120°E), Yangtze River Delta (YRD, 29.5°–32.5°N, 118°–122°E), Pearl
River Delta (PRD, 21°–23.5°N, 112°–116°E), and SCB (28°–31.5°N, 102.5°–107.5°E). These four polluted regions
are all urbanized, large city clusters, in which health concerns induced by PM2.5 pollution make it urgent to
take emission reduction measures. Figure 7 shows the projected future changes (2010–2050) of seasonal
mean PM2.5 concentrations relative to 2000 over the four regions under all the RCPs, and their maximum

Figure 7. Projected changes in seasonal mean PM2.5 levels (units: μgm
-3) for the period 2000–2050 over four polluted regions in China under four RCP scenarios.
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percentage changes are presented in Figure 8. We also show future evolutions (2000–2050) of PM2.5 compo-
nents over the four polluted regions in Figure 9.
4.2.1. BTH
Under the RCP scenarios, except RCP6.0, the largest increase in PM2.5 concentration (~15μgm�3) is found by
2020, both in DJF under RCP2.6 and in JJA under RCP8.5, and their percentage changes relative to 2000 are
+33% for DJF and +53% for JJA (Figure 8). The maximum decrease by 2050 is in DJF, with 19μgm�3 (�43%),
25μgm�3 (�57%), and 18μgm�3 (�40%) under RCP2.6, RCP4.5, and RCP8.5, respectively. In Figure 8, it can
be seen that the largest percentage increases and decreases both occur in JJA under all RCPs, while the
smallest changes are found in DJF. In terms of the FGNS, wintertime PM2.5 concentrations that meet the
FGNS will occur after 2040 under RCP2.6, RCP4.5, and RCP8.5, and summertime PM2.5 concentrations will
reach this goal by 2030 under RCP2.6 and RCP4.5.

We then show in Figure 9a the evolution of PM2.5 components in DJF and JJA over BTH. Sulfate is the dominant
aerosol species in JJA at present, but it is projected to decrease obviously after 2020 following changes in SO2

emissions (Figure 1a). Nitrate concentrations hold high values during 2020–2040, even when NOx emissions
decrease (by 42–45%) during 2020–2040 under RCP2.6, RCP4.5, and RCP8.5. For example, the DJF nitrate con-
centrations for the year 2020 (2040) averaged over BTH are 18 (16), 16 (15), and 17 (19)μgm�3 under RCP2.6,
RCP4.5, and RCP8.5, respectively. High nitrate levels can be attributed to ammonium nitrate formation from
both continuous increases in NH3 emissions and reductions in sulfate concentrations [Wang et al., 2013;

Figure 8. The maximum percentage changes (units: %) of projected seasonal mean PM2.5 concentrations during
2010–2050 relative to 2000 over four polluted regions under four RCP scenarios. The maximum changes of increase
(decrease) are shown as colored (dotted) columns. The years when the maximum increases occur are denoted by orange
symbols, while the maximum decreases are all shown by 2050.
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Figure 9. Projected (2000–2050) PM2.5 component concentrations (units:μgm�3) over (a) BTH, (b) YRD, (c) PRD, and (d) SCB,
in (left column) DJF and (right column) JJA, under the different RCP scenarios. Also shown (by the dashed line) in each plot is
the First Grand National Standard (less than 35 μgm�3) for PM2.5 concentrations.
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Xing et al., 2015]. Future carbonaceous aerosols are considerably reduced, but OC in DJF by 2050 still accounts
for 26%, 18%, and 15% of total PM2.5 concentrations under RCP2.6, RCP4.5, and RCP8.5, respectively.
4.2.2. YRD
Among the RCP scenarios, except RCP6.0, the largest increase in PM2.5 concentrations is ~13μgm

�3 in DJF by
2020 under RCP2.6, and the maximum decrease (20μgm�3) is found in DJF by 2050 under RCP4.5. As for per-
centage changes, themaximum (minimum) values are +35% (�49%), +36% (�58%), and +39% (�50%) in JJA
of 2020 (2050) under RCP2.6, RCP4.5, and RCP8.5, respectively. In consideration of the FGNS, future PM2.5

levels in summer are expected to be controlled well, while winter PM2.5 concentrations less than 35μgm�3

only appear after 2030. The evolutions of PM2.5 components in YRD (Figure 9b) are very similar to those in
BTH. With reduced sulfate concentrations in the future, the relative contribution of nitrate to PM2.5

concentrations is expected to increase. Nitrate could account for 50% (38%), 47% (26%), and 53% (36%) of
PM2.5 concentrations in DJF (JJA) by 2050 under RCP2.6, RCP4.5, and RCP8.5, respectively, while its
contribution to PM2.5 in 2000 is only 25% (16%) in DJF (JJA). Following their emissions (Figures 1d and 1e),
carbonaceous aerosols are projected to reduce considerably, with seasonal mean concentrations of
0.6–1.9μgm�3 for BC and 1.4–5.8μgm�3 for OC by 2050.
4.2.3. PRD
Future PM2.5 concentrations in PRD are the lowest among the four polluted regions. The evolutions of PM2.5

levels during 2000–2050 relative to 2000 are very similar to one another under the different RCPs, except
RCP6.0. The largest increases in PM2.5 concentrations are 5–6μgm

�3 in DJF and SON by 2020, and the max-
imum decreases of 6–10μgm�3 by 2050 are also found in these two seasons. The largest percentage
changes (increase or decrease) are found in SON (Figure 8). Projected PM2.5 levels are under the FGSN, which
do not exceed 5μgm�3 for JJA and 15μgm�3 for DJF by 2050. As for PM2.5 components (Figure 9c), the lar-
gest difference in PRD compared with the other regions is that nitrate concentrations are doubled by 2050
relative to 2000, suggesting the importance of controlling nitrate over PRD in the future.
4.2.4. SCB
Under the different RCP scenarios, except RCP6.0, the largest increase in PM2.5 concentration of ~18
(9)μgm�3 is found by 2020 in DJF (JJA) under RCP2.6 (RCP8.5), and the percentage change relative to 2000
is +35% for DJF and +53% for JJA. The maximum decrease is simulated in DJF by 2050, by 16μgm�3 (32%),
24μgm�3 (48%), and 7μgm�3 (14%) under RCP2.6, RCP4.5, and RCP8.5, respectively. Compared with BTH,
the control of future PM2.5 pollution, especially in DJF, over SCB, is also challenging. In terms of the FGNS,
PM2.5 concentrations in winter less than 35μgm�3 are only shown under RCP2.6 and RCP4.5 by 2050,
although summertime PM2.5 is generally lower than 25μgm�3 during 2000–2050 under all RCPs, except
RCP6.0. It should be noted that there is a low bias in our simulated summertime PM2.5 concentrations when
compared with the CAWNET observations. The evolutions of PM2.5 components in SCB (Figure 9d) reflect
those in BTH and YRD. Nitrate concentrations account for 48–51% of total PM2.5 in DJF by 2050, and in
JJA contributions from nitrate and OC to PM2.5 are generally comparable under RCP2.6 and RCP4.5.

In summary, future PM2.5 air quality over these polluted regions clearly improves under RCP2.6, RCP4.5, and
RCP8.5. In consideration of the FGNS, however, controlling PM2.5 pollution in BTH, YRD, and SCB will be chal-
lenging. Under both RCP2.6 and RCP4.5, wintertime (summertime) PM2.5 in BTH that meets the FGNS is pre-
dicted to occur in 2040 (2030). In SCB (YRD) under these two scenarios, PM2.5 concentrations in DJF below the
FGNS are expected in 2050 (2040), while summertime PM2.5 is well controlled. Under RCP8.5, wintertime
(summertime) PM2.5 in BTH that meets the FGNS will occur in 2050 (2040). In DJF and under RCP8.5, PM2.5

concentrations reaching the FGNS are projected in 2040 in YRD, but the FGNS is never achieved in SCB.
Future PM2.5 air pollution will be worse if reduction measures are not taken timely, as RCP6.0 indicates.
Note that natural aerosols and SOA were not considered in our projected PM2.5 levels. Thus, if future PM2.5

levels over BTH and SCB are expected to meet the FGNS, a conservative estimate is that it will take at least
two decades to realize this goal, based on the RCP2.6, RCP4.5, and RCP8.5 scenarios.

5. Projected Evolutions of Aerosol DRF Over China Under the RCPs
5.1. Comparison of Simulated Aerosol Optical Depth With Observations

Figure 10 shows the simulated annual mean aerosol optical depth (AOD) for the year 2010 at 550 nm from
the GEOS-Chem simulation driven by 2010 emissions under RCP4.5 and compares it with ground-based
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observations from the Aerosol Robotic Network (AERONET) [Holben et al., 2001] and satellite retrievals
from Microwave Integrated Retrieval System [Martonchik et al., 1998] and MODIS (Moderate Resolution
Imaging Spectroradiometer) [Remer et al., 2005]. Simulated AOD includes both anthropogenic and natural
aerosols (dust and sea salt). The AERONET AOD at 550 nm is obtained by logarithmically interpolating AOD
between 440 nm and 675 nm from multiyear (2005–2014) averaged values at 20 sites in China (see details
in Table S2). The Multiangle Imaging Spectroradiometer (MISR) AOD for the year 2010 is averaged over
the monthly level-3 product (MIL3MAE4) in the green band (555 nm) with a resolution of 0.5° × 0.5°, and
the MODIS AOD for the year 2010 is based on the monthly level-3 product (MYD08_M3) from the Aqua
satellite at 550 nm with a resolution of 1° × 1°. The model results show high AODs of 0.8–1 over SCB
and 0.6–0.7 over the NCP and south-central China (e.g., Hunan and Hubei provinces), and both of these
ranges are consistent with the locations of high anthropogenic emissions and PM2.5 concentrations.
These three regions of high AOD can also be found in the AERONET AOD and satellite retrievals; however,
the magnitude of AOD varies among these observations, with high AOD values of 0.8–1 from MODIS and
0.5–0.7 from MISR.

The comparisons of seasonal mean AOD between simulated and satellite retrieved values are shown in
Figure S4. High AOD over SCB and eastern China in DJF and MAM seen by MODIS is well captured by the
model. Simulated AOD over eastern China in JJA exhibits low bias in comparison with retrieved AOD. In
SON, simulated and observed AODs are in good agreement over high-AOD regions. Qi et al. [2013] found that
compared to AOD from AERONET sites in northern China, MODIS retrievals tend to overestimate AOD from

Figure 10. Annual mean (year 2010) AOD (colored scale bar, bottom) from (a) GEOS-Chem simulations for the year 2010 under RCP4.5 emissions at 550 nm, (b) MISR
retrievals in the green band, and (c) MODIS retrievals at 550 nm. The grey indicates the missing data. The retrieved AOD (colored circles) at 550 nm for 20 sites from
multiyear (2005–2014) AERONET observations is also shown in Figure 10a (see details in Table S2). (d) Simulated annual mean (year 2010) all-sky aerosol DRF (colored
scale bar, top) (units: Wm�2) at the TOA under RCP4.5 emissions (DRF from natural aerosol is excluded because the meteorology is fixed at year 2010 simulations).
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and MISR generally underestimates AOD. Our simulated AOD at the AERONET sites has a correlation coeffi-
cient (r) of 0.87 and a NMB of �22% (Table S2). Overall, the modeled magnitude and spatial distribution of
AOD agree closely with observations.

5.2. Future Evolution of Aerosol DRF Over China

Figure 10d shows the simulated all-sky aerosol DRF for the year 2010 at the TOA under RCP4.5. A strong aero-
sol DRF of more than�8Wm�2 is apparent over SCB, NCP, and south-central China, which is consistent with
the spatial distribution of AOD (Figure 10a). The simulated DRF averaged over east China (20°–45°N, 100°–
125°E) is �5.12Wm�2, which is very similar to the annual mean DRF of total aerosols (�5.11Wm�2) in east-
ern China (21°–37°N, 110°–120°E) obtained by Qian et al. [2003]. The total aerosol DRF over eastern China was
only�2.40Wm�2 in the simulation of Chang and Liao [2009], who excluded nitrate DRF in their calculation of
total DRF.

The projected annual mean all-sky aerosol DRF at the TOA for the period 2010–2050 relative to 2000 over
China is shown in Figure 11. In each panel’s top-right corner, the regional values averaged over east China
(20°–45°N, 100°–125°E) are shown. The negative DRF relative to 2000 averaged over east China peaks in
2020, with value of �1.02Wm�2 under RCP2.6, �0.94Wm�2 under RCP4.5, and �1.10Wm�2 under
RCP8.5. By 2050, the positive DRF (relative to 2000) is the largest over east China under RCP2.6, RCP4.5,
and RCP8.5, because emissions of aerosols and aerosol precursors (except NH3 emissions) are considerably
reduced by then (Figure 1). The aerosol DRF in 2050 relative to 2000 averaged over east China is a warming
of 0.66Wm�2 under RCP8.5 and of 1.88Wm�2 under RCP4.5. As for RCP2.6, the value is 1.22Wm�2, lying
between the values of RCP4.5 and RCP8.5. High anthropogenic emissions under RCP6.0 result in a strongly
negative DRF during 2000–2050, and the aerosol DRF over east China in 2050 relative to 2000 is�2.73Wm�2.

We also show, in Figure 12, the all-sky speciated aerosol DRF at the TOA for the period 2010–2050 over east
China (as defined in Figure 11). Under RCP2.6, RCP4.5, and RCP8.5, the total aerosol DRF changes from
approximately �5Wm�2 in 2010 to �3.6 to �2.4Wm�2 in 2050, which is mainly caused by less cooling of
1.7–1.9Wm�2 from sulfate, less cooling of 0.4–0.7Wm�2 from OC, and less cooling of 0.2–0.4Wm�2 from
ammonium in 2050 relative to 2010. The BC DRF shows an obvious decrease in warming of 0.4–0.7Wm�2

from 2010 to 2050, but it counteracts the warming due to the decreases in concentrations of scattering aero-
sols [Li et al., 2016]. The cooling by nitrate DRF is enhanced by 0.3–0.7Wm�2 over east China from 2010 to
2050, and nitrate becomes the largest contributor to the total aerosol DRF after 2030. By 2050, the nitrate
DRF over east China under RCP8.5 is 0.5Wm�2 higher than that under RCP4.5. This indicates that about half
of the difference in year 2050 aerosol DRF between RCP4.5 and RCP8.5 can be attributed to the difference in
nitrate DRF.

The projected aerosol DRF in 2050 relative to 2000 averaged over eastern China is warming of 1.22, 1.88, and
0.66Wm�2 under RCP2.6, RCP4.5, and RCP8.5, respectively. These changes are significant when compared to
the global annual mean radiative forcing values by carbon dioxide (+1.82Wm�2) and tropospheric O3

(+0.40Wm�2) [IPCC, 2013]. In addition, the increasing importance of nitrate DRF in total DRF in the future
has also been reported by other studies [e.g., Hauglustaine et al., 2014; Li et al., 2015; Paulot et al., 2016]. Li
et al. [2015] concluded that nitrate will contribute to over 60% of the total aerosol DRF in East Asia by the
end of this century. Furthermore, projected contributions of nitrate AOD to global total anthropogenic
AOD are predicted to increase from a present-day value of 13% to 46–64% in 2100 under different RCPs
[Hauglustaine et al., 2014].

6. Implications for Mitigation Options

The evolution of projected PM2.5 levels under different RCP scenarios has important implications for mitiga-
tion options of regional PM2.5 pollution. According to the Paris Agreement contracted last year, there is a goal
to keep the increase in global mean temperature below 2°C, relative to preindustrial levels, and an aim to limit
the increase to 1.5°C. RCP2.6 and RCP4.5 are the two scenarios whose increases in temperature are likely not
to exceed 1.5°C and 2°C, respectively [IPCC, 2013]. Over polluted regions in China, therefore, the expectation
should be to achieve a decrease in PM2.5 concentrations of 38–58% in 2050 relative to 2000, to adhere with
the Paris Agreement. However, such emission reductions barely guarantee a 2050 PM2.5 level below the FGNS
over China as a whole.
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The difficulty in controlling future PM2.5 levels relates to the fact that concentrations of PM2.5 components
do not respond to reductions in their emissions in a simple linear fashion. The changes in concentrations
of PM2.5 components as well as the changes in emissions of aerosols and aerosol precursors in 2050 rela-
tive to 2000 are summarized in Table S3 for the four polluted regions under the four RCP scenarios. It can

Figure 11. Projected changes in annual mean all-sky aerosol DRF (units: Wm�2) at the TOA in China for the period 2010–2050 relative to 2000 under different RCP
scenarios. The DRF averaged over east China ((20°–45°N, 100°–125°E) as the grey rectangle in the first plot indicates) is shown in each panel’s top-right corner.
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be seen that changes in carbonaceous aerosols mainly follow their emissions, while changes of SNA aero-
sol depend largely on the change of SNA chemistry (as shown in Figure 13). Specifically, sulfate is
expected to experience substantial reductions due to decreased SO2 emissions. However, under RCP2.6,
RCP4.5, and RCP8.5, the projected sulfate concentrations by 2050 are 1.0–2.5μgm�3 in BTH, 1.5–
2.3μgm�3 in YRD, 0.6–2.3μgm�3 in PRD, and 0.9–4.3μgm�3 SCB, which are still comparable with
present-day levels in the U.S. and Europe [Xing et al., 2015]. Carbonaceous aerosols are also effectively
reduced through decreased emissions; however, OC concentrations by 2050 still hold high values of
1.6–6.8μgm�3 in BTH, 1.8–5.8μgm�3 in YRD, 1.0–2.8μgm�3 in PRD, and 1.5–6.9μgm�3 in SCB, under
RCP2.6, RCP4.5, and RCP8.5. Future nitrate concentrations are also projected to remain at relatively high
levels. For example, nitrate concentrations in DJF over 2000–2050 in BTH are within 12–19, 9–17, and
14–19μgm�3 under RCP2.6, RCP4.5, and RCP8.5, respectively.

To explore how future SNA aerosol formation is affected by emission changes under the different RCP
scenarios, we chose twometrics (the calculations of these metrics are based on the units of molm�3 for aero-
sol concentration and molm�2 s�1 for emissions): (1) the degree of sulfate neutralization (DSN), estimating

the neutralization of sulfate by ammonium ([Pinder et al., 2008] DSN= NHþ
4

� �� NO�
3

� �� �
= SO2�

4

� �
) and (2)

the nitration ratio (NR) ([Xing et al., 2015] NR= nitrate concentration/NOx emission), representing the relative
amount of oxidized-N emission that is eventually converted to nitrate aerosol—changes in NR could thus
indicate the relative effectiveness of NOx controls under given conditions. Figure 13 shows the evolution
of changes in DSN and NR over BTH during 2000–2050. We can see that the rate of increase in NOx

+ 2 × SO2 emissions is faster than that of NH3 over BTH during 2000–2020 (Figure 13e), when DSN and NR
show obvious declines. Over the period 2020–2040, a large increasing trend is found for both DSN and NR
under all the RCPs except RCP6.0, though SO2 and NOx emissions are reduced substantially during this per-
iod. The high NR during 2020–2040 that can be attributed to that high fraction of NOx is neutralized by NH3,
which mainly results from the decrease in sulfate ammonium formation and the increase in NH3 emissions.
This suggests an offset in the effectiveness of controlling PM2.5 levels due to the increasing NH3 emissions
in this region. In addition, DSN and NR in JJA peak after 2040 over BTH under all RCPs except RCP6.0, while
in DJF they show a continuous and faster increase up to 2050. This indicates that greater efforts should be
taken with control measures of PM2.5 in DJF. The importance of controlling NH3 emissions should be carefully
considered, because NH3 plays a critical role in influencing the formation of SNA aerosol, and the projected
speed of increase in NH3 emissions in China over 2010–2050 is generally twice that at the global scale, except
under RCP8.5 (Figure 13f).

Figure 12. Projected annual mean all-sky speciated aerosol DRF (units: Wm�2) at the TOA for the period 2010–2050
averaged over east China ((20°–45°N, 100°–125°E) as defined in Figure 11) under RCPs.
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To improve air quality in the meantime, policymakers should consider the importance of DRF induced by
decreased aerosols, which has been experienced in the U.S. [Leibensperger et al., 2012] and Europe
[Turnock et al., 2016]. The warming effect of reducing aerosols for air quality improvement is significant.
For example, PM2.5 concentrations under RCP4.5 (RCP8.5) decrease by 49–58% (20–43%) over the four
polluted regions in 2050 relative to 2000 (Table 1). The changes in aerosol concentrations lead to positive
aerosol DRF values of 1.88 and 0.66Wm�2 over east China in 2050 relative to 2000 under RCP4.5 and
RCP8.5, respectively. However, reducing BC can be taken as a win-win option for improving both air quality
and mitigating near-term climate warming [Shindell et al., 2012; Li et al., 2016].

The IPCC [2013] has estimated that global mean surface temperature exhibited a warming by 0.85°C
(0.65–1.06°C) from1880 to 2012, and the related radiative forcing values in 2011 relative to 1750 bywell-mixed
greenhouse gases (CO2, CH4, N2O, and halocarbons) and aerosols were +2.83 and�0.90Wm�2, respectively.
Thus, our predictedpositive aerosol DRF values of 0.7–1.9Wm�2 over east China in 2050 relative to 2000 under
the RCPs except RCP6.0 have important implications for regional climate.

Figure 13. Evolution of SNA (sulfate-nitrate-ammonium) chemistry under RCPs over BTH (results are calculated based on
the units of molm�3 for aerosol concentrations and molm�2 s�1 for emissions): (a and b) changes in DSN (degree of
sulfate neutralization), (c and d) changes in NR (nitration ratio = (nitrate concentration/NOx emission)), and (e) changes in
NH3 demand versus supply. NOx + 2 × SO2 represents the amount of NH3 needed for complete neutralization. (f) Increase
(units: %) in NH3 emissions during 2010–2050 relative to 2000 in China (triangles) and globally (circles), under the different
RCP scenarios.
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7. Conclusions

This study applied the nested-grid version of GEOS-Chem model with high horizontal resolution
(0.5° × 0.667°) to examine future changes (2000–2050) of projected PM2.5 levels and associated aerosol DRF
over China in response to emission changes under four RCP scenarios. The simulated current (year 2010)
PM2.5 concentrations reasonably captured the spatiotemporal distributions of observed values in China.

The model results show an improvement in future PM2.5 air pollution. By 2050, the projected maximum
decreases in PM2.5 over east China are 15–30μgm�3, under RCP2.6, RCP4.5, and RCP8.5. However, the
FGNS implemented in 2016 challenges the control of future PM2.5 air pollution in China, especially over heav-
ily polluted regions. In BTH (YRD), a wintertime PM2.5 level meeting the FGNS only occurs after 2040 (2030).
The first achievement of summertime PM2.5 concentrations below the FGNS in BTH happens around 2030
under both RCP2.6 and RCP4.5. In SCB, the wintertime PM2.5 level is highest among the four regions, and
PM2.5 concentrations less than 35μgm�3 only appear under RCP2.6 and RCP4.5, by 2050. Summertime
PM2.5 concentrations in SCB are always below 25μgm�3 for the period 2000–2050 under all RCPs except
RCP6.0. PM2.5 pollution in PRD is generally controlled well under RCP2.6, RCP4.5, and RCP8.5.

Concentrations of PM2.5 components alter considerably under emission changes. Changes in sulfate follow
decreases in SO2 emissions, but sulfate concentrations by 2050 over China are still comparable with present-
day levels in the U.S. and Europe. Nitrate remains at a high level, even showing a rapid increase, although
NOx emissions are reduced substantially (42–45%) during 2020–2040. NH3 plays a critical role in modulating
the formation of SNA aerosol, and the speed of increase in projected NH3 emissions in China is twice that at
the global scale. Carbonaceous aerosols show a large reduction, but the control of OC emissions needs to be
stringent because the projected OC by 2050 is the second largest contributor to PM2.5 concentrations.

The future annual mean aerosol DRF in 2050 relative to 2000 over east China (20°–45°N, 100°–125°E) is simu-
lated to be warming of 1.22, 1.88, and 0.66Wm�2 under RCP2.6, RCP4.5, and RCP8.5, respectively. Such
warming effects of reduced aerosol are significant. When considering both health and climate effects of
PM2.5 over China, for example, PM2.5 concentrations averaged over east China under RCP4.5 (RCP2.6)
decrease by 54% (43%) in 2050 relative to 2000, but at the cost of the DRF warming by 1.88 (1.22)Wm�2.
Moreover, reducing BC emissions can be taken as a win-win option for both air quality and climate warming.

Although projected future changes in PM2.5 levels and corresponding DRFs under RCP scenarios provide us
with important clues for mitigation efforts, uncertainties exist in such projections. For instance, the effects of
future interannual to decadal time scale climate change on PM2.5 levels [Liao et al., 2006; Zhu et al., 2012; Mu
and Liao, 2014] were not considered in this study; plus, fully coupled chemistry-climate model estimates that
combine the effects of future emissions and climate change on PM2.5 air quality are further needed [Raes
et al., 2010; Fiore et al., 2012]. Moreover, the prediction of PM2.5 levels is also affected by mineral dust [He
et al., 2014; X. Huang et al., 2014] and SOA chemistry in simulations [Fu and Liao, 2012; R.-J. Huang et al.,
2014], which are further issues that need to be addressed.
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