
Future ozone air quality and radiative forcing over China
owing to future changes in emissions under
the Representative Concentration
Pathways (RCPs)
Jia Zhu1,2 and Hong Liao1

1State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing, China, 2University of Chinese Academy of Sciences, Beijing, China

Abstract We apply the nested grid version of the Goddard Earth Observing System (GEOS) chemical transport
model (GEOS-Chem) to assess 2000–2050 changes in O3 air quality and associated radiative forcing in China owing
to future changes in emissions under the Representative Concentration Pathways (RCP2.6, RCP4.5, RCP6.0, and
RCP8.5). Changes in surface layer O3 concentrations, numbers of O3 exceedance days (days with maximum daily
8h average (MDA8) O3 exceeding 74.7ppbv), and tropospheric O3 radiative forcing (RF) are simulated for
2000–2050. Over China, RCP8.5 is the worst scenario for near future (2020–2030) and RCP6.0 is the worst scenario
over 2040–2050; the maximum increases in annual mean surface layer O3 concentrations of 6–12ppbv relative to
present day (year 2000) are found over southern China in 2020 and 2030 under RCP8.5 and in 2040 and 2050
under RCP6.0. The numbers of MDA8 O3 exceedance days are simulated to be 10, 0, 0, and 2days over
Beijing-Tianjin-Tanggu (BTT), Yangtze River Delta (YRD), Pearl River Delta (PRD), and Sichuan Basin (SCB),
respectively, in the present day (year 2000). No exceedance days are simulated in year 2050 for all the four regions
under RCP2.6 and RCP4.5, but extremely high numbers of exceedance days are found in 2050 under RCP6.0 (with
102, 75, 57, and 179days in BTT, YRD, PRD, and SCB, respectively) and in 2030 under RCP8.5 (with 94, 60, 34, and
162days in BTT, YRD, PRD, and SCB, respectively). The tropospheric O3 RF in 2050 relative to 2000 averaged
over eastern China (18°–45°N, 95°–125°E) is simulated to be�0.11, 0.0, 0.01, and 0.14Wm�2 under RCP2.6, RCP4.5,
RCP6.0, and RCP8.5, respectively. When we consider both the health and climate impacts of tropospheric O3 over
China in 2050, RCP2.6 is a significantly improving scenario for both air quality and climate, RCP4.5 is a significantly
improving scenario for air quality but has small consequences for climate, RCP6.0 is a significantly worsening
scenario for air quality and a slightly worsening scenario for climate, and RCP8.5 is a slightly worsening scenario for
air quality and a significantly worsening scenario for climate. These results indicate that to simultaneously abate air
pollution and climatewarming induced byO3 in China, both the anthropogenic emissions of NOx, CO, nonmethane
volatile organic compounds (NMVOCs), and global CH4 levels should be reduced, as represented by RCP2.6.

1. Introduction

Tropospheric O3 is a secondary pollutant produced during the photochemical oxidation of nitrogen oxides (NOx),
carbonmonoxide (CO), methane (CH4), and nonmethane volatile organic compounds (NMVOCs). Tropospheric O3

has an adverse effect on human health [Fann et al., 2012; Yang et al., 2012; Jhun et al., 2014], ecosystems [Fuentes
et al., 2013; Yue and Unger, 2014], and crops [Feng and Kobayashi, 2009;Wilkinson et al., 2011; Tai et al., 2014] and
also contributes to global warming as an important greenhouse gas [Intergovernmental Panel on Climate Change
(IPCC), 2013]. High O3 concentrations have been observed in many Chinese sites, with seasonal mean concentra-
tions of 20–60ppbv [Zhu et al., 2006;Wang et al., 2009, 2011; Tang et al., 2013; Zhang et al., 2014] and episodic con-
centrations of exceeding 100ppbv [Zhu et al., 2004;Wang et al., 2008, 2010; Lam et al., 2013; Tang et al., 2013]. It is
of interest to project future O3 levels over China in response to changes in emissions in the coming decades.

Earlier studies to project future O3 concentrations generally used the Intergovernmental Panel on Climate
Change (IPCC) Special Report on Emissions Scenarios (SRES) that were designed for the IPCC Fourth
Assessment Report [Jacob and Winner, 2009]. More recently, a new set of emissions, Representative
Concentration Pathways (RCPs), has been developed for the Fifth Coupled Model Intercomparison Project
(CMIP5) simulations [Moss et al., 2010; Taylor et al., 2012] in support of the IPCC Fifth Assessment Report.
The RCPs consist of four scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) spanning 2000–2100, which are
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named according to the approximate values of the radiative forcing (in Wm�2) in 2100 relative to the prein-
dustrial times. The RCP4.5 scenario, for example, leads to a global radiative forcing of 4.5Wm�2 by 2100.

Future concentrations of tropospheric O3 are influenced by future changes in anthropogenic emissions
[Racherla and Adams, 2009; Butler et al., 2012; Wild et al., 2012; Xie et al., 2013; Lapina et al., 2015] and climate
[Racherla and Adams, 2006; Wu et al., 2008a, 2008b; Katragkou et al., 2011; Juda-Rezler et al., 2012; Langner
et al., 2012; Val Martin et al., 2015]. A warmer climate is predicted to reduce tropospheric O3 in remote regions
by higher temperature and water vapor [Brasseur et al., 2006; Liao et al., 2006; Murazaki and Hess, 2006; Fiore
et al., 2012] but to increase O3 levels over populated areas as a result of slower transport, enhanced biogenic
hydrocarbon emissions, and decomposition of peroxyacetyl nitrate at higher temperature [Katragkou et al.,
2011; Rasmussen et al., 2012; Doherty et al., 2013; Mao et al., 2013; Kim et al., 2014]. Table 1 lists the previous
modeling studies that have compared the impact on O3 by future changes in emissions with that by
future changes in climate. By using Goddard Earth Observing System (GEOS) chemical transport model
(GEOS-Chem) driven by meteorological fields from NASA/Goddard Institute for Space Studies general
circulation model (NASA/GISS GCM), Wu et al. [2008a] found that the global tropospheric O3 burden would
change by +1.6%, +17%, and +18% over 2000–2050 owing to climate change alone, emission change alone,
and the combined changes in climate and emissions, respectively, under the SRES A1B scenario. By using the
same NASA GISS GCM/GEOS-Chem model combination as in Wu et al. [2008a], Wang et al. [2013] reported
that summer afternoon-mean surface layer O3 concentrations averaged over China would increase by
0.4 ppbv, 11.6 ppbv, and 11.9 ppbv over 2000–2050 due to climate change alone, emission change alone,
and the combined changes in climate and emissions, respectively, under the SRES A1B scenario. By using
the MM5/CMAQ model combination with 54 km horizontal resolution, Lee et al. [2015] reported that
summertime surface layer maximum daily 8h average (MDA8) O3 concentrations averaged over the polluted
region (30°–40°N, 110°–123°E) of China would change over 2000–2050 by �2.2 ppbv, +3.3 ppbv, +12.1 ppbv,

Table 1. Comparisons of Impacts on Surface O3 Concentrations (or Tropospheric O3 Burden and Radiative Forcing) by Future Changes in Anthropogenic Emissions
With Those by Future Changes in Climate

Reference Domain Model Year Scenario Parameter

Absolute or Percentage Changesa

Climateb Emissionb
Combined Climate
and Emissionb

Stevenson et al. [2013] Global 2030 relative
to 1850

RCP8.5 Global tropospheric O3
radiative forcing (mWm�2)

�25 NA 439

2100 relative to 1850 �33 582
Wu et al. [2008a] Global 2000–2050

Annual
SRES A1B Global tropospheric O3

burden (%)
+1.6 +17 +18

Tagaris et al. [2007] West U.S. 2000–2050
JJAc

SRES A1B MDA8d surface O3
concentrations (%)

+0.9 NA �11.6
Plains U.S. �0.1 �15.8

Midwest U.S. �2.5 �24.4
Northeast U.S. +2.8 �20.2
Southeast U.S. +0.3 �27.9

U.S. 0.0 �18.9
Racherla and Adams
[2009]

U.S. 1990–2050
JJA

SRES A2 MDA8 surface O3
concentrations (ppbv)

+0.5 +9.1 NA

Lauwaet et al. [2014] Belgium 2000–2030
Annual

RCP4.5 Annual mean surface O3
concentrations (%)

�3 NA +23

Wang et al. [2013] China 2000–2050
Summer

SRES A1B Afternoon surface O3
concentrations (ppbv)

+0.4 +11.6 +11.9

Lee et al. [2015] 30°–40°N, 110°–123°E 2000–2050
Summer

SRES A2 MDA8 surface O3
concentrations (ppbv)

�2.2 +12.1 +11.7e

Liu et al. [2013] Pearl River Delta 2000–2050
Autumn

SRES A1B Afternoon surface O3
concentrations (ppbv)

+1.5 +6.1f +11.4

aThe absolute or percentage changes are averaged over the domains shown in the second column.
bClimate, emission, and combined climate and emission indicate the effects on O3 by climate change alone, emission change alone, and the combined changes

in climate and emissions, respectively. NA: not available.
cJJA indicates June-July-August.
dMDA8 O3 indicates maximum daily 8 h average O3.eThe combined changes in regional climate, lateral chemical boundary conditions, and emissions.
fThe effect of emissions does not include the impact of increases in CH4, which would lead to even larger increases in O3 concentration over the Pearl River Delta.
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and +11.7 ppbv owing to regional climate change alone, changes in lateral chemical boundary conditions
alone, emission change alone, and the combined changes, respectively, under the SRES A2 scenario. The
studies listed in Table 1 have shown that the impact of future climate change on tropospheric O3 is much
smaller than the impact of future changes in emissions, especially over polluted regions of China (e.g., eastern
and central China).

A number of global modeling studies have projected future changes in global tropospheric O3 under the new
RCP scenarios [Kawase et al., 2011; Eyring et al., 2013; Szopa et al., 2013; Young et al., 2013a; Kim et al., 2014; Val
Martin et al., 2015]. However, these global modeling studies were conducted at coarse spatial resolutions,
which often lacked detailed information on regional and local changes. Besides, the use of coarsely resolved
global models with a highly resolved gridded emission field (e.g., 0.5° × 0.5° for RCP emissions; see section 2.2)
led to biases due to the instantaneous dilution of the emissions into the model grid cells [Butler et al., 2012].
High-resolution regional models have been used to project O3 changes over America [Kelly et al., 2012; Gao
et al., 2013; Pfister et al., 2014] and Europe [Coleman et al., 2013]. Gao et al. [2013] simulated 2000–2050
changes in O3 in the United States under RCP4.5 and RCP8.5, by using the WRF and CMAQ models. Their
results showed that surface O3 concentrations in summer during 2057–2059 would decrease by 6–10 ppbv
compared to the present day (2001–2004) under RCP4.5 mainly due to the large reductions in emissions of
O3 precursors. However, under RCP8.5, the simulated surface O3 levels would increase by 3–10 ppbv in winter
across nearly the entire continental United States mainly owing to the increased methane. By using a nested
regional climate model with chemistry (NRCM-Chem), Pfister et al. [2014] reported that the 5th–95th
percentile range for summertime MDA8 surface O3 over the United States would reduce from 31–79 ppbv
to 27–55 ppbv under the RCP8.5 emission and SRES A2 climate scenarios from 2000 to 2050. Coleman et al.
[2013] reported that the average O3 concentrations would reduce by 2.0 ppb over domains encompassing
Europe and the northeast Atlantic between 2006 and 2100 under the RCP6.0 scenario with the most
significant decrease occurring after 2050 due to the pattern in changing emissions.

These existing regional studies on future projection of tropospheric O3 under the RCPs were focused on
American and European countries, and they only paid attention to the changes in surface layer concentra-
tions from the perspective of air quality. In addition, due to the limited computational resources, these
regional modeling studies were focused on future O3 in 2030 or 2050 under one or two RCP scenarios. We
present here a study to quantify future changes in seasonal and annual mean surface layer O3 concentrations,
MDA8 O3 exceedance days, as well as tropospheric O3 radiative forcing in China over 2000–2050 for every
decade under the four RCPs as a result of the future changes in anthropogenic emissions. We do not include
any changes in climate, which would also impact future ozone levels, especially on relatively clean areas, but
focus on the effects of anthropogenic precursor emission changes alone over polluted regions in China. We
use the nested grid version of the GEOS-Chem model with a horizontal resolution of 0.5° latitude × 0.667°
longitude, which is close to the resolution of 0.5° × 0.5° of RCP emissions. We pay special attention to future
changes in O3 over the four heavily polluted regions in China, including Beijing-Tianjin-Tanggu (BTT, 35°–40°
N, 114°–120°E), Yangtze River Delta (YRD, 29°–33°N, 118°–122°E), Pearl River Delta (PRD, 21°–24°N, 112°–116°E),
and Sichuan Basin (SCB, 28°–32°N, 102°–108°E).

The descriptions of model, emissions, and numerical simulations are presented in section 2. Simulated
present-day O3 levels are presented and evaluated in section 3. Section 4 examines projected changes in
OH concentrations over China under the RCP scenarios. The projected future changes in O3 air quality and
radiative forcing in China are presented in sections 5 and 6, respectively.

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

The simulations of tropospheric O3 are carried out with the nested grid capability of the GEOS-Chemmodel with a
horizontal resolution of 0.5° latitude by 0.667° longitude (version 9.1.3, http://acmg.seas.harvard.edu/geos/), driven
by the assimilated year 2010GEOS-5meteorological data from theGoddard Earth Observing System (GEOS) of the
NASA Global Modeling Assimilation Office (GMAO). The nested domain is set over Asia (70°–150°E, 11°S–55°N).
The high-resolution regional simulation is coupled to the low-resolution global GEOS-Chem simulation through
lateral boundary conditions of tracer concentrations that are updated every 3 h [Chen et al., 2009].
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The GEOS-Chem model includes coupled O3-NOx-hydrocarbon chemistry (~80 species and ~300 chemical

reactions) [Bey et al., 2001] and aerosols including SO2�
4 =NO

�
3=NH

þ
4 [Park et al., 2004; Pye et al., 2009], BC and

OC [Park et al., 2003], mineral dust [Fairlie et al., 2007], and sea salt [Alexander et al., 2005]. The simulations
account for the impacts of aerosols on distributions and concentrations of O3 through heterogeneous
reactions and changes in photolysis rates [Lou et al., 2014]. The cross-tropopause O3 flux is represented by
the synthetic O3 (Synoz) method [McLinden et al., 2000], which imposes a global annual cross-tropopause
O3 flux of 500 Tg yr

�1.

2.2. Emissions

Global anthropogenic emissions of O3 precursors, aerosol precursors, and aerosols (NOx, CO, NMVOCs, SO2,
NH3, BC, and OC) for every decade over 2000–2050 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5 are
downloaded from the website http://www.iiasa.ac.at/web-apps/tnt/RcpDb. The RCP concentrations for CH4

are also available from this website. The gridded 0.5° × 0.5° emissions include 12 sectors (surface transporta-
tion, shipping, aviation, energy production and distribution, solvents, waste management and disposal,
industrial combustion, residential and commercial fuel use, agriculture (animals, rice, and soil), agricultural
waste burning, grassland burning, and forest burning). The NMVOC species in the RCP emission inventories
are mapped to the species in the GEOS-Chem model as described in http://acmg.seas.harvard.edu/geos/
wiki_docs/emissions/GEOS-Chem_RCP_emissions.pdf.

In the RCP inventories, emissions from shipping, aviation, and biomass burning have monthly variations.
However, seasonal variations are not available for other anthropogenic sectors. We obtain monthly scaling fac-
tors for O3 precursors, aerosol precursors, and aerosols from EDGAR for the project of the TF HTAP V2 of year
2010 (http://edgar.jrc.ec.europa.eu/htap_v2/index.php?SECURE=123) and apply these griddedmonthly scaling
factors to the RCP anthropogenic emissions for all years and all RCPs. The HTAP_V2 emissions over China
domain are from Multi-resolution Emission Inventory for China (MEIC) database [He, 2012], which was devel-
oped by Tsinghua University, China, by continuously updating and improving the emission databases [Zhang
et al., 2007, 2009; Lei et al., 2011]. The residential sector contributes largely to CO emissions in China, which
are the highest in winter due to the residential heating needs. The transportation and industrial sectors are
the major sources of NOx in China, which have weak seasonal variations throughout the year. The ratios of
monthly CO, NMVOCs, and NOx emissions between maxima and minima in China are 1.8, 1.5, and 1.4, respec-
tively, which are close to the values of 1.6 and 1.3 for CO and NOx reported in the study of Zhang et al. [2009].

The projected annual anthropogenic emissions of NOx, CO, and NMVOCs over China from 2000 to 2050 for
every decade under the four RCPs are shown in Figures 1a–1c. The total anthropogenic emissions of NOx,
CO, and NMVOCs in China in 2000 are estimated to be 3.6 TgN yr�1, 124.2 Tg CO yr�1, and 5.6 Tg C yr�1,
respectively. For a given scenario, anthropogenic emissions of NOx, CO, and NMVOCs follow a similar pattern
over 2000–2050. Under RCP2.6, the emissions of these species increase from 2000 to 2010 (or 2020), and then
decrease sharply to 2050, leading to the decreases of 35.9%, 49.3%, and 41.7% from 2000 to 2050 for NOx, CO,
and NMVOCs, respectively. Under RCP4.5, all Chinese emissions have peaks at 2020 and then decrease to
2050. The similar temporal evolutions of anthropogenic emissions under RCP2.6 and RCP4.5 lead to very
close emission values in 2050. For RCP6.0, Chinese emissions increase continuously from 2000 to 2050 for
all species, with significant increases of 112.2%, 113.0%, and 121.4% in emissions of NOx, CO, and
NMVOCs, respectively, from 2000 to 2050. It is noted that although the RCP6.0 scenario seems to be
unmitigated over 2000–2050 over China, emissions decrease sharply after 2050 as one would expect [IPCC,
2013]. The RCP8.5 has peaks at 2020 for NOx and CO and at 2030 for NMVOCs. NOx emissions increase sharply
by 131.3% from 2000 to 2020 under RCP8.5.

Figure 1d shows the pathways for the global CH4 abundance used in our simulations of O3. The four scenarios
indicate a wide range of possible CH4 mixing ratios. The CH4 mixing ratio in 2000 is 1751 ppb, which is
projected to decrease by 17.1% under RCP2.6 and increase by 56.5% under RCP8.5 in 2050. The RCP4.5
and RCP6.0 have slight increases in CH4 by 2050.

Natural emissions of O3 precursors, including biogenic NMVOCs and NOx from lighting and soil, are calcu-
lated based on the GEOS-5 meteorological parameters. Biogenic NMVOC emissions are calculated using
the module of Model of Emissions of Gases and Aerosols from Nature [Guenther et al., 2006]. Lightning
NOx emissions are described by Sauvage et al. [2007] and Murray et al. [2012]. Soil NOx emissions are

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023926

ZHU AND LIAO FUTURE OZONE OVER CHINA UNDER RCPS 1981

http://www.iiasa.ac.at/web-apps/tnt/RcpDb
http://acmg.seas.harvard.edu/geos/wiki_docs/emissions/GEOS-Chem_RCP_emissions.pdf
http://acmg.seas.harvard.edu/geos/wiki_docs/emissions/GEOS-Chem_RCP_emissions.pdf
http://edgar.jrc.ec.europa.eu/htap_v2/index.php?SECURE=123


calculated using the algorithm proposed by Yienger and Levy [1995]. Biogenic emissions of NMVOCs, light-
ning NOx emissions, and soil NOx emissions over China are calculated to be 18.07 TgC yr�1, 0.30 TgN yr�1,
and 0.26 TgN yr�1, respectively, on the basis of the GEOS-5 meteorological parameters for year 2010.

2.3. Numerical Simulations

Figure 2 shows the schematic overview of numerical experiments. We perform simulations of O3 with
present-day emissions (year 2000) and future emissions (years 2010, 2020, 2030, 2040, and 2050) for each
of the four RCPs. All simulations are driven by the assimilated GEOS-5 meteorological fields for year 2010.
Each simulation is carried out for 18months with the first 6months treated as model spin-up for both
low-resolution (4° latitude by 5° longitude) global simulations that provide boundary conditions and the
nested high-resolution (0.5° latitude by 0.667° longitude) simulations. The global simulations thus provide
consistent lateral boundary conditions of tracer concentrations for the nested simulations every 3 h. We
present annual or seasonal mean O3 concentrations, MDA8 O3 concentrations, and radiative forcing by
tropospheric O3 in the subsequent sections.

3. Simulated Present-Day O3 Levels Over China and Model Evaluation
3.1. Seasonal Mean Surface Layer O3 Concentrations

Figure 3 shows the simulated seasonal mean surface layer O3 concentrations for present day (year 2000).
Over eastern China, concentrations of O3 in northern China are the highest in June-July-August (JJA) due
to the strong photochemistry and lowest in December-January-February (DJF) because of the weak sunlight.
In southern China, however, simulated O3 levels are the lowest in JJA, because the strong southerlies
bring clean air from the oceans to southern China during the East Asian summer monsoon (EASM) season

Figure 1. Evolutions of annual anthropogenic emissions over 2000–2050 in China under the four RCPs for (a) NOx
(Tg N yr�1), (b) CO (Tg CO yr�1), and (c) NMVOCs (Tg C yr�1). (d) Evolution of global CH4 abundance (ppb) over
2000–2050 under the four RCPs.
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[He et al., 2008;Wang et al., 2011]. It should be noted that simulated O3 exhibits maximum concentrations of
exceeding 70 ppbv in March-April-May (MAM) over the Tibetan Plateau, which can be attributed to the
downward transport of O3 from the stratosphere [Wild and Akimoto, 2001]. Simulated high O3 concentrations
in JJA over western China are due to both the large transboundary transport by westerlies and the downward
transport from the stratosphere [Yang et al., 2014].

Previous studies [Wang et al., 2011, 2013; Lou et al., 2014; Yang et al., 2014] have shown that the GEOS-Chem
model successfully reproduces the spatiotemporal distributions of observed O3 over China. We conduct
comparisons with measurements here to see whether the nested grid version of the GEOS-Chemmodel with
the RCP emissions can capture the magnitudes and spatiotemporal patterns of the observed surface layer O3.

Figure 3. Simulated present-day (year 2000) seasonal mean surface layer O3 concentrations (ppbv). Also shown in JJA are
the four polluted regions examined in this study, including Beijing-Tianjin-Tanggu (BTT, 35°–40°N, 114°–120°E), Yangtze
River Delta (YRD, 29°–33°N, 118°–122°E), Pearl River Delta (PRD, 21°–24°N, 112°–116°E), and Sichuan Basin (SCB, 28°–32°N,
102°–108°E).

Figure 2. Schematic overview of numerical experiments.
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Simulated present-day surface layer O3 concentrations are compared with year-round measurements at 10
sites in China collected from the literature (Table 2 and Figure 4). Because the measurements at most sites
were carried out over years 2000–2010 (Table 2), we show in Figure 4 the simulated concentrations for both
year 2000 and year 2010 (under RCP4.5, a medium emission scenario for year 2010). The model successfully
reproduces the general features of O3 seasonality at all sites (Figures 4b–4k). The mean biases (MBs) for year
2000 (2010) are in the range of �1.4 ppbv to +10.9 ppbv (�0.5 ppbv to +13.5 ppbv), and the normalized
mean biases (NMBs) are in the range of �3.3% to +31.5% (�1.1% to +39.2%) (Table 2). The scatterplot of
simulated year 2000 monthly mean O3 concentrations versus observations at all the 10 sites is shown in
Figure 4l. The model overestimates O3 concentrations with a MB of +4.5 ppbv and a NMB of +11.6%. The high
correlation coefficient of 0.76 indicates that the model captures well the spatiotemporal distributions of
observed surface layer O3 concentrations in China. The MB, NMB, and correlation coefficient between
simulations for year 2010 and observations are calculated to be +5.9 ppbv, +15.3%, and 0.75, respectively
(the scatterplot for year 2010 is not shown).

3.2. Maximum Daily 8 h Average (MDA8) O3 Concentrations

We also examine the MDA8 O3 concentrations, which are often associated with the adverse health effects in
epidemiologic studies [Fann et al., 2012; Yang et al., 2012]. Because of the lack of year-round hourly O3

measurements in China, we evaluate the simulatedMDA8 concentrations at three Japanese sites (two remote
sites of Ogasawara site (27.1°N, 142.2°E) and Hedo site (26.9°N, 128.2°E) and one urban site of Banryu (34.7°N,
131.8°E)). The measurements are taken from the Acid Deposition Monitoring Network in East Asia (EANET,
http://www.eanet.asia/). Figure 5 shows the time series of simulated (for both year 2000 and year 2010 under
RCP4.5 scenario) and observed (for year 2010) MDA8 concentrations at these three Japanese sites. The MBs
for year 2000 (2010) are in the range of �0.6 ppbv to +2.6 ppbv (0.0 ppbv to +3.1 ppbv), and the NMBs are
in the range of �1.6% to +6.3% (0.0% to +7.4%). The model captures well the peaks and troughs of the
observed MDA8 concentrations at all three sites, with high correlation coefficients of 0.74–0.87 (for year
2000) and 0.79–0.89 (for year 2010).

3.3. Column Burdens of Tropospheric O3

Estimates of the radiative effect of O3 rely on not only ground level concentrations but also tropospheric
column burdens. Few ozonesonde observations are available in China [Chan et al., 2003; Ding et al., 2008].
Satellite retrieval has excellent spatial coverage and therefore provides a valuable data set to analyze the
spatial distributions of tropospheric O3. Previous studies have compared tropospheric O3 simulated by the
GEOS-Chem with those retrieved from Tropospheric Emission Spectrometer (TES) [Zhang et al., 2010; Wang
et al., 2011], Ozone Monitoring Instrument (OMI) [Zhang et al., 2010], and Global Ozone Monitoring

Table 2. Information for the 10 Chinese Sites With Measurements of Surface Layer O3 Concentrations Used in Model Evaluationa

Station Location Observation Period Reference MB_2000b (ppbv) NMB_2000c (%) MB_2010 (ppbv) NMB_2010 (%)

MiYun 40.5°N, 116.8°E Jan 2006 to Dec 2006 Wang et al. [2011] �1.4 �3.3 �0.5 �1.1
QingDao 36.1°N, 120.3°E Mar 2004 to Feb 2005 Yang and Gao [2008] +5.2 +13.2 +6.0 +15.2
NanJing 32.2°N, 118.7°E Jan 2008 to Dec 2008 Gao et al. [2012] +9.9 +29.9 +11.2 +33.9
LinAn 30.4°N, 119.7°E Aug 1999 to Jul 2000 Wang et al. [2011] +0.4 +0.9 +1.8 +4.4
HokTsui 22.2°N, 114.3°E Jan 1994 to Dec 2007 Wang et al. [2011] +8.1 +23.1 +10.8 +30.8
JinYunShan 29.8°N, 106.4°E Jan 2010 to Dec 2010 Duan et al. [2011] +10.9 +31.5 +13.5 +39.2
WaLiGuan 36.3°N, 100.9°E Aug 1994 to Jul 1995 Yan et al. [1997] +1.2 +2.3 +2.5 +5.1
Shangri-la 28.0°N, 99.4°E Dec 2007 to Nov 2009 Ma [2011] +0.5 +1.2 +2.4 +5.9
AKeDaLa 47.1°N, 87.9°E Aug 2004 to Sep 2005 Lin et al. [2010] +6.3 +18.7 +6.6 +19.6
LongFengShan 44.7°N, 127.6°E Jan 2006 to Dec 2006 An et al. [2013] +3.9 +11.2 +4.5 +12.9

aMean bias (MB, ppbv) and normalized mean bias (NMB, %) between the observations and simulations for year 2000 and year 2010 (under RCP4.5 scenario) are
also shown.

bMB ¼
XN
i¼1

Pi � Oið Þ
" #

=N, where Pi and Oi are the predicted and observed O3 concentrations, respectively, i refers to the ith month, and N is the total number of

months (i.e., 12).

cNMB ¼
XN
i¼1

Pi � Oið Þ
" #

=
XN
i¼1

Oi

 !
�100%, where Pi and Oi are the predicted and observed O3 concentrations, respectively, i refers to the ith month, and N is the

total number of months (i.e., 12).
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Experiment (GOME) [Liu et al., 2006]. All these results show that the GEOS-Chemmodel captures well the sea-
sonal cycles and spatial distributions of tropospheric O3 in most regions but has large positive biases in the
northern subtropical regions. Here we use tropospheric column ozone (TCO) products retrieved from TES,
aboard the EOS Aura satellite launched in July 2004, to evaluate the model performance for tropospheric O3.

Figure 6 shows maps of annual mean TCO retrieved from TES during 2006�2008 and those simulated by the
GEOS-Chem model for year 2000 and year 2010 under RCP4.5 scenario. TES retrievals exhibit high values of
40–55Dobson units (DU) over central and eastern China and low values of 25–35DU over the Tibetan
Plateau. The spatial distribution of TCO is captured by the model. The simulated high values over the
Sichuan Basin were not seen by TES, but other satellite retrievals, such as Total Ozone Mapping
Spectrometer/solar backscatter ultraviolet (TOMS/SBUV), had high values at this location [Wei and Zheng,
2006; Li et al., 2007]. The differences between the GEOS-Chem simulation and TES observation indicate that

Figure 4. (a) Locations of sites with monthly meanmeasurements of surface layer O3 concentrations used for model evaluation. (b–k) Comparisons of simulated year
2000 (black lines) and year 2010 (under RCP4.5 scenario, red lines) surface layer O3 concentrations (ppbv) with measurements (blue lines) at the sites. (l) The
scatterplot of simulated (for year 2000) versus observed monthly mean O3 concentrations at 10 sites (Figures 4b–4k) over China. Also shown in Figure 4l are the 1:1
line (dashed), mean bias (MB, ppbv), normalized mean bias (NMB), and the correlation coefficient between simulated and observed concentrations (R).
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the model underestimates TCO over the northeastern China by 4–12DU in simulations for both 2000 and
2010 and overestimates TCO near 30°N by 4–12DU with year 2000 emissions and by 4–14DU with year
2010 emissions. Zhang et al. [2010] attributed the overestimation of TCO in the northern subtropics in the
GEOS-Chem model to excessive stratospheric influx of O3.

Figure 5. Time series of simulated and observed present-day maximum daily 8 h average (MDA8) O3 concentrations at
three Japanese sites: (a) Ogasawara (27.1°N, 142.2°E), (b) Hedo (26.9°N, 128.2°E), and (c) Banryu (34.7°N, 131.8°E). The
model results for year 2000 and year 2010 (under RCP4.5 scenario) are shown by black and red lines, respectively, and
observations for year 2010 are shown by blue lines. Correlation coefficient (R), mean bias (MB, ppbv), and normalized mean
bias (NMB) between simulated and observed MDA8 O3 concentrations for each station are also shown in each panel
(numbers based on year 2000 simulation are in black, and those based on year 2010 simulation are in red).
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4. Projected Changes in Surface Layer OHConcentrations Over China Under the RCPs

Before looking at future changes in O3, future changes in hydroxyl radical (OH) over China are examined. As
the most active oxidant, OH plays an important role in tropospheric chemistry. The photolysis of O3 followed
by the reaction of excited oxygen atom (O1D) with water vapor is the most important source of tropospheric
OH, and the reaction of NO+HO2 is the second largest source of OH, whereas the reactions of CO and CH4

with OH comprise the main loss of OH. Therefore, higher emissions of NOx result in the increases in OH
concentrations, but higher emissions of CO and CH4 tend to lower OH abundance [Su et al., 2012].

Figure 7 shows the projected percentage changes in annual mean surface layer OH concentrations
over 2010–2050 for every decade relative to present-day (year 2000) values under the four RCPs.

Figure 6. Comparisons of annual mean tropospheric column ozone (TCO, unit: DU) simulated by the GEOS-Chem model
with those retrieved from TES. The model results are for year 2000 and year 2010 (under RCP4.5 scenario), and the TES
retrievals are the averages over 3 years (2006–2008).
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We emphatically describe here the responses of OH concentrations to changes in emissions in the near future
(2030) and future (2050) under the four RCPs. Under RCP2.6, the projected increases in NOx emissions,
decreases in CO emissions, and the lower CH4 levels all contribute to the overall increases in surface OH over
China in 2030. By 2050, OH concentrations are simulated to decrease slightly in southern China due to the
dominant role of NOx reductions but increase slightly in northern China due to the dominant role of CO
and CH4 reductions. As shown in Figure 1d, small changes in CH4 are projected for 2030 and 2050 under
RCP4.5 and RCP6.0. As a result, future changes in NOx and CO emissions determine OH concentrations under
these two scenarios. For RCP4.5, minor changes (within ±12%) in surface OH levels are simulated in 2030, but
widespread reductions over China are found in 2050 due to the dominant role of NOx reductions. The
maximum decreases of exceeding 24% are simulated over southeastern China in 2050. Note that the
patterns of changes in OH concentrations are quite different for RCP2.6 and RCP4.5, although these two
RCPs have very close NOx and CO emissions in 2050, which can be attributed to the large decreases in CH4

levels in RCP2.6. Under RCP6.0, increases in NOx emissions lead to increases in OH concentrations over a large
fraction of China in 2030 and 2050, with the largest increases of exceeding 48% in southeastern China and
southwestern China by 2050. Significant increases of exceeding 60% in surface OH are simulated over
southeastern China in 2030 under the RCP8.5 scenario, which results from the large increases in NOx

emissions from 2000 to 2030. However, high CH4 levels lead to the reduced OH concentrations over
western China in both 2030 and 2050 under RCP8.5. In 2050, the RCP8.5 shows a mixture of positive and
negative changes over central and eastern China, which is consistent with the patterns of changes in NOx

emissions (see Figure S1 in the supporting information). The distributions of our simulated changes in surface
layer OH concentrations over China in 2050 under RCP2.6 and RCP8.5 are similar to those presented by
Voulgarakis et al. [2013], but the magnitudes of changes in their study were larger because they presented
the changes over 2000–2100.

5. Projected Future O3 Air Quality Over China Under the RCPs
5.1. Future Changes in Annual Mean Concentrations

Projected changes in annual mean surface layer O3 concentrations over 2010–2050 for every decade relative
to present-day (year 2000) values under the four RCPs are presented in Figure 8. Under RCP2.6, simulated O3

concentrations increase throughout China in 2010, with the maximum increases of 3–6 ppbv in southern
China, but then start to decrease. Reductions in surface layer O3 concentrations are simulated over almost
all of China in years 2030, 2040, and 2050. Significant decreases of exceeding 6 ppbv are simulated over
the North China Plain and Sichuan Basin by 2050 due to the reductions in NOx, CO, NMVOC emissions, and
global CH4 levels.

Under RCP4.5, annual mean surface O3 concentrations exhibit increases over a large fraction of China in years
2010, 2020, and 2030, with the maximum increases of 3–6 ppbv over southern China in 2020. Concentrations
of O3 are projected to decrease in 2040 and 2050, with maximum decreases of exceeding 6 ppbv over Hunan,
Jiangxi provinces, and the Sichuan Basin in 2050. In 2050, the RCP4.5 leads to smaller decreases in surface
layer O3 than the RCP2.6 does, owing to the larger decreases in global CH4 levels in RCP2.6 since emissions
of NOx, CO, and NMVOCs are approximately the same for RCP2.6 and RCP4.5 (see Figures 1 and S1–S3 in
the supporting information).

For RCP6.0, the annual mean surface layer O3 concentrations increase over 2000–2040 over central, eastern,
and southern China and then stabilize over 2040–2050. Significant increases of 6–12 ppbv are simulated over
southern China in 2040 and 2050, which can be explained by the considerable increases in emissions of NOx,
CO, and NMVOCs in 2040 and 2050 relative to the present-day values. However, the annual mean O3 concen-
trations over western and northern China are projected to decrease slightly (by up to 2 ppbv) in all years
except for 2040. These slight decreases in O3 result from the decreases in transboundary transport from
central Asia and Europe. The global modeling study by Szopa et al. [2013] projected decreases in surface
O3 over the Northern Hemisphere except for China and Indonesia under RCP6.0.

The RCP8.5 leads to overall increases in annual mean O3 concentrations over China in all the future years
simulated. Concentrations of O3 reach peak values in 2020 and 2030, with the maximum increases of
6–12 ppbv in southern China as a result of the considerable increases in NOx, CO, NMVOCs emissions, and
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global CH4 levels from 2000 to 2020 (and 2030). In spite of extremely high CH4 levels, year 2050 O3 concen-
trations show small increases of 0–3 ppbv over eastern China owing to the significant decreases in emissions
of NOx, CO, and NMVOCs after 2030 (Figure 1).

The projectedmaximum changes in annual mean surface layer O3 concentrations in China over 2000–2030 in
our study are, respectively, �4, +6, and +12 ppbv under RCP2.6, RCP4.5, and RCP8.5, which agree with the
multimodel mean maximum changes �5, +7, and +10 ppbv over the same years under these scenarios
presented by Young et al. [2013b]. Under RCP6.0, multimodel mean O3 concentrations exhibit statistically
nonsignificant changes over southern China in Young et al. [2013b], while a maximum increase of 6 ppbv is
simulated in southern China in our work. For 2050 under RCP6.0, Szopa et al. [2013] presented a maximum
increase in O3 of 6 ppbv, while our model simulates a maximum increase of 12 ppbv. The larger increases
in O3 in our study can be attributed in part to the higher horizontal resolution of our model.

5.2. Future Changes in Seasonal Mean Concentrations Over the Four Heavily Polluted Regions

Figure 9 shows evolutions of changes in seasonal mean surface O3 levels over 2010–2050 relative to 2000
averaged over the four heavily polluted regions, including BTT, YRD, PRD, and SCB. The domains of these four

Figure 7. Percentage changes in annual mean surface layer OH concentrations (%) over 2010–2050 for every decade relative to present-day (year 2000) values under
the four RCPs.
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regions are marked in Figure 3. Figure 10 shows the maximum percentage changes in seasonal mean O3

concentrations and the years in which these maximum percentage changes occur, as the changes in the four
heavily polluted regions are calculated relative to the present-day (year 2000) values. Over BTT, the surface
layer O3 concentrations exhibit the largest changes in JJA among all the seasons because of the most active
photochemical reactions in this season. The patterns of future changes in O3 concentrations in JJA mimic
those of future changes in annual emissions of NOx, CO, and NMVOCs (Figure 1). The largest changes in
JJA surface layer O3 over BTT are simulated to be �8.7 ppbv (�16.5%) in 2050, �8.3 ppbv (�15.7%) in
2050, +12.2 ppbv (+23.2%) in 2050, and +10.3 ppbv (+19.5%) in 2030 under RCP2.6, RCP4.5, RCP6.0, and
RCP8.5 (Figures 9 and 10), respectively. Compared with JJA O3, the future changes in O3 in other three sea-
sons over BTT are much smaller. From 2000 to 2010, simulated DJF O3 concentrations in BTT are projected
to decrease slightly under RCP2.6, RCP6.0, and RCP8.5. In DJF, biogenic VOC emissions are especially low over
BTT, whereas anthropogenic NOx emissions are fairly high due to the residential heating, leading to low
VOCs/NOx ratio in this region [Lou et al., 2010]. Therefore, the projected increases in NOx emissions lead to
decreases in O3 concentrations in DJF. Over 2000–2050, changes in O3 concentration in BTT are in the ranges
of �4.0 to +2.2 ppbv in DJF, �6.8 to +1.8 ppbv in MAM, and �5.8 to +2.9 ppbv in September-October-
November (SON).

Figure 8. Predicted changes in annual mean surface layer O3 concentrations (ppbv) over 2010–2050 for every decade relative to present-day (year 2000) values
under the four RCPs.
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Over YRD, the trends and magnitudes of future changes in surface layer O3 are quite close to those over BTT.
The surface O3 over YRD also exhibits the largest changes in JJA; the largest changes are simulated to be
�7.1 ppbv (�16.4%) in 2050, �7.9 ppbv (�18.3%) in 2050, +10.0 ppbv (+23.0%) in 2050, and +9.6 ppbv
(+22.3%) in 2030 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. In DJF, MAM, and SON, future
changes in O3 over YRD are slightly larger than those over BTT as a result of stronger photochemical reactions
over YRD (YRD is located over 29°–33°N, while BTT is over 35°–40°N).

Future changes in O3 over PRD exhibit similar trends in all seasons, with the largest percentage changes in
SON due to the relatively strong photochemical production. Increasing clouds associated with the EASM
rainfall suppress photochemical production of O3 over southern China by altering solar radiation [Lin et al.,
2009; Zhao et al., 2010], leading to the smallest future changes in surface O3 concentrations in JJA over
PRD. The largest changes in SON surface layer O3 over PRD are simulated to be �6.6 ppbv (�15.5%) in
2050, �5.2 ppbv (�12.3%) in 2050, +6.6 ppbv (+15.5%) in 2040, and +6.2 ppbv (+14.6%) in 2030 under
RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. Note that over PRD, future changes in O3 in DJF are just
slightly smaller than those in SON because of the low latitudes and hence strong photochemistry in DJF.

Over SCB, the magnitudes of future changes in surface layer O3 concentrations are large in all seasons, owing
to the large future changes in precursor emissions in this region (see Figures S1–S3 in the supporting

Figure 9. Future changes in seasonal mean surface O3 levels (ppbv) over 2010–2050 relative to 2000 over the polluted
regions of BTT, YRD, PRD, and SCB under the four RCPs.
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information) and high present-day O3 levels throughout the year due to the unique terrain of the Sichuan
Basin [Wei and Zheng, 2006]. The simulated surface layer O3 concentrations exhibit the largest changes in
JJA; the largest changes in JJA O3 over SCB are simulated to be �6.8 ppbv (�14.2%) in 2050, �7.9 ppbv
(�16.4%) in 2050, +12.3 ppbv (+25.7%) in 2050, and +12.0 ppbv (+24.9%) in 2030 under RCP2.6, RCP4.5,
RCP6.0, and RCP8.5, respectively.

5.3. Future Changes in MDA8 O3 Concentrations Over the Four Heavily Polluted Regions

The new Chinese National Ambient Air Quality Standard (NAAQS, GB 3095-2012) has set up an O3 air quality
standard of 160μgm�3 (i.e., 74.7 ppbv at 273 K and 1013 hPa) for MDA8. The number of MDA8 exceedance
days is used as a measure for the potential health impacts of O3. An exceedance day is defined as a day with
the MDA8 O3 concentration larger than 74.7 ppbv according to the NAAQS.

We show in Figure 11 the numbers of MDA8 exceedance days over 2000–2050 in the four heavily polluted
regions under the four RCPs. The numbers of exceedance days for present day (year 2000) are simulated
to be 10, 0, 0, and 2 days over BTT, YRD, PRD, and SCB, respectively. The evolutions of numbers of exceedance
days mimic those of anthropogenic emissions (NOx, CO, and NMVOCs). Under RCP2.6 and RCP4.5, no
exceedance days are found in 2050 over the four polluted regions, indicating that the reductions in emissions

Figure 10. The maximum percentage changes (%) in seasonal mean O3 concentrations and the years in which these
maximum percentage changes occur, as the changes in the four heavily polluted regions are calculated relative to the
present-day (year 2000) values. The maximum percentage changes are shown by colored columns, and the years are
denoted by orange symbols.
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of O3 precursors (NOx, CO, and NMVOCs) are highly effective in limiting numbers of exceedance days under
these two RCP scenarios. The RCP6.0 leads to significant increases in numbers of exceedance days over
2000–2050; the numbers of exceedance days in 2050 over the four polluted regions of BTT, YRD, PRD, and
SCB are calculated to be 102, 75, 57, and 179 days, respectively. Note that the future numbers of exceedance
days in individual locations within a region (e.g., BTT) could be higher than the average across this region. For
RCP8.5, the projected numbers of exceedance days reach the maximum in 2030 and then rapidly decrease
due to the substantial reductions in NOx, CO, and NMVOCs emissions after 2030. The numbers of exceedance
days under RCP8.5 in 2030 (2050) are projected to be 94, 60, 34, and 162 (12, 0, 0, and 6) days over BTT, YRD,
PRD, and SCB, respectively.

Cumulative probability distributions of simulated MDA8 O3 concentrations averaged over the four heavily
polluted regions for present day (year 2000) and year 2050 under the four RCPs are shown in Figure 12.
Compared with present day, the cumulative probability distributions of MDA8 O3 concentrations under
RCP2.6 and RCP4.5 shift to lower values, indicating reduced MDA8 concentrations under the emission reduc-
tion scenarios of RCP2.6 and RCP4.5. Under RCP6.0, the MDA8 shows small changes in the low tail of the
distribution but large increases in the high tail of the distribution, indicating more peak O3 episodes owing
to the substantial increases in anthropogenic emissions in NOx, CO, and NMVOCs. Despite the significant
increases in global CH4 levels, few changes are found in 2050 under RCP8.5 due to small changes in the
emissions of NOx, CO, and NMVOCs.

6. Future Changes in Tropospheric O3 Radiative Forcing Over China

The radiative forcing (RF) is calculated as the change in net radiation flux at the tropopause by anthropogenic
emissions. All simulations use the same meteorological fields of year 2010. Figure 13 shows the simulated

Figure 11. Numbers of O3 exceedance days (days with the maximum daily 8 h average (MDA8) O3 concentrations exceeding
74.7 ppbv) over 2000–2050 in the four heavily polluted regions under the four RCPs. The dotted line at the bottom of each
panel represents that the number of exceedance day is 0.
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present-day annual mean RF by tropospheric O3 at the tropopause (year 2000 relative to 1850). For preindus-
trial times, all anthropogenic emissions are shut off and the global mean CH4 concentration of 0.7 ppm is
used in the simulation of O3. The geographical distribution of simulated present-day RF resembles that of
tropospheric column burden of O3 (Figure 6), with high RF values over the central and eastern China of
0.6–0.8Wm�2 and low values over the Tibetan Plateau of 0.2–0.4Wm�2, which agree with those reported
by Wu et al. [2002], Stevenson et al. [2013], and Szopa et al. [2013]. The highest RF values of 0.7–0.8Wm�2

are simulated over the Sichuan Basin and the Hunan-Hubei-Jiangxi provinces. Table 3 compares our
estimated present-day RF values over China with those reported in previous studies. The tropospheric O3

RF averaged over eastern China (18°–45°N, 95°–125°E) is 0.58Wm�2 in this work, close to the value of
0.53Wm�2 estimated by Chang and Liao [2009], who also used the IPCC AR5 emissions inventory for year
2000. With respect to the maximum RF values over China, our estimated values of 0.7–0.8Wm�2 are close
to those estimated by Hauglustaine and Brasseur [2001] and Szopa et al. [2013] but higher than those
obtained by other studies listed in Table 3. The differences in the maximum RF values in different studies
can be explained in part by the different horizontal resolutions of the models and the discrepancies in
anthropogenic emissions.

Projected future changes in annual mean tropospheric O3 RF at the tropopause over 2010–2050 for every
decade relative to 2000 under the four RCPs are presented in Figure 14. The patterns of changes in tropo-
spheric O3 RF are similar to those of changes in tropospheric column O3 (see Figure S4 in the supporting
information). Relative to present day, projected O3 RF increases in 2010 and 2020 and decreases over
2030–2050 throughout China under RCP2.6. Large decreases of 0.15–0.2Wm�2 are simulated over the

Figure 12. Cumulative probability distributions of simulatedmaximumdaily 8 h average (MDA8) O3 concentrations averaged
over the four heavily polluted regions for present day (year 2000, black line) and year 2050 under the four RCPs (color lines).
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North China Plain by 2050 due to the large reductions in tropospheric column O3 in this region. Under
RCP4.5, annual mean O3 RF exhibits moderate increases of 0.05–0.15Wm�2 over southern China and slight
increases of 0–0.05Wm�2 over northern China in years 2010, 2020, 2030, and 2040 and small changes in
2050. For RCP6.0, minor decreases of up to 0.05Wm�2 are found over a large fraction of China in years
2010, 2020, and 2030, whereas moderate increases of 0.05–0.1Wm�2 are simulated over southern China
in 2040 and 2050. The RCP8.5 leads to overall increases in O3 RF throughout China in all the future years,
with the maximum increases of 0.2–0.25Wm�2 in the Sichuan Basin in years 2030, 2040, and 2050.
Under RCP8.5, although small increases in surface layer O3 concentrations are simulated for 2050, the large

Figure 13. Simulated annual mean tropospheric O3 radiative forcing (Wm�2) at the tropopause for present day (year 2000)
relative to preindustrial times (year 1850).

Table 3. Comparisons of the Simulated Annual Mean Tropospheric O3 Radiative Forcing Over China in This Work With the Values Reported in Previous Studiesa

Reference Model Year Region

Radiative Forcing (Wm�2)

Annual Meanb Maximum Valuec

This study GEOS-Chem 1850–2000 China 0.48 0.7–0.8
Eastern China

(18°–45°N, 95°–125°E)
0.58

Berntsen et al. [2000] OsloC TM-1 1850–1990 Southeast Asia 0.45 0.6–0.7
Wang et al. [2005] RegCM2 1860–2000 China and its adjacent area

(6°–52°N, 85°–130°E)
0.65 NA

Chang et al. [2009] GISS GCM II’ 1950–2000 Eastern China
(20°–50°N, 100°–130°E)

0.87

Chang and Liao [2009] GISS GCM II’ 1850–2000 Eastern China
(18°–45°N, 95°–125°E)

0.53

Stevenson et al. [2013] Multimodel mean 1850–2000 China NA 0.6–0.7
Hauglustaine and Brasseur [2001] MOZART Preindustrial–Present 0.7–0.75
Szopa et al. [2013] IPSL-CM5 Earth System Model 1850–2000 0.75–0.85
Shindell et al. [2003] GISS GCM 1850–1990 0.55–0.7
Cionni et al. [2011] CAM3.5 and GISS-PUCCINI 1850–2000 0.45–0.6

aNA: not available.
bAnnual mean tropospheric O3 radiative forcing is averaged over the region shown in this table.
cMaximum value means the largest annual mean tropospheric O3 radiative forcing found over the domain of China.
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increases in tropospheric column O3 lead to high values of tropospheric O3 RF in this year. The large
increases of TCO over China can be attributed to the increases in long-distance transport of tropospheric
O3. Under RCP 8.5, while surface layer O3 over China peaks at 2030 (Figure 8), the global tropospheric O3

burden and tropospheric O3 RF were projected to increase monotonically over 2000–2050 under RCP8.5
by global simulations [Kawase et al., 2011; Stevenson et al., 2013; Szopa et al., 2013; Young et al., 2013a].
Relative to 2000, year 2050 tropospheric O3 RF averaged over eastern China (18°–45°N, 95°–125°E) is
calculated to be �0.11, 0.0, 0.01, and 0.14Wm�2 for RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively.
Hansen et al. [2007] simulated increases in temperature in eastern China by up to 0.6 K over 1880–2003
as the global mean tropospheric O3 RF was 0.44Wm�2, and Chang et al. [2009] predicted a warming of
0.43°C over 1950–2000 by a tropospheric O3 RF of 0.87Wm�2 when both the forcing and warming were
averaged over eastern China. The four RCP scenarios predict a wide range of possible future changes in
tropospheric O3 RF, from �0.11Wm�2 under RCP2.6 to 0.14Wm�2 under RCP 8.5 in 2050 relative to
2000, which provides options for improving O3 air quality while mitigating warming over eastern China
from 2000 to 2050.

Figure 14. Projected changes in annual mean tropospheric O3 radiative forcing (Wm�2) at the tropopause over 2010–2050 for every decade (relative to year 2000)
under the four RCPs. The annual mean O3 radiative forcing (relative to year 2000) averaged over eastern China (18°–45°N, 95°–125°E) is shown on the top right corner
of each panel.
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7. Conclusions

We use the high-resolution nested grid version of the GEOS-Chemmodel (0.5° latitude by 0.667° longitude) to
simulate 2000–2050 changes in ground level O3 concentrations, numbers of O3 exceedance days, and tropo-
spheric O3 RF over China in response to the changes in anthropogenic emissions under the RCPs (RCP2.6,
RCP4.5, RCP6.0, and RCP8.5). Comparisons of the simulated present-day (year 2000) O3 concentrations with
measurements show that the model can capture the spatiotemporal distributions of the observed surface
layer O3 concentrations in China, with a NMB of +11.6% and a high correlation coefficient of 0.76.

Future changes in annual mean surface layer O3 concentrations are examined first. Over China, RCP8.5 is the
worst scenario for near future (2020–2030) and RCP6.0 is the worst scenario over 2040–2050. Future changes
in seasonal mean surface layer O3 concentrations exhibit different trends and magnitudes in the four heavily
polluted regions. The trends and magnitudes of future changes in surface O3 are quite close over BTT and
YRD. Over these two regions, the simulated O3 concentrations show largest future changes in JJA among
all the seasons; the largest changes in JJA surface layer O3 over BTT (YRD) are simulated to be �16.5%
(�16.4%) in 2050, �15.7% (�18.3%) in 2050, +23.2% (+23.0%) in 2050, and +19.5% (+22.3%) in 2030 under
RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. Future changes in O3 over PRD have similar trends and
magnitudes in DJF, MAM, and SON; future changes in these seasons are large owing to the strong photo-
chemistry throughout the year because of the low latitudes of PRD. Increasing clouds associated with the
EASM rainfall suppress photochemical production of O3 and lead to the smallest future changes in surface
O3 concentrations in JJA over PRD. Over SCB, the magnitudes of future changes in surface layer O3

concentrations are large in all seasons because of the large future changes in precursor emissions and high
present-day O3 levels throughout the year. The largest changes in JJA O3 over SCB are simulated to be
�14.2% in 2050, �16.4% in 2050, +25.7% in 2050, and +24.9% in 2030 under RCP2.6, RCP4.5, RCP6.0, and
RCP8.5, respectively.

We then examine MDA8 O3 concentrations in the four heavily polluted regions. In present day (year 2000),
the numbers of MDA8 O3 exceedance days are simulated to be 10, 0, 0, and 2 days over BTT, YRD, PRD,
and SCB, respectively. The future changes in numbers of exceedance days mimic those in anthropogenic
emissions (NOx, CO, and NMVOCs). In the near future (year 2030), the numbers of exceedance days are the
highest under RCP8.5, followed by RCP6.0. The numbers are calculated to be 94, 60, 34, and 162 days under
RCP8.5 and 77, 31, 25, and 58 days under RCP6.0 over BTT, YRD, PRD, and SCB, respectively. In year 2050, no or
very small numbers of exceedance days are found in the four heavily polluted regions under RCP2.6, RCP4.5,
and RCP8.5, but extremely high numbers of exceedance days of 102, 75, 57, and 179 days are simulated over
BTT, YRD, PRD, and SCB, respectively, under RCP6.0.

Future changes in annual mean tropospheric O3 RF at the tropopause are also examined. Averaged over
eastern China (18°–45°N, 95°–125°E), year 2000 radiative forcing relative to year 1850 is calculated to be
0.58Wm�2. The patterns of future changes in tropospheric O3 RF resemble those of changes in tropospheric
column O3. Relative to 2000, year 2050 tropospheric O3 RF averaged over eastern China under the RCP2.6,
RCP4.5, RCP6.0, and RCP8.5 is calculated to be �0.11, 0.0, 0.01, and 0.14Wm�2, respectively.

When we consider both the health and climate impacts of tropospheric O3 in 2050 over China, RCP2.6 is a
significantly improving scenario for both air quality and climate, with zero MDA8 O3 exceedance days over
the four heavily polluted regions and a tropospheric O3 RF of �0.11Wm�2 over eastern China (relative to
2000). RCP4.5 is a significantly improving scenario for air quality but has small impact on climate, with zero
exceedance days and a regional mean tropospheric O3 RF of 0.0Wm�2. RCP6.0 is a significantly worsening
scenario for air quality and a slightly worsening scenario for climate, with 179 exceedance days over the
SCB and a regional tropospheric O3 RF of 0.01Wm�2. RCP8.5 is a slightly worsening scenario for air quality
and a significantly worsening scenario for climate, with 12 exceedance days over BTT and a tropospheric
O3 RF of 0.14Wm�2 over eastern China. Therefore, to simultaneously abate air pollution and climate
warming induced by O3, both the anthropogenic emissions of NOx, CO, NMVOCs, and global CH4 levels
should be reduced, as represented by RCP2.6.

In this study we are focused on how tropospheric O3 over China responds to future changes in anthropogenic
emissions alone by using the same year 2010 meteorology in all the simulations. It should be noted
that future O3 levels are also influenced by future interannual to decadal timescale climate change
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[Liao et al., 2006; Kurokawa et al., 2009], especially for the high O3 episodes [Racherla and Adams, 2009].
Future climate change can also influence tropospheric O3 by altering the stratospheric influx [Sudo et al.,
2003; Young et al., 2013a]. These are the uncertainties in our results that need to be addressed in
future studies.
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