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Abstract
Despitemodest emissions reductions of air pollutants in recent years, China still suffers frompoor air
quality, and the outlook for future air quality inChina is uncertain.We explore the impact of two
disparate 2050 emissions scenarios relative to 2015 in the context of a changing climate with the
Geophysical FluidDynamics Laboratory AtmosphericModel version 3 (GFDL-AM3) chemistry-
climatemodel.We impose the same near-term climate change for both emission scenarios by setting
global sea surface temperature (SST) and sea ice cover (SIC) to the average over 2010–2019 and
2046–2055, respectively, from a three-member ensemble of GFDL coupled climatemodel simulations
under the RCP8.5 (Representative Concentration Pathway) scenario. By the 2050s, annualmean
surface ozone increases throughout China by up to 8 ppbv from climate change alone (estimated by
holding air pollutants at 2015 levels while setting SIC and SST to 2050 conditions in themodel) and by
8–12 ppbv in a scenario inwhich emissions of ozone precursors nitrogen oxides (NOx) and
anthropogenic volatile organic compounds (VOCs) increase by∼10%. In a scenario inwhichNOx

and anthropogenic VOC emissions decline by 60%, annualmean surface ozone over China decreases
by 16–20 ppbv in the 2050s relative to the 2010s. The ozone increase from climate change alone results
in an additional 62 000 premature deaths inChina as compared to 330 000 fewer premature deaths by
the 2050s under a strong emissionsmitigation scenario. In springtime over SouthwesternChina in the
2050s, themodel projects 9–12 ppbv enhancements to surface ozone from the stratosphere (diagnosed
with amodel tracer) and from international anthropogenic emissions (diagnosed by differencing
AM3 simulations with the same emissions withinChina but higher versus lower emissions in the rest
of theworld). Ourfindings highlight the effectiveness of emissions controls in reducing the health
burden inChina due to air pollution, and also the potential for climate change and rising global
emissions to offset, at least partially, some of the ozone decreases attainedwith regional emission
reductions inChina.

1. Introduction

Exposure to surface ozone causes hundreds of thou-
sands of premature deaths worldwide each year

(Cohen et al 2017), and is associated with morbidity,
damage to ecosystems and crops, and in the upper
troposphere is an important greenhouse gas (Myhre
et al 2013, Jhun et al 2014, Tai et al 2014, Yue and
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Unger 2014). In China, 67 000 premature deaths were
attributed to ozone in 2015, among the largest
premature mortality from ozone air pollution in the
world (Cohen et al 2017). Some tropospheric ozone
originates in the stratosphere, which occasionally may
enhance concentrations at the surface and impact air
quality in some regions and seasons (Langford et al
2009, Lin et al 2012). In addition to emissions, climate
change influences ozone air quality through changes
in temperature, atmospheric circulation, precipita-
tion, and dry deposition (Jacob and Winner 2009,
Fiore et al 2015). Though there is now evidence that
emissions of ozone precursors have declined slightly in
recent years in certain parts of China (Liu et al 2017),
the future of ozone air quality in China remains
uncertain and depends strongly on future emissions
policies and climate change. Recent evidence points to
an increase in ozone concentrations associated with
particulate matter decreases in recent years in China
due to the weakening of the aerosol sink of peroxy
radicals (Li et al 2018), implying a growing need for
considering future ozone air quality over China.

Over China specifically, Chen et al (2018) pro-
jected a 1–10 ppbv increase in annual mean ozone by
2055 (compared to 2015) using the RCP8.5 scenario in
the GFDL-CM3 climate model and a statistical down-
scaling technique based on observed ozone distribu-
tions. Zhu and Liao (2016) used a nested version of the
global chemical transport model GEOS-Chem with
the RCP emissions scenarios and found increases in
annual mean surface ozone of 6–12 ppbv by 2050
(relative to 2000) in the RCP6.0 and RCP8.5 scenario,
and decreases of up to 6 ppbv in RCP2.6 and RCP4.5.
Wang et al (2013) also used GEOS-Chem but with the
SRES A1B scenario, finding summertime increase in
mean surface ozone of 0.4 ppbv due to climate change
alone, and an increase of 11.6 ppbv due to emissions
changes alone over the period 2000–2050. Liu et al
(2013) found autumn season increases in surface
ozone of up to 6.1 ppbv from emissions alone and
1.5 ppbv from climate change in the Pearl River Delta
region of China, using the Weather Research and
Forecasting with Chemistry model (WRF-Chem) and
the SRES A1B future emissions scenario. Fiore et al
(2012) synthesized several multimodel studies using a
variety of future emissions projections on emissions
and climate-driven changes to future ozone, and
found a wide range (±4 ppbv) for climate-driven
ozone and emissions-driven ozone (−4 to +10 ppbv)
over East Asia, though their domain included Korea
and Japan. Models are in qualitative agreement on
future climate-driven ozone over China, but the sign
and magnitude of change vary strongly with the selec-
ted emissions scenario.

Here, we use a more recent emissions inventory,
ECLIPSE v5a (Evaluating the Climate and Air Quality
Impacts of Short-Lived Pollutants) CLE (Current Leg-
islation) and Maximum technically Feasible Reduc-
tion (MFR) scenarios for estimates of future emissions

globally and over China (Stohl et al 2015). These future
emissions projections include substantial improve-
ments over previous emissions scenarios, especially
over China, where large changes have recently occur-
red. ECLIPSE takes into account new emissions con-
trol policies announced under China’s 12th five-year
plan that were not previously considered in other
inventories. It also considers a number of newer emis-
sions standards released after 2010 and includes inte-
grated policies that include both energy-saving
measures and end-of-pipe controls (Wang et al 2014).
ECLIPSE also represents a wider range of possible
emissions futures for China and the rest of the world,
which is an improvement over the SRES and RCP sce-
narios. Kirtman et al (2013) compared air pollutant
emissions projections under SRES and RCPs, finding
that the RCP emissions were smaller than SRES by a
factor of 1.2–3.

We focus on the impact of climate change and
emissions scenarios on surface ozone over China
(section 3), using GFDL-AM3, described and evaluated
in section 2 and supplementary information (available
online at stacks.iop.org/ERL/14/074030/mmedia).
We examine the impact of stratospheric-tropospheric
transport and the sensitivity of surface ozone to temper-
ature on future ozone levels in China (section 3).
Finally, using methodology from a recent long term
study of ozone mortality (Turner et al 2016), we calcu-
late the human health burden in China associated with
future ozone exposure projections (section 4).

2.Methods

We use the atmospheric component of the NOAA
GFDL AM3 (Donner et al 2011) to perform simula-
tions of present and future climate under different
emissions scenarios provided by the ECLIPSE v5a
inventory. ECLIPSE provides present-day (2015)
emissions of SO2, NOx, NH3, NMVOC, BC, OC,
PM2.5, PM10, and CO, and future emissions in the
current legislation (CLE) and MFR (Stohl et al 2015).
CLE and MFR are described in further detail in the
supplement. We simulate a base-case for comparison
with future scenarios, with year 2015 emissions (where
MFR and CLE emissions are identical) and 2015
climate. All simulations, both present-day base case
and future projections for 2050 are 10 years in length
and repeat 2015 (or 2050) climate and emissions
continuously for those 10 years. Climatic conditions
are specified using global sea surface temperatures
(SST) and sea ice cover (SIC) according to decadal
averages for the years 2010–2019 for present day and
2046–2055 for the future from a three-member
ensemble of GFDL-CM3 transient simulations under
the RCP8.5 high warming scenario. The decadal
averages of the combined three-member ensembles
help dampen climate variability arising from the ocean
(but atmospheric variability remains).
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The CLE and MFR scenarios do not provide con-
centrations of CO2 and other long-lived greenhouse
gases needed to drive climate forcing. As such, we use
the long-lived greenhouse gases from the RCP8.5 sce-
nario that are consistent with the SST and SIC in our
2015 and 2050 AM3 simulations. We impose the same
SSTs, SICs, and well-mixed greenhouse gases
(RCP8.5) in 2050 for both air pollution scenarios (CLE
and MFR) to facilitate a more direct comparison
between the roles of emission changes under the CLE
versus MFR scenario. Coupling a high warming sce-
nario such as RCP8.5 with a strong air pollution emis-
sions mitigation scenario such as MFR is indicative of
a future with aggressive end-of-pipe air pollution con-
trol technology limiting NOx but doing little to miti-
gate long-lived greenhouse gases such as CO2.
Qualitatively, this RCP8.5-MFR scenario is similar to
the SSP5-8.5 scenario for phase 6 of the Coupled
Model Intercomparison Project (CMIP6), which
combines a strong air pollution control scenario in the
Shared Socioeconimc Pathway 5 (SSP5) with a high
warming endpoint (8.5 W m−2 radiative forcing by
2100) (O’Neill et al 2016). In all of our simulations,
methane concentrations are held at 2015 levels with
respect to atmospheric chemistry, but increase
according to RCP8.5 for the radiative effect by impos-
ing different methane abundances in the chemistry
versus radiative transfer modules. CO2 and other tro-
pospheric nonreactive greenhouse gases are also pre-
scribed to 2050 levels. These simulations include the
combined impact of climate and emissions changes.

We also simulate the impact of future climate
change alone on surface ozone by holding anthro-
pogenic emissions of aerosols and ozone precursors at
2015 levels but using a 2050 decadal mean climate.We
chose to use 2015 emissions as the fixed baseline
because emissions are identical betweenCLE andMFR
for the year 2015, but are vastly different in the future.
We take the difference between the present-day simu-
lation and the future time-slice simulations to quantify
the change in surface ozone. To estimate the impact of
Chinese emissions reductions alone on ozone air qual-
ity beyond China (e.g. Western US), we simulate 2050
with MFR emissions over China (CHMFR in table 1)

but CLE emissions elsewhere and subtract this simula-
tion from the simulation with CLE emissions applied
globally. The difference between the CHMFR simula-
tion and the global MFR emissions provides an esti-
mate of how growth in global emissions outside of
China could influence future air quality over China.

To quantify stratospheric ozone influence in sur-
face air, all of our simulations use the ‘O3S_e90’ tracer
approach to quantify stratospheric contributions to
surface ozone as defined in Lin et al (2012). Briefly, this
stratospheric ozone tagging method utilizes a tropo-
pause tracer with a globally uniform surface source
and a 90 d e-folding lifetime (Prather et al 2011) to
define the tropopause. Stratospheric air is defined as
where the e90 mixing ratio is less than 85 ppbv, and
ozone in the stratosphere is tagged as ‘O3S_e90’. We
estimate changes in the stratospheric ozone contrib-
ution to surface air as the difference in this tracer
between simulations.

The GFDL-AM3 present-day (2015) simulation is
evaluated against hourly observations from 1494
monitoring stations across 364 cities in China from
the period of 1 January 2015–31 December 2015 in
section 4 of the supplementary information. Figure S3
shows monthly mean maximum daily 8 h average
values (MDA8) across a geographically diverse set of
urban locations throughout China. Although the
model is biased high due to uncertainties in emissions
of anthropogenic and biogenic precursors, uncertain-
ties in ozone sinks such as dry deposition, and inability
of the coarse resolution model (∼200 km by 200 km)
to resolve ozone titration and other chemical pro-
cesses occurring at local scales, we focus our analysis
on differences between model simulations of the
future and present. To the extent that biases impact
ozone concentrations in an equivalent manner in the
present and future, our estimates of changes should be
minimally affected by this mean state bias. Earlier
work suggests that despite similarly high biases in the
eastern US in summer, the modeled response to NOx

emissions reductions phased in from the late 1990s–
2000s is captured (Clifton et al 2014, Rieder et al 2015).
Therefore, to our best understanding we expect that
the bias stems from simulating the mean ozone

Table 1. Simulation name, emissions scenarios (CLE/MFRand year of emissions), climate change scenario (year of SST and SIC input from
RCP8.5 three-member ensemble simulations ofGFDL-CM3), and emissions ofNOx, NMVOC, andCOover China and globally. Units for
NOx: TgNO2 yr

−1; units forNMVOC: TgNMVOCyr−1; units for CO: TgCOyr−1.

China emissions Global emissions

Name Emission scenario NOx NMVOC CO NOx NMVOC CO

Climate change

scenario

2015 CLE 2015 20.6 24.2 163 91.5 108 520 2015

2050CLE CLE 2050 25.1 25.5 120 112 121 501 2050

2050MFR MFR2050 8.52 9.04 45.2 31.4 50.3 165 2050

2050CLIM CLE 2015 20.6 24.2 163 91.5 108 520 2050

2050CHMFR MFRover China only, CLE

elsewhere

8.52 9.04 45.2 91.5 108 520 2050
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abundances rather than the sensitivity of ozone to
changes in emissions or meteorology. Rieder et al
(2015) and Chen et al (2018) used a quantile mapping
bias correction method on GFDL-AM3 ozone, using
the same correction for both present and future,
assuming bias is systematic and stationary. However,
since we focus on changes in ozone concentration and
mortality between 2015 and 2050, applying their
method would simply result in cancellation of the bias
correction.

3. Projected changes in surface ozone
concentrations over China in the 21st
century

3.1. From emissionswithin and outside China
Figure 1 shows the spatial distribution of NMVOC,
NOx, and CO emissions in 2015 and the difference
between 2015 and 2050 for the MFR and CLE
scenarios over China. In the CLE scenario,
NOx emissions are projected to stay similar to 2015
levels by 2050, withmodest increases (up to about 5Gg
NO2 yr

−1 in local hotspots) in eastern China. Anthro-
pogenic NMVOC emissions are projected to increase
by upwards of 10 Gg NMVOC yr−1 only on the
Shandong Peninsula, surrounded by decreases of
similar magnitude elsewhere in eastern China. CO
emissions are projected to decrease uniformly
throughout China by 2050. In the MFR scenario,
emissions of all three species are projected to decrease
throughout China. Table 1 and figure S1 shows the
total emissions for CLE and MFR totaled over eastern
China (100 °E–130°E, 20 °N–50 °N), and figure S2
shows the global total emissions. In MFR, global
emissions of NOx, NMVOCs, and CO are more than
halved by 2050. MFR can therefore be considered an

optimistic scenario in contrast with a more status-quo
scenario inCLE.

During spring and summer, when ozone con-
centrations are generally highest across China (figures
S3 and S4), decadal average seasonal mean Chinese
MDA8 surface ozone increases by up to 10 ppbv,
respectively, from the 2015 to 2050 CLE simulations
(figure 2(a), see figure S5 for all seasons), reflecting
increases in precursor NOx and VOC emissions.
Increases in ozone in eastern China, especially near the
Shandong peninsula, are significant at the 95% con-
fidence level according to a Student’s t-test. Changes in
southern and western China are also significant, parti-
cularly in spring over the majority of western China.
The ozone increase over the Tibetan Plateau region in
southwestern China partially reflects the influence
from the nearby Indo-Gangetic Plain, where emis-
sions of ozone precursors are projected to increase by
50%. In contrast with CLE, statistically significant
ozone decreases occur uniformly in the MFR scenario
in every season (figures 2(b), S7), echoing the changes
in emissions of ozone precursors in the ECLIPSE
inventory (figure 1 and table 1). Ozone decreases are
highest in summer (JJA, figure S6), when they reach
upward of 20 ppbv over almost the entire domain, and
lowest in winter (DJF, figure S6). Ozone decreases are
largest in the central and southern parts of eastern
China, mostly at or below the latitude of the Yellow
Sea. The standard deviation of annual mean MDA8
ozone in present-day simulations is 1.7 ppbv averaged
over China and less than 2 ppbv for any given season
(figure S7), suggesting that the changes in future ozone
in CLE and MFR and subsequent changes described
below are significant compared to internal variability.

Figure 2(e) shows the change in MDA8 surface
ozone due to a major reduction in ozone precursor
emissions over China only by 2050 with the rest of the

Figure 1.Emissions ofNOx (left column), NMVOC (middle column), andCO (right column) for 2015 (panel (a)–(c)), a 2050–2015
difference in theCLE scenario (panels (d)–(f)), and a 2050–2015 difference in theMFR scenario (panels (g)–(i)). Units areGg (species)
per year.
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world following CLE (referred to hereafter as
2050CHMFR). The 2050CHMFR hybrid scenario is
differenced against 2050CLE (higher emissions CLE
scenario everywhere, including China), thus isolating
the impact of Chinese emissions reductions alone. In
the springtime, when observations and models indi-
cate intercontinental transport of air pollution over
the Pacific peaks (Task Force on Hemispheric of Air
Pollution 2010), significant (hatching) surface ozone
decreases of up to 6–8 ppbv occur in the western US.
These changes are largest over higher elevations in the
US (Rocky Mountains), which are more susceptible to
changes in free tropospheric ozone transport. While
climate variability will modulate the impact of Chinese
emissions reductions on US surface ozone via inter-
continental transport (which can be amplified or dam-
pened by variability in stratosphere-troposphere
transport as shown in Lin et al 2015), our results imply

that aggressive emission reductions over China would
reduce ozone concentrations over thewesternUS.

We further examine the implications for air qual-
ity over China in 2050 if China aggressively reduces
ozone precursor emissions according to MFR but the
rest of the world follows CLE instead of MFR. Here,
the hybrid scenario described above is differenced
against 2050MFR (instead of 2050CLE), thereby iso-
lating the influence of the emissions difference
between CLE and MFR in the rest of the world on
China (called 2050ROW). Under this scenario, we find
statistically significant higher surface MDA8 ozone in
springtime (figure 2(f), all seasons figure S8) across
most of China, largest (up to 15 ppbv) in western
China in close proximity to India. Emissions ofNOx in
India increase by 25% in CLE and 50% specifically in
northwest India, which strongly impacts western
China ozone concentrations in all seasons. In eastern

Figure 2.Change from2015 to 2050 in springtime (MAM) decadal averagemaximumdaily 8 h average ozone (MDA8) in the
GFDLAM3 simulations during (a)CLE secnario, (b)MFR, (c)CLIM, (d)CLIM for the stratosphericO3 component of surfaceO3,
(e)CHMFR, and (f)ROW (rest of world). Hatching represents statistical significance at 95% confidence level (assessed by Student’s
t-test).
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China, increases are smaller (less than 6 ppbv) due to a
larger influence of local emissions. However, the influ-
ence of foreign emissions still impacts several areas in
eastern China by 15 ppbv or more in the summer
(figure S8). Increases in ozone of up to 9 ppbv occur in
south China, which may reflect an influence of pollu-
tion from countries in Southeast Asia.

3.2. From climate change
Surface MDA8 ozone changes in the 2050CLIM
simulation relative to the 2015 simulation (in which
precursors of ozone and aerosols are held at 2015
levels) are shown in figure 2(c) (see figure S9 for all
other seasons). Consistent with previous work, ozone
increases due to future climate change in polluted
regions (e.g. high emissions in figure 1). The increases
are largest in the summer and fall months in Western
China (up to 8 ppbv, figure S9), but occur year round,
with an annual mean increase of about 4 ppbv over
populous eastern China. Statistical significance ismost
widespread in western China especially over the
Tibetan Plateau and in close proximity to India. The
increases in surface ozone near major cities on the east
coast of China, near the Yangtze River region, and
sporadically in other areas are only significant in
autumn. While climate-driven changes in surface
ozone are generally smaller in magnitude than the
emission-driven changes, as expected, these 4 ppbv
seasonal increases in the heavily populated eastern
portion of China could become more important in
meeting ozone targets in the future as China aims to
reduce its air pollution health burden. These climate-
driven O3 changes would likely be smaller if a future
emissions scenario such as MFR in 2050 was used as
the fixed baseline, since the sensitivity of O3 to
temperature decreases with decreasing regional NOx

emissions (Rasmussen et al 2012).
We find that the springtime increases in south-

western China reflect increasing stratospheric ozone.
Figure 2(d) shows the change in the stratospheric
ozone component of springtime surface MDA8 ozone
(O3S; see figure S10 for all seasons) in 2050CLIM from
2015 to 2050. The change in O3S over the Tibetan Pla-
teau or anywhere else in China is statistically sig-
nificant at the 95% confidence level only in spring
(hatching in figure 2(d)). This O3S increase also occurs
in 2050CLE and 2050MFR (figures S11 and S12),
which are driven by the same 2050 SSTs and sea ice as
2050CLIM, suggesting that this enhanced strato-
spheric transport is a robust feature of future climate
change in this model. In the spring, climate-driven
stratospheric ozone contributes as much as 12 ppbv to
surface ozone over the high elevation Tibetan Plateau,
or 15% compared to present-day surface ozone levels
in an area that is not as heavily influenced by localized
anthropogenic emissions compared to populated
urban centers of eastern China. The surface ozone
increase in 2050 in the MFR scenario in spring

(figure 1(c)) in this region suggests that climate-driven
increases in stratospheric influence on surface air are
sufficient to offset the ozone reductions produced by
the widespread emissions decreases in the MFR sce-
nario (figure 1). Surface ozone increases in 2050 are
also enhanced in theCLE scenario (which has the same
climate forcing, but also includes air pollutant emis-
sion changes) by the stratospheric component.

Figure 3 shows the MDA8 surface ozone versus
maximum daily temperature (Tmax) slope (ppbv K

−1)
in summer time over China in 2015 and in 2050
in the climate change only scenario (2050CLIM).
Correlations between Tmax and MDA8 ozone are
shown in figure S13. In 2015, ozone increases by
roughly 3 ppbv K−1 in the summer in the Beijing
region. By 2050, climate change results in more than
doubling of this slope (about 7 ppbv K−1) in the same
region, suggesting that ozone levels will bemore sensi-
tive to temperature changes in the future. The slope of
the O3–Tmax relationship increases by at least 0.25
ppbvK−1 for the entire northern half of China, and the
areas of greater slope are extended further into western
China (figure 3(c)). Associatedwith this slope increase,
we find a northward shift of the jet stream latitude, as
defined by the maximum of the 500 hPa zonal wind
(gray contour lines in figure 3), from 2015 to 2050. In
the 2015 simulation, the jet position is approximately
at 40 °N latitude (darkest gray/black contours) near
the northern China border with Mongolia, but by
2050 shifts northward by about 8 °N latitude. This
northward shift is also demonstrated by the differ-
ences in 500 hPa zonal wind in figure 3(c) and is asso-
ciated with the projected increase in O3–Tmax slope in
the northern part of China. This is consistent with
Barnes and Fiore (2013), who found that over the
Northeastern US the O3–Tmax slope is greatest a few
degrees south of the latitude with maximum jet wind
speed.

4.Ozone-relatedmortality over China

Using the difference in our model simulations for
2050 versus 2015 in theCLE,MFR, andCLIM scenario
and concentration-response factors from a recent
long-term ozone mortality study (Turner et al 2016),
we calculate the change in annual premature mortality
due to future ozone in China. Mortality calculations
are completed using the equation below:

M M P e1 , 1o
CRF O3= ´ ´ - - ´D( ) ( )

whereM is the change in mortality,M0 is the county-
level baseline mortality rate for China, P is the
population from the 2010 Chinese census, CRF is the
concentration response factor obtained from Turner
et al (2016), and ΔO3 is the change in the running
three-month mean of daily 1 h maximum values of
surface ozone concentration between 2015 and 2050
in each scenario. Turner et al (2016) is chosen as a
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Figure 3. Summer (JJA) sensitivity of ozone tomaximum surface temperature in (a) 2015 and (b) 2050CLIM, and (c) difference. Gray
contour lines show the JJA 500 hPa height zonal wind for each year and the difference.

Figure 4. (a) 2010 baseline population inChina, (b) change in premature deaths between 2015 and 2050 due to climate change alone
(2050CLIM scenario) (c) change in premature deaths between 2015 and 2050 due toCLE scenario (2050CLE, includes climate
change), and (d) change in premature deaths between 2015 and 2050 due toMFR scenario (2050MFR, includes climate change). Units
are number of deaths.
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more recent estimate based on an updated cohort with
a longer follow-up than previous estimates. The
concentration response factor is the ‘hazard ratio’ as
defined in Turner et al (2016) and is the slope of the
log-linear relationship between concentration and
mortality. A caveat to this calculation is that the CRF
was developed from US populations. The relatively
coarse model resolution may not be able to fully
resolve health burden impacts at local scale. We also
do not include population aging in our mortality
estimates, which was recently shown to play a sig-
nificant role in future mortality in China (Chen et al
2018). County-level baseline-mortality rates were
obtained from the Chinese Center for Disease Control
and Prevention.

In figure 4 we present the change in annual all-
cause mortality between 2015 and 2050 due to climate
change (CLIM), CLE emissions, and MFR emissions.
These mortality changes are computed from the dec-
adal average change in ozone between 2015 and 2050,
and thus ignore possible transient variations in mor-
tality that may occur in the years between. Baseline
2010 population is shown in figure 4(a). The ozone
change due to climate change alone results in an addi-
tional 61 884 annual premature deaths (standard
deviation of 674) in China by 2050. Not all ozone
changes in the climate change scenario are statistically
significant at the 95% confidence level. In the CLE sce-
nario, which projects emissions in China to roughly
stay the same or slightly increase (see figure 1 and
table 1), an additional 79 786 premature deaths (stan-
dard deviation of 698) are expected. Since climate
change is also a factor in the CLE scenario, this sug-
gests that the ozone climate penalty, or the amount of
ozone concentration increase due to climate change
alone, makes up a significant portion of the human
health burden associated with the CLE simulation,
though due to climate variability, simulation results
are not exactly linear. In the MFR scenario, we project
that 334 822 premature deaths (standard deviation of
2880) can be avoided. Ozone changes associated with
CLE and MFR are statistically significant throughout
most of the entire domain. ‘Though only a fraction of
1% of China’s total population, this number of avoi-
ded premature deaths is a significant fraction (one-
quarter to one-third) of the estimated total number of
annual premature deaths attributed to ozone in pre-
sent-day worldwide (1.04–1.23 million) in Malley et al
(2017). That work utilized the same CRF from Turner
et al (2016), which estimates a CRF of 1.02 per 10 ppbv
O3 increase, much larger than the CRF of 1.001 per
10 ppbv developed in Jerret et al (2009).’ The largest
numbers of increasing or decreasing premature deaths
occur in eastern China, where both population and
ozone concentrations are highest. However, in the
MFR scenario, reductions in mortality extend as far
west as the Sichuan province and as far south as the
south China coast. Aggressive emissions reductions

will therefore have far-reaching benefits to human
health, but even if ozone precursor emissions are con-
trolled there may be a modest impact of climate
change that dampens the emissions reductions
benefits.

5.Discussion and conclusions

With our decades-long chemistry-climate model
simulations, we investigated a range of possible futures
over China under different regional and global emis-
sion scenarios. Our findings highlight the strong
leverage possible over much of China by continuing to
implement domestic controls on ozone precursor
emissions to improve air quality in contrast to the
further degradation of air quality under a scenario in
which emissions continue to increase to mid-century.
Premature mortality is estimated to increase in China
by 2050 compared to 2015 in the CLE scenario by
nearly 80 000 deaths, while emissions decreases in the
MFR scenario would result in more than 330 000
avoided premature deaths. Our results show that
emission controls on ozone precursor emissions as
projected under the MFR scenario would largely
improve air quality and health inChina.

We examine non-local factors influencing future
air quality over China. A sensitivity simulation in
which temperatures are consistent with the high-
warming RCP8.5 scenario but air pollutants and
precursors remain at 2015 levels demonstrates the
potential for climate change to further increase ozone
and associated mortality, including via an enhanced
sensitivity of ozone to temperature and a springtime
enhancement of stratospheric ozone in the lower tro-
posphere over the remote high-altitude southwestern
China region in springtime. The impact of future cli-
mate change on the ability to meet air quality stan-
dards should not be overlooked, especially in
southwestern China where stratospheric influence on
surface air due to climate change is an important con-
tributor to surface level ozone. Climate change may
dampen future mortality benefits, as climate change
alone contributes up to 62 000 premature deaths over
China by 2050 compared to 2015. In addition to
avoiding the worst effects of climate change in China,
future mitigation of greenhouse gas emissions will
have an added co-benefit of reducing air pollution-
related mortality. We find that a continued rise in glo-
bal emissions including over South Asia can offset
some of the gains attained via controlling emissions
within China alone. Our results also suggest that
reductions in emissions in northern India will lead to
lower ozone levels over western China. China may
therefore benefit by encouraging widespread emis-
sions reductions throughout all of Asia. Higher resolu-
tion modeling that better resolves air pollution
transport at the India–China border will be important
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for improved estimates of the international contrib-
ution. The use of multiple models to better assess
robustness of results of a single model should also be
a priority for future work. Our results imply that, as
China moves to reduce its air pollution health burden,
the influence from international pollution transport,
especially from neighboring India, may become
increasingly important for improving air quality and
meeting national standards.
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1 Previous literature 

Numerous studies have investigated the global impact of anthropogenic emissions and 

climate on surface ozone (Dentener et al., 2006; Fiore et al., 2015; Jacob and Winner, 

2009; Kim et al., 2015; Langner et al., 2012; Lapina et al., 2015; Liao et al., 2006; 

Racherla and Adams, 2006, 2009, Stevenson et al., 2013, 2006; Tagaris et al., 2007; Wu 

et al., 2008a, 2008b; Young et al., 2013) without necessarily focusing exclusively on 

China or East Asia. Generally, these studies projected an increase of a few ppbv for 

global mean surface ozone due to future climate changes alone by mid-century compared 

to present-day, with decreases in remote region and increases over heavily populated 

areas in China (Zhu and Liao, 2016). Projected changes in ozone are highly dependent on 

choice of scenario for precursor emissions. For example, older studies that utilized the 

Special Report on Emissions Scenarios (SRES) generally projected increases in global 

mean surface ozone (Brasseur et al., 2006; Dentener et al., 2006), while more recent 

studies using the Representative Concentration Pathways (RCP) resulted in ozone 

decreases due to strong projected reductions in precursor emissions (Fiore et al., 2012; 

Szopa et al., 2013; Young et al., 2013). 

 

2. Model Description 

We use the atmospheric component of the NOAA Geophysical Fluid Dynamics 

Laboratory climate model (GFDL-AM3) to perform simulations of present and future 

climate under different emissions scenarios. We employ the C48 horizontal resolution, 

which uses a finite-volume cubed-sphere horizontal grid consisting of 6 faces of 48 grid 

cells along each edge, resulting in roughly a 200-km by 200-km spatial resolution. The 

vertical grid consists of 48 levels extending from the surface up to about 0.01 hPa (80 

km). Transport of tracers uses the finite volume algorithm of Lin and Rood (1996) with 

updates as described by Putman and Lin (2007) and Donner et al. (2011). Anthropogenic 

emissions are prescribed by the ECLIPSE inventory and will be discussed in section 2.2. 

Tropospheric chemistry for gas-phase species follows the work of Horowitz et al. (2003) 

and Horowitz (2006), which solves differential equations of reaction rates using an 

implicit Euler backward method solver with Newton-Raphson iteration. Further model 

description and evaluation details can be found in Donner et al. (2011), Naik et al. 

(2013), and references therein. 

 



3 Emissions 

We use the IIASA ECLIPSE (Evaluating the Climate and Air Quality Impacts of Short-

Lived Pollutants) v5a gridded emissions of SO2, NOx, NH3, NMVOC, BC, OC, PM2.5, 

PM10, and CO in the current legislation (CLE) and maximum technically feasible 

reduction (MFR) future emissions scenarios for 2050 (Stohl et al., 2015). The ECLIPSE 

emissions scenarios are developed from the GAINS model (Greenhouse gas-Air pollution 

Interactions with Synergies) which uses information about emissions sources, 

environmental polices, mitigation potential, projections of energy use, industrial activity, 

and agricultural processes to provide emissions of short-lived air pollutants and long-

lived greenhouse gases (Amann et al., 2011). CLE contains all present and planned 

environmental laws assuming full enforcement in the future, while MFR is a mitigation 

scenario based on all available advanced emission control technologies. As previously 

described, this version of ECLIPSE includes improvements over previous emissions 

inventories such as SRES and RCP, specifically to ozone precursor emissions (including 

NOx) in China. We use year 2015 CLE emissions as our baseline year. Emissions are 

provided every 5 to 10 years with monthly time resolution from 1990 to 2050 at 0.5 by 

0.5 degree latitude by longitude grid, though we only use 2015 and 2050 in this work.  

Natural emissions of soil NOx, and lightning NOx are described by Naik et al. (2013). The 

Model of Emissions of Gases and Aerosols from Nature (MEGAN) is implemented for 

interactive isoprene emissions, which are responsive to meteorology and thus future 

climate change (Guenther et al., 2006; Rasmussen et al., 2012). Concentrations of long-

lived greenhouse gases, including methane, are based on Meinshausen et al. (2011). 
 

4 Model evaluation 

The atmospheric physics and dynamics simulated in the GFDL-AM3 model were first 

described and evaluated by Donner et al. (2011). Its chemistry and the inclusion of 

troposphere-stratosphere interactions, gas-aerosol chemistry, and aerosol-cloud 

interactions (including direct and indirect aerosol radiative effects), were evaluated by 

Naik et al. (2013). In particular, for ozone, Naik et al. (2013) find that the seasonal cycle 

is well-represented by the model in the lower troposphere in northern midlatitudes, and 

similarly at southern hemisphere tropical and midlatitudes. Specific comparisons of 

observed and GFDL-AM3 model-simulated surface ozone concentrations over China 

have not previously been performed. 

We use hourly observations of surface ozone concentrations from the Chinese national air 

quality monitoring network, which was developed after the 2012 adoption of the new 

National Ambient Air Quality Standard GB 3095-2012. Data is collected continuously on 

an hourly basis, and all values are recorded at Beijing Local Time (UTC+8). Air quality 

stations are clustered in urban areas, with several to a dozen sites per city in the east. In 

the west, fewer cities have monitoring networks in place, and sites tend to be more 

widely distributed. Various statistical analyses have been conducted previously for other 

subsets of air quality data obtained from this network (Rohde and Muller, 2015; Zhang 

and Cao, 2015). Consistent with prior studies, Rohde and Muller (2015) find during their 

four-month analysis period beginning in April of 2014 that the greatest air pollution 

(including NOx and ozone) occurs in population centers of eastern China, with modest 



levels (<65 ppbv) across northern and central China, not limited to major cities or 

geologic basins.  

There are 1494 monitoring stations in 364 cities across China during the period from 1 

Jan 2015 to 31 Dec 2015, for evaluation against our base-year of 2015 AM3 model 

simulations. Both the model and observations are converted to maximum daily 8-hour 

average values (MDA8). In Figure 2, we compare modeled and observed monthly mean 

surface ozone concentrations in 12 Chinese cities by sampling AM3 at the corresponding 

grid cell. These 12 cities represent a diverse set of urban geographical locations 

throughout China. The model seasonal cycle (red line) agrees well with the citywide 

observed mean (black lines), with correlation coefficients as high as 0.95 in Beijing, for 

example. The model is biased high at most cities throughout the year compared to the 

citywide mean by anywhere from 12.9 ppbv (Lanzhou) to 21.8 ppbv (Harbin). However, 

in several cities, there is agreement between the model and at least one observation site 

(grey lines in Fig. S4) during a certain time of year. For example, in Shijiazhuang (Fig. 

S4b), the observed summertime MDA8 ozone at several sites matches with the model at 

about 85 ppbv. For Guangzhou and Lanzhou (Figs S4e and S4l), modeled MDA8 ozone 

is in agreement with several observation sites almost throughout most of the year, around 

50-60 ppbv for both locations. Generally, the model exhibits large biases in cities in the 

northeastern half of China including Harbin (21.7 ppbv positive bias), Beijing (18.7 ppbv 

positive pias), and Nanjing (20.3 ppbv positive bias). Lower model biases occur in 

southern half of China (e.g. Guangzhou, 15.3 ppbv; Fuzhou, 13.3 ppbv) and western 

China (Lanzhou, 12.9 ppbv). The largest biases in major cities such as Shanghai, Beijing, 

and Nanjing occur during the summer months. This positive summertime bias is not 

unique to the GFDL-AM3 model over China and has been documented over the Eastern 

United States by Rieder et al. (2015) and for other models in Fiore et al. (2009), Pfister et 

al. (2014), and Rasmussen et al. (2012). In particular, Fiore et al. (2009) found a 

multimodel mean bias greater than 12 ppbv over Japan and 14 ppbv over the eastern US 

in the summer months. Since long-term surface ozone measurements throughout China 

have only recently become widely and publicly available, estimation of model biases 

specifically over China are currently not well characterized and often limited to few sites.  

There are several possible explanations for the model bias over these Chinese cities. The 

summer bias may be related to uncertainties in emissions of both anthropogenic and 

biogenic precursors, as well as uncertainties in ozone sinks such as dry deposition. The 

version of GFDL-AM3 presented here uses static, monthly mean values of ozone dry 

deposition velocity taken from the GEOS-Chem model (Naik et al., 2012). Recently, 

implementing a new treatment of ozone dry deposition coupled to the dynamic vegetation 

land model into a newer version of GFDL-AM3 was found to reduce summertime bias in 

modeled surface ozone by as much as 5-10 ppbv over China (Clifton, 2018). The coarse 

horizontal spatial resolution (~200 by 200 km) cannot resolve ozone titration chemistry 

(fresh NO emissions react with ozone to form NO2) at local scales. Coarse models cannot 

reproduce highly localized hotspots of NOx that exist in observations, due to dilution 

spread over a large model grid box. This underestimation of NOx therefore causes an 

overestimate in ozone, as ozone is not titrated as frequently with NO in the model. 

Urumqi, a city with a population of 3.5 million people in far northwest China, has a 

positive model bias of 20.5 ppbv, most of which occurs during the winter months when 

observed monthly mean MDA8 ozone falls below 10 ppbv due to titration. Similar ozone 



concentrations and biases are seen in Chengdu in the winter, where observed ozone 

concentrations lower than 20 ppbv are not reproduced by AM3. Titration chemistry of 

NOx and ozone has been shown to be difficult to reproduce in both regional and global 

models (Chatani et al., 2014; Engardt, 2008; Pommier et al., 2018).  

Figure S4 shows the seasonal mean MDA8 surface ozone concentrations in the GFDL-

AM3 model for 2015 over China. Modeled ozone concentrations in 2015 peak in the 

summer months (JJA), with the highest values over eastern China reaching 100 ppbv. 

Concentrations of surface ozone are at minimum in the winter months (DJF) over eastern 

China, but are elevated over the Tibetan Plateau (southwestern China). Ozone in western 

China is highest in springtime.  

 

5 Correlation between temperature and ozone changes 

We investigate the relationship between daily changes in MDA8 and changes in 

maximum daily surface temperature between 2015 and 2050 by season in 2050CLIM 

(Figure S13). Each correlation contains 10 years of ~92 daily MDA8 ozone or maximum 

temperatures (3 months) for a total of ~920 data points per season.  Over much of China 

throughout the year, especially in summer, changes in daily maximum ozone are strongly 

correlated to changes in surface temperature (r > 0.6). Changes in ozone and temperature 

are not correlated over the Tibetan Plateau where stratospheric influence dominates; the 

anti-correlation is consistent with the association of cold, dry descending air masses with 

higher ozone (Langford and Reid, 1998). 



 

Figure S1: Emissions of ozone precursors (a) NOx, (b) NMVOC, and (c) CO from 1990-

2050 in the ECLIPSE CLE and MFR scenario over China 



 

 

Figure S2: Global emissions of ozone precursors (a) NOx, (b) NMVOC, and (c) CO from 

1990-2050 in the ECLIPSE CLE and MFR scenario  

 

 



 

 
Figure S3: Monthly mean MDA8 surface ozone concentration (ppbv) at 12 urban areas in 

China (individual stations in grey; multi-station mean in black), and the decadal mean 

monthly averages sampled at the GFDL-AM3 model grid cell corresponding to the 

location of the measurement site (red). Observations are for year 2015 only.  

 

 



 
 

Figure S4: Decadal mean of the maximum daily 8-hour average ozone (MDA8) by 

season (a) DJF, (b) MAM, (c) JJA, (d) SON in the present-day GFDL AM3 simulations 

with repeated 2015 conditions. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



 

 Figure S5: Change from 2015 to 2050 in decadal average maximum daily 8-hour average 

ozone (MDA8) in the GFDL AM3 simulation 2050CLE during (a) DJF, (b) MAM, (c) 

JJA, (d) SON. Hatching represents statistical significance at 95% confidence level. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6: Change from 2015 to 2050 in decadal average maximum daily 8-hour average 

ozone (MDA8) in the GFDL AM3 simulation 2050MFR during (a) DJF, (b) MAM, (c) 

JJA, (d) SON. Hatching represents statistical significance at 95% confidence level. 

 

 

 

 

 



 

Figure S7: Standard deviation of MDA8 surface ozone in present-day 2015 simulations 

for (a) DJF, (b) MAM, (c) JJA, and (d) SON. Standard deviations are shown for 10-year 

simulations with repeated 2015 conditions 
 

 

Figure S8: Change in surface MDA8 ozone if only China follows the MFR scenario but 

the rest of the world follows the higher-emitting CLE scenario (2050ROW, Rest of 

World) in (a) DJF, (b) MAM, (c) JJA, and (d) SON. For clarity of visualization, areas 

without hatching represent statistical significance.  
 

 



 

 

 

Figure S9: Change from 2015 to 2050 in decadal average maximum daily 8-hour average 

ozone (MDA8) in the GFDL AM3 simulation 2050CLIM during (a) DJF, (b) MAM, (c) 

JJA, (d) SON. Hatching represents statistical significance at 95% confidence level. 

 

 

 

 

 

 

 

 



 

Figure S10: Change from 2015 to 2050 in the contribution of stratospheric ozone to 

surface decadal average maximum daily 8-hour average ozone (MDA8) in the GFDL-

AM3 simulation 2050CLIM  for (a) DJF, (b) MAM, (c) JJA, (d) SON. All values were 

averaged over 10 years of repeated 2015 or 2050 conditions. Hatching represents 

statistical significance at 95% confidence level.  

 

 

 

 

 

 

 



 

Figure S11: Change from 2015 to 2050 in the contribution of stratospheric ozone to 

surface decadal average maximum daily 8-hour average ozone (MDA8) in the GFDL-

AM3 simulation 2050MFR for (a) DJF, (b) MAM, (c) JJA, (d) SON. All values were 

averaged over 10 years of repeated 2015 or 2050 conditions. Hatching represents 

statistical significance at 95% confidence level. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S12: Change from 2015 to 2050 in the contribution of stratospheric ozone to 

surface decadal average maximum daily 8-hour average ozone (MDA8) in the GFDL-

AM3 simulation 2050CLE for (a) DJF, (b) MAM, (c) JJA, (d) SON. All values were 

averaged over 10 years of repeated 2015 or 2050 conditions. Hatching represents 

statistical significance at 95% confidence level. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S13: Correlation between change in maximum 2 meter reference temperature and 

change in maximum daily 8-hour average ozone (MDA8)  between 2050 in the CLIM 

scenario and 2015 for  (a) DJF, (b) MAM, (c) JJA, and (d) SON.  
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