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ABSTRACT

Tropospheric ozone (O3) and aerosols are major air pollutants in the atmosphere. They have also made significant
contributions to radiative forcing of climate since preindustrial times. With its rapid economic development, concentrations
of air pollutants are relatively high in China; hence, quantifying the role of air pollutants in China in regional climate change
is especially important. This review summarizes existing knowledge with regard to impacts of air pollutants on climate
change in China and defines critical gaps needed to reduce the associated uncertainties. Measured monthly, seasonal, and
annual mean surface-layer concentrations of O3 and aerosols over China are compiled in this work, with the aim to show the
magnitude of concentrations of O3 and aerosols over China and to provide datasets for evaluation of model results in future
studies. Ground-based and satellite measurements of O3 column burden and aerosol optical properties, as well as model
estimates of radiative forcing by tropospheric O3 and aerosols are summarized. We also review regional and global modeling
studies that have investigated climate change driven by tropospheric O3 and/or aerosols in China; the predicted sign and
magnitude of the responses in temperature and precipitation to O3/aerosol forcings are presented. Based on this review, key
priorities for future research on the climatic effects of air pollutants in China are highlighted.
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1. Introduction

Tropospheric O3 and aerosols are major air pollutants in
the atmosphere that have adverse effects on human health,
crops, plants, and atmospheric visibility. They have also
made significant contributions to radiative forcing of cli-
mate since preindustrial times. Ozone is a greenhouse gas,
with a global mean anthropogenic radiative forcing of 0.40
(0.20 to 0.60) W m−2 (IPCC, 2013). Aerosols influence cli-
mate through aerosol-radiation interactions (direct effect) and
aerosol-cloud interactions (indirect effect). Anthropogenic
changes in aerosols are estimated to have a global mean total
direct radiative forcing of −0.45 (−0.95 to +0.05) W m−2

and an indirect radiative forcing of −0.45 (−1.2 to 0.0)
W m−2, which are comparable in magnitude to the global
mean radiative forcing of 2.83 (2.26 to 3.40) W m−2 by the
increases in CO2, CH4, N2O and halocarbons from preindus-
trial times (IPCC, 2013). With its rapid economic develop-
ment, concentrations of air pollutants are relatively high in
China, suggesting that the climatic effects of air pollutants in
China could be much more significant than those represented
by the global mean radiative forcing values in IPCC (2013).
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Climatic effects of air pollutants in China have unique
features, because China is located within a large monsoon
domain. In May to September every year, Asian summer
monsoon prevails; strong cross-equatorial winds flow from
the Southern Hemisphere (SH) to the Northern Hemisphere
(NH), bringing warm and moist air from the oceans to east-
ern China. Rain belts and the associated deep convection
that stretch for thousands of kilometers move from south-
eastern to northern China during this period. In the months
from November to March, Asian winter monsoon prevails;
strong northerlies in high latitudes bring cold and dry air
to eastern China. While the seasonal and interannual varia-
tions in meteorological fields associated with Asian monsoon
can influence air pollutants over eastern China by influencing
their transport, chemical reactions, and deposition (Zhang et
al., 2010; Yan et al., 2011; Zhu et al., 2012), aerosols have
been shown to have large impacts on Asian summer mon-
soon (Menon et al., 2002; Ramanathan et al., 2005; Lau and
Kim, 2006; Bollasina et al., 2011). These complex feedbacks
among chemistry and regional climate have to be considered
in studies that examine the climatic effects of air pollutants.

Estimates of the climatic effects of air pollutants have
to rely on climate models. The commonly used approach to
quantify the climatic effects of air pollutants is shown in Fig.
1. Concentrations of air pollutants are simulated in coupled
chemistry–aerosol–climate models using emissions invento-
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Fig. 1. Approach for estimating the climatic effects of air pollutants.

ries, and then optical properties of tropospheric O3, aerosols,
and clouds are calculated depending on the chemical and
physical properties of air pollutants. After the evaluation of
simulated concentrations and optical properties by compar-
isons with measurements, climatic effects of air pollutants
are obtained by examining the differences in simulated cli-
mate with or without the optical properties of pollutants in
the radiative transfer scheme of climate models. During the
past decade, important advances have been made in under-
standing air pollutants and their roles in climate change in
China. Emissions inventories of NOx, CO, speciated volatile
organic compounds (VOCs), SO2, NH3, black carbon (BC),
and organic carbon (OC) have become available for the Chi-
nese domain (Streets et al., 2003), allowing concentrations
of O3 and different aerosol species to be simulated and their
climatic effects estimated by using numerical models. In-
creasing ground-based and aircraft measurements of concen-
trations of O3 and speciated aerosols in China, together with
satellite measurements of the physical and optical properties
of aerosol particles, have provided datasets to evaluate model
predictions and to improve simulations for the quantitative
assessment of climatic effects of O3 and aerosols (Li et al.,
2007c; Li et al., 2011b).

This review summarizes recent advances in our under-
standing of the climatic effects of air pollutants in China. All
the key datasets or parameters needed for quantifying the ef-
fects of air pollutants on climate are reviewed. The available
emissions inventories for the simulation of O3 and aerosols
are introduced in section 2. The measured surface-layer con-
centrations of O3 and aerosols and column burdens of O3
in China are summarized in section 3. The observed op-
tical properties of aerosols, including aerosol optical depth
(AOD) and single scattering albedo (SSA), are presented in
section 4. Section 5 describes the correlations between air
pollutants and observed changes in meteorological parame-
ters in China. Estimates of radiative forcing by O3 and dif-
ferent aerosol species are presented in section 6. Modeling
studies on the impacts of air pollutants on climate change in
China are reviewed in section 7. Finally, the key priorities
for future research on the climatic effects of air pollutants in
China are highlighted in section 8.

2. Emissions inventories for the simulation of

tropospheric O3 and aerosols

Emissions inventories allow us to quantify the anthro-
pogenic contribution to climate change, understand the role
of each chemical species in the climate system, and even-
tually take measures to mitigate climate change. Emissions
of CH4, NOx, CO, and non-methane volatile organic com-
pounds (NMVOCs) are needed for the simulation of tropo-
spheric O3, and those of SO2, NH3, BC, and OC are essential
for the simulation of aerosols. Emissions of chemical species
come from both anthropogenic and natural sources. Natu-
ral emissions include lightning NOx, NOx from soil, biogenic
hydrocarbons, BC and OC from wild fires, dimethyl sulphide,
sea spray, and mineral dust.

Figure 2 shows the changes in emissions of NOx, SO2,
NH3, BC and OC during the years 1850–2010 from hu-
man activities (power, industry, transportation, residential
and agricultural activities) and biomass burning, which are
taken from the IPCC Fifth Assessment Report (AR5) emis-
sions inventories. The global total emission of SO2 peaked
in 1980 when emissions in Europe and North America were
the highest, and the global total emissions of NOx and NH3
peaked in 1990. Emissions of all species in eastern China
have been increasing largely since 1950. In 2000, the emis-
sions of NOx, SO2, NH3, BC and OC in eastern China ac-
counted for, respectively, 11.2%, 18.8%, 11.6%, 17.3%, and
8.7% of global total emissions.

The NMVOCs are important precursors of tropospheric
O3 and secondary organic aerosol, although they are not
shown in Fig. 2. Bo et al. (2008) reported that anthropogenic
NMVOCs emissions in China increased from 3.91 Tg in 1980
to 16.49 Tg in 2005 because of the rapid growth in the num-
ber of automobiles and solvent and paint use in China. Emis-
sions from natural vegetation are also large sources of VOCs.
The estimated annual emission of biogenic VOCs (including
isoprene, monoterpenes, and other reactive VOCs) in China
averaged over the period 2001–06 was 18.85 TgC yr−1 (Fu
and Liao, 2012), which was comparable in magnitude to an-
thropogenic emissions.

It should be noted that emissions inventories contain large
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uncertainties. For example, Streets and Aunan (2005) found
BC emissions in China peaked in 1994–95 and showed re-
ductions in 1996–2000 as a result of the reduced usage of
biofuels and coal in residential and industrial sectors. How-
ever, Lei et al. (2011) reported that there were no significant
trends in emissions of BC and OC in China during 1990–
2000; emissions of BC and OC increased after 2000, with
peak values of 1.51 Tg and 3.19 Tg, respectively, in 2005.
Few previous studies have quantified the impacts of uncer-
tainties in emissions on simulated climate.

3. Observed levels of ozone and aerosols over

China

Measurements of O3 and speciated aerosols are important
for understanding the uncertainties in emissions inventories
and simulated concentrations, which can also help to improve
the representation of chemical processes in models (Fig. 1).
To examine the climatic effects of air pollutants, long-term
measurements of concentrations are needed; monthly, sea-
sonal, or annual mean concentrations are usually used in eval-
uations of model simulations. Such measurements at ground
stations are very limited in China, since most previous field
campaigns were designed for air quality studies, focusing on
the high concentrations of air pollutants in urban and subur-
ban regions for certain short periods of time. For aerosols,
the long-term measurements that are available, managed by
the Ministry of Environmental Protection of the People’s Re-
public of China (http://datacenter.mep.gov.cn/TestRunQian/
air dairy.jsp), are PM10 mass concentrations, which can
hardly be used for studies of the climatic effect of aerosols
because the optical properties of aerosols are mainly deter-
mined by PM2.5 instead of PM10 particles. Based on the
available literature, we summarize in this section the mea-
sured monthly to annual mean levels of tropospheric O3 and
aerosols.

3.1. Tropospheric ozone
3.1.1. Ground-based measurements

Table 1 summarizes ground-based measurements of O3
in China. Observed seasonal or annual mean O3 concen-
trations in China were mostly in the range of 20–60 ppbv.
The background O3 concentrations are relatively higher in
western China as a result of the transport of O3 from the
stratosphere (Wang et al., 2006a). For example, concentra-
tions at Waliguan (36.3◦N, 100.9◦E) were in the range of
40–60 ppbv, which were higher than the measured values at
other background stations such as Fenghuanshan (40.5◦N,
124◦E), Lin’an (31.3◦N, 120.4◦E), and Long Feng Mountain
(44.7◦N, 127.6◦E). Concentrations of O3 in eastern China
are influenced largely by anthropogenic emissions (Wang et
al., 2011). Based on 810 vertical profiles of O3 measured
by aircraft in different seasons during 1995–2005, Ding et
al. (2008) showed that the average mixing ratio of O3 in
Beijing increased from about 40 ppbv at the ground to about
50 ppbv at 2 km altitude. Ding et al. (2008) also compared the

Fig. 2. Annual emissions [teragram (Tg) = 1.0×1012 gram] of
NOx, SO2, NH3, BC, and OC from human activities (power, in-
dustry, transportation, residential and agricultural activities) and
biomass burning taken from the IPCC AR5 emissions invento-
ries. The top panel shows global total emissions and the bottom
panel shows total emissions summed over eastern China (29◦–
35◦N, 102.5◦–122.5◦E). The y-axis on the left is for emissions
of NOx, SO2 and NH3, while that on the right is for emissions
of BC and OC. Emissions in 2010 are taken from the IPCC AR5
RCP4.5 scenario. Biomass burning emissions during 1850–90
are the same as the values in 1900.

observed O3 concentrations in Beijing with measurements in
Tokyo, Paris, and New York, and reported that O3 concentra-
tions in the lower troposphere in Beijing were generally 5–10
ppbv higher than those in Tokyo and New York. In July to
September of 2001–06, the average measured O3 concentra-
tions at six urban sites in Beijing was 26.6±2.8 ppbv (Tang
et al., 2009). With respect to the long-term trend of O3, sur-
face concentrations measured in Linan, a background station
in eastern China, showed that the monthly highest 5% ozone
concentrations increased over the period 1991–2006 (Xu et
al., 2008).

3.1.2. Column burdens

Estimates of the climatic effect of O3 rely upon not only
surface concentrations but also vertical distributions and col-
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Table 1. Ground-based measurements of ozone in China.

Location Period Mixing ratio (ppbv) Reference

Beijing (39.9◦N, 116.5◦E) 1995–2005 40 Ding et al. (2008)
July to September of 2001–06 26.6±2.8 Tang et al (2009)
20 June to 16 September 2007 36.2–58.2 Xu et al. (2011)

Miyun (40.5◦N, 116.8◦E) 2005–07 Spring 50–55 Wang et al. (2011)
Summer 85 (June) Wang et al. (2011)
Autumn 65 (September) Wang et al. (2011)
Winter 50–55 Wang et al. (2011)

Shangdianzi (40.7◦N, 117.1◦E) 2004–06 Spring 35.0–41.4 Lin et al. (2008)
Summer 30.9–46.5 Lin et al. (2008)
Autumn 19.4–34.7 Lin et al. (2008)
Winter 17.7–27.0 Lin et al. (2008)

September to December 2003 26.8±13.9 Meng et al. (2009)
January to December 2004 30.1±21.0 Meng et al. (2009)
January to December 2005 32.8±19.1 Meng et al. (2009)
January to December 2006 30.9±19.8 Meng et al. (2009)

Nanjing (32.0◦N, 118.5◦E) 2000–2003 Spring 27.0 Tu et al. (2007)
Summer 22.8 Tu et al. (2007)
Autumn 18.4 Tu et al. (2007)
Winter 14.1 Tu et al. (2007)

Qingdao (36.5◦N, 121◦E) 24 February to 15 March 2002 26.6 Takami et al. (2006)
16–28 February 2001 23.5 Takami et al. (2006)
15–28 January 2000 35.9 Takami et al. (2006)

Qingdao (36.1◦N, 120.5◦E) December 1994 23 Li et al. (1999)
June 1995 35 Li et al. (1999)

Fenghuanshan (40.5◦N, 124◦E) 16 February to 2 March 2001 30.2 Takami et al. (2006)
13–25 January 2000 32.2 Takami et al. (2006)

Waliguan, Tibetan Plateau (36.3◦N, 100.9◦E) 20 April to 23 May and 15 Spring 58±9 Wang et al. (2006a)
July to 16 August 2003 Summer 54±11 Wang et al. (2006a)
August 1994 to July 1995 Spring 52.2±4.21 Yan et al. (1997)

Summer 60.9±6.87 Yan et al. (1997)
Autumn 42.1±4.16 Yan et al. (1997)
Winter 42.4±2.73 Yan et al. (1997)

Lin’an (31.3◦N, 120.4◦E) December 1999 32 Yan et al. (2003)
June 2000 40 Yan et al. (2003)
August 1994 to July 1995 Spring 37.3±5.89 Yan et al. (1997)

Summer 32.9±7.14 Yan et al. (1997)
Autumn 39.84±6.76 Yan et al. (1997)
Winter 36.9±9.08 Yan et al. (1997)

Chnshu (30.3◦N, 119.4◦E) June 2000 45 Yan et al. (2003)
December 1999 22 Yan et al. (2003)

Waliguan Mountain (36.3◦N, 100.9◦E) September 1999 to June 2001 44.9 Carmichael et al. (2003)
Lin’an (30.3◦N, 119.7◦E) 38.3 Carmichael et al. (2003)
Shang Dian Zhi (40.7◦N, 117.1◦E) 38.0 Carmichael et al. (2003)
Cape D’Aequier (22.2◦N, 114.3◦E) 34.9 Carmichael et al. (2003)
Long Feng Mountain (44.7◦N, 127.6◦E) August 1994 to July 1995 Spring 37.3±5.89 Yan et al. (1997)

Summer 32.9±7.14 Yan et al. (1997)
Autumn 39.84±6.76 Yan et al. (1997)
Winter 29.1±3.00 Yan et al. (1997)

Gucheng (39.2◦N, 115.7◦E) August 2009 to June 2010 19.4±7.9 Wang et al. (2013)
Longtanhu (39.9◦N, 116.4◦E) August 2009 to June 2010 19.8±8.7 Wang et al. (2013)
Xinglong (40.4◦N, 117.6◦E) August 2009 to June 2010 47.3±11.5 Wang et al. (2013)
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umn burdens. Ozonesonde datasets are available only at a
number of sites in China (Chan et al., 2003; Ding et al.,
2008). Satellite measurements [such as those from Global
Ozone Monitoring Experiment (GOME), GOME-2, SCan-
ning Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY), Ozone monitoring instru-
ment (OMI), Tropospheric Emission Spectrometer (TES),
and Infrared Atmospheric Sounding Interferometer (IASI)]
have excellent spatial and temporal coverage, which are use-
ful for analyses of the distributions and seasonal variations of
tropospheric column O3 concentration over China. Liu et al.
(2006) presented the first directly retrieved global distribution
of tropospheric column ozone from GOME ultraviolet mea-
surements during December 1996 to November 1997. The
retrieved column burdens clearly showed signals due to con-
vection, biomass burning, stratospheric influence, pollution,
and transport. Recently, using measurements from the IASI
instrument aboard the European Metop-A satellite (launched
in October 2006), Dufour et al. (2010) showed that maximum
lower tropospheric O3 (0–6 km partial column) occurs in late
spring and early summer (May to June) in Beijing, and in
early autumn in Shanghai and Hong Kong. Although bio-
genic emissions, temperature, and radiation are the highest in
southeastern and southwestern China in July, O3 concentra-

tions in those regions are generally low in summer because
of the summer monsoon circulation that brings clean air from
the oceans (Dufour et al., 2010).

3.2. Ground-based measurements of aerosols
Major aerosol species over China include sulfate (SO2−

4 ),
nitrate (NO−

3 ), ammonium, elemental carbon (black carbon),
primary organic carbon (POA), secondary organic carbon
(SOA), and mineral dust aerosols. Measured PM2.5 con-
centrations in China are compiled and listed in Table 2. In
Beijing, ambient PM2.5 concentrations ranged between 59.2
μg m−3 (Wu and Wang, 2007) and 257.6 μg m−3 (Dan et
al., 2004). Simultaneous measurements of PM2.5 concentra-
tions in winter and summer of 2003 in 14 cities in China indi-
cated that the average PM2.5 concentration in these 14 cities
was 163.9 μg m−3 in winter and 71.2 μg m−3 in summer
(Cao et al., 2007). Over eastern China, aerosol concentra-
tions are generally high in winter and low in summer, mainly
caused by the large wet deposition of aerosols associated with
the Asian summer monsoon (Zhang et al., 2010; Gao et al.,
2011). Averaged over the 14 cities, carbonaceous aerosols
(the sum of OC and BC) contributed to the PM2.5 mass by
44.2% in winter and 38.8% in summer (Cao et al., 2007).
Sulfate (Table 3) and nitrate (Table 4) aerosols also contribute

Table 2. Observed PM2.5 concentrations in China.

Concentrations (μg m−3)

Location Summer Winter References

Beijing (39.9◦N,116.5◦E) 117.2±48.3 126.5±66.1 Cao et al. (2007)
104.1±45.1 175.9 He et al. (2001)

257.6±85.8 Dan et al. (2004)
77.3±55.7 135.7±96.6 Sun et al. (2004)

93.29±56.26 214.23±159.34 Wang et al. (2005b)
88.99 122.09 Duan et al. (2006)

107±61 182±107 Zhang et al. (2006)
71 108 Xu et al. (2007)
59.2 Wu and Wang (2007)

Changchun (45.5◦N, 125.2◦E) 59.6±21.9 140.5±28.6 Cao et al. (2007)
Chendu (30.7◦N, 104◦E) 114 225 Tao et al. (2013)
Jinsha (29.6◦N, 114.2◦E) 34.1 66.0 Zhang et al (2014)
Qingdao (36.0◦N, 120.2◦E) 30.1±16.1 127.9±58.5 Cao et al. (2007)
Tianjin (39.0◦N, 117.1◦E) 103.2±27.9 179.4±87.8 Cao et al. (2007)
Xi’an (34.2◦N, 108.6◦E) 130.8±58.5 375.2±143.5 Cao et al. (2007)
Yulin (38.2◦N, 109.5◦E) 50.5±23.2 150.6±77.3 Cao et al. (2007)
Chongqing (29.4◦N, 106.3◦E) 116.3±38.1 311.8±114.1 Cao et al. (2007)
Guangzhou (23.1◦N, 113.1◦E) 78.1±29.7 105.9±71.4 Cao et al. (2003, 2004)

49.1±9.3 156.0±93.6 Cao et al. (2007)
94.7 Tang et al. (2009)

Hong Kong (25.2◦N, 115.1◦E) 31±16.9 54.5±22.9 Cao et al. (2003, 2004)
40.1±14.0 64.0±29.6 Cao et al. (2007)

Hangzhou (30.2◦N, 120.1◦E) 90.6±40.8 168.6±54.6 Cao et al. (2007)
Shanghai (31.1◦N, 121.3◦E) 52.2±19.4 151.1±95.4 Cao et al. (2007)

35.85 93.91 Ye et al. (2003)
59.7 Wu and Wang (2007)

71.66±28.20 76.09±40.97 Wang et al. (2006b)
50.02±23.00 94.30±44.10 Feng et al. (2009)
15.10±6.10 65.40±16.80 Hou et al. (2011)

Nanjing (32.0◦N, 118.5◦E) 69.1 139.5 Huang et al. (2006)
Wuhan (30.4◦N, 114.2◦E) 70.8±21.3 166.6±72.7 Cao et al. (2007)
Xiamen (24.3◦N, 118.0◦E) 25.2±15.8 70.2±32.2 Cao et al. (2007)
Shenzhen (24.3◦N, 114.1◦E) 47.1±16.7 60.8±18.0 Cao et al. (2003, 2004)
Zhuhai (22.2◦N, 113.3◦E) 31.0±20.0 59.3±23.7 Cao et al. (2003, 2004)
Fuzhou (26.1◦N, 119.3◦E) 23.58 59.81 Xu et al. (2012)
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Table 3. Observed concentrations of sulfate aerosol in China.

Location Period Concentration (μg m−3) Reference

Beijing (39.9◦N, 116.4◦E) 24 November 1998 to 12 February 1999 30.8 Duan et al. (2004)
July 1999 to September 2000 Summer 17.14 He et al. (2001)

Autumn 12.55 He et al. (2001)
Winter 24.87 He et al. (2001)
Spring 10.15 He et al. (2001)

2001–03 Spring 13.52 Wang et al. (2005b)
Summer 18.42 Wang et al. (2005b)
Autumn 12.69 Wang et al. (2005b)
Winter 20.96 Wang et al. (2005b)

August 2001 to September 2002 Average 9.90 Duan et al. (2006)
Autumn 9.61 Duan et al. (2006)
Winter 9.88 Duan et al. (2006)
Spring 6.71 Duan et al. (2006)
Summer 13.43 Duan et al. (2006)

23 January to 14 February 2007 7.50 Ianniello et al. (2011)
2–31 August 2007 18.24 Ianniello et al. (2011)
26 June to 28 August 2011 9.0 Sun et al. (2012)
March 2005 to February 2006 15.8 Yang et al. (2011)

Nanjing (32.0◦N, 118.8◦E) February 2001 14.0 Yang et al. (2005)
September 2001 11.5 Yang et al. (2005)
15–22 February 2001 13.73 Wang et al. (2002)

Hangzhou (30.2◦N, 120.1◦E) September 2001 to August 2002 Spring 15.88 Cao et al. (2009)
Summer 14.21 Cao et al. (2009)
Autumn 22.81 Cao et al. (2009)
Winter 21.64 Cao et al. (2009)

Shanghai (31.2◦N, 121.5◦E) 20 March 1999 to 27 March 2000 Spring 12.60 Ye et al. (2003)
Summer 10.01 Ye et al. (2003)
Autumn 13.55 Ye et al. (2003)
Winter 17.78 Ye et al. (2003)

15 July to 16 August 2004 5.43 Wang et al. (2006b)
March 1999 to May 2000 13.00 Yang et al. (2011)

Hong Kong (22.3◦N, 114.2◦E) November 2000 to February 2001 and June to Au-
gust 2001

8.10 Ho et al. (2006)

Xi’ an (34.3◦N, 108.9◦E) 1996–97 Spring 59 Zhang et al. (2002)
Summer 27 Zhang et al. (2002)
Autumn 100 Zhang et al. (2002)
Winter 340 Zhang et al. (2002)

2006–07 Annual 46.7 Zhang et al. (2012c)
Qingdao (36.5◦N, 121◦E) 25 February to 15 March 2002 11.9 Takami et al. (2006)

17 February to 2 March 2001 19.1 Takami et al. (2006)
Fenghuanshan (40.5◦N, 124◦E) 17 February to 1 March 2001 14.7 Takami et al. (2006)
Dalian (39◦N, 121.5◦E) 25 February to 16 March 2002 12.9 Takami et al. (2006)

2006–07 23.3 Zhang et al. (2012c)
Lin’ an (31.3◦N, 120.4◦E) February–April 2001 17.3 Wang et al. (2004b)

2006–07 21.7 Zhang et al. (2012c)
Chongqing (29.4◦N, 106.3◦E) March 2005 to February 2006 25.6 Yang et al. (2011)
Guangzhou (23.1◦N, 113.1◦E) 31 December 2007 to 12 January 2008 8.27 Tang et al. (2009)

December 2008 to February 2009 5.6 Yang et al. (2011)
Fuzhou (26.1◦N, 119.3◦E) April 2007 to January 2008 Spring 10.14 Xu et al. (2012)

Summer 6.62 Xu et al. (2012)
Autumn 11.59 Xu et al. (2012)
Winter 14.78 Xu et al. (2012)

Panyu (23.0◦N, 113.4◦E) Annual 2006–07 26.8 Zhang et al. (2012c)
Zhengzhou (34.8◦N, 113.7◦E) 45.0 Zhang et al. (2012c)
Chengdu (30.7◦N, 104◦E) 40.5 Zhang et al. (2012c)
Gucheng (39.1◦N, 115.8◦E) 35.5 Zhang et al. (2012c)
Nanning (22.7◦N, 108.4◦E) 21.6 Zhang et al. (2012c)
Changde (29.2◦N, 111.7◦E) 28.8 Zhang et al. (2012c)
Longfengshan (44.7◦N, 127.6◦E) 10.0 Zhang et al. (2012c)
Dunhuang (40.2◦N, 94.7◦E) 6.6 Zhang et al. (2012c)
Jinsha (29.6◦N, 114.2◦E) 26.6 Zhang et al. (2012c)
Lhasa (29.71◦N, 91.1◦E) 2.9 Zhang et al. (2012c)
Gaolanshan (36.0◦N, 105.9◦E) 16.7 Zhang et al. (2012c)
Jinsha (29.6◦N, 114.2◦E) March 2012–March 2013 Spring 12.4 Zhang et al. (2014)

Summer 9.9 Zhang et al. (2014)
Autumn 11.7 Zhang et al. (2014)
Winter 16.7 Zhang et al. (2014)
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Table 4. Observed concentrations of nitrate aerosol in China.

Location Period Concentration (μg m−3) Reference

Beijing (39.9◦N, 116.4◦E) July 1999 to September 2000 Summer 4.59 He et al. (2001)
Autumn 11.16 He et al. (2001)
Winter 15.35 He et al. (2001)
Spring 7.26 He et al. (2001)

2001–03 Spring 11.92 Wang et al. (2005b)
Summer 11.18 Wang et al. (2005b)
Autumn 9.14 Wang et al. (2005b)
Winter 12.29 Wang et al. (2005b)

23 January to 14 February 2007 8.38 Ianniello et al. (2011)
2–31 August 2007 9.62 Ianniello et al. (2011)
26 June to 28 August 2011 12.4 Sun et al. (2012)
March 2005 to February 2006 10.1 Yang et al. (2011)

Nanjing (32.0◦N, 118.8◦E) 2001 February 8.06 Yang et al. (2005)
September 3.24 Yang et al. (2005)

Hangzhou (30.2◦N, 120.1◦E) September 2001 to August 2002 Spring 7.20 Cao et al. (2009)
Summer 4.68 Cao et al. (2009)
Autumn 7.07 Cao et al. (2009)
Winter 11.19 Cao et al. (2009)

Shanghai (31.2◦N, 121.5◦E) 20 March 1999 to 27 March 2000 Spring 5.4 Ye et al. (2003)
Summer 2.92 Ye et al. (2003)
Autumn 5.12 Ye et al. (2003)
Winter 9.64 Ye et al. (2003)

March 1999 to May 2000 5.78 Yang et al. (2011)
Hong Kong (22.3◦N, 114.2◦E) November 2000 to February 2001 1.20 Ho et al. (2006)
Yulin (38.20◦N, 109.43◦E) 30 March to 1 May 2001 1.3 Xu et al. (2004)
Xi’ an (34.3◦N, 108.9◦E) 1996–97 Spring 33 Zhang et al. (2002)

Summer 16 Zhang et al. (2002)
Autumn 22 Zhang et al. (2002)
Winter 65 Zhang et al. (2002)

2006–07, annual 20.7 Zhang et al. (2012c)
Chongqing (29.4◦N, 106.3◦E) March 2005 to February 2006 5.46 Yang et al. (2011)
Qingdao (36.5◦N, 121◦E) 25 February to 15 March 2002 10.3 Takami et al. (2006)

17 February to 2 March 2001 12.5 Takami et al. (2006)
Fenghuanshan (40.5◦N, 124◦E) 17 February to 1 March 2001 7.3 Takami et al. (2006)
Dalian (39◦N, 121.5◦E) 25 February to 16 March 2002 12.8 Takami et al. (2006)

2006–07, annual 13.5 Zhang et al. (2012c)
Lin’ an (31.3◦N, 120.4◦E) 2006–07, annual 8.6 Zhang et al. (2012c)
Guangzhou (23.1◦N, 113.1◦E) 31 December 2007 to 12 January 2008 4.68 Tang et al. (2009)

December 2008 to February 2009 12.0 Yang et al. (2011)
Fuzhou (26.1◦N, 119.3◦E) April 2007 to January 2008 Spring 4.60 μ Xu et al. (2012)

Summer 1.10 Xu et al. (2012)
Autumn 3.13 Xu et al. (2012)
Winter 8.77 Xu et al. (2012)

Panyu (23.0◦N, 113.4◦E) 2006–07 11.7 Zhang et al. (2012c)
Zhengzhou (34.8◦N, 113.7◦E) 22.6 Zhang et al. (2012c)
Chengdu (30.7◦N, 104◦E) 15.1 Zhang et al. (2012c)
Gucheng (39.1◦N, 115.8◦E) 20.0 Zhang et al. (2012c)
Nanning (22.7◦N, 108.4◦E) 5.1 Zhang et al. (2012c)
Changde (29.2◦N, 111.7◦E) 8.5 Zhang et al. (2012c)
Longfengshan (44.7◦N, 127.6◦E) 4.9 Zhang et al. (2012c)
Dunhuang (40.2◦N, 94.7◦E) 2.3 Zhang et al. (2012c)
Jinsha (29.6◦N, 114.2◦E) 7.2 Zhang et al. (2012c)
Lhasa (29.71◦N, 91.1◦E) 2.3 Zhang et al. (2012c)
Gaolanshan (36.0◦N, 105.9◦E) 18.4 Zhang et al. (2012c)
Jinsha (29.6◦N, 114.2◦E) March 2012–March 2013 Spring 3.0 Zhang et al. (2014)

Summer 1.5 Zhang et al. (2014)
Autumn 4.7 Zhang et al. (2014)
Winter 9.6 Zhang et al. (2014)
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largely to the PM2.5 mass in China. Nitrate aerosol concen-
trations have been observed to exceed 10 μg m−3 in many
places in winter.

In addition to anthropogenic aerosols, arid and semiarid
regions in northern and northwestern China are large sources
of mineral dust aerosol. Dust storms occur frequently in
China in spring of every year (Zhang et al., 2003), which
have large impacts on PM2.5 concentrations over the source
regions and along the transport pathway of the dust storms.
For example, aerosol samples of PM2.5 collected over 38 con-
secutive days in March and April of 2001 in Beijing showed
that the average PM2.5 mineral dust concentration was 14.6
μg m−3 during the observation period, with high PM2.5 min-
eral dust concentrations of 62.4 μg m−3 and 54.1 μg m−3 on
the sand-dust event days of 21 March and 10 April, respec-
tively (Zhang et al., 2003). During a dust storm event from 21
to 26 March 2001, the total soil dust concentration (fine mode
plus coarse mode) was, on average, 251.8 μg m−3, which was
much higher than the average value of 52.1 μg m−3 measured
on non-dust-storm days (Zhang et al., 2008). Dust concentra-
tions depend on wind velocity, soil moisture, and precipita-
tion in dust sources regions as well as the deposition during
transport.

4. Measured optical properties of aerosols

4.1. Aerosol optical depth

The spatial and temporal distributions of aerosol optical
properties are the key parameters that determine the climatic

effect of aerosols. The Moderate Resolution Imaging Spec-
trometer (MODIS) products of AOD are available since 2001.
Figure 3 shows the MODIS seasonal mean distributions of
aerosol optical depth over China that are averaged over years
2001–10. The highest AOD values of 0.7–1.0 were found
over a large fraction of eastern China in spring, because dust
storms occur in spring of every year. Throughout the year,
AODs exceeding 0.5 were located over the four heavily pol-
luted areas (northern China, the Sichuan Basin, the Yangtze
River Delta, and the Pearl River Delta). Although measured
aerosol concentrations are generally higher in winter than in
summer (Table 2), AODs were found to be higher in sum-
mer than in winter because of the high relative humidity and
hence the large water uptake by aerosols in summer.

Ground-based sunphotometric measurements are also
available for understanding the columnar optical properties
over China. The Chinese Sun Hazemeter Network (CSHN),
launched in July 2004 by the Institute of Atmospheric
Physics, Chinese Academy of Sciences, and the University
of Maryland, has an extensive coverage in China (Xin et al.,
2006). Based on CSHN measurements, annual mean and sea-
sonal variations in aerosol optical properties at both urban
and remote sites have been examined (Xin et al., 2007). An-
nual mean AOD ranges from 0.14 at clean sites to 0.7–0.9 in
southeastern China (Xin et al., 2007). Du et al. (2008) com-
pared aerosol optical properties in March to May of 2005–07
in dust and non-dust weather conditions. They found that
the AOD averaged over 15 sites (including dust-source, near-
source, and distant sites) increased by 33% in the presence of
dust as compared to nondust conditions.

Fig. 3. MODIS seasonal mean distributions of aerosol optical depth over China that are av-
eraged over years 2001–10: (a) December–January–February (DJF); (b) March–May–April
(MAM); (c) June–July–August (JJA); (d) September–October–November (SON). MODIS
datasets are level 3 products downloaded from http://ladsweb.nascom.nasa.gov.



JANUARY 2015 LIAO ET AL. 123

With the establishment of Aerosol Robotic Network
(AERONET) sites in China in the past decade, daily and sea-
sonal variations in AOD have been observed at about 25 sta-
tions in China. The AOD values range from about 4 in heav-
ily polluted episodes to about 0.2 in relatively clean condi-
tions in northern China (Xia et al., 2006; Li et al., 2007a).
Among the AERONET sites in China, only 7 sites have mea-
surements of 5 years or longer. Since climate is measure of
the average pattern of meteorological parameters in a given
region, nationwide long term measurements are essential for
understanding climatic effect of aerosols in China.

4.2. Single scattering albedo
The SSA, the ratio of aerosol scattering coefficient to ex-

tinction coefficient, is an important optical parameter that de-
termines whether aerosols have a cooling or a warming ef-
fect. Ramanathan et al. (2001) reported that an SSA exceed-
ing 0.95 leads to a negative aerosol forcing at the top of the
atmosphere (TOA) and an SSA less than 0.85 leads to a pos-
itive forcing. Bergin et al. (2001) reported that the values of
SSA were about 0.81 in northern China. Lee et al. (2007) pre-
sented a horizontal distribution of SSA values in China con-
sidering both ground-based spectral transmittance and space-
borne TOA reflectance. They found that the average of SSA
values over China was 0.89± 0.04 at 500 nm in year 2005.
More ground-based SSA measurements in China are listed in
Table 5. The large differences in SSA result from the differ-
ences in chemical composition, size, shape, and hydroscopic
growth of aerosol particles.

Observations show that SSA values are smaller in win-
ter (Qiu and Yang, 2008). Increases in BC emissions might
have led to the decreases in SSA in Beijing during 1993–2001
(Qiu et al., 2004). Recently, Lyapustin et al. (2011) analyzed
AODs in Beijing from both AERONET measurements and
MODIS retrievals, and reported an increasing trend in SSA
in Beijing during 2007–10 relative to the previous five years.
In addition, mineral dust aerosol can influence SSA in China.
As dust particles are mixed with anthropogenic aerosols dur-
ing transport, SSA values generally show increases (Xia et
al., 2005).

5. Correlations between air pollutants and ob-

served changes in meteorological parame-

ters in China

5.1. Reductions in atmospheric visibility
The absorption and scattering of aerosols have large im-

pacts on atmospheric visibility. Che et al. (2007) analyzed the
observed visibility at 615 synoptic weather stations in China
during 1957–2005 and found that the horizontal visibility av-
eraged over all the stations had a large decreasing trend of
−2.1 km (10 yr)−1 after 1990. Che et al. (2007) also showed
that maximum reductions in visibility correlated well with the
locations of the highest concentrations of air pollutants. Deng
et al. (2008) found that low visibility days in Guangzhou oc-
curred rarely (less than a few days per year) during 1954–72,

but were about 150 days per year during 1980–2006. Wang
et al. (2009) estimated the changes in AOD and atmospheric
visibility by using the National Climatic Data Center Global
Summary of Day datasets collected from about 3250 meteo-
rological stations from 1973 to 2007. They found that AOD
values over land have been increasing on a global mean basis,
with large increases in AOD and hence significant reductions
in visibility in eastern China.

5.2. Reductions in solar radiation at the surface
The impacts of absorption and scattering by aerosols

can also be seen in changes of solar radiation at the sur-
face (Li et al., 2011a; Xu et al., 2011). Analysis of data
from about 200 meteorological observing stations showed
significant decreases in sunshine duration over a large frac-
tion of China [approximately 1% (10 yr)−1 averaged over
the whole China] for the period 1954–98 (Kaiser and Qian,
2002). The sunshine duration was measured by a sunshine
recorder, expressed to the nearest 0.1 h, in which the di-
rect solar radiation was of sufficient intensity to activate the
recorder (a rough approximation of the amount of energy in
the direct beam necessary to activate the recorder is 0.12
cal cm−2 min−1). Zheng et al. (2008) obtained similar re-
sults by analyzing observations at 184 weather stations across
the Yunnan-Guizhou Plateau (YGP) in southwestern China
for the years 1961–2005. It was found that over this 45-
year period annual sunshine duration decreased largely in the
northern YGP (north of 24◦N), with negative trends reaching
−11.8% (10 yr)−1. Increases of aerosols in the atmosphere
were found to be responsible for the changes in clear-sky
global and direct radiation (Liang and Xia, 2005; Qian et al.,
2007). Over the second half of the 20th century, while there
were significant decreases in global radiation [−4.5 W m−2

(10 yr)−1], direct radiation [−6.6 W m−2 (10 yr)−1], and
sunshine duration [−1.28% (10 yr)−1], the diffuse fraction
exhibited increases [1.73% (10 yr)−1] as a result of aerosol
scattering (Che et al., 2005).

5.3. Changes in surface air temperature
Changes in solar radiation at the surface are expected to

lead to changes in surface temperature. Along with global
warming, the annual mean surface air temperature averaged
over China has increased over recent decades (Wang et al.,
2004a; Cao et al., 2013). However, the changes in summer
temperature over the period 1960–2008 showed that a neg-
ative summer temperature trend of up to −0.2◦C (10 yr)−1

existed in the Yangtze–Huaihe basins and a warming oc-
curred in northern China and the western provinces (Fig. 4).
Several studies attempted to explain the decreases in summer
temperature in the Yangtze–Huaihe basins by the increases in
aerosols in these regions. Kaiser and Qian (2002) found a sig-
nificant decrease in summertime maximum temperature over
the period 1954–98 near the Sichuan Basin, where the largest
AOD and decreases in sunshine duration occurred. Shi et
al. (2008), by examining the distributions and variations of
surface air temperature and Total Ozone Mapping Spectrom-
eter (TOMS) AOD in March to August of 1979–2000 over
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Table 5. Ground-based aerosol single scattering albedo in China.

Location Period Single scattering albedo Reference

Beijing June 1999 0.81±0.08 Bergin et al. (2001); relative humidity < 40%
1993–2001 0.84 (550 nm) Qiu et al. (2004)
January 2005 0.78±0.11 (532 nm) Muller et al. (2006)
2002–07 0.89 (spring) Yu et al. (2009); average SSA at wavelengths of

440, 675, 870, and 1020 nm
0.91 (summer) Yu et al. (2009); average SSA at wavelengths of

440, 675, 870, and 1020 nm
0.87 (autumn) Yu et al. (2009); average SSA at wavelengths of

440, 675, 870, and 1020 nm
0.86 (winter) Yu et al. (2009); average SSA at wavelengths of

440, 675, 870, and 1020 nm
2005–06 0.80±0.09 (525 nm) He et al. (2009); relative humidity < 60%
11 August to 6 September 2006 0.86±0.07 (535 nm) Garland et al. (2009); relative humidity 28±4%
2001–04 0.9 (440 nm) Xia et al. (2006)
2005 0.88 (550 nm) Lee et al. (2007)
1998–2003 0.89 (400–1000 nm) Qiu and Yang (2008)

Shangdianzi September 2003 to January 2005 0.88±0.05 (525 nm) Yan et al. (2008); relative humidity < 60%
Xianghe September 2004 to September 2005 0.92 (441 nm) Li et al. (2007a)

0.92 (673 nm) Li et al. (2007a)
0.91 (873 nm) Li et al. (2007a)
0.91 (1022 nm) Li et al. (2007a)

March 2005 0.81–0.85 (550 nm) Li et al. (2007c); relative humidity 36%
2005 0.87 (550 nm) Lee et al. (2007)

Harbin 1993–2001 0.85 (550 nm) Qiu et al. (2004)
Shenyang 1993–2001 0.80 (550 nm) Qiu et al. (2004)

2005 0.89 (550 nm) Lee et al. (2007)
1998–2003 0.88 (400–1000 nm) Qiu and Yang (2008)

Zhengzhou 1993–2001 0.85 (550 nm) Qiu et al. (2004)
1998–2003 0.92 (400–1000 nm) Qiu and Yang (2008)

Wuqing March 2009 0.82±0.05 (637 nm, spring) Ma et al. (2011); dry aerosol
July–August 2009 0.86±0.05 (637 nm, summer) Ma et al. (2011); dry aerosol

Xinken October 2004 0.77±0.12 (532nm) Muller et al. (2006)
October–November, 2004 0.85±0.04 (550 nm) Wendisch et al. (2008); dry aerosol
October 2004 0.83±0.05 (550 nm) Cheng et al. (2008); relative humidity < 10%

Guangzhou October 2004 0.83 (540 nm) Andreae et al. (2008); relative humidity < 45%
Taibei 2005 0.83 (550 nm) Lee et al. (2007)
Shanghai 2005 0.87 (550 nm) Lee et al. (2007)

1998–2003 0.90 (400–1000 nm) Qiu and Yang (2008)
Wuhan 1998–2003 0.94 (400–1000 nm) Qiu and Yang (2008)
Linan November 1999 0.93±0.04 (530 nm) Xu et al. (2002); relative humidity < 40%
Shouxian May–December 2008 0.92 (550 nm) Fan et al. (2010); relative humidity < 40%
Dunhuang 1998–2000 0.90 (500 nm) Kim et al. (2004)
Yinchuan 1998–2000 0.91 (500 nm) Kim et al. (2004)

October 2003 to August 2004 0.83–0.95 (500 nm) Liu et al. (2008)
Yulin April 2001 0.95±0.05 Xu et al. (2004); relative humidity 35±21%
Ürümqi 1993–2001 0.84 (550 nm) Qiu et al. (2004)

1998–2003 0.89 (400–1000 nm) Qiu and Yang (2008)
Lanzhou 1993–2001 0.81 (550 nm) Qiu et al. (2004)

2005 0.89 (550 nm) Lee et al. (2007)
1998–2003 0.85 (400–1000 nm) Qiu and Yang (2008)

Chengdu 1998–2003 0.90 (400–1000 nm) Qiu and Yang (2008)
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Fig. 4. Trends in summer (JJA) mean temperature [unit:
K (10 yr)−1] for the period 1960–2008. The datasets of homog-
enized daily mean temperatures at 549 National Standard Sta-
tions in China for 1960–2008 are taken from Li and Yan (2009).

eastern China, found that AOD and surface air temperature
were negatively correlated. A similar negative correlation be-
tween the increases in AOD and reductions in temperature in
eastern China in the past 50 years has also been reported in
Chen et al. (2009).

5.4. Changes in precipitation and clouds
The radiative effect of aerosols can influence precipita-

tion in a number of ways. The direct effect of aerosols re-
duces surface temperature, evaporation, and atmospheric sta-
bility, which can lead to reductions in precipitation (Zhao et
al., 2006; Duan and Mao, 2008). Aerosol-induced increases
in cloud condensation nuclei (CCN) lead to increased cloud
droplet concentrations and smaller droplets, which can have
an effect of reducing precipitation (Twomey, 1959, 1977; Al-
brecht, 1989). Hansen et al. (1997) and Ackerman et al.
(2000) identified a so-called “semi-direct” effect, in which
changes in the thermal structure of the atmosphere resulting
from aerosol solar absorption (principally by BC) suppress
cloud formation/precipitation. Furthermore, aerosol-induced
changes in temperature gradient can influence atmospheric
circulation and hence atmospheric water vapor supply.

Precipitation in eastern China is associated with the Asian
summer monsoon. Every year, the rain belts of summer mon-
soon appear firstly over southern China from April to mid-
June, intensify and shift to the middle and lower reaches of
the Yangtze River around mid-June, and then move to north-
ern China in mid-July and last until mid-August. Zhao et
al. (2006) examined observed precipitation, MODIS AOD,
and meteorological sounding datasets over northern China,
and found that precipitation in this region was significantly
reduced during 1961–2000 (the decreasing trend at some sta-
tions was larger than 0.4% yr−1). This reduction in precip-
itation was found to correlate with high concentrations of
aerosols and was explained by a positive feedback mecha-
nism. The aerosol-induced enhancement in atmospheric sta-
bility depresses upward motion and precipitation, further in-
creasing aerosol concentrations. They found that the per-
centage of unstable days in northern China was approxi-

mately 34% during the late 1980s, and then about 17% in
the 2000s. Qian et al. (2009) reported that both the frequency
and amount of observed light rain (events or days with pre-
cipitation less than either 2 mm or 5 mm) decreased in the
whole of eastern China over 1956–2005 as a result of the
aerosol indirect effect. This trend for light rain is different
from that of total rainfall observed in eastern China, which
shows decreases in northern China and increases in southeast-
ern China. Choi et al. (2008) also showed that, over recent
decades, increases in aerosol concentrations correlated nega-
tively with the trend in light rain (< 5 mm d−1) and positively
with changes in moderate rainfall (10–20 mm d−1) in China.
A study by Rosenfeld et al. (2008) proposed that interactions
of aerosols with deep convective clouds could increase pre-
cipitation, which might be responsible for the observed in-
creases in precipitation in southern China where aerosol con-
centrations were high and water vapor supply was adequate.

With respect to changes in clouds, Shi et al. (2008)
showed a positive correlation between increases in AOD and
those in low clouds in southern China in the past two decades.
Bennartz et al. (2011) reported that cloud droplet number
concentrations, derived from the Patmos-x satellite observa-
tions over the East China Sea downwind of emission sources,
increased from less than 200 cm−3 in the 1980s to more than
300 cm−3 in 2005. Zhang et al. (2011) studied the effect of
aerosols on clouds in Beijing based on in situ aircraft mea-
surements during the period of July to September in 2008.
Higher aerosol concentrations were observed to lead to a
larger number of cloud droplets with smaller size. The activa-
tion of aerosol particles to become cloud droplets was signif-
icantly enhanced with liquid water content (LWC) exceeding
0.5 g m−3. However, Tang et al. (2014) found positive corre-
lations between water cloud effective radius (CER) and AOD
over eastern China by using MODIS retrievals for 2003–13.
Their analysis for North China Plain showed that variations
in wind speed and relative humidity might have caused the
positive correlations. Southerly winds carry high levels of
aerosols and abundant water vapor, resulting in coincident
increases in both AOD and CER in North China Plain, while
the northerly winds transport dry and clean air from high lat-
itudes, leading to decreases in AOD and CER (Tang et al.,
2014). The uncertainties with correlations between AOD and
CER indicate the uniqueness of aerosol-cloud interactions in
China and also call for further observational and modeling
studies.

6. Radiative forcing

6.1. Radiative forcing by tropospheric ozone
Few studies have examined the radiative forcing by tro-

pospheric O3 over China. Wang et al. (2005a) estimated the
forcing over the Chinese domain using a coupled regional
chemistry–climate model (RegCM2). They found that, at
the tropopause, tropospheric O3 has a shortwave forcing of
0.19 W m−2 and a longwave forcing of 0.46 W m−2. The
normalized net radiative forcing over China was found to be
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0.02 W m−2 DU−1, which was lower than the global mean
values of 0.03–0.05 W m−2 DU−1 reported in the literature
(Wang et al., 2005a). Chang and Liao (2009) estimated the
anthropogenic radiative forcing by tropospheric O3 based on
the IPCC AR5 emissions inventories; the tropopause forc-
ing (shortwave plus longwave) averaged over eastern China
(95◦–125◦E, 18◦–45◦N) was found to be 0.53 W m−2.

6.2. Direct radiative forcing by aerosols
For the calculation of aerosol direct radiative forcing, the

optical parameters used in the radiative transfer module of
climate models are AOD, SSA, and asymmetry factor. These
optical properties are dependent of the concentrations, size,
and hygroscopic growth of aerosols. Earlier studies quanti-
fied the radiative forcing by a single aerosol species. Giorgi
et al. (2002) performed a coupled climate–chemistry/aerosol
simulation for China for the period 1993–97. Over eastern
China, anthropogenic sulfate was found to induce a negative
TOA radiative forcing that varied spatially from −1 to −8
W m−2 in winter and from −1 to −15 W m−2 in summer.
Fossil fuel BC was estimated to exert a positive TOA radia-
tive forcing of 0.5–2 W m−2 (Giorgi et al., 2002). Recently,
direct radiative forcing by BC in China was estimated by Wu
et al. (2008) and Zhuang et al. (2011; 2013), and that by
nitrate was calculated by Wang et al. (2010), Zhang et al.
(2012a), and Li et al. (2014).

With more advanced models that can simulate multiple
aerosol species, recent studies have estimated aerosol forcing
by mixed aerosol species. Qian et al. (2003) used the of-
fline concentrations of sulfate, OC, BC, mineral dust, and sea
salt from a global transport model in the Penn State/NCAR
Mesoscale Model MM5 to examine the aerosol direct effect.
The direct radiative forcing of aerosols in eastern China (east
of 100◦E) was found to be in the range of −1 to −14 W m−2

in autumn and summer, and −1 to −9 W m−2 in spring and
winter. The annual radiative forcing in eastern China (110◦–
120◦E, 21◦–37◦N) was estimated to be −5.11 W m−2 (Qian
et al., 2003). Han (2010), by using the Regional Integrated
Environmental Model System (RIEMS), simulated the direct
radiative effect of externally mixed sulfate, BC, OC, soil dust,
and sea salt aerosols over East Asia (75◦–145◦E, 15◦–55◦N).
They showed that the direct radiative effect of aerosols had
apparent seasonal variations (Fig. 5). Averaged over East
Asia, the annual mean direct radiative effect under all-sky
condition was calculated to be −6.2 W m−2 at the surface
and −0.2 W m−2 at the TOA (Han, 2010).

Chang and Liao (2009) estimated the anthropogenic ra-
diative forcing of sulfate, nitrate, BC, OC, and the internal
mixture of all these species by using a general circulation
model with online simulations of gas-phase chemistry and
aerosols. The radiative forcing values averaged over eastern
China (95◦–125◦E, 18◦–45◦N) are shown in Table 6. Based
on the IPCC AR5 emissions inventories, the simulated annual
mean anthropogenic radiative forcings by sulfate, nitrate, BC,
OC, and the internal mixture of these aerosols were, respec-
tively, −2.50, −0.75, 0.58, −0.13, and −2.40 W m−2 at the
TOA, and −2.55, −0.77, −1.50, −0.25, and −5.40 W m−2

at the surface. The annual mean maximum cooling over east-
ern China was predicted to exceed −6 W m−2 at the TOA
and be up to −13 W m−2 at the surface.

Some studies have also estimated forcing based on
ground or satellite observations of AOD and solar irradiance
(Li et al., 2007c; Xia et al., 2007a, b). Aerosol-induced re-
duction in surface shortwave irradiance was estimated to be
about 30 W m−2 at Liaozhong in northeastern China during
April to June of 2005 (Xia et al., 2007a). At Xianghe near
Beijing, the annual and daily (24 h) mean aerosol radiative
effect at the surface (24 W m−2) was only moderately lower
than the cloud radiative effect (41 W m−2) (Li et al., 2007c).
It should be noted that studies based on measurements usu-
ally obtained clear-sky radiative forcing by both natural and
anthropogenic aerosols (i.e., they could not obtain cloudy-sky
forcing and could not separate the effect of a specific aerosol
species).

The high direct radiative forcing values by aerosols indi-
cate their important roles in climate change. The estimated
forcing values over China differ largely, because of the dif-
ferences in emissions inventories, chemistry scheme, model
year or month, and the different aerosol species considered.

6.3. Indirect radiative forcing by aerosols
Estimated indirect forcing values are usually dependent

on the treatment of aerosol effects on cloud microphysics
in climate models. Previous studies usually used one of
the following two approaches in the calculation of cloud
droplet number concentrations: (1) the empirical correla-
tions between aerosol mass and cloud number concentra-
tions obtained based on measurements (e.g., Boucher and
Lohmann, 1995); and (2) first-principle approaches (e.g.,
Ghan et al., 1997), which simulate cloud droplet number bal-
ance in each GCM grid cell, including processes such as the
activation of aerosol into cloud droplets, evaporation and col-
lision/coalescence affecting droplet number concentrations.
Because of the lack of measurements in China, empirical cor-
relations between aerosol mass and cloud number concentra-
tions used in the first approach are generally parameterized
based on measurements in Europe or the U.S., which may
not be representative of aerosol–cloud interactions in China.

Giorgi et al. (2003) reported the regionally averaged TOA
indirect radiative forcing due to sulfate and BC aerosols.
While the direct radiative forcing showed a weak seasonal
cycle (seasonal mean TOA direct forcing values ranged from
−2.29 W m−2 to −2.74 W m−2 over eastern China), the total
of direct and indirect forcing showed a very strong seasonal
variation [the total negative TOA radiative forcing varied
from −3.93 W m−2 in December–January–February (DJF)
to −11.77 W m−2 in June–July–August (JJA) over eastern
China]. The indirect forcing was found to dominate in the
warm and wet seasons of March–April–May (MAM) and
JJA, when the cloud amount is the largest in a year. Huang et
al. (2006) considered sulfate, BC, and OC aerosols in their
simulations. Averaged over eastern China, the direct and
first indirect effects were predicted to produce a negative net
radiative forcing of −4.6 W m−2 at the TOA, and the sec-
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Fig. 5. Simulated all-sky aerosol direct radiative effect (W m−2) at the surface (left column) and at the
TOA (right column) for March, July, October, and December of year 2006. [Reprinted from Fig. 6 in
Han (2010).]

ond indirect effect was predicted to generate a negative net
forcing of approximately −3.2 W m−2 at the TOA. Huang
et al. (2007) reported the surface-layer seasonal mean radia-
tive forcing by sulfate and OC aerosols in eastern China; the
forcing was found to be −1.3 to −2.3 W m−2 as a result of
direct scattering, and the value was predicted to be −4.2 to
−9.6 W m−2 with the combined direct, semidirect, and first
indirect effects. The maximum surface forcing was found to

reach −30 W m−2 in the areas with high aerosol concentra-
tions.

Because of the high nitrate aerosol concentrations in
China (Table 4), it is of interest to estimate radiative forc-
ing by nitrate aerosol. Wang et al. (2010) used the RegCM3
model coupled with chemistry and aerosol schemes to cal-
culate direct and indirect effects of nitrate aerosol in China.
They reported that nitrate indirect radiative forcing is higher
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Table 6. Predicted annual mean global burdens (Tg yr−1) of aerosols and O3 in 1850 and 2000, as well as the estimated radiative forcings
(RF) (W m−2) at the top of the atmosphere (TOA) and surface (SRF). Ozone forcing is also given at the tropopause*. Forcing values are
averaged over the globe or over eastern China (18◦–45◦N, 95◦–125◦E) (Chang et al., 2009).

RF (global) RF (eastern China*)

1850 2000 TOA SRF TOA SRF

SO2−
4 0.79 1.90 −0.56 −0.56 −2.50 −2.55

NO−
3 0.35 0.90 −0.26 −0.26 −0.75 −0.77

BC 0.05 0.11 0.13 −0.25 0.58 −1.50
OC POA 0.49 0.71 −0.02 −0.05 −0.13 −0.25

SOA 0.34 0.32
All aerosol −0.60 −1.20 −2.40 −5.40
Tropospheric O3 269 377 0.17 0.05 0.24 0.09

0.39* 0.53*

than its direct radiative forcing; the annual mean direct radia-
tive and first indirect radiative forcings at the TOA were esti-
mated to be −0.88 W m−2 and −2.47 W m−2, respectively,
as forcings were averaged over the whole of China.

The indirect effects of aerosols on solar radiation found in
these studies were qualitatively similar to other reports in the
literature; increases in cloudiness and small cloud droplets
enhance the scattering of solar radiation. The impacts of
such changes in cloud properties on solar radiation are still
uncertain; more physical-based methods to determine cloud
droplet concentrations from aerosol concentrations and other
relevant parameters should be the subject of future studies on
aerosol indirect effects in China.

6.4. Comparisons with IPCC global mean forcing values

The tropopause forcing by tropospheric O3 in eastern
China was estimated by Wang et al. (2005a) and Chang
and Liao (2009) to be 0.53–0.65 W m−2, which are close
to the high end of the global mean values of 0.40 (0.20 to
0.60) W m−2 estimated in IPCC AR5. Radiative forcings of
aerosols in China are much higher than the global mean direct
radiative forcing of −0.45 (−0.95 to 0.05) W m−2 and indi-
rect radiative forcing of −0.45 (−1.2 to 0.0) W m−2 reported
in IPCC AR5. Radiative forcing by aerosols in China is also
much stronger than the global mean radiative forcing of 2.83
(2.26 to 3.40) W m−2 by the increases in CO2, CH4, N2O,
and halocarbons from preindustrial times. These high radia-
tive forcing values indicate that air pollutants in China can
have important roles in regional and global climate change.

7. Simulated climatic effects of air pollutants

To understand the roles of air pollutants in climate change
in China, it is important to have a clear picture of climate
change in China over the past several decades. While a warm-
ing was observed in China on an annual mean basis (Cao et
al., 2013), a negative summer temperature trend existed in the
Yangtze–Huaihe basins (Fig. 4). The observed changes in
precipitation over the past decades showed that summer pre-
cipitation decreased in northern and southeastern China and
increased in the Yangtze Basin (Xu, 2001). Climate change

in China is associated with changes in the East Asian mon-
soon. According to the monsoon index defined by Li and
Zeng (2002, 2003, 2005), the East Asian summer monsoon
has been weakening since 1950. A strong summer monsoon
is characterized by strong southerlies extending from south-
ern to northern China, a deficit of rainfall in the middle and
lower reaches of the Yangtze River, and high rainfall in north-
ern China (Li and Zeng, 2002; Wang et al., 2008). On the
contrary, a weak summer monsoon in China features weak
southerlies that cannot push the monsoon system far enough
northward, resulting in high rainfall in southern China and a
deficit of rainfall in northern China. These changes in the
Asian summer monsoon can help to explain the observed
changes in summer temperature and precipitation, but the
roles of air pollutants need to be quantified.

The climatic effects of air pollutants (either tropospheric
O3 or aerosols) in China have been examined by some re-
gional or global climate models. Regional climate models
have the advantage of high spatial and temporal resolutions,
but they cannot account for changes in large-scale circulation
if the regional climate simulations with or without air pollu-
tants use the same boundary conditions. Although forcings
by air pollutants are quite regional, they can influence large-
scale circulation by altering temperature gradients; climate
responses to the forcings are not local, as demonstrated by
many global studies. Global simulations of climatic effects
of air pollutants usually take one of two forms: (1) equilib-
rium climate, in which the long-term climate that would re-
sult from a fixed pollutant concentration is computed; and (2)
transient climate, in which climate is simulated from a start-
ing point, say preindustrial, with specified annual emissions
changes. Predicted changes from an equilibrium climate sim-
ulation generally exceed those from a transient climate sim-
ulation. For example, the ratio of the transient climate re-
sponse (the change in surface air temperature at the time of
doubled CO2) to the equilibrium response (the equilibrium
change in surface air temperature from doubled CO2) lies in
the range of 0.47–0.68 (IPCC, 1995).

7.1. Climatic effect of tropospheric ozone
A few studies have examined climate change induced by

tropospheric ozone in China. Wang et al. (2004b) used the
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coupled regional chemistry–climate model RegCM2 (Giorgi
et al., 2002) to simulate the concentrations and climatic effect
of tropospheric O3 in China. They found that the monthly
mean column burden of O3 was about 30 DU in eastern
China, which led to changes in surface air temperature by
−0.8 to 0.8 K. The negative changes in temperature were
mainly associated with the feedback of clouds. Hansen et
al. (2007) examined the climatic responses to changes in tro-
pospheric ozone over the period 1900–2003 based on tran-
sient climate simulations with the GISS ModelE, and their
predicted increases in temperature reached up to 0.5 K over
eastern China. Chang et al. (2009) reported, based on a global
coupled chemistry–climate simulation, that the warming due
to changes in tropospheric O3 over the period 1950–2000 was
0.43 K in eastern China (Table 7). These results indicate that
it is important to consider the radiative effect of tropospheric
O3 in simulations of climate change in China.

7.2. Climatic effect of tropospheric aerosols

7.2.1. Regional simulations of the climatic effect of aerosols

Giorgi et al. (2002) performed a number of multi-year re-
gional simulations to assess the climatic impact of anthro-
pogenic sulfate and BC. Using anthropogenic emissions, they
found that the direct effects of anthropogenic sulfate and BC
can induce a surface cooling of −0.1 to −0.7 K, highly vari-
able at the subregional scale. Qian et al. (2003), using the
offline fields of sulfate, OC, BC, mineral dust, and sea salt,
reported that the negative radiative forcing of aerosols was
predicted to induce a surface cooling in the range of −0.6 to
−1.2 K in autumn and winter, −0.3 to −0.6 K in spring and
0.0 to −0.9 K in summer throughout eastern China.

Giorgi et al. (2003) advanced the regional study by in-
cluding the first indirect effect of anthropogenic sulfate.
Averaging over eastern China (approximately east of 90◦E
and between 20◦–40◦N), the direct radiative effect of sul-
fate and soot was predicted to reduce surface air tempera-
ture by 0.07 K in JJA and 0.21 K in DJF. Such larger re-
duction in temperature in winter than in summer was also
found by Chen et al. (2007). With the addition of the first
indirect effect, the impact of sulfate and soot on surface
air temperature was predicted to be about −0.4 K in all
seasons. Predicted changes in precipitation in DJF, MAM,
JJA, and September–October–November (SON) were, re-
spectively, −5.9%, −2.3%, −1.7%, and −4.2%, with the di-
rect effect of sulfate and soot, and −12.6%, −7.9%, −5.3%,

and −9.9% when both direct and first indirect effects were
considered.

Huang et al. (2007) used a coupled regional chemistry–
aerosol–climate model to assess the direct and indirect ef-
fects of anthropogenic sulfate and carbonaceous aerosols (OC
and BC) on regional climate in East Asia. The direct and
first indirect effects were simulated to reduce solar radiation
and hence decrease the surface temperature in a large frac-
tion of eastern China, with the magnitude of the simulated
changes in surface air temperature compatible with the re-
sults obtained by Giorgi et al. (2003). The second indirect
effect was predicted to generate both negative solar forcing
and a substantial positive longwave forcing, which led to de-
creases in precipitation, but because of the cancellation ef-
fect, very small changes in surface temperature (Huang et al.,
2007). With the interactively calculated aerosol loading and
the combined direct/semidirect/first indirect radiative effects,
the simulated precipitation was reduced by about 10% in au-
tumn and winter and by about 5% in spring and summer. The
second indirect effect was shown to have the largest impact
on precipitation, which was predicted to reduce the precipita-
tion in autumn and winter from about 3% to 20%, depending
on the autoconversion scheme used (Huang et al., 2007). The
semidirect effect on precipitation was found to be relatively
small.

Long-term observational datasets reveal that both the fre-
quency and amount of light rain decreased in eastern China
during the period 1956–2005. Qian et al. (2009) showed
by using a cloud-resolving model and satellite data that high
concentrations of aerosols in eastern China can significantly
increase cloud droplet number concentrations and reduce
droplet sizes compared to pristine conditions, leading to sig-
nificant reductions in raindrop concentrations and a delay in
raindrop formation because smaller cloud droplets are less
efficient in collision and coalescence processes. Results indi-
cated that the significantly increased aerosol concentrations
were at least partly responsible for the decreased light rain
observed in China over the past 50 years.

Besides studies that have examined scattering or mixed
aerosols, Wu et al. (2004, 2008) examined the climatic effect
of BC alone. Using the Regional Integrated Environmental
Modeling System (RIEMS) and the CCM3 radiation scheme,
Wu et al. (2004) performed simulations for the months of Jan-
uary, April, July, and October in 2000. The radiative forcing
of BC was predicted to lead to decreases in surface tempera-
ture in East Asia by 0.12–0.15 K in January, 0.25 K in April,

Table 7. Summary of the average changes of selected climate variables over the period 1950–2000 in eastern China (20◦–50◦N, 100◦–
130◦E) (Chang et al., 2009).

ΔSO4 ΔBC ΔBCSO4 ΔBCSO4POA ΔAER ΔO3 ΔGHG

Temperature (◦C) −0.40 0.62 0.18 0.15 −0.78 0.43 0.85
Radiation (W m−2) −1.09 −0.91 −2.71 −2.98 −7.29 0.40 1.12
Latent heat (W m−2) 1.92 −0.55 1.38 1.17 5.18 −0.86 −2.26
Sensible heat (W m−2) −1.03 1.41 1.37 1.83 1.67 0.73 1.34
Precipitation (mm d−1) −0.21 0.07 −0.03 0.02 −0.24 0.08 0.10
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0.3–1.5 K in July, and 0.2–0.5 K in October. The maximum
decreases in temperature were located over the Yangtze River
drainage basin and southern China. Wu et al. (2008) further
examined the direct effect of BC on the hydrological cycle in
China using the RegCM3 model (Giorgi et al., 2002). Water
vapor was predicted to increase by 0.6% in southern China
but to decrease by up to 0.3% in northern China. The in-
creases in water vapor content in southern China were mainly
caused by the strengthening of airflow from the South China
Sea. The radiative forcing of BC was found to lead to an in-
crease in precipitation by 0.4–0.6 mm d−1 in southern China.

7.2.2. Equilibrium climate simulations using global models

Menon et al. (2002) studied the equilibrium climatic re-
sponses to the direct and semidirect effect of aerosols over
China and India using a global climate model with fixed
SSTs. By considering anthropogenic aerosols, their simu-
lation reproduced the observed increases in precipitation in
southeast China and decreases in precipitation in northeast
China. These changes in precipitation were attributable to
the absorption (as opposed to the scattering) of radiation by
the observed AOD distribution. Their model results were
dependent on the assumed SSA value of 0.85, which was
too low as compared to the observed SSA values in China
(Table 5).

Gu et al. (2006) investigated the equilibrium climate re-
sponses to the direct radiative forcing of both natural and an-
thropogenic aerosols in China using the general circulation
model developed at the University of California, Los Ange-
les (UCLA GCM). They assumed a global background AOD
of 0.2, consisting of 90% maritime and 10% BC based on the
observations of TOMS. Over the Chinese domain, observed
changes in AODs were used to simulate the climatic effect
of aerosols. Total cloud cover was predicted to decrease in
northern and western China, which agreed with the observed
decreases over the period 1951–94. Aerosols in China were
predicted to lead to a cooling in the midlatitudes of the NH,
strengthening the meridional circulation and then increasing
precipitation in southern China. This predicted precipitation
anomaly was similar to that presented by Menon et al. (2002).
However, Gu et al. (2006) argued that the increased precipita-
tion in southern China might be related to the increased AOD
rather than the absorption of aerosol as suggested by Menon
et al. (2002).

Kim et al. (2007) studied the equilibrium climatic ef-
fect of sulfate aerosol radiative forcing on spring rainfall in
East Asia based on numerical simulations with the NASA
finite-volume General Circulation Model (fvGCM). The cli-
mate simulations were forced with monthly varying three-
dimensional aerosol distribution from the Goddard Ozone
Chemistry Aerosol Radiation and Transport model (GO-
CART). The reanalyzed weekly SSTs from September 1986
to December 1996 were interpolated to daily values. The ra-
diative forcing of sulfate aerosol was predicted to lead to a
cooling at the land surface and a reduction in rainfall over
central East Asia. The maximum reduction in precipitation
was found to be located to the north of the area with the max-

imum aerosol loading as a result of dynamical feedback. An
anomalous thermal gradient due to aerosol cooling near the
land surface can reduce the baroclinicity of the atmosphere,
leading to a deceleration of the upper-level westerly flow. The
westerly deceleration induces, through ageostrophic wind ad-
justment, anomalous meridional secondary circulation at the
entrance region of the East Asian jet stream, with a strong
descending flow and suppressed precipitation near 30◦N, but
a weak ascent of air and moderately enhanced precipitation
over southern China and the South China Sea. Their results
suggested that aerosol radiative forcing and the associated
feedback contributed to the observed trend of spring precipi-
tation in East Asia.

A number of recent global studies have also consid-
ered the aerosol indirect effect. Takemura et al. (2005) sim-
ulated the equilibrium climate responses to aerosol direct
and indirect effects with a coupled global aerosol transport–
radiation–climate model. They predicted a large reduction of
about 2 K in temperature and a general reduction in precip-
itation over East Asia. To explain the observed decreases in
precipitation in southern China (114◦–120◦E, 23◦–27◦N) in
early summer over the past decades, Cheng et al. (2005) ap-
plied the ECHAM4 GCM with a fully coupled aerosol–cloud
microphysics module to investigate the role of the aerosol
second indirect effect by sulfate, BC, and OC in the drought
of early summer in southern China. They separated the role
of the aerosol second indirect effect from the roles of the in-
creases in SSTs and greenhouse gases (GHGs). Model re-
sults showed that both the aerosol indirect effect and changes
in SSTs/GHGs contributed to the observed increases in low-
level cloud and decreases in precipitation over the period
1961–2000 in southern China, and the impact of the aerosol
indirect effect was larger than the effect of SST/GHGs.

7.2.3. Transient climate simulations using global models

Li et al. (2007b) considered the sulfate direct radiative ef-
fect in a simulation over the period 1949–2002 using a GCM.
They found that sulfate aerosol can induce a positive gradient
of air temperature from the middle to the upper troposphere,
which results in a northward shift of the East Asian westerly
jet stream at 200 hPa and a strengthening of the East Asian
summer monsoon. They simulated a surface cooling of about
1 K and increases in cloud cover and precipitation in eastern
China over the period 1949–2002.

Chang et al. (2009) investigated the direct climatic ef-
fects of five anthropogenic aerosols, including SO2−

4 , NO−
3 ,

BC, POA, and SOA, in eastern China over the period 1951–
2000. Concentrations of SO2−

4 , NO−
3 , POA, SOA, BC, and

tropospheric O3 for the years 1950 and 2000 were obtained
a priori by the Goddard Institute for Space Studies (GISS)
GCM with coupled chemistry and aerosols, and then monthly
concentrations of these species were interpolated linearly
between 1951 and 2000 in transient climate simulations.
BC aerosol was assumed to be internally mixed with other
aerosol species in all simulations. Model results indicated
that simulated changes in temperature and precipitation over
1950–2000 were very sensitive to the consideration of aerosol
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species (Figs. 6 and 7). For example, the predicted sign of
changes in surface air temperature by BC + SO2−

4 + POA
aerosols was different from that by all aerosol species (BC+
SO2−

4 + POA + SOA + NO−
3 ). They also compared the cli-

matic effect of aerosols with the impacts of tropospheric O3
and GHGs over eastern China (Figs. 6 and 7). As can be seen
in Table 7, relative to the climate simulation without changes
in GHGs, O3, and aerosols, anthropogenic forcings of SO2−

4 ,
BC, BC + SO2−

4 , BC + SO2−
4 + POA, BC + SO2−

4 + POA +
SOA+NO−

3 , O3, and GHGs over the period 1950–2000 were
predicted to change surface air temperature in eastern China
(100◦–130◦E, 20◦–50◦N), respectively, by −0.40◦C, 0.62◦C,
0.18◦C, 0.15◦C, −0.78◦C, 0.43◦C, and 0.85◦C, and to change
precipitation averaged over the same domain, respectively, by
−0.21, 0.07, −0.03, 0.02, −0.24, −0.08, and 0.10 mm d−1.
They concluded that aerosols, when all major aerosol species
are considered, are as important as GHGs in influencing cli-
mate change in eastern China.

7.2.4. Uncertainties with simulated climatic effect of
aerosols in China

Despite the recognized importance of aerosols for the
simulation of climate in China, the quantification and under-
standing of their impacts are still poorly constrained. Dif-
ficulties arise especially on a regional scale, owing to the
short atmospheric lifetime of the aerosol particles combined
with the limited observations available. Simulated climate
responses depend on simulated aerosol concentration, size,
mixing state, AOD, activation of aerosol particles to form
cloud droplets, as well as the cloud schemes in climate mod-
els. Current aerosol-climate models can simulate all these
key parameters and processes, but nationwide long-term mea-
surements are needed to constrain model simulations. The
model uncertainties are especially large when aerosol-cloud
interactions are included in simulations.

Since China is one of the most heavily polluted regions in
the world, the impacts of air pollutants on hydrological cycle
are of great concern. In recent decades, there has been a ten-
dency of “southern flood and northern drought” over eastern
China during the East Asian summer monsoon (Xu, 2001).
Many modeling studies (e.g., Menon et al., 2002; Giorgi et
al., 2002, 2003; Gu et al., 2006; Huang et al., 2007; Liu et
al., 2009; Zhang et al., 2012b; Jiang et al., 2013; Wu et al.,
2013) have shown that the East Asian summer monsoon pre-
cipitation is affected by aerosols, but contradictory results ex-
ist. Menon et al. (2002) suggested that the radiative effect of
black carbon may contribute to a “southern flood and north-
ern drought” pattern over eastern China. Liu et al. (2009)
pointed out the aerosol radiative effect of sulfate is more dom-
inant than that of black carbon in reducing precipitation over
China. Gu et al. (2006) found that such a “southern flood
and northern drought” pattern was due to the radiative effect
of anthropogenic aerosols, which cooled the midlatitudes and
led to the strengthening of the Hadley circulation. In contrast,
Zhang et al. (2012b) showed that the aerosol direct radiative
effect led to decreases in precipitation over southern China
but slight increases in precipitation over northern China. Wu

et al. (2013) found that aerosol effects on precipitation de-
pend on the location of monsoon precipitation band and its
relative location to aerosols, which may be the main factor
that contributed to the discrepancy in literature regarding the
aerosol impacts on the so-called “southern flood and northern
drought” over China.

Previous studies also reported the biases of using the fixed
SSTs in the simulation of temperature and precipitation (Yue
et al., 2011). The slow response associated with SST change
caused by aerosols may play an important role in the sim-
ulated climate responses to aerosol forcing especially over
ocean areas (Ganguly et al., 2012).

8. Summary and outlook

This review documents recent advances in our under-
standing of the climatic effects of O3 and aerosols in China.
All the key datasets or parameters needed for quantifying the
effects of air pollutants on climate are reviewed, including
emissions inventories, measurements of concentrations and
column burdens, observed optical properties of aerosols, high
correlations between air pollutants and the observed changes
in meteorological parameters in China, estimated radiative
forcing by O3 and different aerosol species, as well as the
simulated impacts of O3 and aerosols on climate change in
China.

During the past decade important advances have been
made in our understanding of air pollutants and their roles in
climate change in China. Emissions inventories of O3/aerosol
precursors and aerosols have become available for the Chi-
nese domain, allowing concentrations of O3 and different
aerosol species to be simulated and their climatic effects esti-
mated using numerical models. Increased ground and aircraft
measurements of concentrations of O3 and speciated aerosols
in China, together with satellite measurements of aerosol op-
tical properties and cloud properties, have provided datasets
to constrain the simulated climatic effects of O3 and aerosols.
However, estimates of the climatic effects of air pollutants in
China are still subject to large uncertainties. Based on this
review, we suggest the following key priorities for future re-
search:

(1) Continued improvement in gas and particle emission
inventories that underlie any predictions of climatological
levels of pollutants. Since the emissions inventories from dif-
ferent research groups vary, it is necessary to quantify how
the uncertainties in emissions can influence simulated climate
change, such as changes in temperature and precipitation.

(2) Nationwide long-term measurements of concentra-
tions and optical properties of pollutants. Measurements of
speciated aerosol mass concentrations, size-resolved aerosol
number concentrations, and aerosol–cloud interactions are
important for reducing uncertainties associated with the cli-
matic effect of aerosols. Special attention needs to be paid to
the vertical profiles of concentrations and optical properties.

(3) Coupled transient chemistry–aerosol–climate simu-
lations for interpreting climate change in China over past
decades. While air pollutants can influence climate as sum-
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Fig. 6. Predicted changes in December–January–February (DJF), June–July–August (JJA), and annual averaged surface air
temperature (K) over the period 1950–2000 by different aerosol species, O3, and GHGs. Dotted areas denote results that
pass the t-test at the 95% confidence level. The global mean value is indicated in the top right corner of each panel. (Source:
Chang et al., 2009).
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Fig. 7. Predicted changes in December–January–February (DJF), June–July–August (JJA), and annual averaged precipita-
tion (mm d−1) over the period 1950–2000 by different aerosol species, O3, and GHGs. Dotted areas denote results that pass
the t-test at the 95% confidence level. The global mean value is indicated in the top right corner of each panel. (Source:
Chang et al., 2009).
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marized above, interannual and decadal variations in mete-
orological fields associated with Asian monsoon can influ-
ence air pollutants over China by influencing their transport,
chemical reactions, and deposition (Zhu et al., 2012). Sim-
ulations also need to account for the role of SST responses
to O3/aerosol-induced forcing (Yue et al., 2011). Because of
the monsoon system, changes in SST have large impacts on
temperature gradient, atmospheric circulation, and water va-
por supply from the oceans, resulting in complex feedbacks
in regional climate. It should also be noted that tropospheric
O3 has been found to contribute to about 0.5 K of increases
in surface air temperature in eastern China in past decades
(Hansen et al., 2007; Chang et al., 2009); the radiative ef-
fect of tropospheric O3 should be considered in simulations
of climate change in China.

(4) Improved analysis of the aerosol indirect effect in
China. As in other parts of the world, aerosol–cloud interac-
tion is recognized as perhaps the most complex and uncertain
issue in addressing anthropogenic impacts on climate change.
The link between aerosol concentration and cloud optical
properties depends on multiple factors (i.e., cloud droplet
activation, updraft velocity etc.). The parameterizations of
aerosol–cloud interactions in current climate models are gen-
erally not developed based on measurements in China, which
need to be evaluated and improved to represent the chemical
and meteorological conditions in this part of the world. More
physical-based methods to determine cloud droplet concen-
trations from aerosol concentrations and other relevant pa-
rameters should be used in climate simulations. Furthermore,
since precipitation during Asian summer monsoon is associ-
ated with strong convective clouds, the interactions between
aerosols and strong convective clouds, as proposed by Rosen-
feld et al. (2008), are expected to be important and should be
the subject of future work.
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