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ABSTRACT

Long-term trends of aerosol concentrations and direct radiative forcings in East Asia have been investigated by

adopting an online-coupled regional climate-chemistry-aerosol model (RIEMS-Chemaero) and the IPCC AR5

(the Intergovernmental Panel on Climate Change Fifth Assessment Report) emission inventory with the focus

on eastern China. Model evaluation against surface observations of aerosol components demonstrates that

the model can reproduce the spatial distribution and temporal variation of aerosol components generally well

but tends to under-predict aerosol magnitudes especially for carbonaceous aerosols. Model comparison with

aerosol optical depth (AOD) from both satellite retrieval and surface measurement shows that the model is

capable of reproducing the distribution feature of AOD reasonably well but tends to under-predict magnitude.

North of eastern China and the Sichuan basin are high concentration centres for near-surface anthropogenic

aerosols. The domain averaged column burden of inorganic aerosol over East Asia increased from 1850 to

2010 with the peak in 1990 (18.7mg m�2), whereas that in eastern China peaked in 2010 (32.9 mg m�2). The

burden of carbonaceous aerosol peaked in 1980 (5.2 mg m�2) in East Asia, but it peaked in 1990 (7.1 mg m�2)

in eastern China and then decreased thereafter. Both inorganic and carbonaceous aerosol burdens showed little

change during 1990�2000 due to effective emission control in China. AOD values over eastern China increased

almost continuously from 1850 to 2010 with the Sichuan basin the high AOD centre. All-sky aerosol direct

radiative forcing at the surface (ADRFSRF) is negative over all of East Asia, while radiative forcing at the top

of the atmosphere (ADRFTOA) is negative over eastern China but positive over west China. Domain and

annual mean ADRFSRF in East Asia peaked in 2000 (�11.9 W m�2), but that in eastern China peaked in 2010

(�17.5 W m�2). Mean ADRFTOA became negative since 1970 and showed the strongest forcing in 1990

(�2.9 W m�2) for East Asia and in 2010 (�4.8 W m�2) for eastern China. Sensitivity simulation shows that

anthropogenic emission change plays the dominant role in the variation of aerosol concentration and direct

radiative forcing in this region.

Keywords: aerosol concentration and burden, direct radiative forcing, interannual trend, East Asia, eastern

China, model simulation

1. Introduction

Atmospheric aerosol affects climate by scattering or absorb-

ing solar and infrared radiation and by acting as cloud

condensation nuclei to modify cloud property and lifetime.

Aerosol climatic effect is one of the key issues in climate

change. The mechanism of how aerosol affects radiation

budget and climate remains largely unknown because of the

complexity of aerosol properties and the interaction be-

tween aerosol and climate dynamic. The Intergovernmental

Panel on Climate Change (IPCC) Fourth Assessment

Report indicates that the global mean top of the atmosphere
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(TOA) direct radiative forcing by all aerosols is �0.590.4

W m�2, partly offsetting the positive radiative forcing of

�2.690.3 W m�2 from the long-lived greenhouse gases

(Forster et al., 2007). However, the scientific understand-

ing of aerosol radiation and climate effects is still in a

medium�low level.

Growth in population and energy consumption over

the past 160 years, especially in the past 60 years, has

greatly increased the amount of anthropogenic aerosols in

East Asia and the emissions are anticipated to increase

further in the near future (Streets and Waldhoff, 2000;

Ohara et al., 2007; Smith et al., 2011). Anthropogenic

aerosols mainly consist of sulphate, nitrate, ammonium,

black carbon (BC), organic carbon (OC) and primary

particulate matter (PM). Sulphate and nitrate aerosols

are formed by oxidations of SO2 and nitrogen oxides

(NOx�NO�NO2), and ammonium is formed by thermo-

dynamic equilibrium process among sulphate�nitrate�
ammonia�water systems. Fossil fuel (such as coal and

oil) combustion in power generation and industry are

primary sources of both SO2 and NOx in East Asia (Streets

et al., 2003; Ohara et al., 2007). Ammonia in East Asia

originates mainly from agriculture (Streets et al., 2003).

Residential fuel combustion and biomass burning pro-

duce most of the East Asian BC and primary OC emis-

sions. Another major OC source is the secondary organic

aerosol (SOA) of both biogenic and anthropogenic origins

(Kanakidou et al., 2005). Primary PM generally comes

from industry and combustion processes. Additionally,

East Asia is also one of the major dust source regions in

the world (Zhang et al., 2003a; Shao and Dong, 2006). The

coexistence and the huge amount of both anthropogenic

and natural aerosols in East Asia situate researches on

aerosol climate effects in a complicated circumstance.

Numerous model simulations were conducted to inves-

tigate aspects of Asian aerosols in the past decades. A

number of modelling works focus on source, transport,

transformation, deposition and air quality impact of Asian

aerosols (Song and Carmichael, 2001; Carmichael et al.,

2003; Shao et al., 2003; Tang et al., 2004; Han et al., 2008;

Holloway et al., 2008; Kajino and Kondo, 2011; Li et al.,

2011; Li and Han, 2012; Fu and Liao, 2012). These works

concern the spatial distribution and temporal variation of

aerosol components and relevant physical and chemical evo-

lution mechanisms. Some researchers apply regional climate

models to investigate the aerosol radiative and climatic

effects in East Asia (Giorgi et al., 2002; Qian et al., 2003;

Wu et al., 2008; Liu et al., 2010; Wang et al., 2010; Han et al.,

2012, 2013; Zhang et al., 2012), focusing on specific aerosol

components (such as sulphate, BC, or dust) during a

relatively short time period. Most of the current regional

climate models do not include sophisticated or complete

atmospheric chemistry/aerosol processes, limiting their

ability to represent feedback among atmospheric chemis-

try, aerosol, radiation and climate.

In this study, we employ an online-coupled regional

climate-chemistry-aerosol model (RIEMS-Chemaero) to

investigate long-term trends of aerosol burdens and aerosol

direct radiative forcings by major aerosol components in

East Asia. The model is run for 1850 (representing the

preindustrial condition) and for typical years from 1970

(low-speed developing period of China) to 2010 (present

day) in a decadal interval. To our knowledge, this work is

the first attempt at estimating long-term variations of

aerosol burdens and direct radiative forcings specifically

for East Asia/China with an online regional climate-aerosol

model.

2. Model and parameters

2.1. Model description

The host model RIEMS (Regional Integrated Environ-

mental Model System) was developed based on the

dynamic structure of the fifth-generation NCAR/Penn State

Mesoscale Model (MM5). It includes several sub-models

and parameterizations to describe a series of important

physical processes, such as a modified radiation sub-model

based on the radiation package of the NCAR Community

Climate Model, version CCM3 (Keihl et al., 1996) for

radiation transfer calculation, the Biosphere�Atmosphere

Transfer Scheme (BATS) (Dickinson et al., 1993) for

land surface process, the Medium-Range Forecast (MRF)

scheme for planetary boundary layer process (Hong

and Pan, 1996), and the Grell cumulus convective para-

meterization scheme (Grell, 1993). RIEMS has been used

to investigate the impact of human-induced land cover

change on East Asia monsoon (Fu, 2003), to simulate

present climate over East Asia (Xiong et al., 2006), and to

investigate direct radiative effects of anthropogenic and

natural aerosols over East Asia (Han et al., 2012, 2013).

RIEMS has participated in the Regional climate Model

Intercomparison Project (RMIP) for Asia (Fu et al., 2005)

and it is one of the best models among the nine model

groups in predicting temperature and precipitation for

East Asia.

Gas and aqueous chemistry, as well as aerosol modules,

have already been incorporated into RIEMS (Han, 2010;

Han et al., 2012). A total of 27 gas species and eight aerosol

types (sulphate, nitrate, ammonium, BC, primary OC,

secondary OC, mineral dust and sea salt) are treated

in RIEMS. Gas phase chemistry is represented by CB-IV

mechanism (Gery et al., 1989) and aqueous phase chem-

istry is similar to that in RADM (the Regional Acid

Deposition Model) (Chang et al., 1987). Sulphate is

oxidized from SO2 by OH radical in gas phase and by
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H2O2 and O3 in aqueous phase. ISORROPIA model

(Nenes et al., 1998) is included to account for the

thermodynamic equilibrium process of inorganic aerosols

(sulphate, nitrate and ammonium). SOA formation from

anthropogenic and biogenic VOCs (Volatile Organic Com-

ponent) is calculated by a bulk yield method proposed

by Lack et al. (2004). Anthropogenic primary aerosols

(BC and primary OC) are directly emitted into the atmo-

sphere. A lognormal size distribution is assumed for

sulphate, nitrate, ammonium, BC and OC (D’Almeida

et al., 1991) with a median radius of 0.07, 0.07 mm, 0.07 mm,

0.01 mm and 0.02 mm, and geometric standard deviations

of 2.0, 2.0, 2.0, 2.0 and 2.2, respectively. Mineral dust

deflation and sea salt generation are calculated online using

the same schemes as that in Han et al. (2004), but five size

bins (0.1�1.0, 1.0�2.0, 2.0�4.0, 4.0�8.0, 8.0�20.0 mm) are

used in this study for dust and sea salt to save CPU time.

Dry deposition velocities of gases are parameterized

using the scheme of Walmsley and Wesely (1996), and

subgrid cloud mixing and wet deposition are treated by a

scavenging submodel (Chang et al., 1987). Dry deposition

velocities of aerosols are calculated as the inverse of total

resistances plus the gravitational settling term for differ-

ent particle components and sizes. Below-cloud scavenging

of aerosols is parameterized based on an expression of

scavenging rate, which is a function of precipitation rate

and collision efficiency of particle by hydrometeor (Han

et al., 2004).

Aerosol optical properties (mass extinction coefficient,

single scattering albedo and asymmetry factor) are mainly

from OPAC (Optical Properties of Aerosols and Clouds)

database (Hess et al., 1998). The original refractive index of

mineral dust is substituted by data retrieved from dust

samples of Chinese deserts (Wang et al., 2004). For details

of aerosol optical properties used in RIEMS-Chemaero,

see Han et al. (2012).

An external mixture between aerosols is assumed in

this study, which is considered to be more appropriate for

areas close to aerosol sources (Giorgi et al., 2002), and

also generally consistent with some observations in China

(Cheng et al., 2008; Liu et al., 2009). The effect of relative

humidity (RH) on aerosol extinction efficiency is consid-

ered by multiplying aerosol mass extinction coefficient at

dry condition and hygroscopic growth factor of aerosol

scattering coefficient that is a function of RH. Hygroscopic

growth factors for inorganic aerosols and sea salt are

derived from the dataset proposed by Pitchford et al.

(2007), which are almost identical to the observed curves

of light scattering hygroscopic growth factors in China

(Liu et al. 2012). Based on observations in China, Pan

et al. (2009) suggested a parameterization for scattering

hygroscopic growth factor during dust period and this

parameterization is used for dust aerosol in this model.

Some observations in East Asia (Kim et al., 2006; Liu et al.

2008, 2012) and other places (Malm and Day, 2001;

Randles et al., 2004) suggested that the scattering hygro-

scopic growth of carbonaceous aerosols is weak. According

to these studies, BC is considered to be insensitive to RH.

The hygroscopic growth function for OC was derived from

the observational study of Xu et al. (2002) in China, in

which OC dominated the aerosol mass during the study

period.

Aerosol direct radiative forcings are calculated by the

modified CCM3 model of NCAR (Keihl et al., 1996). The

solar spectrum is divided into 18 spectral intervals spanning

from 0.2 to 5.0 mm. A delta-Eddington approximation is

used to calculate the solar fluxes. For longwave radiation,

dust transmission is assumed to decay exponentially as

described in Carlson and Benjamin (1980). Longwave

radiation by other aerosol types is not taken into account

since they are much smaller than shortwave radiation.

Chemistry/aerosol modules are called every time step

(2.5 min) to simulate the aerosol radiative effect online in

RIEMS-Chemaero, and then feedback to the climate

model. In this way, interactions between chemistry/aerosol

and climate can be well represented.

2.2. Model parameters

RIEMS-Chemaero applies a Lambert conformal projection

with a horizontal resolution of 60 km. The study domain

centres at 308N, 1108E, with 89 grid cells in the latitudinal

direction and 75 in the longitudinal direction. The non-

hydrostatic vertical coordinate consists of 16 sigma layers

from the surface to 100 mb. The study domain covers most

parts of East Asia (158�558N, 758�1458E; Fig. 1).

Fig. 1. The study domain, locations of landmarks, EANET sites

(open squares, see Table 1), China sites (open triangles, see Table

2) and AERONET sites (close circles, 1: Beijing, 2: Xianghe, 3:

Taihu, 4: Xinglong, 5: Hong Kong PolyU, 6: Shirahama). Area I is

defined as eastern China (ECHN, 208�428N, 1008�1238E), Area II

is defined as western China (WCHN, 358�488N, 758�1008E).
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In total, 6 years (1850, 1970, 1980, 1990, 2000 and 2010)

are simulated to investigate the long-term trends of aerosol

loadings and direct radiative forcings over East Asia.

For each run, 1 month (December) prior to each year is

taken as initialization to reach chemical equilibrium.

For the year 1850, global model results with a temporal

resolution of 6-hour and a horizontal resolution of

1.58�1.58 from IAP-AGCM model (Zeng et al., 1989)

are used to drive RIEMS-Chemaero. For the other years,

reanalysis data, four times a day with 2.58�2.58 resolu-

tion for 1970, 1980 and 1990 and with 18�18 resolution

for 2000 and 2010, are obtained from the National Centers

for Environmental Prediction (NCEP) to provide initial

and boundary conditions for RIEMS-Chemaero.

Anthropogenic and biomass burning emissions of SO2,

NOx, CO, NMVOC, BC and primary OC for the 6 years

with 0.58�0.58 resolution are derived from the IPCC AR5

(the Intergovernmental Panel on Climate Change Fifth

Assessment Report) inventory (Lamarque et al., 2010) and

are bilinearly interpolated to the model projection. We

found that the spatial distribution of NH3 emission in the

IPCC AR5 inventory may be incorrect because its dis-

tribution pattern is very different from previous studies

for East Asia (Streets et al., 2003; Yamaji et al., 2004).

Considering the NH3 emission amount from the IPCC

AR5 inventory is similar to that from the TRACE-P

inventory (Streets et al., 2003) for the year 2000 within

East Asia and the TRACE-P inventory provides a more

reasonable spatial distribution, we used the TRACE-P

NH3 emission inventory for the years 2000 and 2010 in

this work. For the other years, we scaled the distribution

of NH3 emission by multiplying the 2000-yr TRACE-P

NH3 emission and a ratio (ryr�IPCC_NH3_emisyr/

IPCC_NH3_emis2000) that can reflect the NH3 emission

level for a specific year within East Asia based on the IPCC

AR5 inventory.

The trends of SO2 and BC emissions, which are highly

related to industrial level and fossil fuel consumption,

are shown in Fig. 2. In general, SO2 emission in East Asia

(the whole model domain) increased continuously from

about 0.4 Tg yr�1 in the preindustrial period (1850) to

about 34.1 Tg yr�1 at present day (2010), while the global

emission trend turned from increase to decrease during the

1980s. The increase of East Asian SO2 emission was larger

during the periods 1850�1970, 1980�1990 and 2000�2010
than the periods 1970�1980 and 1990�2000.
BC emission in East Asia increased continuously from

1850 to 1980, slowed down during 1990�2000 and speeded

up again during 2000�2010. BC emission was 0.3 Tg yr�1

in 1850, and this value grew up to 2.7 Tg yr�1 in 2010.

We define two regions in this study, namely the densely

populated eastern China (208�428N, 1008�1238E, herein-
after ECHN; Fig. 1) and the sparsely populated and desert

dominated western China (358�488N, 758�1008E, herein-
after WCHN; Fig. 1), to investigate sub-regional differ-

ences. The SO2 and BC emissions for ECHN and WCHN

are also displayed in Fig. 2. Both SO2 and BC emissions in

ECHN follow the trends of the East Asian emissions and

take up more than half of total East Asian emissions,

showing that the emissions in ECHN determine that in

East Asia. Emissions of SO2 and BC in WCHN are always

nearly ignorable.

Boundary conditions for gases and aerosols are

derived from global chemical transport model MOZART-

4 (Model for Ozone and Related chemical Tracers, version

4; Emmons et al., 2010) (available at http://www.acd.ucar.

edu/wrf-chem/mozart.shtml) for the years 2000 and 2010

(the values of 2003 were used for the year 2000 instead due

to lack of data). For years prior to 2000, we prescribed the

boundary conditions based on global model results from

Barth et al. (2000), Marmer et al. (2007) and Kim et al.

(2008).
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(anthropogenic�biomass burning) of SO2 and BC derived from IPCC AR5 (global emissions are scaled by 1/10).
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2.3. Observation data

Surface monthly mean inorganic component (sulphate,

nitrate and ammonium) measurements are obtained from

EANET (http://www.eanet.asia/jpn/index.html), which be-

gins regular monitoring phase since 2001. Observations of

aerosol components in China reported in previous publica-

tions are also collected and used in model comparison due

to limited data for China in EANET. There is almost no

measurement for aerosol components in China before 1990.

Daily mean aerosol optical depth (AOD) at 550 nm

retrieved from MODIS (MODerate-resolution Imaging

Spectroradiometer) on board Terra satellite is used to

verify model results. The MODIS AOD is only available

after March 2000. Theoretically, MODIS can provide one

retrieval data per day around 10:30 LST anywhere globally

(no data available for a grid occupied by cloud). This

means that for a specific place (in this study, East Asia), a

number of 365/366 data at most are available for a year.

In this study, there are 306 retrieved data available for

2000 (1 March�31 December) and 365 data for 2010

(1 January�31 December) at most for a certain grid.

Ground AOD measurements in 2010 from six AERO-

NET sites, namely Beijing, Xianghe, Xinglong, Taihu,

Hong Kong PolyU and Shirahama, are also used for

model comparison. Locations of the AERONET sites are

marked in Fig. 1. Beijing (39.988N, 116.388E) is an urban

site in the downtown part of the city. Xianghe (39.748N,

116.968E) is a suburban site 45 km southeast to Beijing

downtown. Taihu (31.428N, 120.228E) is a rural site located
at the edge of the Taihu Lake in east China. Xinglong

(40.408N, 117.588E) is also a rural site 120 km northeast

of Beijing. Though Hong Kong PolyU (22.308N, 114.188E)
is an urban site at Hong Kong Polytechnic University, it is

not surrounded by heavy industry and traffic. Shirahama

(33.698N, 135.368E) is situated on the south coast of Japan.

Hourly AOD measurements used in this work are derived

from raw data with discrete samples for each hour.

3. Results and discussions

3.1. Model validation

3.1.1. Aerosol components. Measured and modelled

annual mean aerosol inorganic aerosol components at

EANET sites for the year 2010 are listed in Table 1 (sites

are indicated in Fig. 1). In general, RIEMS-Chemaero

reproduces the magnitude and spatial distribution of

sulphate, nitrate and ammonium well, generally showing

higher concentrations over the continent than those in

the western Pacific Ocean. The model tends to under-

estimate sulphate and nitrate concentrations in urban sites

(Hongwen, Tokyo), which could be due to underestimation

of urban emission or relatively coarse grid size. However,

the model tends to overestimate aerosol concentrations

in the Korean sites (Kanghwa, Cheju and Imsil). The

observed and modelled annual mean inorganic aerosol

concentrations averaged over all sites are quite close,

although the model slightly under-predicts nitrate (7%)

and over-predicts ammonium concentrations (12%).

Because there is only one China site in EANET

(Hongwen), observations of inorganic and carbonaceous

aerosols conducted in China were collected from previous

publications and compared with corresponding model

Table 1. Comparisons of annual mean inorganic components between observations and simulations at EANET sites (units: mg m�3)

Locations SO2�
4 NO�3 NHþ4

Sites (8E) (8N) Types Time Obs Mod Obs Mod Obs Mod

Hongwena 118.1 24.5 Urban 2010 14.1 10.6 11.7 9.1 6.7 6.0

Kanghwab 126.3 37.7 Rural 2010 6.2 9.6 3.5 4.4 2.9 3.8

Chejub 126.2 33.3 Remote 2010 3.8 4.1 0.7 1.9 1.3 1.3

Imsilb 127.2 35.6 Rural 2010 5.0 6.7 3.8 4.9 2.5 3.2

Primorskayc 132.1 43.7 Rural 2010 4.0 4.5 0.8 1.2 0.8 0.9

Rishirid 141.2 45.1 Remote 2010 2.7 2.4 0.8 0.4 0.5 0.5

Tappid 141.4 41.3 Remote 2010 4.1 3.3 1.2 0.6 0.7 1.0

Sado-sekid 138.4 38.3 Remote 2010 3.2 3.2 0.8 0.8 0.5 0.9

Okid 133.2 36.3 Remote 2010 4.4 3.4 1.5 1.0 0.9 1.0

Hedod 128.3 26.9 Remote 2010 3.5 2.3 1.1 0.8 0.4 0.6

Tokyod 139.8 35.7 Urban 2010 4.3 4.0 3.8 2.7 1.7 2.0

Average 5.0 4.9 2.7 2.5 1.7 1.9

ain China.
bin Republic of Korea.
cin Russia.
din Japan.
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results around the simulation years 1990, 2000 and 2010

(Table 2, sites are indicated in Fig. 1). In general, RIEMS-

Chemaero reproduces the increasing trend of sulphate but

slightly under-predicts the magnitude. In 2000, sulphate

shows high concentrations at urban sites of east China

(Beijing, Shanghai and Nanjing), slightly lower concentra-

tion at a rural site of east China (Qingdao), and further

lower concentration at a rural site of south China (Hok

Tsui). The model generally reproduces such spatial dis-

tribution of sulphate quite well. Compared with 2000, both

observation and simulation show an obvious increase of

sulphate concentration at urban sites of north China in

2010, but the model tends to under-predict sulphate at

Tianjin, Shijiazhuang and Chengde, which may be attrib-

uted to both emission uncertainties and relatively coarse

model resolution that cannot properly reflect complex

urban conditions. Though the model reproduces the

increasing trend and urban�rural gradient of nitrate in

China, it tends to under-predict nitrate concentrations,

mainly due to uncertainties in emission inventories, rela-

tively coarse model resolution, as well as the complex

nitrate chemistry which is difficult to be well treated in

the current chemistry model. The interannual variation of

ammonium concentration in China is smaller than those

of sulphate and nitrate, and the model performance for

ammonium is better than those for sulphate and nitrate.

Averaged over all sites in China during 1990�2010, the

model tends to under-predict sulphate and nitrate by 15%

and 35%, respectively, and predicts well the ammonium

concentration.

The model performance is not as good for BC and OC,

showing a general under-prediction in China. The observa-

tion-model discrepancies for both BC and OC are larger in

1990 and in urban sites (such as Beijing, Shanghai).

Nevertheless, the model still reflects the lower carbonac-

eous aerosol concentrations in a rural site (Hok Tsui)

than in urban sites. Streets et al. (2003) indicated that

the estimated Asian BC and OC emissions were 360% and

450% uncertain, respectively, in the TRACE-P inventory

for 2000. Carmichael et al. (2003) suggested that the BC

emission in the TRACE-P inventory could be seriously

underestimated after comparing model results with obser-

vations. The emission amounts of BC and OC in the IPCC

AR5 inventory for 2000 are similar to those in the TRACE-

P inventory, implying large uncertainties of BC and OC

emissions in current IPCC AR5 inventory. Besides, the

under-prediction of OC could also be attributed to the

uncertainties in treating SOA formation that is a major

weakness in current chemistry models, almost all of which

tend to under-predict SOA at present. Averaged over

all sites, the observations of BC and OC are 6.6 and

15 mg m�3, whereas the simulations are 2.4 and 5.8 mg m�3,

respectively.

The above comparison demonstrates that RIEMS-

Chemaero is able to predict inorganic aerosol components

reasonably well in East Asia, with better performance in

rural and remote sites than in urban sites, but the model

tends to under-predict carbonaceous aerosol concentra-

tions by a factor of 2�3. Although inorganic aerosols

are major contributors to AOD, the under-prediction of

carbonaceous aerosols may lead to lower AOD simulation

to some extent.

3.1.2. AOD from MODIS. Figure 3 shows the annual

mean AOD from MODIS (18�18 resolution) aerosol

products and from model predictions (60 km resolution)

for 2000 (Fig. 3a, b) and 2010 (Fig. 3c, d). Simulated AODs

at 10:30 (results averaged from 10:00 and 11:00 LST)

were sampled according to the MODIS retrievals that were

bilinearly interpolated to the model projection. MODIS

retrievals are unavailable over deserts (shown as white

areas in Fig. 3a, c).

Satellite retrievals (Fig. 3a, c) show that there are two

large AOD centres over ECHN in both 2000 and 2010:

the wider one occurs over the north of ECHN (includes

parts of the North China Plain and the lower reaches

of the Yellow River) and the narrower one appears

over the Sichuan basin. The annual mean values over

these centres are about 0.7�1.0. Large AOD also appears

over the middle and lower reaches of the Yangtze River

(0.7�0.9). The AOD is moderate (0.3�0.6) over south

China (south of the Yangtze River). Comparing between

Fig. 3a, c, the AOD in 2010 (Fig. 3c) is generally

larger than that in 2000 (Fig. 3a), especially over north

of ECHN and the middle and lower reaches of the Yangtze

River.

Comparing with satellite retrievals, the model generally

predicts the spatial distribution of annual mean AOD for

both 2000 and 2010 (Fig. 3b, d), reproducing the largest

AOD over the north of ECHN and the Sichuan basin, large

AOD over the middle and lower reaches of the Yangtze

River, and moderate AOD over south China. The model

also reproduces well the larger AOD in 2010. However,

the model generally under-predicts the AOD magnitude.

For the year 2000 (Fig. 3b), RIEMS-Chemaero under-

predicts the annual mean AOD by about 0.1�0.2 over the

Sichuan basin and by about 0.2�0.3 over the north of

ECHN. For the year 2010 (Fig. 3d), the model performance

is better, but it still underestimates the annual mean AOD

over north of ECHN by about 0.1�0.3.
As mentioned in section 3.1.1, under-prediction of

carbonaceous aerosols should partly account for the

under-predicted AOD. Moreover, lacking some other

aerosol sources (such as primary PM other than BC

and OC from industry, power generation and residential)

6 J. LI ET AL.



Table 2. Comparisons of observed and simulated aerosol components in China (units: mg m�3)a

Locations Times (yyyy.mm) SO2�
4 NO�3 NHþ4 BC OC

Sites (8E) (8N) Types Obs Mod Obs Mod Obs Mod Obs Mod Obs Mod Obs Mod Reference

Beijing 116.4 39.9 Urban 1989.5�1990.5 1990 12.0 13.8 16.4 2.8 17.4 6.9 Chen et al. (1994)

Beijing 116.5 39.8 Urban 1999.7�2000.9 2000 14.3 13.9 10.1 4.9 6.4 6.5 9.4 2.6 25.3 6.7 He et al. (2001)

Qingdao 120.5 36.1 Rural 1997�2000 2000 13.0 8.5 4.5 5.7 5.8 4.8 Hu et al. (2002)

Shanghai 121.5 31.3 Urban 1999.3�2000.3 2000 14.0 13.9 6.0 4.6 5.9 6.4 6.5 2.3 14.9 5.8 Ye et al. (2003)

Nanjing 118.8 32.1 Urban 2001.2�12 2000 16.3 13.7 7.5 6.5 9.5 7.1 Wang et al. (2003)

NJUb 118.8 32.1 Urban 2001.2 2000.2 14.0 12.9 8.1 8.9 8.4 7.3 3.3 2.4 15.6 5.6 Yang et al. (2005)

2001.9 2000.9 11.5 13.2 3.2 7.2 3.6 6.9 4.0 1.6 10.8 5.3

Hok Tsuic 114.2 22.2 Rural 2000.11�2001.10 2000 9.3 8.7 0.6 1.9 2.3 3.7 1.7 2.3 4.0 3.4 Louie et al. (2005)

Shangdianzid 117.1 40.7 Rural

2009.4.7.10; 2010.1

13.7 12.6 12.1 6.3 4.5 6.0 Zhao et al. (2011)

Baoliane 116.3 39.9 Urban 19.1 19.1 20.5 9.0 6.4 9.4

Tianjin 117.2 39.1 Urban
2010

24.7 16.7 18.6 10.8 7.6 9.2

Shijiazhuang 114.4 38.0 Urban 35.1 20.2 29.8 10.7 9.2 10.4

Chengde 117.9 41.0 Rural 12.9 8.0 5.8 5.4 4.0 4.2

PKUf 116.3 40.0 Urban 13.6 15.1 11.3 7.6 6.9 7.4 5.0 2.9 17.0 7.2 Zhang et al. (2013)

Average 16.0 13.6 10.6 6.9 6.2 6.9 6.6 2.4 15.0 5.8

aobserved particle sizes are PM2.5 and simulations are fine mode aerosols.
bNanjing University.
cin Hong Kong.
da regional background site located in northeast rural Beijing.
ein downtown Beijing.
fPeking University.
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and uncertainties in treating aerosol hygroscopic growth

in the model may also contribute to the model under-

predictions.

3.1.3. AOD from AERONET. Table 3 presents the

statistics of model-observation comparison for hourly

AOD at the six AERONET sites. In Beijing and Xianghe,

the model predicts the hourly variation of AOD reasonably

well, with correlation coefficients of 0.62 and 0.61, respec-

tively, but the model tends to under-predict the annual

mean AOD by 0.16 (28.1%) and 0.19 (33.3%) at the two

sites. In Taihu, Xinglong, Hong Kong PolyU and

Shirahama, model predictions are closer to observations,

with MBE (NMB) of �0.07 (�11.5%), 0.01 (3.6%),

�0.05 (�13.5%) and �0.02 (�9.1%), respectively.

Fig. 3. MODIS retrieved (a, c) and simulated (b, d) annual mean AOD at 550 nm at 10:30 LST in 2000 (a, b) and 2010 (c, d). Simulated

AOD was sampled according to MODIS daily values.

Table 3. Statistics of comparison for hourly AOD at AERONET sites for 2010

Sites Sample Obs. Model R MBEa RMSEb NMBc

Beijing 2007 0.57 0.41 0.62 �0.16 0.50 �28.1

Xianghe 1525 0.57 0.38 0.61 �0.19 0.51 �33.3

Taihu 593 0.61 0.54 0.48 �0.07 0.40 �11.5

Xinglong 1703 0.28 0.29 0.53 0.01 0.32 3.6

Hong Kong PolyU 975 0.37 0.32 0.47 �0.05 0.28 �13.5

Shirahama 769 0.22 0.20 0.55 �0.02 0.15 �9.1

Total 7571 0.44 0.35 0.60 �0.09 0.41 �20.4

amean bias error.
broot-mean-square error.
cnormalized mean bias.
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However, the model just produces moderate�high cor-

relations at the four sites (0.48, 0.53, 0.47 and 0.55).

The overall statistics for the six sites exhibit a correlation

coefficient of 0.6, MBE of �0.09, and NMB of �20.4%,

showing that the model is able to simulate the spatial and

temporal variation of AOD over East Asia generally well

but somewhat underestimates the AOD magnitude. The

geographical gradient of AOD among those sites is also

well reproduced by the model, exhibiting higher AOD in

Beijing, Xianghe and Taihu, and lower AOD in Xinglong

and Shirahama.

Comparisons in sections 3.1.2 and 3.1.3 demonstrate

that RIEMS-Chemaero is able to capture most of the

major features of AOD distribution in East Asia but tends

to underestimate the magnitude over eastern China.

3.2. Long-term trends of aerosol compositions

3.2.1. Inorganic aerosol. In this work, inorganic aerosol

includes sulphate, nitrate and ammonium. Figure 4a

presents the spatial distribution of the annual mean near-

surface inorganic aerosol concentrations (from the first

model layer) for the six simulated years. As expected,

surface inorganic aerosol concentration experienced a very

low level in 1850 (note the scale of colour bar is 0.01 times

that in other year). The inorganic aerosol concentration

was lower than 20 mg m�3 in 1970 and lower than 25 mg
m�3 in 1980 over China, with north of ECHN and the

Sichuan basin the high concentration centres. Meanwhile,

the concentration in eastern Japan reached as high as 35 mg
m�3 in 1970 and decreased below 15 mg m�3 in 1980. Both

magnitudes and distribution patterns of inorganic aerosol

were similar to each other in 1990 and 2000 because of the

implementation of emission control policy by the Chinese

government during this period. The inorganic aerosol

concentration increased to 20�35 mg m�3 over the two

high centres of China and to 10�20 mg m�3 over most areas

of ECHN in both 1990 and 2000. Due to the emission

increase, the magnitude of inorganic aerosol concentration

over China peaked in 2010. The two high centres experi-

enced a concentration as high as around 50 mg m�3.

A third high centre formed over the middle reaches of the

Yangtze River (40�50 mg m�3). The concentration was also

high over parts of south China (25�40 mg m�3) in 2010.

To quantify the long-term trends of total inorganic

aerosol and its components, domain and annual mean

column burdens of inorganic aerosols were calculated for

the whole of East Asia, the ECHN region and the WCHN

region (Table 4). For East Asia, the domain and annual

mean inorganic aerosol burden increased continuously

from 0.8 mg m�2 in 1850 to 18.7 mg m�2 in 1990, changed

slightly in 2000 (18.6 mg m�2), and then decreased to

18.1 mg m�2 in 2010. For ECHN, the inorganic burden

generally follows the trend in East Asia during 1850�2000,
showing a slight change between 1990 and 2000 due to

emission control in China. However, the ECHN burden

rose again to a peak of 32.9 mg m�2 in 2010. The

difference between the ECHN value and the East Asian

value was only 3.9 mg m�2 in 1970, but this value became

14.7 mg m�2 in 2010, indicating the increasing contribu-

tion of inorganic aerosol from eastern China.

Table 4 also lists domain and annual mean sulphate,

nitrate and ammonium burdens. For East Asia, the in-

terannual trends of sulphate, nitrate and ammonium

burdens are almost identical to that of total inorganic

aerosol, except that sulphate reached its peak in 2000 and

nitrate increased again during 2000�2010. For ECHN, the

interannual trends of inorganic aerosols are different

to those for East Asia. The burden of inorganic aerosols

in ECHN increased faster than those in East Asia from 1970

to 1990. Although the increasing trend in ECHN slowed

down or even decreased (like nitrate) during 1990�2000,
similar to those in East Asia, they began to increase

significantly again after 2000 and reached their maximum

in 2010, quite different from the decreasing trend or the

slight increasing trend (nitrate) for East Asia. In ECHN,

despite the increasing sulphate burden, its proportion in

total inorganic aerosol decreased from 51% in 1970 to 44%

in 2010, while the proportion of nitrate increased from

about 26% to 33%, indicating the increasing importance

of nitrate in eastern China.

Giorgi et al. (2002) estimated a sulphate burden of about

417 Gg yr�1 for East Asia for the 5-yr period of 1993�1997
by using a regional climate model (RegCM), and the

sulphate burden estimated from this study is about 240

Gg yr�1 for East Asia averaged over 1990 and 2000.

The SO2 emission amounts for East Asia used in the

above studies are about 25 and 22 Tg yr�1, respectively,

which can partly explain the lower simulated sulphate

burden in this study. Also, the different simulation years

with different meteorological fields (such as wind speed,

cloud, precipitation, etc.), the treatments of chemistry and

depositions in each model may also lead to difference

in sulphate burden estimation to some extent. Horowitz

(2006) simulated the annual mean column burden of

sulphate to be about 1�2 mg m�2 in 1860 and greater

than 20 mg m�2 in 2000 over most of eastern China

using a global chemical transport model (MOZART), while

corresponding sulphate burdens in this work are �0.8 mg

m�2 in 1850 and about 18�24 mg m�2 in 2000 over

ECHN. Using a global chemistry model (GISS), Bauer

et al. (2007) estimated the annual mean sulphate and

nitrate burdens to be about 17�25 and 14�21 mg m�2 in

AEROSOL CONCENTRATIONS AND DIRECT RADIATIVE FORCINGS 9



2000 over north and central China, respectively. In

this work, sulphate and nitrate burdens are estimated to

be 18�24 and 14�22 mg m�2 over similar areas in 2000.

Although differences exist in model treatment, emission

inventory, study domain and time period, the estimated

column burdens of inorganic aerosols from this study are

generally consistent with previous studies.

3.2.2. Carbonaceous aerosol. Figure 4b presents the

distribution of surface carbonaceous aerosol concentra-

tions. In 1850, carbonaceous aerosol ranged from 2 to 4 mg
m�3 over parts of eastern China, the Sichuan basin and

southern China, and below 2 mg m�3 over the rest of

China. The carbonaceous aerosol levels were generally

lower than 8 mg m�3 over China in 1970 and 1980, with

Fig. 4. Annual mean near-surface concentrations of (a) inorganic aerosol (sulphate�nitrate�ammonium) and (b) carbonaceous aerosol

(BC�OC) (units: mg m�3) from the model. White shadings indicate concentrations in between 0�5 mg m�3 for inorganic aerosol and 0�2
mg m�3 for carbonaceous aerosol.
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higher concentrations (4�8 mg m�3) appearing over the

north of ECHN and the Sichuan basin. Both magnitudes

and spatial distributions were similar in 1990 and 2000 with

generally higher concentrations than those in 1970 and

1980. In 1990 and 2000, the concentrations were 8�10 mg
m�3 over the north of ECHN and the Sichuan basin,

4�8 mg m�3 over most of the rest of eastern China, and

below 2 mg m�3 over most of northeast and west China.

In 2010, the surface carbonaceous aerosol concentration

over China reached its maximum. The annual mean

concentration was greater than 8 mg m�3 over large

portions of eastern China, with values ranging from 8 to

14 mg m�3 over the north of ECHN and the Sichuan basin.

The domain and annual mean column burden of BC,

OC and total carbonaceous aerosols are listed in Table 4.

In East Asia, the carbonaceous aerosol burden peaked

in 1980 (5.2 mg m�2) and then decreased until 2010 (4.6 mg

m�2) with little change during 1990�2000. A similar trend

is seen for ECHN, except that higher burdens occurred

during 1980�2000, which is somewhat different from the

trend of surface concentration in ECHN; this is because

the biomass burning emission in Southeast Asia was

stronger during 1980�2000 than that in 2010, which could

have affected carbonaceous aerosol concentration in

ECHN under southwesterlies. Table 4 indicates that OC

determines the magnitude and the interannual trend of

carbonaceous aerosol. Different from total carbonaceous

aerosol, BC burden shows a continuously increasing trend

from 1850 to 2010 in both East Asia and ECHN. About

12% (12%) carbonaceous aerosol was contributed by

BC in 1970 in East Asia (ECHN), and this value increased

to about 16% (18%) in 2010, implying the increasing

importance of BC in this region.

Recently, Zhuang et al. (2011) estimated an average BC

burden of 1.1 mg m�2 for East Asia in 2006 by using

a regional model, and the estimated BC burden in this

study is 0.8 mg m�2 in 2010. Using the MOZART model,

Horowitz (2006) simulated the largest BC burden over

ECHN to be about 0.1�0.5 mg m�2 in 1860 and about 2�5
mg m�2 in 2000, while the predicted values over similar

regions in this work are �0.3 mg m�2 in 1850 and �2 mg

m�2 in 2000. By using a global model (CAM3), Zhang

et al. (2009) indicated that under present day (1981�2001)
emission conditions, the maximum annual mean BC and

primary OC burden over East Asia (mainly distributed

over eastern China) could be about 3 and 10 mg m�2.

In this work, BC and primary OC burdens averaged over

1980�2000 show a maximum of 4 and 10�20 mg m�2,

respectively, over eastern China.

3.2.3. Dust aerosol. As one of the major dust source

regions in the world, large amounts of dust aerosol are

ejected into the atmosphere over East Asia. From 1850

to 2010, the distribution pattern of dust did not change

significantly (figure not shown): dust mainly distributed

over the two dust source regions in East Asia, namely the

Taklimakan desert in west China and the Gobi desert along

the China�Mongolia border. Vast downwind areas, includ-

ing parts of ECHN, Korean Peninsula, north of the

west Pacific Ocean, and Japan, were affected by dust.

Table 4 shows that the domain and annual mean column

burden of dust for all three regions decreased sharply from

1970, reached the lowest level in 1980, and then increased

gradually since 1990. WCHN experienced larger increase of

dust column burden (65%) than that in ECHN (20%)

during 1980�2010. This trend of dust is consistent with

previous studies: the dust event frequency in China was

high in early 1970s, has been on the decline since late 1970s,

Table 4. Domain and annual mean burdens of aerosols

(units: mg m�2)

Region 1850 1970 1980 1990 2000 2010

Inorganic aerosol

EA 0.8 14.7 16.9 18.7 18.6 18.1

ECHN 0.8 18.6 23.0 27.3 27.5 32.9

WCHN 0.8 10.7 12.6 11.5 11.6 7.3

Sulphate

EA 0.5 8.9 9.4 9.7 10.1 9.4

ECHN 0.5 9.5 11.2 12.4 13.1 14.4

WCHN 0.6 8.7 10.1 8.9 8.7 5.2

Nitrate

EA 0.1 2.7 3.5 4.6 4.1 4.5

ECHN 0.1 4.7 6.2 8.3 7.6 10.8

WCHN 0.1 0.2 0.3 0.4 0.5 0.5

Ammonium

EA 0.2 3.2 4.0 4.5 4.5 4.2

ECHN 0.2 4.3 5.6 6.7 6.7 7.7

WCHN 0.2 1.8 2.2 2.2 2.4 1.6

Carbonaceous aerosol

EA 2.5 4.7 5.2 4.9 4.9 4.6

ECHN 3.1 6.4 7.0 7.1 7.0 6.7

WCHN 1.3 2.4 2.6 2.0 2.1 1.7

BC

EA 0.2 0.6 0.7 0.7 0.7 0.8

ECHN 0.2 0.7 0.9 1.1 1.1 1.2

WCHN 0.2 0.4 0.4 0.3 0.3 0.3

OC

EA 2.3 4.1 4.5 4.2 4.2 3.8

ECHN 2.9 5.7 6.1 6.0 6.0 5.5

WCHN 1.1 2.1 2.2 1.7 1.8 1.4

Dust

EA 220.3 222.7 137.6 153.1 179.7 191.0

ECHN 305.5 330.5 210.5 217.8 257.4 252.9

WCHN 431.6 357.4 315.3 344.7 438.8 519.7

EA: East Asia; ECHN: eastern China (208�428N, 1008�1238E);
WCHN: western China (358�488N, 758�1008E).
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and bounced back in late 1990s (Zhang et al., 2003b; Shao

and Dong, 2006). The estimated highest burdens for

East Asia and ECHN both appeared in 1970 (223 and

331 mg m�2, respectively), while that for WCHN was in

2010 (520 mg m�2).

3.3. Long-term trend of AOD

Both distribution pattern and magnitude of AOD change a

lot from 1850 to 2010 (Fig. 5a). In 1850, when there was

barely anthropogenic emission in East Asia, AOD was

dominated by natural aerosol (mainly dust) and as a result,

the annual mean AOD of 0.1�0.3 appeared over desert

areas in northwest China and the dust affected downwind

areas. In 1970, the combination of dust and anthropogenic

aerosol resulted in relatively large AOD values over the

Gobi desert (0.2�0.3), most of ECHN (0.2�0.4), and parts

of the west Pacific region (0.2�0.3). The distribution

patterns of AOD were similar in 1980 and 1990, but the

values were larger in 1990. The Sichuan basin was the

large AOD centre, with annual mean AOD of 0.4�0.5 in

1980 and 0.5�0.7 in 1990. Annual mean AOD of 0.3�0.4
covered large portions of central ECHN in both 1980

and 1990, but the coverage was wider in 1990 than that

in 1980. The AOD in 2000 was larger than those in 1980

and 1990 over central ECHN with annual mean values of

0.4�0.5; however, the AOD over the Sichuan basin was

only about 0.4�0.6. Due to heavy dust loading, the AOD

over the Taklimakan desert was large (0.2�0.3) in 2000.

In 2010, the AOD reached its maximum, with values

ranging from 0.4 to 0.7 over most of ECHN. The Sichuan

basin and the middle reaches of the Yangtze River were

large AOD centres (0.6�0.7). Also due to heavy dust

loading, the AOD was 0.2�0.3 over the Taklimakan desert

in 2010.

Table 5 shows that the domain and annual mean AOD

increased continuously from 1850 (0.06) to 2010 (0.2) in

East Asia. The AOD shows little change during 1970�1980
and followed by a continuous increase from 1980 to 2010.

The mean AOD in ECHN shows a similar trend to that in

East Asia except that the AOD in ECHN also kept similar

levels in 1990 and 2000, mainly due to the emission control

in China. The values in ECHN are also larger than those in

East Asia. Comparing between Tables 4 and 5, the AOD

trends are highly correlated with the trends of inorganic

aerosol burdens in both East Asia and ECHN. This is

because inorganic aerosols are major contributors to

AOD. However, the burden trends are not linearly linked

to the AOD trends: for example, in East Asia, the inorganic

burden peaked in 1990 but the AOD peaked in 2010.

Meteorological conditions (i.e. Asian monsoon and water

vapour change) may be responsible for this discrepancy.

Streets et al. (2008) have estimated the AOD trend from

1980 to 2000 for China based on the modelling works of

Chin et al. (2002, 2004). In their study, the average AOD in

China rose from a value of about 0.25 in 1980, to a value of

about 0.3 in 1990, to a peak value of 0.31 in 1996, and then

declined to about 0.29 by 2000. The AOD variation in

ECHN estimated from this study (0.23 in 1980, 0.28 in 1990

and 0.28 in 2000) is generally consistent with their results.

Huang et al. (2007) obtained an average AOD of 0.15 for

East Asia for the mid-1990s using a regional coupled model

(RegCM2), somewhat smaller than our estimation (0.18,

the average of 1990 and 2000).

3.4. Long-term trends of direct radiative forcings

due to aerosols

The estimated annual mean ADRFSRF (Fig. 5b) and

ADRFTOA (Fig. 5c) under all-sky condition are presented.

The ADRFSRF is estimated to be negative over the

entire domain all of the time. In 1850, when dust domi-

nated, the ADRFSRF of �20 to �30 W m�2 mainly

distributed over desert areas in northwest China. In 1970,

due to frequent dust storms, strong ADRFSRF distributed

over the Gobi desert (up to �35 W m�2) and the dust

affected downwind areas (including the North China

Plain and the Yellow Sea, �20 to �35 W m�2), which

were mainly due to dust aerosols. Shao and Dong (2006)

indicated that the total number of dust days in north

China was high in 1970, and dust event frequency has been

on the decline since the late 1970s. The ADRFSRF became

weaker in 1980 due to both less dust deflation and

small anthropogenic emissions, and the annual mean

values were in a range of �20 to �25 W m�2 over the

Taklimakan desert, the Gobi desert, as well as the north of

ECHN, and �15 to �20 W m�2 over the Sichuan basin.

Compared to 1980, the ADRFSRF in 1990 was generally

reinforced by about �5 W m�2 over some desert areas

and the Sichuan basin, but remained at similar levels over

the north of ECHN and most of south China. In both

2000 and 2010, the ADRFSRF over the Taklimakan desert

and the Gobi desert was strong due to heavy dust defla-

tions (up to �35 W m�2). Over the north of ECHN,

the ADRFSRF in 2000 was in the range of �20 to �30 W

m�2, stronger than that in 1990, and the strength was

further reinforced to �25 to �35 W m�2 in 2010. The

ADRFSRF was in the range of �25 to �30 W m�2 over

the Sichuan basin and �10 to �20 W m�2 over south

China in 2010. It can be found that four strong forcing

centres have been established over the Taklimakan desert,

the Gobi desert, the north of ECHN, and the Sichuan

basin since 1980.
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Fig. 5. Annual mean (a) AOD, (b) ADRFSRF (W m�2) and (c) ADRFTOA (W m�2) from the model.
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Different to the overall negative ADRFSRF, the annual

mean ADRFTOA shows both negative and positive values

(Fig. 5c). In 1850, East Asia was dominated by positive

ADRFTOA with two centres (�2 to �6 W m�2) over the

Taklimakan desert and northeast China. Dominance of

absorbing aerosols (dust) and the combination effects of

aerosol and cloud resulted in such patterns. In 1970, the

positive ADRFTOA in the Taklimakan desert and northeast

China was weaker (0 to�4 W m�2) than that in 1850, but

relatively strong negative ADRFTOA (�6 to �8 W m�2)

appeared over the Yellow Sea. Negative ADRFTOA has

become dominant over eastern China since 1970 while

positive values are mainly distributed over western and

northeast China. The negative ADRFTOA was �6 to �8

W m�2 over the Yellow Sea, �2 to �6 W m�2 over north

of ECHN, and �2 to �4Wm�2 over south China in 1980;

however, weak positive radiative forcing was still found

over the Taklimakan desert (0 to �2 W m�2). Both

distribution pattern and strength of ADRFTOA were similar

in 1990 and 2000: negative ADRFTOA dominated eastern

China, with values in the range of �6 to �10 W m�2 over

the Yellow Sea, �4 to �8Wm�2 over the north of ECHN

and the Sichuan basin, and �4 to �6 W m�2 over

portions of south China; meanwhile, positive ADRFTOA

occurred over the Taklimakan desert and parts of northeast

China (0 to �2 W m�2). In 2010, the negative ADRFTOA

over eastern China reached the maximum, with values of

�8 to �12Wm�2 over the Yellow Sea and �8 to �10W

m�2 over the north of ECHN and the Sichuan basin, while

positive ADRFTOA was also found to be large over the

Taklimakan desert (0 to �6 W m�2).

Table 5 shows that the domain and annual mean

ADRFSRF for East Asia increased from �7.9 to �11.8

W m�2 during 1850�1970, then decreased to �10.4 W

m�2 in 1980, and reinforced to the peak of �11.9 W m�2

in 2000. The interannual trend of ADRFSRF in ECHN is

close to that in East Asia, except that it peaked in 2010

(�17.5 W m�2), while the trend in WCHN is identical to

that in East Asia. For East Asia, the average ADRFTOA was

�0.4 W m�2 in 1850, and this value has become negative

since 1970, strengthened to the negative peak (�2.9 W

m�2) in 1990, changed slightly during 1990�2000, and then

weakened to �2.2 W m�2 in 2010. The interannual trend

of ADRFTOA in ECHN resembles that in East Asia before

2000, but it peaked in 2010 (�4.8 W m�2). The trend of

ADRFTOA in WCHN is identical to that of East Asia but

with stronger positive forcings and weaker negative values

due to dust. Comparing the interannual variations of AOD,

ADRFSRF and ADRFTOA, it can be found that despite the

general consistencies among them, there are differences

between ADRFSRF and ADRFTOA trends and that of

AOD, due to the effects of cloud conditions and aerosol

optical properties (such as SSA) in different years.

By using the RegCM2, Huang et al. (2007) estimated

that from August 1994 to August 1995, aerosols induced an

average direct radiative forcing of �4.6 W m�2 at TOA

and �7 W m�2 at surface in East Asia (land areas only),

while our estimation of aerosol direct radiative forcing is

�2.8 W m�2 at TOA and �11.6 W m�2 at surface in this

region (both land and ocean areas are counted) averaged

over 1990 and 2000. Han et al. (2011) adopted a modified

CMAQ and simulated the annual mean ADRFTOA to

be �4 to �12 W m�2 and the ADRFSRF to be �10 to

�25 W m�2 under all-sky condition over most of eastern

China for the year 2005, while our estimations averaged

over 2000 and 2010 are �4 to �10 W m�2 for ADRFTOA

and �10 to �30 W m�2 for ADRFSRF. Besides mag-

nitudes, the distribution features of aerosol direct radiative

forcings are also similar between this study and Han’s work

despite the differences in model, emission and simulation

period.

3.5. Relative contributions of emission and

meteorology to the long-term trend

Tables 4 and 5 show that after a stable level of aerosol

concentration during 1990�2000, inorganic aerosol and

AOD experienced an obvious increase in east China during

2000�2010. East Asia is a typical region with monsoon

climate and emissions largely varied, which should be

responsible for the above changes. To identify the relative

contributions of the two drivers to the changes, we con-

ducted an additional numerical experiment with emissions

from 2010 and meteorology from 2000. Table 6 presents

the surface concentrations of inorganic aerosols averaged

Table 5. Domain and annual mean AOD (unitless), and all-sky

aerosol direct radiative forcings at surface (ADRFSRF) and at top

of the atmosphere (ADRFTOA) (units: W m�2)

Region 1850 1970 1980 1990 2000 2010

AOD

EA 0.06 0.16 0.16 0.17 0.18 0.20

ECHN 0.07 0.22 0.23 0.28 0.28 0.35

WCHN 0.09 0.12 0.13 0.12 0.15 0.14

ADRFSRF

EA �7.9 �11.8 �10.4 �11.2 �11.9 �11.5

ECHN �10.5 �15.7 �14.3 �15.7 �16.8 �17.5

WCHN �12.1 �13.2 �12.5 �12.8 �15.2 �15.1

ADRFTOA

EA 0.4 �2.1 �2.6 �2.9 �2.8 �2.2

ECHN 0.0 �2.5 �3.4 �4.0 �4.1 �4.8

WCHN 1.8 �0.6 �0.9 �0.8 �0.4 1.2

EA: East Asia; ECHN: eastern China (208�428N, 1008�1238E);
WCHN: western China (358�488N, 758�1008E).
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over ECHN (Fig. 1) from the three simulations (Case A

and Case B refer to the previous two base cases with

emission and meteorology of 2000 and 2010, respectively,

and the new case refers to Case C with the meteorology

of 2000 but the emissions of 2010). The difference be-

tween Case A and Case B may indicate the concentration

change due to both emission and meteorology (the effect of

boundary condition on ECHN is small compared with

emission and meteorology), whereas the difference between

A and C indicates the aerosol changes due to emission

variation, and the difference between B and C indicates the

aerosol change due to meteorology variation. The near-

surface meteorological variables such as wind speed and

precipitation that are the most important indicators of

monsoon strength are also shown in the table. It shows that

the mean wind speed and precipitation in 2010 (4.1 m s�1

and 134.2 cm grid�1) are both larger than those in 2000

(3.9 m s�1, 130.8 cm grid�1), which could result in lower

aerosol concentrations in 2010 due to stronger turbulent

diffusion and wet scavenging, and this means that the

meteorological variation during 2000�2010 favours a

decrease of aerosol concentration. Table 6 shows that the

mean surface inorganic aerosol concentration increases

from 12.6 mg m�3 in 2000 (Case A) to 22.6 mg m�3

(79%) in 2010 (Case C), which is due to the emission

increase during 2000�2010, but it is noteworthy that the

mean concentration just increases from 12.6 mg m�3 in

2000 (Case A) to 21.8 mg m�3 (72%) in 2010 (Case B) while

considering both emission and meteorology variations,

suggesting that the stronger monsoon in 2010 leads to a

decrease of the surface aerosol concentration and mitigates

the aerosol increase due to increasing emissions. Consis-

tently, AOD in ECHN increases from 0.28 to 0.35 (by

25%) during 2000�2010 (Case A to Case B), but if just

considering emission increase and keeping meteorology

unchanged (Case A to Case C), AOD can increase from

0.28 to 0.37 (by 32%), due to a weaker monsoon in 2000.

The above analysis demonstrates that although monsoon

variation could affect aerosol to some extent, the emission

variation plays a dominant role in determining the trend

of aerosol during 2000�2010 in ECHN, and given the

generally stable level of dust aerosol concentration in this

period, it is the anthropogenic emission increase that results

in the obvious increase of aerosol concentration and direct

radiative forcing in this region.

4. Conclusions

An online-coupled regional climate-chemistry-aerosol

model (RIEMS-Chemaero) has been used to investigate

the long-term trends of aerosol concentrations, burdens

and aerosol direct radiative forcings in East Asia with a

focus on eastern China. The model was run for the years

of 1850, 1970, 1980, 1990, 2000 and 2010 using anthro-

pogenic and biomass burning emissions from the IPCC

AR5 emission inventory.

Model simulation was evaluated against surface observa-

tions of aerosol components from EANET sites and

from previous publications for 1990, 2000 and 2010,

and comparisons demonstrate a good skill of RIEMS-

Chemaero in reproducing spatial features and interannual

variations of inorganic aerosol concentrations over East

Asia, showing higher inorganic aerosol concentrations

over East Asian continent than those over the ocean and

increasing tendencies of sulphate and nitrate levels. In

general, the model reproduces sulphate well and tends to

under-predict nitrate but slightly over-predict ammonium.

The model generally tends to under-predict BC and OC

concentrations within the domain. Model comparisons

with MODIS retrieved AOD in 2000 and 2010, and surface

AOD measurements from AERONET in 2010 show that

the model is able to reproduce the AOD distribution

features reasonably well but tends to generally under-

predict the magnitude. Both satellite retrievals and model

simulations reflect the largest AOD over north of ECHN

and the Sichuan basin. The comparison with AOD at the

AERONET sites exhibits an overall correlation coeffi-

cient of 0.6 and model results differ by �20% relative to

observations.

Surface inorganic aerosol (sulphate, nitrate and ammo-

nium) was very low in 1850 and has mainly distributed

over eastern China since 1970, with higher concentrations

appearing over the north of eastern China (ECHN) and the

Sichuan basin. The surface concentration level increases

continuously from 1970 to 2010. The domain and annual

mean inorganic aerosol burden in East Asia rose from

1850, experienced a rapid increase from 1970 and peaked in

1990 (18.7 mg m�2), maintained at this level (18.6 mg

m�2) in 2000 mainly due to emission control in China,

and declined to 18.1 mg m�2 by 2010. In ECHN, the

interannual trend of inorganic aerosol burden was close

to that in East Asia during 1850�2000, but the burden re-

mained high after 2000 and peaked in 2010 (32.9 mg m�2).

Table 6. Comparison of base simulations and sensitivity simulationa

Case A Case B Case C

10 m wind speed (m s�1) 3.9 4.1 3.9

Annual rain (cm grid�1) 130.8 134.2 130.3

Concentrationb (mg m�3) 12.6 21.8 22.6

AOD 0.28 0.35 0.37

Case A is with emission and meteorology of 2000.

Case B is with emission and meteorology of 2010.

Case C is with emission of 2010 but meteorology of 2000.
aValues are averaged over ECHN (see Fig. 1).
bNear-surface inorganic aerosol concentration.
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Model results also show that sulphate is the major com-

ponent of inorganic aerosol in East Asia, but its proportion

in total inorganic aerosol exhibits a decreasing trend.

High concentrations of surface carbonaceous aerosol

(BC and OC) were also mainly distributed over the north of

ECHN and the Sichuan basin in China from 1970 to 2010

with increasing values. The domain and annual average

burden of carbonaceous aerosol in East Asia reached the

peak value of 5.2 mg m�2 in 1980, declining thereafter to

4.6 mg m�2 in 2010, with the burden changing slightly

during 1990�2000. OC determined the trend and magni-

tude of carbonaceous aerosol burden, but its proportion in

total carbonaceous aerosol decreased from 1850 to 2010,

while BC burden as well as its percentage contribution to

total carbonaceous mass increased continuously during the

study period.

Though most dust particles are restricted within source

regions in northwest China, a large amount of dust can still

transport to downwind areas. The simulated highest dust

burdens for East Asia and ECHN (222 and 331 mg m�2)

both occurred in 1970, while the maximum burden in

WCHN (520 mg m�2) was in 2010.

The distribution features of AOD generally follow those

of the combination of anthropogenic aerosols and dust.

Relatively large AOD was restricted over desert areas in

northwest China in 1850. Since 1970, large AOD values

have been mainly distributed over eastern China due to

anthropogenic aerosols, with the Sichuan basin being the

major large AOD centre, followed by the middle reaches of

the Yangtze River. Due to heavy dust loadings, large AOD

also occurred over the Gobi desert in 1970 and over the

Taklimakan desert in 2000 and 2010. In terms of domain

and annual average, the AOD value in East Asia showed a

great increase from 1850 (0.06) to 1970 (0.16), followed

by an almost unchanged period of 1970�1980, and then

reached the peak of 0.2 in 2010. The interannual trend of

AOD in ECHN is similar to that of East Asia, but with

another little-change period of 1990�2000 mainly due to

emission control in China.

The ADRFSRF due to all aerosols under all-sky condi-

tion is negative over the entire domain. Relatively strong

ADRFSRF induced by dust distributed over desert areas in

northwest China in 1850 and over the Gobi desert and dust

affected downwind areas in 1970. Since 1980, four strong

radiative forcing centres have been established over the

Taklamakan desert, the Gobi desert, the north of ECHN,

and the Sichuan basin. In East Asia, the domain and

annual mean ADRFSRF experienced two strengthening

periods (1850�1970 and 1980�2000) with the peak value of

�11.9 W m�2 in 2000. The long-term trends of ADRFSRF

in both ECHN and WCHN were similar to that in East

Asia, except that the ADRFSRF in ECHN strengthened

continuously after 2000 and reached its maximum of

�17.5 W m�2 in 2010.

The ADRFTOA shows not only negative forcing but also

positive forcing over some areas due to absorbing aerosols.

Positive ADRFTOA dominated East Asia in 1850 due to the

dominance of dust. Since 1970, negative forcing became

dominant over eastern China, while positive forcing remains

strong over west and northeast China. The domain and

annual mean ADRFTOA was positive in East Asia (�0.4 W

m�2) in 1850, and the value became negative since 1970,

continued to its negative maximum (�2.9 W m�2) in 1990,

kept on this level (�2.8Wm�2) in 2000, and thenweakened

thereafter to �2.2 W m�2 in 2010. The ADRFTOA in

ECHN generally showed a similar long-term trend to

that in East Asia, but it reinforced again after 2000 and

reached the maximum in 2010 (�4.8 W m�2). The

interannual trend of ADRFTOA in WCHN is identical to

that for East Asia. The differences among trends of

AOD, ADRFSRF and ADRFTOA in East Asia are results

of combination effects of cloud conditions and aerosol

optical properties in different years.

Sensitivity simulation was conducted to explore the rela-

tive contributions of emission and meteorology to the long-

term changes in aerosol concentration and AOD. It is

found that monsoon variation may affect aerosol con-

centration to some extent by altering turbulent diffusion

and deposition processes, but the anthropogenic emission

increase is the dominant driver determining the variation

trend of aerosol concentration and direct radiative forcing

in eastern China, where most of the East Asian emissions

are located.

Leibensperger et al. (2012) has conducted a study for the

United States of America and found that in the USA, a

turning point appeared during 1980�1990: after this period,
the anthropogenic aerosol concentrations (sulphate, nitrate,

ammonium, BC, OC) as well as the aerosol radiative forcing

turned from ascending to descending. This study shows that

a similar turning period (1990�2000) also exists for East

Asia. However, in ECHN, the aerosol concentrations,

AOD and aerosol direct radiative forcings all exhibited an

increasing trend throughout the study period, although

there was the short period 1990�2000 when aerosol levels

were relatively stable.
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