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Simultaneous reductions in emissions of black carbon and co-emitted species will 1 

weaken the aerosol net cooling effect 2 
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 13 

Abstract 14 

Black carbon (BC), a distinct type of carbonaceous material formed from the 15 

incomplete combustion of fossil and biomass based fuels under certain conditions, can 16 

interact with solar radiation and clouds through its strong light-absorption ability, 17 

thereby warming the Earth’s climate system. Some studies have even suggested that 18 

global warming could be slowed down in the short term by eliminating BC emission 19 

due to its short lifetime. In this study, we estimate the influence of removing some 20 

sources of BC and other co-emitted species on the aerosol radiative effect by using an 21 

aerosol-climate atmosphere-only model BCC_AGCM2.0.1_CUACE/Aero with 22 
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prescribed sea surface temperature and sea ice cover, in combination with the aerosol 23 

emissions from the Representative Concentration Pathways (RCPs) scenarios. We find 24 

that the global annual mean aerosol net cooling effect at the top of the atmosphere 25 

(TOA) will be enhanced by 0.12 W m
-2

 compared with recent past year 2000 levels if 26 

the emissions of only BC are reduced to the level projected for 2100 based on the 27 

RCP2.6 scenario. This will be beneficial for the mitigation of global warming. 28 

However, both aerosol negative direct and indirect radiative effects are weakened 29 

when BC and its co-emitted species (sulfur dioxide and organic carbon) are 30 

simultaneously reduced. Relative to year 2000 levels, the global annual mean aerosol 31 

net cooling effect at the TOA will be weakened by 1.7–2.0 W m
-2

 if the emissions of 32 

all these aerosols are decreased to the levels projected for 2100 in different ways 33 

based on the RCP2.6, RCP4.5, and RCP8.5 scenarios. Because there are no effective 34 

ways to remove the BC exclusively without influencing the other co-emitted 35 

components, our results therefore indicate that a reduction in BC emission can lead to 36 

an unexpected warming on the Earth’s climate system in the future. 37 

 38 

1 Introduction 39 

Aerosols in the atmosphere can alter the amount of sunlight reaching the Earth, 40 

perturb the temperature structure of the atmosphere, and influence cloud cover by 41 

directly scattering sunlight (e.g., sulphate, organic carbon (OC) and nitrate) or 42 

absorbing it (e.g., black carbon (BC) and dust) (Boucher et al., 2013). Aerosol 43 

particles can also change cloud microphysical and optical properties by acting as 44 
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cloud condensation nuclei (CCN) or ice nuclei (Twomey, 1977; Albrecht, 1989; 45 

DeMott et al., 1997). These changes due to aerosols will directly or indirectly affect 46 

the climate. Since the start of the industrial era, an increase in atmospheric aerosol 47 

emissions has likely led to a net cooling of the Earth’s climate system (Boucher et al., 48 

2013). 49 

BC has a special role in the climate system, although it accounts for less than 5% 50 

of the mass of atmospheric aerosol in most areas of the world (X. Y. Zhang et al., 51 

2012). BC can increase the amount of solar radiation absorbed within the Earth’s 52 

climate system and heat the atmosphere or surface by directly absorbing sunlight in 53 

the visible to infrared wavebands (Hansen et al., 2000; Ramanathan and Carmichael, 54 

2008), changing the cloud amount and its brightness due to embedding into clouds 55 

(Chuang et al., 2002; Koch and Del Genio, 2010; Jacobson, 2012; Wang et al., 2013a), 56 

or by reducing the surface albedo due to deposition onto snow and ice surfaces (Wang 57 

et al., 2011; Lee et al., 2013). BC has even been considered as a potential cause of 58 

global warming (Hansen et al., 2000; Jacobson, 2010; Bond et al., 2013). Ramanathan 59 

and Carmichael (2008) compared the radiative forcings of greenhouse gases and BC, 60 

suggesting that the direct radiative forcing due to BC was larger than that due to any 61 

other greenhouse gas except CO2. The radiative heating effect on the whole 62 

atmosphere due to BC was almost double that due to all greenhouse gases. By 63 

considering all the known ways that BC affects the climate system, Bond et al. (2013) 64 

gave an estimate of industrial-era climate forcing of +1.1 W m
-2

 due to BC with 90% 65 

uncertainty limits of +0.17 to +2.1 W m
-2

. BC can therefore be considered the second 66 
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most important anthropogenic positive radiative forcing agent after CO2 in the 67 

present-day atmosphere. Some studies have even suggested that global warming could 68 

be slowed down in the short term by eliminating BC emission due to its short 69 

atmospheric lifetime. For example, eliminating soot generated from fossil fuels, 70 

including BC, primary organic matter, and sulphate, was found to decrease global 71 

surface air temperature by 0.3–0.5 ℃ in the short term (about 15 year) (Jacobson, 72 

2010). A simultaneous decrease of short-lived BC and methane through the adoption 73 

of control measures could reduce projected global mean warming by about 0.5 ℃ by 74 

2050 (Shindell et al., 2012). However, there is a huge uncertainty and an ongoing 75 

debate in climate forcing of BC. Other studies, such as Myhre et al. (2013a), have 76 

much lower estimate of the direct radiative forcing from BC, which is reflected in the 77 

best estimate in the latest IPCC report (Boucher et al., 2013; Myhre et al., 2013b). 78 

Recent literature also suggests that the climate effect of BC may be overestimated due 79 

to overestimation of its lifetime (e.g., Hodnebrog et al., 2014; Samset et al., 2014; Q. 80 

Wang et al., 2014). 81 

Reducing the emissions of absorptive aerosols (e.g., BC) would decrease the 82 

absorption of solar radiation by atmospheric aerosols, thereby enhancing the aerosol 83 

net cooling effect. However, BC, OC, sulphate, and some other aerosols have many 84 

common emission sources (e.g., in the emission sectors of transportation, industrial, 85 

residential, and commercial energy consumption, etc.), and they are generally 86 

co-emitted into the atmosphere (Lamarque et al., 2010). A technology-based global 87 

emission inventory of BC and OC showed that BC and primary OC particles were 88 
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co-emitted from combustion including fossil fuels, biofuels, open biomass burning, 89 

and urban waste burning (Bond et al., 2004). An inventory of air pollutant emissions 90 

in Asia supporting the Intercontinental Chemical Transport Experiment-Phase B 91 

showed that sulfur dioxide (SO2), BC, and OC all were emitted from power, industry, 92 

residential, and transportation sources (Zhang et al., 2009). A spatially resolved 93 

biomass burning data set also indicated that BC, OC, and SO2 were proportionally 94 

emitted from biofuel and forest fire sources (Reddy and Venkataraman, 2002). 95 

Analyses of aerosol emission trends from some important source regions showed that 96 

there were same trends for BC, OC, and SO2 separately emitted from fossil fuel, 97 

biofuel, and biomass burning sources from 1980 to 2009 (Chin et al., 2014), which 98 

indirectly suggested the co-emissions of BC with some other aerosols. Moreover, 99 

actual operational reduction in BC emission in most of severe polluted countries, like 100 

China, is often to cut the usage of coal and other fossil fuels, as well as forbid open 101 

burning to reduce biomass burning emissions. All these major measures will result in 102 

the emission reductions in BC and its co-emitted components at the same time. 103 

Sulphate, BC, and OC are the main aerosol species in the atmosphere, and the 104 

emissions of sulphate and OC will be reduced accordingly if the emission of BC is 105 

reduced. Both sulphate and OC are strongly scattering and hygroscopic aerosols, and 106 

they can cool the climate system by directly scattering solar radiation and increasing 107 

the cloud albedo and lifetime by acting as CCN (Boucher et al., 2013). Therefore, 108 

would global warming necessarily be slowed down by reducing BC emission in the 109 

future? This is the point of this study. 110 

file:///C:/Users/A/AppData/Local/Yodao/DeskDict/frame/20140110155109/index.html
file:///C:/Users/A/AppData/Local/Yodao/DeskDict/frame/20140213091205/index.html
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Focusing on the issue mentioned above, the impact of removing some BC sources 111 

and other co-emitted species on the aerosol radiative effects was studied in this paper 112 

by using an aerosol-climate atmosphere-only model 113 

BCC_AGCM2.0.1_CUACE/Aero (Atmospheric General Circulation Model of 114 

Beijing Climate Center, BCC_AGCM2.0.1, coupled with the aerosol model of China 115 

Meteorological Administration Unified Atmospheric Chemistry Environment for 116 

Aerosols, CUACE/Aero) (Wang et al., 2014) with prescribed sea surface temperature 117 

(SST) and sea ice cover (SIC), in combination with the Representative Concentration 118 

Pathways (RCPs) emission scenarios (van Vuuren et al., 2011) underpinning the Fifth 119 

Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5). 120 

In Sect. 2, we introduce the aerosol-climate model and simulation details. In Sect. 3, 121 

we present the effects of reducing only BC emission and then of the simultaneous 122 

reduction of BC and other co-emitted aerosol emissions on aerosol direct, semi-direct 123 

and indirect, and net radiative effects. Finally, our discussion and conclusions are 124 

presented in Sect. 4. 125 

 126 

2 Model and Simulation 127 

2.1 Model description 128 

We use the aerosol-climate atmosphere-only model 129 

BCC_AGCM2.0.1_CUACE/Aero developed by Zhang et al. (2012a), and improved 130 

by Jing and Zhang (2013), Zhang et al. (2014), and Wang et al. (2014) in this study. 131 

The aerosol direct, semi-direct, and indirect effects (albedo and lifetime indirect 132 
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effects on stratiform clouds) have been included in BCC_AGCM2.0.1_CUACE/Aero. 133 

The model has been used to study the impact of aerosol direct radiative effect on East 134 

Asian climate (Zhang et al., 2012a), direct radiative forcing of anthropogenic aerosols 135 

(Bond et al., 2013; Myhre et al., 2013a), climate response to the presence of BC in 136 

cloud droplets (Wang et al., 2013a), effect of non-spherical dust aerosol on its direct 137 

radiative forcing (Wang et al., 2013b), anthropogenic aerosol indirect effect (Wang et 138 

al., 2014), and direct effect of dust aerosol on arid and semi-arid regions (Zhao et al., 139 

2014). 140 

A detailed description of BCC_AGCM2.0.1 was given by Wu et al. (2010). The 141 

model employs a horizontal resolution of T42 (approximately 2.8º × 2.8º) and a 26 142 

layer hybrid sigma-pressure coordinate system in the vertical direction, with a rigid lid 143 

at 2.9 hPa. The time step is 20 min. However, the cloud overlap, radiation, and cloud 144 

microphysical schemes were improved in the model. The cloud overlap scheme of the 145 

Monte Carlo independent column approximation (McICA) (Pincus et al., 2003) and 146 

the Beijing Climate Center RADiation transfer model (BCC_RAD) developed by 147 

Zhang et al. (2003, 2006a, b) were used instead of the old schemes in the model (Jing 148 

and Zhang et al., 2013). These schemes have improved the accuracy of the subgrid 149 

cloud structure and its radiative transfer process (Zhang et al., 2014). A two-moment 150 

bulk cloud microphysical scheme to predict both the mass and number concentrations 151 

of cloud droplets and ice crystals (Morrison and Gettelman, 2008) was implemented 152 

into the model instead of the old one-moment bulk cloud microphysical scheme 153 

(Wang et al., 2014). The scheme of Abdul-Razzak and Ghan (2000) has been adopted 154 



8 
 

for the activation of cloud droplets. 155 

The aerosol model CUACE/Aero is a comprehensive module incorporating 156 

emission, gaseous chemistry, transport, removal, and size-segregated 157 

multi-component aerosol algorithms based on the Canadian Aerosol Module 158 

developed by Gong et al. (2002, 2003). A detailed description of CUACE/Aero was 159 

given by Zhou et al. (2012). The mass concentrations of the main five aerosols in 160 

troposphere, i.e., sulphate, BC, OC, dust, and sea salt, can be calculated. Each aerosol 161 

type is divided into 12 bins as a geometric series for a radius between 0.005 and 20.48 162 

μm. Aerosol optical properties from Wei and Zhang (2011) and Zhang et al. (2012b) 163 

were calculated based on the Mie theory. The refractive indices of aerosols were 164 

adopted from d’Almeida (1991). Hygroscopic growth was considered for sulphate, 165 

OC, and sea salt (Zhang et al., 2012a). 166 

 167 

2.2 Simulation details 168 

Six simulations were run in this study. In all simulations, the model settings were 169 

the same, whereas aerosol emissions were different. All simulations kept greenhouse 170 

gas concentrations fixed at year 2000 levels in order to obtain the effect of change in 171 

aerosol emissions exclusively. Table 1 gives the emission setups in all simulations. As 172 

a base case, the first simulation (SIM1) used emissions of SO2, BC, and OC for the 173 

year 2000, representing the aerosol effect for recent past. In the second simulation 174 

(SIM2), BC emission in 2100 under the RCP2.6 scenario was used, but the emissions 175 

of SO2 and OC were the same as those in SIM1. In the third simulation (SIM3), BC 176 
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emission in 2100 under the RCP2.6 scenario was also used, but the emissions of SO2 177 

and OC used were those for 2100 under the RCP8.5 scenario. In the fourth simulation 178 

(SIM4), the emissions of SO2, BC, and OC for 2100 under the RCP2.6 scenario were 179 

used. In the fifth simulation (SIM5), BC emission in 2100 under the RCP2.6 scenario 180 

was used, but the emissions of SO2 and OC used corresponded to the 2100 emission 181 

of BC under the RCP2.6 scenario by multiplying them with the ratios of the emissions 182 

of SO2 and OC with BC in 2000. The ratios were calculated and applied for each 183 

individual grid box and month. In the sixth simulation (SIM6), the emissions of SO2, 184 

BC, and OC in 2100 under the RCP4.5 scenario were used. Aerosol emission 185 

inventories from fossil fuel, biofuel, and biomass burning for the year 2000 given by 186 

Lamarque et al. (2010) were used. The emission dataset of RCPs scenarios were 187 

described by van Vuuren et al. (2011) and can be obtained from 188 

http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpage&page=about. The biomass 189 

burning emissions are also changed when using RCPs scenarios. The National Centers 190 

for Environmental Prediction (NCEP) reanalysis climatological data on a Gaussian 191 

grid was used as the initial field (downloaded from 192 

http://www.cesm.ucar.edu/models/atm-cam/download/). Data for the prescribed 193 

annual cycle of monthly mean SST and SIC based on the 21-year (1981–2001) 194 

climatology from the Hadley Centre (Hurrell et al., 2008) were used in these 195 

simulations. Each simulation was run for 20 years, and the simulation data for the last 196 

10 years were averaged and analyzed. 197 

The difference between SIM2 and SIM1 shows the impact on aerosol radiative 198 
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effects (AREs) of reducing only BC emission maximally in the four RCPs scenarios. 199 

The difference between SIM3 and SIM1 indicates the effect of maximally reducing 200 

the emission of absorbing BC, combined with the least reduction in the emissions of 201 

precursor (SO2) of scattering sulphate and OC on AREs. The differences between 202 

SIM4 and SIM1, between SIM5 and SIM1, and between SIM6 and SIM1 show the 203 

effects of a simultaneous reduction of SO2, BC, and OC emissions under the RCP2.6 204 

scenario, a reduction of the BC emission with a simultaneous reduction of the 205 

emissions of SO2 and OC (in terms of their ratios with BC), and a simultaneous 206 

reduction in the emissions of SO2, BC, and OC under the RCP4.5 scenario 207 

(representing a medium-low emission pathway), on AREs, respectively. 208 

The aerosol direct effect (ADE) was obtained by calling the radiation routine two 209 

times (Ghan et al., 2012): 210 

ΔADE = Δ(F − Fclean),                                                 (1) 211 

where F is the radiative flux at the top of the atmosphere (TOA) and Fclean is the flux 212 

calculated as a diagnostic with aerosol scattering and absorption excluded; Δ is the 213 

difference between 2000 and 2100. The change in cloud radiative forcing (CRF) was 214 

used as an approximate way of quantifying the change in combination of the aerosol 215 

semi-direct and indirect effects: 216 

ΔCRF = Δ(F − Fclear),                                                 (2) 217 

where Fclear is the flux calculated as a diagnostic with clouds neglected. The change in 218 

aerosol net effect was assessed by the change in net radiation flux at the TOA (ΔF) 219 

(Ghan et al., 2012). We didn’t perform additional simulations in which aerosol 220 
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scattering and absorption were neglected to exclusively diagnose the effect of aerosols 221 

on CRF according to the method by Ghan et al. (2012) and Ghan (2013). Thus, the 222 

difference in aerosol net effect is not equal to the sum of ΔADE and ΔCRF in this 223 

study. 224 

 225 

3 Results 226 

3.1 Aerosol optical depth for present-day conditions 227 

The simulation performance of BCC_AGCM2.0.1_CUACE/Aero has been given 228 

by Wang et al. (2014) in detail. They demonstrated that the model has a good ability 229 

to simulate aerosols, cloud properties, and meteorological fields. However, we replace 230 

the aerosol emission from AeroCom with those given by Lamarque et al. (2010) for 231 

present-day conditions in this work. Thus, a comparison of simulated annual mean 232 

aerosol optical depth (AOD) with satellite retrievals is shown in Figure 1. The 233 

simulated AODs range from 0.3 to 0.6 over the Sahara Desert and are from 0.15 to 0.3 234 

in nearby Arabian areas due to the large dust loading. The AODs are mainly between 235 

0.2 and 0.4 in eastern China, and exceed 0.15 in eastern North America and West 236 

Europe due to the large emissions of anthropogenic aerosols. The AODs are above 0.1 237 

over most subtropical oceans because of the contribution of sea salt and sulphate. The 238 

model generally reproduces the geographical distribution of AOD well, but it 239 

significantly underestimates the AODs over South Asia, eastern China, and tropical 240 

oceans. These errors could be caused by several factors such as uncertainties in the 241 

aerosol sources, coarse model resolution, the uncertainties of physical processes, and 242 



12 
 

the absence of nitrate, ammonium and secondary organic aerosols in the model 243 

(Zhang et al., 2012a). 244 

 245 

3.2 The effect of aerosol reductions 246 

3.2.1 Global mean statistics 247 

Tables 2 and 3 show the global emission amounts and annual mean column 248 

burdens of aerosols in all simulations and differences in AREs among them. The 249 

global emission amount of BC is reduced from 7.8 Tg yr
-1 

at present to 3.3 Tg yr
-1

 at 250 

the end of this century under the RCP2.6 scenario due to the operation of various 251 

control measures. The global annual mean of simulated BC burden is decreased from 252 

0.17 mg m
-2

 in SIM1 to 0.08 mg m
-2 

in SIM2, assuming that only BC emission is 253 

reduced under the RCP2.6 scenario (Table 2). The reduction in the mass concentration 254 

of atmospheric BC results in less direct absorption of solar radiation by atmospheric 255 

aerosols, thereby causing the global annual mean aerosol direct radiative effect at the 256 

TOA to be enhanced by 0.07 W m
-2

. This indicates that the net cooling effect is 257 

enhanced. The multi-model comparison showed that our model had much lower 258 

normalized radiative forcing for BC than most of the other models (Myhre et al., 259 

2013a). Thus, the change in aerosol direct radiative effect is quite small despite the 260 

strong emission reduction for BC. The reduction in the BC concentration also 261 

weakens the aerosol semi-direct effect, resulting in an increase of 0.11 W m
-2 

in the 262 

absolute value of the global annual mean net CRF (Table 3). Of which, the shortwave 263 

cloud forcing (SWCF) and longwave cloud forcing (LWCF) components are 264 
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enhanced by 0.14 and 0.03 W m
-2

, respectively. It is noted that the change in CRF is a 265 

combined effect of decrease in cloud evaporation and increase in cloud cover caused 266 

by declining BC, changes in other aerosol concentrations due to adjustment of the 267 

atmosphere to BC reduction, and the resulting changes in cloud properties. However, 268 

the slight decrease in the sulphate mass concentration due to changes in 269 

meteorological fields caused by BC reduction partially offsets the net cooling effect in 270 

SIM2 compared with SIM1. Consequently, the global annual mean aerosol net cooling 271 

effect at the TOA is enhanced by 0.12 W m
-2

 compared with recent past levels when 272 

just BC emission is reduced to the level projected for the end of this century under the 273 

RCP2.6 scenario (Table 3). 274 

Many previous studies mentioned in Sect. 1 have indicated that there are several 275 

common sources of SO2, BC, and OC (Reddy and Venkataraman, 2002; Zhang et al., 276 

2009; Lamarque et al., 2010; Chin et al., 2014). SO2 and OC emissions are likely to 277 

be reduced proportionally when BC emission is decreased, as there is no effective 278 

way of removing BC exclusively without influencing the other co-emitted 279 

components. Therefore, we considered four different ways to simultaneously reduce 280 

the emissions of SO2, BC, and OC to the levels projected for the end of this century 281 

under the RCP2.6, RCP4.5, and RCP8.5 scenarios. Then, we calculated the effects of 282 

emission reductions of all these aerosols on radiation fluxes in SIM3 to SIM6. It can 283 

be seen from Table 2 that the global emissions of SO2, BC, and OC are decreased to 284 

12.9–25.7 Tg yr
-1

, 3.3–4.3 Tg yr
-1

, and 20.0–25.3 Tg yr
-1

 under these three scenarios, 285 

respectively. Thus, the global annual mean burdens of sulphate, BC, and OC are 286 
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reduced by different levels (63–72, 51–55, and 25–31 %, respectively). The 287 

concurrent reductions in scattering sulphate and OC burdens weaken the global annual 288 

mean aerosol direct radiative effect at the TOA by 0.25–0.3 W m
-2

, although the 289 

absorbing BC burden is also significantly reduced in SIM3 to SIM6. Additionally, 290 

sulphate and OC particles can act as CCN due to their hygroscopicity, so any decrease 291 

in their emissions would decrease CCN concentrations, then decreasing cloud lifetime 292 

and albedo, thereby weakening the negative SWCF. As can be seen from Table 3, the 293 

absolute values of the global annual mean SWCF are weakened by 0.87–1.3 W m
-2

 294 

due to simultaneous reductions in emissions of SO2, BC, and OC. The quick 295 

adjustment of the atmosphere to aerosol effects leads to changes in LWCF, causing the 296 

longwave cooling by 0.07–0.2 W m
-2

 in SIM3 to SIM6 compared with SIM1. It partly 297 

offsets the shortwave warming. The absolute values of global annual mean net CRF 298 

are decreased by 0.8–1.1 W m
-2

 in SIM3 to SIM6 compared with SIM1, which greatly 299 

exceed the changes in the aerosol direct radiative effect. This is consistent with results 300 

obtained by Chen et al. (2010), who reported that a reduction in BC emission would 301 

dampen aerosol indirect forcing. Finally, the global annual mean aerosol net cooling 302 

effect at the TOA is weakened by 1.7–2.0 W m
-2

 when the emissions of SO2, BC, and 303 

OC are simultaneously reduced to the levels projected for the end of this century 304 

based on three different RCP scenarios (Table 3). 305 

 306 

3.2.2 Global distributions 307 

Figure 2 shows the global distributions of simulated annual mean sulphate, BC, 308 
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and OC burdens under all six simulations. As can be seen from Figure 2b, the BC 309 

column burdens are significantly decreased in areas with high BC emission such as 310 

East Asia, South Asia, central Africa and South America, eastern North America, and 311 

Western Europe compared with recent past levels when the emission of only BC is 312 

reduced. Changes in other aerosol burdens are not obvious. The reduction in the BC 313 

concentration weakens the direct absorption of solar radiation by atmospheric aerosols, 314 

leading to a cooling effect at the TOA in these regions. The largest cooling exceeds 1 315 

W m
-2

 in China, Europe, and eastern North America (Fig. 3a). The numbers of 316 

activated sulphate, OC, and dust particles are increased over East and South Asia, 317 

Mediterranean regions, North America and Africa due to the fast adjustment in 318 

meteorological fields caused by declining BC (figure not shown), which leads to the 319 

increase in CCN concentration (Fig. 4a). Higher CCN concentrations can produce 320 

more cloud droplet numbers, with the maximum increase in annual mean column 321 

cloud droplet number concentrations (CDNCs) being up to 0.6 ×10
10

 m
-2 

(Fig. 5a). 322 

This enhances the negative SWCF over those regions (Fig. 6a). In addition, the 323 

decrease in the absorption ability of aerosols weakens the cloud evaporation and 324 

increases the cloud fraction, which further enhances the negative SWCF over the 325 

regions with high BC emission and some oceans (Fig. 6a). However, the LWCF is 326 

also increased over most areas with enhanced negative SWCF (Fig. 6a), which can 327 

partly offset the shortwave cooling. Finally, only the reduction of BC emission results 328 

in an increase of more than 2 W m
-2

 in the annual mean aerosol net cooling effect at 329 

the TOA over most regions with large BC emission (Fig. 7a). 330 
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Figures 2c–f show that there are different levels of reduction in the annual mean 331 

sulphate, BC, and OC burdens in SIM3 to SIM6, with decreases of up to 2.0–5.0 mg S 332 

m
-2

, 0.2–1.0 mg m
-2

 and 2.0–6.0 mg m
-2

 in most areas, respectively, when all aerosol 333 

emissions are reduced. The combined reduction in scattering and absorbing aerosols 334 

weakens the aerosol direct radiative effect at the TOA by over 1 W m
-2

 for most of the 335 

Northern Hemisphere (NH) compared with SIM1 (Fig. 3b–e). The CCN 336 

concentrations are greatly decreased over the globe, except for individual regions, 337 

mainly due to the emission reductions in hygroscopic sulphate and OC, especially 338 

over the middle latitudes of the NH (Fig. 4b–e). Correspondingly, the CDNCs are 339 

significantly decreased in SIM3 to SIM6 compared with SIM1. The largest decreases 340 

in annual mean column CDNCs exceed 5 × 10
10

 m
-2 

in Western Europe, North 341 

America, and eastern China (Fig. 5b–e). Decreased CDNCs can decrease the cloud 342 

albedo and lifetime and weaken the negative SWCF in the regions with high 343 

anthropogenic aerosol emissions such as North America and Europe (Fig. 6b–e). The 344 

negative SWCFs are enhanced due to the increase in low cloud fraction over most of 345 

South and East Asia, though the CCNs are clearly decreased. The shortwave 346 

warmings (coolings) are also compensated by the longwave coolings (warmings) over 347 

most regions (Fig. 6b–e). Finally, the annual mean aerosol net cooling effect at the 348 

TOA is weakened over a range of 2.0–10.0 W m
-2

 due to the changes in emissions of 349 

all aerosols over most regions of the NH that have large anthropogenic aerosol 350 

emissions (Fig. 7b–e). 351 

 352 
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4 Discussion and conclusions 353 

It has been argued that eliminating BC emission would be an effective measure 354 

to slow down global warming and environmental pollution. In this study, we assess 355 

the impact of removing some sources of BC and other co-emitted species on aerosol 356 

radiative effects by using an aerosol-climate atmosphere-only model 357 

BCC_AGCM2.0.1_CUACE/Aero with prescribed SST and SIC, in combination with 358 

the RCP scenarios. Compared with the aerosol effect for recent past, the global annual 359 

mean aerosol net cooling effect at the TOA is enhanced by 0.12 W m
-2

 due to a 360 

decrease in the direct absorption of solar radiation and aerosol semi-direct effect when 361 

BC emission is reduced exclusively to the level projected for the end of this century 362 

under the RCP2.6 scenario. The annual mean aerosol net cooling effect at the TOA is 363 

enhanced by more than 2.0 W m
-2

 in eastern China, northern India, and 364 

Mediterranean regions. Therefore, a reduction of BC emission alone could ideally 365 

mitigate global warming. 366 

However, our results suggest that associating with the reduction of net cooling 367 

effects directly from aerosols, the aerosol indirect effect is also weakened when 368 

emissions of SO2, BC, and OC are simultaneously reduced in different ways to the 369 

levels projected for the end of this century under the RCP2.6, RCP4.5, and RCP8.5 370 

scenarios. Relative to the aerosol effect for recent past, the total global annual mean 371 

aerosol net cooling effect at the TOA is weakened by 1.7–2.0 W m
-2

 with the 372 

reduction according to potential actual conditions in the emission of all these aerosols 373 

(i.e., BC and the major co-emitted species). The main cooling regions are over East 374 

javascript:void(0);
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Asia, Western Europe, eastern North America, and central Africa, with the largest 375 

change exceeding 10.0 W m
-2

. This is somewhat consistent with the results given by 376 

Gillett and Salzen (2013) and Levy et al. (2013), who also reported that the reduction 377 

in atmospheric aerosols will weaken the aerosol cooling effect in the future. 378 

This study highlights that reducing only BC emission could play a positive role 379 

in mitigating global warming and environmental pollution, and would be beneficial to 380 

human health. However, the emissions of some co-emitted scattering aerosols and 381 

their precursor gases will be inevitably reduced when BC emission is reduced due to 382 

their homology. Therefore, reducing BC emission could lead to unexpected warming 383 

on the Earth’s climate in the future, unless certain technical advances in emission 384 

reduction technology are available for removal of the BC exclusively without 385 

influencing the other co-emitted components. 386 

There exists large uncertainty in BC radiative forcing (Bond et al., 2013; 387 

Boucher et al., 2013; Myhre et al., 2013a, 2013b). One reason for the uncertainty is 388 

from the biases of current emission inventories of BC, mostly obtained from the 389 

so-called bottom-up approach (Cohen and Wang, 2014). Cohen and Wang (2014) 390 

provided a global-scale top-down estimation of BC emissions, a factor of more than 2 391 

higher than commonly used global BC emissions data sets, by using a Kalman Filter 392 

method. If present-day BC emissions have been substantially underestimated, increase 393 

in aerosol net cooling effect may be larger due to only reduction in BC emission. 394 

Furthermore, co-emissions of other compounds with BC, such as CO2, might be more 395 

important than SO2 and OC (Rogelj et al., 2014). The reduction in CO2 can mitigate 396 
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global warming when reducing BC. However, it is very difficult to fully obtain the 397 

ratios of BC with its co-emitted components due to the complexity of emission 398 

sources and diversity of energy structure in different regions. These bring about large 399 

uncertainties for the relevant research. 400 

Because of the potential uncertainties mentioned above, we need to ongoingly 401 

improve our understanding on emissions of BC and its co-emitted species through a 402 

lot of observation and analysis. We also encourage other modeling groups to perform 403 

similar simulations to check the robustness of these results. 404 
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Table 1. Simulation setups. 661 

Simulation BC emission OC & SO2 emissions Interpretation (compared to SIM1) 

SIM1 

SIM2 

 

SIM3 

 

SIM4 

 

SIM5 

 

 

 

SIM6 

year-2000 

RCP2.6 year-2100 

 

RCP2.6 year-2100 

 

RCP2.6 year-2100 

 

RCP2.6 year-2100 

 

 

 

RCP4.5 year-2100 

year-2000 

year-2000 

 

RCP8.5 year-2100 

 

RCP2.6 year-2100 

 

RCP2.6 year-2100 BC by 

multiplying the ratios of the 

emissions of OC & SO2 

with BC in 2000 

RCP4.5 year-2100 

Recent past reference emissions. 

Maximal reduction in BC; no reductions in 

OC & SO2. 

Maximal reduction in BC; minimal 

reductions in OC & SO2. 

Simultaneous maximal reductions in BC, 

OC & SO2. 

Maximal reduction in BC; simultaneous 

reductions of OC & SO2 in terms of their 

ratios with BC in recent past 

 

Medium-low reductions in BC, OC & SO2. 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 
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Table 2. Global amounts of aerosol emissions and annual means of aerosol burdens. 677 

 SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 

Emission (Tg yr
-1

) 

SO2 

BC 

OC 

Burden (mg m
-2

) 

Sulphate 

BC 

OC 

Dust 

Sea salt 

 

107.4 

7.8 

35.8 

 

3.5 

0.17 

1.6 

39.9 

14.2 

 

107.4 

3.3 

35.8 

 

3.4 

0.079 

1.6 

39.9 

14.2 

 

25.7 

3.3 

23.9 

 

1.3 

0.078 

1.2 

39.9 

14.0 

 

12.9 

3.3 

25.3 

 

0.98 

0.077 

1.2 

40.6 

14.0 

 

19.8 

3.3 

24.9 

 

1.1 

0.078 

1.2 

42.7 

14.0 

 

22.2 

4.3 

20.0 

 

1.2 

0.084 

1.1 

42.8 

14.1 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 
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Table 3. Global annual mean differences of aerosol direct (DRF), semi-direct and 694 

indirect (CRF), and net effect at the TOA (FNT) (Positive values mean incoming, 695 

units: W m
-2

) in different simulations
*
. 696 

 SIM1 ΔSIM2 ΔSIM3 ΔSIM4 ΔSIM5 ΔSIM6 

DRF 

SWCF 

LWCF 

CRF 

FNT 

–2.01 

–49.0 

+27.8 

–21.2 

–0.66 

–0.07±0.05 

–0.14±0.2 

+0.03±0.09 

–0.11±0.17 

–0.12±0.28 

+0.27±0.03 

+0.87±0.3 

–0.07±0.08 

+0.8±0.3 

+1.7±0.2 

+0.28±0.05 

+1.3±0.14 

–0.2±0.1 

+1.1±0.1 

+2.0±0.19 

+0.25±0.03 

+1.1±0.17 

–0.19±0.08 

+0.91±0.11 

+1.8±0.14 

+0.3±0.02 

+1.02±0.2 

–0.14±0.1 

+0.88±0.18 

+1.8±0.21 

* DRF, SWCF, LWCF and CRF, and FNT in the SIM1 column are aerosol direct radiative forcing, shortwave, longwave and net 697 

cloud radiative forcing, and net radiation flux at the TOA (units: W m-2) in SIM1, respectively. Values in the ΔSIM2 – ΔSIM6 698 

columns represent the changes of corresponding variables in these simulations vs. those in SIM1. 699 
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Figure captions: 715 

Figure 1. Global distributions of simulated and observed annual mean AOD at 550 716 

nm. (a) Simulation and (b) MODIS&MISR (van Donkelaar et al., 2010). 717 

Figure 2. Global distributions of simulated annual mean aerosol column burdens 718 

(units: mg m
-2

). 719 

Figure 3. Global distributions of difference in simulated annual mean aerosol direct 720 

effect (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 721 

SIM5 − SIM1, and (e) SIM6 − SIM1. 722 

Figure 4. Global distributions of difference in simulated annual mean CCN 723 

concentration at surface (units: cm
-3

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) 724 

SIM4 − SIM1, (d) SIM5 − SIM1, and (e) SIM6 − SIM1. 725 

Figure 5. Global distributions of difference in simulated annual mean column CDNC 726 

(units: 10
10

 m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) SIM5 727 

− SIM1, and (e) SIM6 − SIM1. 728 

Figure 6. Global distributions of difference in simulated annual mean SWCF and 729 

LWCF (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 730 

SIM5 − SIM1, and (e) SIM6 − SIM1. 731 

Figure 7. Global distributions of difference in simulated annual mean aerosol net 732 

effect (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 733 

SIM5 − SIM1, and (e) SIM6 − SIM1. 734 
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Figure 1. Global distributions of simulated and observed annual mean AOD at 550 738 

nm. (a) Simulation and (b) MODIS&MISR (van Donkelaar et al., 2010). 739 
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Figure 2. Global distributions of simulated annual mean aerosol column burdens 775 

(units: mg m
-2
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Figure 3. Global distributions of difference in simulated annual mean aerosol direct 792 

effect (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 793 

SIM5 − SIM1, and (e) SIM6 − SIM1. 794 
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Figure 4. Global distributions of difference in simulated annual mean CCN 814 

concentration at surface (units: cm
-3

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 815 

− SIM1, (d) SIM5 − SIM1, and (e) SIM6 − SIM1. 816 
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Figure 5. Global distributions of difference in simulated annual mean column CDNC 836 

(units: 10
10

 m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) SIM5 − 837 

SIM1, and (e) SIM6 − SIM1. 838 
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Figure 6. Global distributions of difference in simulated annual mean SWCF and 862 

LWCF (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 863 

SIM5 − SIM1, and (e) SIM6 − SIM1. 864 

(a) SIM2 – SIM1 

(b) SIM3 – SIM1 

(c) SIM4 – SIM1 

(d) SIM5 – SIM1 

(e) SIM6 – SIM1 



41 
 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

Figure 7. Global distributions of difference in simulated annual mean aerosol net 880 

effect (units: W m
-2

). (a) SIM2 − SIM1, (b) SIM3 − SIM1, (c) SIM4 − SIM1, (d) 881 

SIM5 − SIM1, and (e) SIM6 − SIM1. 882 


