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Abstract 
Distributions and climate impacts of biomass-burning aerosols were simulated by a global aerosol cli-

mate model, SPRINTARS, which was fully coupled to a general circulation model. The model included 
calculations of the direct, semi-direct and indirect effects of aerosols. Seasonal variations of mass concentra-
tions of the main biomass-burning aerosols in the atmosphere, i.e., black carbon, organic matter and sulfate, 
were simulated well around burned regions. The global annual mean radiative forcing by biomass-burning 
aerosols was thereby calculated to be – 0.07 W m-2 at the top of the atmosphere (TOA) and – 0.23 W m-2 at the 
surface through the direct effects. The results indicate that aerosols have sufficient effects to change regional 
climates through strong, negative direct radiative forcing over biomass-burning regions. The global mean 
radiative forcing of the indirect effects due to biomass-burning aerosols is estimated to be nearly 0 W m-2. 
This implies cancellation between the cooling effect of reducing cloud droplet size and warming effect of 
promoting conversion from supercooled water to ice crystals. A weekly aerosol forecasting system with 
SPRINTARS <http://sprintars.net/forecastj.html> includes information on daily aerosol emissions from 
biomass burning retrieved from MODIS hotspot data. 
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1. Introduction 

 
Aerosol particles, suspended particle matter in the 

atmosphere, may have not only a harmful influence on 
human health, e.g., respiratory and allergic diseases, but 
also may lead to climate change through several proc-
esses. One such process is a direct effect in which 
aerosols scatter and absorb solar and thermal radiation. 
Another is an indirect effect in which they alter cloud 
albedo through changes in the particle size and lifetimes 
of cloud droplets and ice crystals acting as cloud con-
densation nuclei and ice nuclei, respectively. Semi-direct 
effects are secondary effects to the direct ones in which 
aerosols, e.g., black carbon (BC) and mineral dust, 
absorb light. The Fourth Assessment Report (AR4) of the 
Intergovernmental Panel on Climate Change (IPCC) 
(Intergovernmental Panel on Climate Change, 2007) 
concluded by assessing past refereed papers that the 
global annual mean radiative forcings due to anthropo-
genic aerosols were –0.5 W m-2 for the direct effects and 
–0.7 W m-2 for the indirect effects. There were, however, 
still large uncertainties in the evaluations of these radia-
tive forcings from –0.1 to –0.9 W m-2 for the direct 
effects and from –0.3 to –1.8 W m-2 for the indirect 
effects. Therefore we need to make more efforts at 

reducing these uncertainties through observational and 
modeling studies to achieve more reliable evaluations of 
past, present, and future climate change. 

Biomass burning is one of the main emission sources 
of black carbon (BC) and organic matter (OM) aerosols. 
It is estimated that about 40% of global total BC emis-
sions are from biomass burning (Bond et al., 2004). They 
occur as a result of both natural (e.g., lightning) and 
anthropogenic causes (e.g., slash-and-burn farming, de-
velopment of plantations, and burning of agricultural 
wastes). In this study, the distributions and climatic 
effects of biomass-burning aerosols were simulated by a 
global aerosol climate model, SPRINTARS (Spectral 
Radiation-Transport Model for Aerosol Species). 

 
2. Model Description 

 
SPRINTARS was coupled to an atmosphere-ocean 

general circulation model (GCM), MIROC (Model for 
Interdisciplinary Research on Climate), developed by the 
Atmosphere and Ocean Research Institute (AORI) / 
University of Tokyo, National Institute for Environ-
mental Studies (NIES), and Japan Agency for Marine- 
Earth Science and Technology (JAMSTEC) (K-1 Model 
Developers, 2004). The horizontal resolution was T106 
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(approximately 1.1◦ by 1.1◦ in latitude and longitude) and 
the vertical resolution was 56 layers. The maximum of 
the time step was 8 min, which became shorter when 
atmospheric conditions were unstable. MIROC was used 
as an atmospheric GCM in this study, and the monthly 
mean sea surface temperature and sea ice data were those 
prescribed by the Hadley Centre Sea Ice and Sea Surface 
Temperature data set (HadISST) (Rayner et al., 2003). 
The present study used the National Centers for 
Environmental Prediction (NECP)/National Center for 
Atmospheric Research (NCAR) reanalysis data produced 
every six hours for nudging the temperature and 
horizontal wind (Kalnay et al., 1996). 

SPRINTARS includes the transport (emission, 
advection, diffusion, sulfur chemistry, wet deposition, 
dry deposition and gravitational settling), radiation, 
cloud, and precipitation processes of all main tropo-
spheric aerosols (BC, OM, sulfate, soil dust and sea salt). 
The radiation scheme in MIROC adopting the two- 
stream discrete ordinate and adding method (Nakajima  
et al., 2000) includes calculation of the aerosol direct 
effect. The scattering and absorption coefficients de-
pending on the wavelength, size distributions and 
hygroscopic growth are considered for each type of 
aerosol. The refractive indices of dry aerosols are 
according to Deepak and Gerber (1983). The model treats 
not only the aerosol mass mixing ratios but also the cloud 
droplet and ice crystal number concentrations as 

prognostic variables, and the nucleation processes of 
cloud droplets and ice crystals depend on the number 
concentrations of each aerosol type. Changes in the cloud 
droplet and ice crystal number concentrations affect the 
cloud radiation and precipitation processes in the model, 
which is the aerosol indirect effect. Takemura et al. (2000, 
2002, 2005, 2009) give details on SPRINTARS. 

The global distributions of BC, organic carbon (OC), 
i.e., the mass of carbon atoms in OM, and SO2 emissions 
that are a precursor of sulfate aerosol from biomass 
burning in this study are delineated by the monthly mean 
data of the Global Fire Emissions Database version 2 
(GFEDv2) which are retrieved from hotspot data 
obtained by the space-borne sensor MODIS (Moderate 
Resolution Imaging Spectrometer) (Randerson et al., 
2005). The global total emissions of BC, OC and SO2 in 
2006 were estimated to be 2.58, 21.4, and 4.09 Tg/year, 
respectively. The distributions and climate effects of 
biomass burning aerosols in this study were analyzed 
through differences between a standard simulation and 
one excluding aerosol emissions from biomass burning in 
2006. 

 
3. Results and Discussion 

 
Figure 1 shows the simulated seasonal mean distri-

butions of OM mass column loading from biomass 
burning. The concentrations are high in central Africa 

 
Fig. 1 Seasonal mean distribution of OM from biomass burning (a) from December to February, (b) from March to 

May, (c) from June to August, and (d) from September to November, simulated by SPRINTARS. 

(a)   BB OM Mass column loading (DEC, JAN, FEB) (b)   BB OM Mass column loading (MAR, APR, MAY) 

(c)   BB OM Mass column loading (JUN, JUL, AUG) (d)   BB OM Mass column loading (SEP, OCT, NOV) 
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(December to February), southern Africa (July to 
September), Central America (April to May), South 
America (August to October), Siberia (May to August) 
and southern Australia (November to December). In 
Southeast Asia, biomass-burning aerosols are emitted on 
the Indochina Peninsula from January to April and in 
Sumatra and Kalimantan Islands from July to December. 
Biomass burning on the Indochina Peninsula, around 
Thailand, is caused mainly by controlled traditional 
slash-and-burn farming, so the amount of emitted aero-
sols is stable every year. On the other hand, most of the 
biomass burnings in Sumatra and Kalimantan Islands are 
uncontrolled, and expand especially under El Niño 
conditions. Figure 1 shows remarkable biomass-burning 
aerosols around Sumatra and Kalimantan Islands because 
of the El Niño from the summer of 2006 to the spring of 
2007. Simulated distributions of BC and sulfate aerosols 
originating from biomass burning are similar to that of 
OM (not shown). SO2 emissions due to biomass burning 
from tropical Southeast Asia are larger than those from 
the savannas, because sulfur-rich peat bog is burned 
(Nichol, 1997). The simulated aerosol optical thickness 
was confirmed to be in reasonable agreement with 
observations, e.g., ground-based remote sensing 
observations, AERONET (Aerosol Robotic Network) 
(Takemura et al., 2002; AeroCom (Aerosol Model Inter-

comparison Project). 
Sulfate and OM scatter solar radiation because of 

their white or colorless particles, therefore their direct 
radiative forcing at the top of the atmosphere (TOA) is 
negative. On the other hand, BC strongly absorbs solar 
radiation and thus has a positive direct radiative forcing 
at TOA. Figure 2 shows the seasonal mean direct radia-
tive forcing at TOA due to biomass-burning aerosols. The 
strong negative forcing primarily corresponds to the high 
aerosol concentrations shown in Fig. 1, which are over  
–1 W m-2 in burned regions in their burning seasons. The 
negative forcing is strong in central and southern Africa, 
Amazon, Siberia and Southeast Asia. Figure 3 shows the 
annual mean direct radiative forcing by biomass-burning 
aerosols at TOA and the surface. The forcing values are 
almost the same between TOA and the surface for OM 
and sulfate aerosols, while the sign is reversed from 
positive at TOA to negative at the surface for BC because 
of strong attenuation by absorbing solar radiation. The 
global annual mean forcing by biomass-burning aerosols 
is calculated to be –0.07 W m-2 at TOA and –0.23 W m-2 
at the surface. The monthly mean forcing over burned 
areas is larger than –10 W m-2 at the surface, and 
furthermore over –50 W m-2 around Sumatra and 
Kalimantan Islands in 2006 (not shown). There was a 
large uncertainty in the IPCC’s estimation of the direct 

Fig. 2 Seasonal mean distribution of direct radiative forcing at TOA under all-sky conditions due to aerosols from 
biomass burning (a) from December to February, (b) from March to May, (c) from June to August, and (d) 
from September to November, simulated by SPRINTARS. 

(a)   BB aerosol direct radiative forcing (DEC, JAN, FEB) (TOA, all-sky)     (b)   BB aerosol direct radiative forcing (MAR, APR, MAY) (TOA, all-sky) 

(c)   BB aerosol direct radiative forcing (JUN, JUL, AUG) (TOA, all-sky)     (d)   BB aerosol direct radiative forcing (SEP, OCT, NOV) (TOA, all-sky) 

W/m2 W/m2 

W/m2 W/m2 
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radiative forcing (Intergovernmental Panel on Climate 
Change, 2007) due to biomass burning aerosols, the 
global mean of which was +0.03±0.12 W m-2. 

BC emitted from biomass burning may be responsible 
for part of the semi-direct effect (e.g., Ackerman et al., 
2000). It has been generally explained that absorption of 
solar radiation due to BC results in heating of the sur-
rounding atmosphere, leading to an increase in the satu-
rated water vapor pressure and stabilization of the 
atmosphere, with a subsequent decrease in cloudiness. 
However, Takemura et al. (submitted to Geophysical 
Research Letters, 2011) indicate that BC can intensify 
instability of the atmosphere and thereby increase cloud 
water and precipitation if BC is concentrated near the 
surface, which is mainly applicable to BC originating 
from fuel consumption. BC from biomass burning is 
injected into the free troposphere through the boundary 
layer due to convection occurring due to the heat of the 
fires, and then it basically stabilizes the atmosphere. 

Biomass-burning aerosols have an indirect effect 
through acting as cloud condensation nuclei (mainly 
sulfate and some species of OM) and as ice nuclei in the 

case of BC. Figure 4 shows changes in cloud droplet and 
ice crystal effective radii by biomass-burning aerosols. 
There is a significant decrease in the cloud droplet effec-
tive radius over areas where the concentrations both of 
biomass-burning aerosols and liquid water content are 
large, i.e., the west coasts of South America and southern 
Africa, leading to larger cloud albedo. Although there are 
no significant regional trends for changes in the ice crys-
tal effective radius, it is increasing due to biomass- 
burning aerosols over almost the entire globe. This may 
be because aerosols transported to the middle and upper 
troposphere act as ice nuclei and then promote conver-
sion from supercooled water to ice crystals, which leads 
to a decrease in cloud albedo for solar radiation and an 
increase in absorption of thermal radiation by ice clouds. 
The global annual mean radiative forcing of the indirect 
effect due to biomass-burning aerosols is estimated to be 
nearly 0 W m-2 because of cancellation between the 
cooling effect of reducing the cloud droplet size and 
warming effect of promoting conversion from super-
cooled water to ice crystals. 

 
 

Fig. 3 Annual mean distribution of direct radiative forcing at (a) TOA and (b) the surface under all-sky conditions due 
to aerosols from biomass burning, simulated by SPRINTARS. 

 
 

Fig. 4 Annual mean changes in the effective radii of (a) cloud droplets and (b) ice crystals at the cloud tops due to 
aerosols from biomass burning, simulated by SPRINTARS. 

(a)   ∆ could droplet effective radius  (BB aerosols) (b)   ∆ ice crystal effective radius  (BB aerosols) 

(a)   BB aerosol direct radiative forcing  (TOA, all-sky) (b)   BB aerosol direct radiative forcing  (survace, all-sky) 
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4. Summary 
 
Distributions and climate forcing of BC, OM and 

sulfate aerosols from biomass burning were simulated on 
a global scale in this study. The results indicated that 
biomass-burning aerosols have sufficient effects to 
change regional climate through strong, negative direct 
radiative forcing. As a practical simulation of bio-
mass-burning aerosols, a weekly aerosol forecasting 
system with SPRINTARS (Takemura, 2009) includes 
information on daily aerosol emissions from biomass 
burning retrieved from MODIS hotspot data. 

 
Acknowledgments 

 
We would like to thank those who contributed to the 

development of SPRINTARS and MIROC. The simula-
tion in this study was performed on the NIES supercom-
puter system (NEC SX-8R). This study was partly 
supported by the Global Environment Research Fund 
(RF-0901) of the Ministry of the Environment of Japan, a 
Grant-in-Aid for Young Scientists (21681001) of the 
Ministry of Education, Culture, Sports, Science, and 
Technology of Japan, and the Mitsui & Co., Ltd. Envi-
ronment Fund (R08-D035). 

 
 

References 
 
Ackerman, A.S., O.B. Toon, D.E. Stevens, A.J. Heymsfield, V. 

Ramanathan and E.J. Welton (2000) Reduction of tropical 
cloudiness by soot. Science, 288: 1042-1047. 

Bond, T.C., D.G. Streets, K.F. Yarber, S.M. Nelson, J.-H. Woo and 
Z. Klimont (2004) A technology-based global inventory of black 
and organic carbon emissions from combustion. Journal  
of Geophysical Research, 109: D14203, doi: 10.1029/ 
2003JD003697. 

Deepak, A. and H.G. Gerber (1983) Report of the Experts Meeting 
on Aerosols and Their Climatic Effects, Report of WCP-55, 
World Meteorological Organization, Geneva, Switzerland. 

Intergovernmental Panel on Climate Change (IPCC) (2007) 
Climate Change 2007: The Physical Science Basis: Contribu-
tion of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change, edited by S. 
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. 
Averyt, M. Tignor and H. L. Miller, 996 pp., Cambridge Univ. 
Press, Cambridge, UK and New York. 

K-1 Model Developers (2004) K-1 coupled GCM (MIROC) 
description. K-1 Technical Report, 1, 34pp. Center for Climate 
System Research, University of Tokyo, Tokyo, Japan. 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. 
Gandin, M. Iredell, S. Saha, G. White, J. Woollen, Y. Zhu, A. 
Leetmaa, R. Reynolds, M. Chelliah, W. Ebisuzaki, W. Higgins, J. 
Janowiak, K.C. Mo, C. Ropelewski, J. Wang, R. Jenne and D. 
Joseph (1996) The NCEP/NCAR 40-year reanalysis project. 
Bulletin of the American Meteorological Society, 77: 437-470. 

Nakajima, T., M. Tsukamoto, Y. Tsushima, A. Numaguti and T. 
Kimura (2000) Modeling of the radiative process in an atmos-
pheric general circulation model. Applied Optics, 39: 
4869-4878. 

Nichol, J. (1997) Bioclimatic impacts of the 1994 smoke haze 
event in Southeast Asia. Atmospheric Environment, 31: 
1209-1219. 

Randerson, J.T., G.R. van der Werf, G.J. Collatz, L. Giglio, C.J. 
Still, P. Kasibhatla, J.B. Miller, J.W.C. White, R.S. DeFries and 
E.S. Kasischke (2005) Fire emissions from C3 and C4 vegeta-
tion and their influence on interannual variability of atmospheric 
CO2 and δ13CO2. Global Biogeochemical Cycles, 19: GB2019, 
doi: 10.1029/2004GB002366. 

Rayner, N.A., D.E. Parker, E.B. Horton, C.K. Folland, L.V. 
Alexander, D.P. Rowell, E.C. Kent and A. Kaplan (2003) Global 
analyses of sea surface temperature, sea ice, and night marine air 
temperature since the late nineteenth century. Journal of 
Geophysical Research, 108, 4407, doi:10.1029/2002JD00 2670. 

Takemura, T., H. Okamoto, Y. Maruyama, A. Numaguti, A. 
Higurashi and T. Nakajima (2000) Global three-dimensional 
simulation of aerosol optical thickness distribution of various 
origins. Journal of Geophysical Research, 105: 17853-17873. 

Takemura, T., T. Nakajima, O. Dubovik, B.N. Holben and S. Kinne 
(2002) Single-scattering albedo and radiative forcing of various 
aerosol species with a global three-dimensional model. Journal 
of Climate, 15: 333-352. 

Takemura, T., T. Nozawa, S. Emori, T.Y. Nakajima and T. 
Nakajima (2005) Simulation of climate response to aerosol 
direct and indirect effects with aerosol transport-radiation model. 
Journal of Geophysical Research, 110: D02202, doi: 
10.1029/2004JD005029. 

Takemura, T. (2009) Development of forecasting system for 
atmospheric aerosols. Tenki, 56: 455-461. (in Japanese) 

 <http://sprintars.net/forecastj.html> 
Takemura, T., M. Egashira, K. Matsuzawa, H. Ichijo, R. O’ishi  

and A. Abe-Ouchi (2009) A simulation of the global distribution 
and radiative forcing of soil dust aerosols at the Last Glacial 
Maximum. Atmospheric Chemistry and Physics, 9: 3061-3073. 

 
 
 
 

Toshihiko TAKEMURA 

 
Toshihiko TAKEMURA is an Associate Professor at
the Research Institute for Applied Mechanics
(RIAM), Kyushu University. He received his
Master of Science in 1999 and Doctor of Science
in 2001 from the Graduate School of Science,
University of Tokyo. He was a research associate

at RIAM, Kyushu University from 2001 to 2006, and a visiting scientist at 
the NASA Goddard Space Flight Center / University of Maryland 
Baltimore County from 2004 to 2005. He has developed a global aerosol 
radiation-transport model, SPRINTARS (http://sprintars.net/) to study 
aerosol-cloud-climate interaction. He received the Yamamoto-Shono 
Award for Outstanding Papers from the Meteorological Society of Japan in 
2002, Young Scientist Award from the International Radiation Commission 
in 2004, Young Scientists’ Prize of the Commendation for Science and 
Technology from the Minister of Education, Culture, Sports, Science and 
Technology of Japan in 2008, Prize for Encouragement from the Japan 
Association of Aerosol Science and Technology in 2009, and Asian Young 
Aerosol Scientist Award from the Asian Aerosol Research Assembly in 
2011. He was a contributing author of the 4th Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC) and a lead author of 
the 5th Assessment Report of the IPCC. 

 
 

(Received 2 February 2011, Accepted 6 September 2011) 


