
ABSTRACT

Open biomass burning (excluding biofuels) is an im-
portant contributor to air pollution in the Asian region.
Estimation of emissions from fires, however, has
been problematic, primarily because of uncertainty
in the size and location of sources and in their tem-
poral and spatial variability. Hence, more compre-
hensive tools to estimate wildfire emissions and that
can characterize their temporal and spatial variabili-
ty are needed. Furthermore, an emission processing
system that can generate speciated, gridded, and
temporally allocated emissions is needed to support
air-quality modeling studies over Asia. For these rea-
sons, a biomass-burning emissions modeling system
based on satellite imagery was developed to better
account for the spatial and temporal distributions of
emissions. The BlueSky Framework, which was de-
veloped by the USDA Forest Service and US EPA, was
used to develop the Asian biomass-burning emissions
modeling system. The sub-models used for this study
were the Fuel Characteristic Classification System
(FCCS), CONSUME, and the Emissions Production
Model (EPM). Our domain covers not only Asia but
also Siberia and part of central Asia to assess the
large boreal fires in the region. The MODIS fire pro-
ducts and vegetation map were used in this study.
Using the developed modeling system, biomass-burn-
ing emissions were estimated during April and July
2008, and the results were compared with previous
studies. Our results show good to fair agreement with
those of GFEDv3 for most regions, ranging from 9.7
% in East Asia to 52% in Siberia. The SMOKE model-
ing system was combined with this system to gene-
rate three-dimensional model-ready emissions em-
ploying the fire-plume rise algorithm. This study sug-
gests a practicable and maintainable methodology for
supporting Asian air-quality modeling studies and to
help understand the impact of air-pollutant emissions
on Asian air quality.
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1. INTRODUCTION

Open biomass burning in Asia is an important con-
tributor to air pollution in the region. Definitions used
for “open biomass burning” in this study is defined as
field biomass burning, such as man-made and/or natu-
ral forest fires and savanna/grassland burning. For cer-
tain pollutants, their emissions comprise approximate-
ly 20-30% of the Asian total emissions (Streets et al.,
2003). Exposure to open biomass burning (e.g., wild-
fire) smoke is associated with increased eye and res-
piratory symptoms, medication use, physician visits,
and exacerbated asthma (Kuenzli et al., 2006). Open
biomass burning also affects the global climate throu-
gh emissions of greenhouse gases and aerosols, and
through the reduction of vegetation cover (Yevich and
Logan, 2003). 

From this viewpoint, it is important to accurately
estimate emissions from open biomass burning using
diverse data and methods. Streets et al. (2003) quanti-
fied the amount of “typical” (i.e., non-year-specific)
emissions from open biomass burning based on pub-
lished ground-based report data. Woo et al. (2003) esti-
mated the contributions of biomass, biofuel, and fos-
sil-fuel sources to the air masses observed during the
TRACE-P experiment. Michel et al. (2005) developed
an emissions inventory of Asian open biomass burn-
ing based on the GBA2000 algorithm. Globally, the
Global Fire Emissions Database, Version 2 (GFEDv2),
which was recently updated to GFEDv3, offers a grid-
ded fire-emissions inventory covering the globe (van
der Werf et al., 2006). However, these studies were
performed based on month-long aircraft field campai-
gns (Michel et al., 2005; Woo et al., 2003) or had re-
latively coarse spatiotemporal resolution (van der Werf
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et al., 2006; Streets et al., 2003). Although the GFED
inventory has been widely used among experts, it is
aimed at global-scale studies, and it supports only 0.5�
gridded data per month. Hence, it has limited fire char-
acteristics for regional-scale studies, especially in terms
of temporal and spatial resolution. 

Thus, a more comprehensive framework is needed
for estimating biomass-burning emissions over Asia.
Accurate temporal and spatial estimates of biomass-
burning emissions, however, are not easy to determine
using conventional statistics because of the random
nature of the fires. Moreover, burning estimates based
on government or institute reports from Asian coun-
tries are quite limited.

The BlueSky Framework, developed by the US For-
est Service (USFS) and the US Environmental Protec-
tion Agency (EPA), is a modeling framework designed
to facilitate the operation of predictive models that
simulate cumulative smoke impact, air quality, and
emissions from forest, agricultural, and range fires. It
is simply a model management framework that offers
the architecture for multiple and varied models to com-
municate with each other in a modular, user-driven
environment (Pryden, 2008). This framework can be
combined with the SMOKE (Sparse Matrix Operator
Kernel Emissions) system, which generates better spa-
tiotemporal distributions of open-burning emissions
and better representation of the vertical structures of
burning plumes. 

The aim of this research is to implement the BlueSky
Framework for modeling Asian biomass-burning emis-
sions to simulate the impact of open biomass burning
on air quality. To accomplish this, biomass-burning
emissions in Asian regions were estimated and a new
Asian fuel map was developed. Finally, the BlueSky
framework was combined with the SMOKE modeling
system to improve the air-quality modeling. This study
suggests a practicable and maintainable methodology
to support Asian air-quality modeling studies and to
help to understand the impact of air-pollutant emissions
on Asian air quality.

2. METHODOLOGY

2. 1  Overview of Implementation of 
the BlueSky Framework for Asia

The method used to calculate emissions was based on
the BlueSky modeling framework. The BlueSky frame-
work allows users to choose one of several models in
each processing step. The models used in this study
were FCCS (Fuel Characteristic Classification System)
for the fuel loading process, and CONSUME and EPM
(Emissions Production Model) for estimating fuel con-

sumption and open-burning emissions, respectively.
The BlueSky-EM (Emissions Model) derived from the
BlueSky framework contains two modules (CONSUME
and EPM) that together are used to estimate emissions
based on the work of Sandberg and Peterson (1984).
The CONSUME total fuel consumption model consi-
ders both flaming and smoldering components, and it
is available for most forests, shrubs, and grasslands
(Ottmar et al., 1993). The EPM model, which estimates
emissions from wildland biomass burns, uses emission
factors for each pollutant to estimate burning emissions
on a per-fire basis. Emission estimates are calculated
on the basis of two combustion stages, and then summ-
ed to estimate total emissions. Equation 1 shows the
emission estimates equation applied to the flaming stage
of a burning period (Sandberg and Peterson, 1984).

EF,t==A×Wf×EFF/TIGN (1)
When TFLAM⁄t⁄TIGN

where EF,t is the flaming-stage emissions; A, burned
area; WF, flaming-stage fuel consumption; EFF, emis-
sion factor for the flaming stage; TFLAM, start time
for uniform flaming; and TIGN, ignition time.

Three mapped fuel loadings are available in this ini-
tial version of the BlueSky framework: the FCCS (Mc-
kenzie et al., 2004; Sandberg et al., 2001), the Hardy
(Hardy et al., 1998), and the National Fire Danger Rat-
ing System (NFDRS) (Burgan et al., 1998). As men-
tioned above, the FCCS fuel loadings were used in this
study because they have a more detailed fuel classifi-
cation scheme than others. 

MODIS (Moderate Resolution Imaging Spectrora-
diometer) instruments on board the Terra and Aqua
satellites provide the fire information (burned area pro-
duct) for the fuel-loading estimates, as well as land
cover data for biomass classification (Land cover type
1-IGBP, International Geosphere-Biosphere Program-
me). We used these satellite measurements to estimate
biomass-burning emissions. 

Although BlueSky is a powerful and flexible frame-
work, it is strongly oriented to application in the Unit-
ed States. In order to build a successful emissions sys-
tem for Asia, the processing of fire information and
the development of a fuel map associated with a fuel
classification based on regional characteristics, fire
characteristics such as fire-plume rise, chemical com-
pounds, as well as the modification of system codes
are required. In addition to all of the Asian countries
considered in the previous study of Streets et al. (2003),
Siberia and Kazakhstan (40N-70N, 60E-180E) were
also included in our biomass-burning emissions do-
main to incorporate the strong Siberian forest fires
(Jeong et al., 2008; Lee et al., 2005; Tanimoto et al.,
2000). Daily emissions from each fire event were used
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to create day-specific input files readable by SMOKE,
which could be easily linked to the SMOKE modeling
system. We estimated biomass-burning emissions dur-
ing April and July 2008 for initial validation.

The overall framework for modeling biomass-burn-
ing emissions in Asia (here we refer to it as BlueSky-
Asia) is shown in Fig. 1. 

2. 2  Fire Information
In this study, we used the MODIS Burned-Area Pro-

duct (MCD45A1) (Roy et al., 2005) to estimate the
emissions from open biomass burning in our domain
for April and July 2008. The MODIS burned-area (BA)
based fire information has a relatively high (i.e., daily)
temporal resolution and medium (i.e., 500-m grid) spa-
tial resolution. MODIS burned-area products use a bi-
directional reflectance model based on a change detec-
tion algorithm to estimate the burned area with a reso-
lution of 500 m (Roy et al., 2002). They are saved daily
as polygons in a cumulative shape file, along with the
associated latitude and longitude information for the
fire polygon center, number of burned area pixels de-
tected, date of detection of the burned area, and the
name of the administrative region. The burned-area
pixels are considered to be part of the same fire event
when they are detected in the same day and area within
a distance of one pixel (500 m). Each fire event is re-
presented by one polygon containing the number of
burned-area pixels detected (total area burned), date of
burning, and geographical location, and this polygon
is used as an input for the plume-rise calculation for

each fire event, as well as for emissions from the bio-
mass-burning calculation. 

Other products available from MODIS are active fire
or thermal anomalies (Aqua: MYD14A2, Terra: MOD
14A2). The MODIS active-fire (AF) product detects
fires in 1-km pixels that are burning at the time of over-
pass under relatively cloud-free conditions using a con-
textual algorithm. The thresholds are first applied to
the observed middle-infrared and thermal-infrared
brightness temperature and then false detections are
rejected by examining the brightness temperature re-
lative to neighboring pixels (Giglio et al., 2003). The
products were downloaded from the NASA anonymous
FTP server (ftp://e4ftl01u.ecs.nasa.gov). A comparison
between burned-area and active-fire products is useful
to understand environmental spatiotemporal fire char-
acteristics and remote-sensing factors. Furthermore, it
can highlight the planning needs for the validation of
the MODIS burned-area product (Roy et al., 2008).
Hence, we discuss and analyze the MODIS fire pro-
ducts for our domain in detail in section 4.

2. 3  Fuel Map
The fuel map is one of the most important pieces of

information for the fuel-loading process to estimate
biomass-burning emissions in the BlueSky Framework.
Although the fuel map in the FCCS (Fuel Characteri-
stic Classification System) is the most comprehensive
one, it was developed to be used in the United States.
For this reason, we have tried to develop a new fuel
map for Asia using the MODIS 2008 land cover pro-
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Fig. 1. Biomass-burning emissions modeling framework for Asia.



duct (MCD12Q1, Land cover type 1-IGBP). The MOD
12Q1 Land Cover Product supplies an IGBP (Interna-
tional Geosphere-Biosphere Programme) land cover
classification map (Belward et al., 1999; Scepan, 1999)
of the globe along with an assessment of the quality
or confidence that is placed in that classification.

Thirteen vegetation classes used in the land cover
map were reclassified to 7 classes to match the FCCS
fuel beds (Table 1). The land cover map was then re-
projected to the Lambert Azimuthal projection to cre-
ate fuel beds with 1-km grid resolution and converted
to a netCDF file, which is the FCCS import format
(Fig. 2).

2. 4  Linking the BlueSky Framework to 
the SMOKE Modeling System

The Sparse Matrix Operator Kernel Emission (SM

OKE) is a processing system that creates model-ready
emissions to support regional-scale atmospheric chem-
ical models such as the Community Multiscale Air
Quality (CMAQ) modeling system (Houyoux et al.,
2007). As explained in Section 2.1, the BlueSky frame-
work is a tool to predict the cumulative impact of emis-
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Table 1. Reclassified vegetation class for fuel-loading pro-
cess in BlueSky Framework.

IGBP vegetation class Reclassified in this study

Evergreen needleleaf forest Evergreen needleleaf forest
Evergreen broadleaf forest Evergreen broadleaf forest
Deciduous needleleaf forest Deciduous needleleaf forest
Deciduous broadleaf forest Deciduous broadleaf forest
Mixed forests Mixed forests
Closed shrublands
Open shrublands
Woody savannas
Savannas Shrub++Savannas++Grass++
Grasslands Croplands
Croplands
Cropland/natural vegetation 
mosaic
Permanent wetlands Wetland Fig. 2. Fuel loading map for FCCS in Asia (2008).

Fig. 3. Chemical speciation (% in mass) of (a) VOCs and (b) PM2.5 for biomass-burning sources.
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PNO3-Primary nitrate aerosol
PMFINE-Fine mode PM
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sions from forest, agricultural, and range fires. By com-
bining these two tools, temporally and spatially accu-
rate open biomass burnings can be modeled, and fur-
thermore, simulation of the impact of emissions on air
quality can be enhanced. 

Biomass-burning emissions are treated as point sour-
ces rather than area sources. This allows the plume-
rise scheme caused by the strong buoyancy of emitted
hot gases to be considered and can provide an oppor-
tunity to examine the effect of plume rise on long-range
transport. To calculate the plume rise from biomass-
burning emissions more realistically, the heat flux out-
put from BlueSky (equation 2) is used to generate a
buoyancy flux using equation 3 (Anderson et al., 2004).

Q==CRTot×CEff×BEff×EEff×h×2000 (2)

where CRTot==Total consumption rate (ton/h)
CEff==Combustion efficiency
BEff==Buoyant efficiency
EEff==Entrainment efficiency
h==Heat of combustion (BTU/lb)
2000==Pounds per ton

F==Q×0.00000258 (3)

where F==buoyancy flux (M4/s3)
Q==heat flux (BTU/h)

Plume rise for open biomass burnings is calculated
using the Briggs plume-rise algorithm. In SMOKE
version 2.2 or higher, the ability to model the plume
rise of wildfires was added. Detailed processes to in-
tegrate the two models (the BlueSky and the SMOKE)
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Fig. 4. Portion of total vegetated area for each region (KOREA: South Korea; OEASIA: Mongolia, North Korea, Taiwan;
SEASIA: Southeast Asia; SASIA: South Asia; KAZ: Kazakhstan).

Fig. 5. Detected burned area pixels based on MODIS burned-area products.
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were implemented based on the work of Pouliot et al.
(2005).

The SMOKE system is also capable of converting
“inventory species” into “model species” through its
chemical speciation process for different chemical me-
chanisms (Houyoux et al., 2007). In our study, a lump-
ed structure mechanism, the Carbon Bond Mechanism
Version IV (CB4), was adopted. Chemical profiles for
VOCs and PM2.5 were applied to the biomass-burning
sources. A selection of VOCs and PM2.5 species are
shown in Fig. 3. The major constituents of the VOCs
and PM2.5 were paraffin and organic aerosols, mostly
due to the emissions from open biomass burning of
forest, savanna, or grassland, and from the burning of
crop residues in fields.

3. RESULTS FROM BLUESKY-ASIA
DEVELOPMENT

3. 1  Development of the Fuel Map and Total
Burned-area Information

We used the MODIS land cover product (MCD12Q1,
Land cover type 1-IGBP) to define the vegetation
classes in our domain. Fig. 4 shows the portion of ve-
getation types for each region based on the MODIS

2008 land cover product. The main vegetation types
are grasslands and croplands, which represent approx-
imately 24% and 23% of the total vegetation area, re-
spectively.

Fig. 5 shows the burned-area pixels detected in our
domain during April and July 2008. The total number
of burned acres was calculated by region using the
MODIS burned-area products (MCD45A1). The regions
included were China, South Korea, Japan, OEASIA
(Other East Asia, including N. Korea, Mongolia, Tai-
wan), SEASIA (South East Asia), SASIA (South Asia),
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Fig. 6. Total burned area for each region (KOREA: South
Korea; OEASIA: Mongolia, North Korea, Taiwan; SEASIA:
Southeast Asia; SASIA: South Asia; KAZ: Kazakhstan; *burn-
ed area for Siberia & KAZ are multiplied by 10-1).
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Fig. 7. Emission estimates of biomass burning for each region in our modeling domain: (a) CO, (b) PM2.5, (c) NMHC.
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Siberia, and KAZ (Kazakhstan) (Fig. 6). For April, the
burned areas were approximately five times larger than
those for July, which was mainly caused by Siberian
fires. It is also shown, that the burned areas of Kaza-
khstan in April were three times larger than those in
July. Overall, the regions included in our domain had
much greater burned areas in April than July, mainly
because of interference from monsoon cloud formation
and rainfall in July.

3. 2  Biomass-burning Emission Estimates
In this study, biomass-burning emissions were esti-

mated using the BlueSky Framework for Asia during
April and July 2008. Even though we have mainly pre-
sented CO emissions, other pollutants like PM2.5 and
NMHC (non-methane hydrocarbons) were also esti-
mated. Fig. 7 presents the estimated biomass-burning
emissions for each region in our domain. The biomass-
burning emissions show a similar spatiotemporal dis-
tribution to the burned areas, which is one of the most
important factors for estimating biomass-burning emis-
sions. High CO emissions were found in OEASIA and
SASIA during April, but these regions showed lower

CO emissions during July. This is because the Asian
monsoon caused smaller burned areas and the cloud
interferences caused less detection in July and thus re-
sulted in lower CO emissions. Relatively, Siberia had
higher CO emissions than other regions during the tar-
get period. PM2.5 and NHMC also show similar spa-
tiotemporal distributions for CO emissions.

3. 3  Initial Air-quality Modeling Using
Developed Model-ready Emissions 

As explained in Section 2.4, emission estimates from
the BlueSky Framework can be easily combined with
the SMOKE modeling system to allow better temporal
and spatial representation of biomass-burning emis-
sions. We created model-ready emissions using the
SMOKE modeling system with the BlueSky Frame-
work for the period April 03-16 and July 14-27 to sup-
port regional-scale chemical-transport modeling. The
modeling periods were selected for regional urban-
scale chemical-transport modeling using CMAQ (MOE,
2009). A series of daily fire emission inventories were
created using the BlueSky framework and the emis-
sions were further processing the SMOKE modeling
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Fig. 8. POA gridded emission from anthropogenic sources and integrated sources of anthropogenic and biomass-burning
sources during the modeling period (A: 03-16 April; B: 14-27 July).
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system using factors. Using temporal profiles from the
SMOKE modeling system, temporally resolved emis-
sions (i.e., at 1-h time intervals) could be generated
from the daily inventories. The chemical speciation
process converts inventory pollutants such as CO, NOx,
VOC, SO2, and PM2.5 into model species using air-
quality models. The spatial processing generally com-
bines the grid specification for the air-quality model
domain with source locations from the inventory file
(Houyoux et al., 2007).

Fig. 8 shows model-ready primary-organic-aerosol
(POA) emissions from anthropogenic sources (Woo
et al., 2012) and integrated sources of anthropogenic
and biomass-burning sources (in this study) during the
modeling period. Spatially, Siberia shows higher POA
emissions from open biomass burning than other re-
gions, and the largest emission occurred during April,
as compared to July. In contrast, emissions from an-
thropogenic sources in both April and July show sim-
ilar levels despite their temporal patterns. In the case
of July, the northern part of Siberia was more affected
by fires compared to April. 

The fire-plume-rise algorithm included in the SMOKE
modeling system can transform each fire event into
three-dimensional hourly emissions. Vertically distri-
buted total POA emissions from open biomass burn-
ing during the entire modeling period were aggregated,
as shown in Fig. 9. From this study, it was found that
effectively no emissions were released beyond the 14th

and 12th vertical layers of the model (approximately
6,000 m and 4,000 m above ground level (AGL)) in
April and July, respectively. Most of the emissions

were located under layer 7, which broadly corresponds
to the altitude ranging from 0 to 1,000 m AGL.

4. EMISSION VALIDATION

4. 1 Comparison of Estimated Emissions
from the BlueSky Framework and from
the Previous Studies 

The biomass-burning CO emission estimates during
April 2008 using the BlueSky framework were com-
pared with those of two previous studies. The first is
the study of Streets et al. (2003), who established a set
of “typical” (i.e., non-year-specific) emissions invento-
ries from open biomass burning for the Asian region
during the mid-1990s to support the ACE-Asia and
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Fig. 9. Vertical distribution of POA emission from biomass burning during modeling period.

Table 2. Comparison of the biomass-burning emissions
calculated in our study with other published estimates in our
domain (April 2008).a

Pollutant and study East Southeast South SiberiaAsia Asia Asia

CO
This work 1.42 0.45 1.43 24.83
GFEDv3 1.30 2.02 1.09 16.34
Streets et al. (2003)b 4.95 4.25 0.75

PM2.5
c

This work 0.16 0.05 0.16 2.53
GFEDv3 0.13 0.18 0.10 1.84

aUnits are Gg/month. bThis study estimated “typical” (non-year-
specific) biomass burning emissions. cNot included in Streets et al.
(2003) reference.
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TRACE-P campaigns. The other is the Global Fire
Emissions Database Version 3 (GFEDv3) inventory
(Giglio et al., 2010; van der Werf et al., 2010). As
shown in Table 2, our results show good to fair agree-
ment with GFEDv3, which is recently updated using
the improved burned area data sets, for most regions
except Southeast Asia, with differences ranging from
9.7% (in East Asia) to 52% (in Siberia). This may be
because they were based on similar remote-sensing
products such as MODIS. The CO emissions estimate
for Southeast Asia from the BlueSky framework app-
ears to be about 78% lower than that from GFEDv3,
because of limited satellite detection due to cloud in-

terference (Fig. 10). In contrast, the estimates by
Streets et al. (2003) were 2.2-3 times those of GFEDv3
or of this study across all of Asia. This difference was
mainly caused by the fire information used for estimat-
ing biomass-burning emissions. The emissions by
Streets et al. (2003) were estimated using ground-based
data from the literature from the 1950s to the 1990s,
which are rather old considering the rapid changes in
population growth and land use throughout Asia. De-
spite the limitations on satellite observations, such as
cloud contamination, biomass-burning emissions de-
rived from remote-sensing data (e.g., satellite measure-
ments) can provide a series of quantitative observations
that have better spatial and temporal distributions than
a “typical” bottom-up emissions inventory. Fig. 11
shows the comparison of daily CO emissions between
our results and those of time-resolved GFEDv3 during
April 2008. Daily emissions from each fire event were
used in this study, whereas monthly emissions were
applied to the GFED inventory. A monthly variation in
the biomass-burning estimation would be good enough
for global-scale modeling but may be too coarse for
regional-scale emissions and transport. 

4. 2  Analysis of Discrepancies with Input
Parameters

4. 2. 1  Comparison of Satellite Data Products
We compared MODIS burned-area products with

MODIS active-fire products during our test case (April
and July, 2008) to check the consistency between two
different fire retrieval algorithms for the same time and
location. We assumed that each active fire had a burn-
ed area of 1 km2, which is equal to the detection reso-
lution.

Fig. 12 shows a comparison between daily burned-
area estimates in our domain using the MODIS active-
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Fig. 10. Distribution of CO emissions estimated from (a)
GFEDv3 and (b) this study during April 2008.

Fig. 11. Comparison of daily variations of CO emissions
between this study and time-resolved GFEDv3 during April
2008.
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fire product from both Aqua and Terra satellites, and
MODIS burned-area products. In theory, they should
be identical. In our test cases, however, burned-area
products showed a much smaller total area burned than
the active-fire products. As mentioned in Section 2.2,
the two MODIS products employ different algorithms
for estimating fire information, which could influence
the spatiotemporal fire characteristics as well as quan-
titative results. The MODIS burned-area algorithm de-
tects the approximate date of burning at a 500-m reso-
lution by locating the occurrence of rapid changes in
the daily surface-reflectance time-series data, whereas
the MODIS active-fire product detects fires in 1-km
pixels that are burning at the time of overpass under
relatively cloud-free conditions (Giglio et al., 2003).
Global evaluation by comparison of the two MODIS
products was described in Roy et al. (2008). We also
compared active-fire products from the same MODIS
sensors in Aqua and Terra to check consistency be-
tween the two datasets with the same retrieval algo-
rithm. Despite using the same retrieval algorithm, the
MODIS sensors in Terra and Aqua produced very dif-
ferent active fires. 

Fig. 13 shows a comparison of the active-fire products
from the MODIS sensors onboard Terra and Aqua for
April and July 2008 periods. The correlation between

the two active-fire products for Siberia and Kazakhstan
was relatively high (0.85⁄R2

⁄0.96) compared to
those for other regions. East Asia, Southeast Asia, and
South Asia, however, exhibited poor correlation be-
tween the two satellite instruments, especially in July
(R2

⁄0.29). The East Asia region displayed much
lower correlation in July than in April, which could be
caused by monsoon and cloud contamination effects.
Giglio et al. (2006) presented a similar case in which
eastern China was classified into a lower cross-correla-
tion region (correlation coefficient of 0.62) in the Terra
/Aqua time series comparisons during July 2002 to
October 2005 (e.g., for Southeast Russia, 0.99; for Sou-
thern Africa, 0.98; for Northern Australia, 0.96). 

4. 2. 2  Burned Area by Vegetation Type
The emission estimates for April and July showed

significant differences by region, as a result of the type
of vegetation burned as well as the area burned. The
upper and lower panels of Fig. 14 show the area burn-
ed by vegetation for April and July, respectively. The
land cover classes representing smaller plants, such
as savannas, grasslands, and croplands, accounted for
most burning over the SASIA (South Asia) and East
Asia regions. In Siberia, however, the main vegetation
types burned differed between April and July. In April,
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Fig. 12. Comparison between MODIS fire products during study periods (upper panel: April 2008; lower panel: July 2008).
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cropland was the main class of vegetation burned, con-
tributing approximately 65% of the total burned area,
but in July, forest was the prevalent class. In Kazakh-
stan, grassland and cropland were the major classes of
vegetation burned and also showed a clear difference
by season.

5. SUMMARY AND CONCLUSIONS 

A biomass-burning emissions modeling system for
Asia using the BlueSky Framework, developed by US
Forest Service (USFS) and the US Environmental Pro-
tection Agency (EPA), was developed to support air-
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Fig. 13. Correlation between Terra and Aqua daily fire pixels for each region during April and July 2008.

Fig. 14. The portion of burned areas for each vegetation type in (a) April and (b) July 2008.
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quality modeling and analysis using the SMOKE mo-
deling system. 

To build a successful emissions system for Asia, the
processing of fire information and the development
of a fuel map associated with fuel classification based
on regional characteristics as well as the modification
of system codes were required. Hence, we used the
MODIS burned-area product (MCD45A1) to estimate
the amount of emissions from open biomass burning
in the Asian region for April and July 2008. We also
developed a new Asian fuel map with 7 FCCS classes
based on the MODIS 2008 land cover product (MCD
12Q1, Land cover type 1-IGBP) to estimate fuel load-
ing over Asia. Moreover, we combined the BlueSky
framework and the SMOKE modeling system to im-
prove air-quality modeling by using more temporally
and spatially accurate biomass-burning emissions.

In this study, biomass-burning emissions of CO,
PM2.5, and NMHC were derived using the BlueSky
Framework for Asia during April and July 2008. Quan-
titative evaluation of our results was conducted by com-
paring them with the emissions estimates of GFEDv3,
which is an inventory widely used among experts, from
month to month. Our results showed good agreement
with the estimates of GFEDv3 for most regions except
for Southeast Asia. This is because they are both based
on the same remote-sensing products such as MODIS.
Furthermore, by comparing MODIS burned-area pro-
ducts with MODIS active-fire products during our test
cases, it was found that the fire emission characteris-
tics were influenced by the different algorithms for
estimating fire information, as well as by monsoon and
cloud contamination effects. Finally, we found that the
emission estimates for April and July showed signifi-
cant differences by region due to the type of vegetation
burned and area burned. 

By integrating the BlueSky framework into the
SMOKE modeling system, daily biomass-burning
emission inventories were transformed into spatiotem-
porally resolved and chemically speciated three-dimen-
sional model-ready emissions, which could be useful
for comprehensive regional-scale atmospheric chemi-
stry models. We hope that the results of this study can
provide better air-quality model input data and further
help to understand the impact of air-pollutant emissions
on Asian air quality.
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