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ABSTRACT 
 

Biomass burning (BB) frequently occurs in SouthEast Asia (SEA), which significantly affects the air quality and could 
consequently lead to adverse health effects. The aim of this study was to characterize particulate matter (PM) and black 
carbon (BC) emitted from BB source regions in SEA and their potential of deposition in the alveolar region of human 
lungs. A 31-day characterization of PM profiling was conducted at the Doi Ang Khang (DAK) meteorology station in 
northern Thailand in March 2013. Substantial numbers of PM (10147 ± 5800 # cm–3) with a geometric mean diameter 
(GMD) of 114.4 ± 9.2 nm were found at the study site. The PM of less than 2.5 µm in aerodynamic diameter (PM2.5) 
hourly-average mass concentration was 78.0 ± 34.5 µg m–3, whereas the black carbon (BC) mass concentration was 4.4 ± 
2.6 µg m–3. Notably, high concentrations of nanoparticle surface area (100.5 ± 54.6 µm2 cm–3) emitted from biomass 
burning can be inhaled into the human alveolar region. Significant correlations with fire counts within different ranges 
around DAK were found for particle number, the surface area concentration of alveolar deposition, and BC. In conclusion, 
biomass burning is an important PM source in SEA, particularly nanoparticles, which has high potency to be inhaled into 
the lung environment and interact with alveolar cells, leading to adverse respiratory effects. The fire counts within 100 to 
150 km shows the highest Pearson's r for particle number and surface area concentration. It suggests 12 to 24 hr could be a 
fair time scale for initial aging process of BB aerosols. Importantly, the people lives in this region could have higher risk 
for PM exposure. 
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INTRODUCTION 
 

Carbonaceous particles, an important source emitted 
from biomass burning (BB), are commonly produced from 
the open burning of agricultural residues, slash-and-burn 
practices, grassland and forest fires, and residential combustion 
of biofuels for cooking and heating. Surfaces of these 
carbonaceous particles provide a platform to intermix with 
various chemicals such as metals and organics, which can 
increase the toxicity of the particles. Epidemiological evidence 
shows that particulate matter (PM) at levels typically 
found in urban areas are considered to have adverse health 
effects, including exacerbation of pre-existing respiratory 
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diseases (Kumar et al., 2013; Díaz-Robles et al., 2015). 
For example, Kumar et al. (2013) observed that the 2.3% risk 
of an acute exacerbation of chronic obstructive pulmonary 
disease (COPD) could be increased by a unit increase in 
exposure to PM of less than 2.5 µm in aerodynamic diameter 
(PM2.5). Notably, the prevalence rate of COPD in South Asia 
was 4.2%–9.4% as reported by Lim et al. (2015) in 2015, 
suggesting that characterization of PM emitted by biomass 
burning is urgent for public health. 

PM typically reaches a peak level during the premonsoon 
season (March–April) in Southeast Asia, which is associated 
with biomass burning. Such combustion activities significantly 
contribute to regional PM emissions (Carmichael et al., 
2009; Tsay et al., 2013, 2016). The resultant haze episodes 
cause significant pollution levels, such as PM, that far 
exceed regional air quality standards (Chew and Bhatia, 
2008). The seasonal emissions peak occurs prior to the 
onset of the Asian summer monsoon rains and is prevalent 
over forested regions of the peninsula including Myanmar 
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and northern Thailand (Lin et al., 2013). However, BB 
emissions in SEA have garnered less attention than those 
in other tropical regions (Lin et al., 2013, 2014; Lee et al., 
2016). Additionally, the quantitative contribution of biomass 
burning in Myanmar and Thailand to levels of PM in other 
countries within SEA in relation to local air pollution 
sources remains poorly understood. 

The lungs are the primary port of entry for airborne agents; 
therefore, clearance of deposited foreign materials from 
the lungs is critical for the whole-body defense. Particle 
size is usually categorized according to the penetrating ability 
into the human respiratory system. Briefly, thoracic particles 
(PM of < 10 µm in aerodynamic diameter) can readily 
penetrate and deposit in the tracheobronchial tree (BéruBé 
et al., 2007), whereas fine particles (PM2.5) bypass the 
upper airways and are deposited in the lower and distal 
lung environments (Bai et al., 2001; Monn et al., 2003; 
Patterson et al., 2014). Conspicuously, considerable research 
has been devoted to nanoparticles that can be inhaled into 
the alveolar region due to their unique size fraction. 
Deposition sites of inhaled PM are dependent on the size 
and clearance time of the deposited particles, which varies 
depending on the deposition site (Kristensson et al., 2013). 
Hata et al. (2014) observed that more than 30% of 
combustion-derived PM from the burning of biomass fuel 
had a mass that fell within a range of < 100 nm. Therefore, 
it is important to characterize profiles of PM emitted from 
biomass burning in the SEA region. The objectives of this 
study were to: (1) characterize particulate matter (PM) and 
black carbon (BC) profiles and (2) estimate nanoparticles 
that are able to deposit in the human alveolar region. 
 
METHODS 
 

Physical properties, including the particle size distribution, 

PM2.5, BC mass concentration, and lung-deposited surface 
area of BB aerosols in SEA source region were 
simultaneously measured. The source-region site of the 
BASELInE campaign was located at the Doi Ang Khang 
meteorology station in northern Thailand (DAK; 19.93°N, 
99.05°E, 1536 m above sea level; Fig. 1), which is about 
180 km north of Ching Mai and only 300 m away from the 
border between Myanmar and Thailand (the two major BB 
sources in this region). In the neighboring area, there are 
no significant local industrial emission sources, and it is 
remote from major traffic routes. Field measurements were 
conducted from 1 March to 31 March 2013 (a total of 31 
days), which coincided with the regional intensive BB season. 

A weather transmitter (Vaisala Model WXT-520, Helsinki, 
Finland) logged temperature, relative humidity (RH), ambient 
pressure, wind speed, and wind direction at 4 m above ground 
during the experiment. Meteorological data were recorded 
in one minute time solution and averaged to 1-hour intervals 
for this study. The fire data from MODIS (Moderate 
Resolution Imaging Spectroradiometer) on board NASA’s 
Terra and Aqua satellites provide an unprecedented record 
of global fire activity. In this study, the MOD14 (Terra) 
and MYD14 (Aqua) 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). The 
overpass time for Terra and Aqua are approximately 10:30 
and 13:30 local time, respectively. The daily fire counts 
are calculated from sum of MOD14 and MYD14 data sets. 

During the observation period, for ambient particle 
number/size distributions, a scanning mobility particle 
spectrometer (SMPS, TSI 3936, USA) was used to measure 
particles in the size range of 13.6–736.5 nm. PM2.5 mass 
concentrations were determined by a Tapered Element 
Oscillating Microbalance (TEOM, RP 1400a, USA), and BC 
mass concentrations were monitored with an Aethalometer

 

 
Fig. 1. Gridded population with 2.5 arcminutes spatial resolution of Indochina based on the Gridded Population of the 
World, Version 3 (GPWv3) product (http://sedac.ciesin.columbia.edu/data/set/gpw-v3-population-count). The blue circle 
demotes the location of DAK site. 
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(Magee AE31, USA). In addition, the lung-deposited surface 
area in units of micrometers squared per cubic centimeter 
(µm2 cm–3) was observed with a TSI AeroTrak 9000 (USA). 
All instruments were situated in NASA’s SMART (Surface-
sensing Measurements for Atmospheric Radiative Transfer, 
cf. http://smartlabs.gsfc.nasa.gov) mobile laboratory, which 
provided a well-controlled and thermostatic environment. The 
continuous sampling inlets were all located on the roof of the 
SMART trailer and were at least 5 m above ground level.  

All data are expressed as the mean ± standard deviation 
(SD). The Dancey and Reidy's categorisation of correlation 
coefficients (Pearson's r) was applied here (Dancey and 
Reidy 2004), and r-values of ± 1, ± 0.7–± 0.9, ± 0.4–± 0.6, 
± 0.1–± 0.3 are interpreted as a perfect, strong, moderate and 
weak correlations, respectively. The level of significance 
was set to p < 0.05.  
 
RESULTS AND DISCUSSION 
 
Biomass Burning and PM 

Lowland forests and plantations are burnt annually during 
the dry seasons (March–April and July–October) in South 
Asian areas. To monitor the ambient PM during the biomass-
burning period, in March, 31 days of online monitoring of 
PM was conducted at DAK, which is between the two major 
BB sources in this region (Lin et al., 2014). The average 
temperature was 21.6 ± 2.6C, and the relative humidity (RH) 
was 48.3% ± 22.1% (Fig. S1(a)). The average pressure was 
839.0 ± 1.9 mbar, and wind speed was 5.6 ± 1.9 m s–1 (Fig. 
S1(b)). There was four rainy days on 4–7 March during this 
field campaign. Fig. 2 shows the number of fire incidents 
determined around the monitoring station. For the fire 
events counted within 200 and 500 km from DAK, the overall 
average numbers were 368 ± 372 and 1642 ± 1205 times 
with an increasing trend. The number of fire counts reached 
to a maximum value of 3889 on 20 March. According to a 
historical fire data set, the peak fire day in a year generally 
occurred in the middle of March. The peak date of deliberate 
man-made fires is mostly decided by farmer’s practice 
beside a basic requirement on favorite weather condition.  

As shown in Fig. 3(a), the daily average particle number 
concentrations measured with the SMPS was 10147 ± 5800 
(range, 1756–21741) # cm–3 with a geometric mean density 
(GMD) of 114.4 ± 9.2 nm. For the particle size distribution 
measured by SMPS, the range of GMD was comparable to 
the count median diameter (CMD) centered at 130 nm for 
fresh smoke reported by Reid et al. (2005) and the GMD 
of the accumulation mode (128–190 nm) observed by Rissler 
et al. (2006). The high number concentration and small GMD 
observed in the late afternoon/evening is considered to mainly 
be attributed to peak fire activities (Prins et al., 1998; 
Rissler et al., 2006). 

The mean value ± SD of PM2.5 24hr-average mass 
concentration over the whole observation period was 78.0 
± 34.5 µg m–3, and the 24hr-average PM2.5 ranged from 18.8 
(on 9 March) to 139.1 µg m–3 (on 21 March) (Fig. 3(b)). 
There were 16 days on which the average PM2.5 mass 
concentrations exceeded 50 µg m–3 during the study period, 
accounting for 84% of the total measurement days (19 

measurement days in total). Notably, the highest level of 
the PM2.5 mass concentration was 4-fold the 24-hr PM2.5 
National Ambient Air Quality Standard of 35 µg m–3. 
Similarly, a previous study measured PM2.5 levels in eight 
cities in Thailand during the same study period as the 
present study (March 2013), and found that the highest 
mass concentration of PM2.5 was 209.9 µg m–3 in Mae 
Hong Son with an average concentration of 85 µg m–3 
(Pongpiachan et al., 2013). Chronic and/or acute exposure 
to such high levels of PM2.5 concentrations in this area may 
increase the risk of cardiopulmonary diseases. 

BC is responsible for the importance of BB-derived PM 
as it can effectively absorb light across the entire solar 
spectrum and contributes to the warming effect on the 
radiative budget of the earth (Jacobson, 2001; Wang et al., 
2015; Sayer et al., 2016; Pani et al., 2016). Also, BC could 
play an important role in inhalation toxicity too (Cai et al., 
2014). BC’s morphology is generally fractal and porous, 
and is able to provide lots of reactive sites and large 
surfaces for many heterogeneous reactions. Since the 
changes of surface chemistry could potentially increase 
burden of toxic materials on PM (Oberdörster et al., 1995; 
Dye et al., 2001; Höhr et al., 2002; Latif and Brimblecombe, 
2004). An association between BC and adverse human 
health was recently discovered (Mordukhovich et al., 2015), 
such as cardiopulmonary, cardiovascular, and respiratory 
diseases (Smith et al., 2009; Kupiszewski et al., 2013). 
During this campaign, the average BC concentration observed 
in DAK was 4.4 ± 2.6 µg m–3 (Fig. 3(b)). An Indian study 
observed that the spring BC level was 17.8 µg m–3, which 
is higher than our finding. The difference could be due to 
the monitoring sites and distances to the fire sources. 
According to a review by Reid of carbon apportionment 
studies using thermal evolution techniques, the mean BC 
mass fraction in fresh BB particles was 8% ± 6%, and 
ranged 2%–27% (Reid et al., 2005). Haywood et al. (2003) 
also reported that the mass fraction of BC was 5% in Africa 
(Haywood et al., 2003). Consistently, our results show that 
the mass ratio between BC and PM2.5 mass concentrations 
was between 5.6% and 9.4% (Fig. 3(b)). The results suggest 
that biomass burning was a predominant emission source 
during the sampling period. These high levels of PM 
emissions confirmed that the campaign site is certainly 
located in the source region of biomass burning. Although 
the population in this region (136.3 Pop. km–2) is less 
dense than the coastal area of Indochina (Fig. 1). Children 
have higher potential to expose more air pollutants than 
adults due to children generally breathe more rapidly than 
adults. Additionally, children spend more time outdoors than 
adults, leading to prolonged pollutant exposure. Biologically, 
children are often more susceptible to the health effects of 
air pollution because their immune systems and developing 
organs are still immature. The other vulnerable group to air 
pollutants is elderly. The elderly commonly exists with 
respiratory or cardiac diseases, which is considered to be 
especially sensitive to the harmful effects of air pollution. 
Therefore, reduction of exposure to BB-derived PM among 
susceptible groups, such as elder people and young children, 
should be undertaken for human health protection. 
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 (a)  

 
 (b)  

Fig. 2. (a) Gridded fire counts with 1° spatial resolution in March 2013 from the MODIS instrument aboard the Aqua 
satellite (http://disc.sci.gsfc.nasa.gov/neespi/data-holdings/mod14cm1.shtml). (b) Fire count intensity and time series plots 
of fire counts within 200 and 500 km from DAK by Aqua/MODIS. 

 

Deposition of Nanoparticles in the Alveolar Region 
Several studies also reported that metrics different from 

the currently regulated total emitted particulate mass, such 
as number distribution (Wittmaack, 2007) or surface area 
(Oberdörster et al., 2005, 2007; Levin et al., 2016) could 
be more relevant than mass for determining some possible 
health-related effects, especially for nanoparticles (Burtscher, 
2005; Isella et al., 2008; Löndahl et al., 2009). Therefore, 
to assess the potential risks of exposure to nanoparticles 
emitted from biomass burning in the lung environment, 

particularly the alveolar region, estimation of nanoparticle 
deposition surface area was determined using AeroTrak in 
this study campaign. AeroTrak is using a patented counter-
flow diffusion charger to bring the sampling particles to a 
defined charged state and the corresponding aerosol current 
was detected by a Faraday cup electrometer. By selecting the 
voltage of the “ion trap” to remove excess ions and charged 
aerosol, the measured currents will be proportional to the 
lung deposited surface area concentration in alveolar or 
tracheobronchial region as described by ICRP. To our
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(a)  

 
(b)  

Fig. 3. (a) Total particle number concentration and geometric mean diameter (GMD) measured by SMPS, (b) TEOM’s 
PM2.5 mass concentration, AE31’s black carbon (BC) mass concentration, and their ratio. 

 

knowledge, direct surface area measurements of BB aerosols 
have not been conducted in any previous field study. Fig. 4 
shows that the surface area concentrations of alveolar 
deposition steadily increased to a peak level of 214.9 
µm2 cm–3 on 20 March with an average concentration of 
100.5 ± 54.6 µm2 cm–3 during the sampling period. Previous 
studies have shown in typical urban environments the 
background surface area concentrations of alveolar deposition 
range from 30 to 70 µm2 cm–3 (Ntziachristos et al., 2007; 
Sabbagh-Kupelwieser et al., 2010). On the other hand, Wang 
et al. (2009) reported the ultrafine particles per alveolar 

deposited surface area 63 to 125 µm2 cm–3 on road or 
along roadsides, and Gomes et al. (2012) found the value 
varies between 35 to 89.2 µm2 cm–3 in a major avenue of 
Lisbon, Portugal during a typical week. Although higher 
measurements could be observed for traffic related 
emissions, the values observed in BB source region in this 
study is slightly higher than these reported values. Stoeger 
et al. (2006) indicated that the surface area is an important 
reference unit for assessing causative health effects of 
carbonaceous nanoparticles. Furthermore, an association 
between alveolar deposition in surface area emitted from
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Fig. 4. Lung deposition surface area concentration in the alveolar region measured by TSI AeroTrak, and the normalized 
lung deposition surface area concentration per particle. 

 

candle burning and a change in human lung function was 
observed (Soppa et al., 2014). Together, pulmonary exposure 
to nanoparticles produced from biomass burning may 
increase the risk of developing pulmonary disorders. 

Data provided by AeroTrak not only allowed us to study 
PM-related health impacts but also gave us real-time 
information about PM morphology in combination with 
the particle size distribution measured by SMPS. In the 
present study, we further determined the ratio of the surface 
area concentration of alveolar deposition to the nanoparticle 
number (< 100 nm as determined by SMPS) (Fig. 4). We 
observed that the ratio presented a significantly different 
trend compared to levels of surface area in alveolar 
deposition. The average surface area of alveolar deposition 
per particle (nanoparticle) was 0.025 ± 0.006 µm2 #–1, and 
ranged 0.017–0.038 µm2 #–1. The ratio has the units of 
µm2 particle–1 (nanoparticle) and can be viewed as the 
average nanoparticle surface area in alveolar deposition. As 
to fractals of burned biomass aerosols, more surface area for a 
single size with an identical volume equivalent indicates a 
greater fractal morphology of particles. Nanoparticles tend 
to be short-lived in the ambient atmosphere, since they 
agglomerate and coalesce into larger particles with variable 
morphologies (e.g., spheres and aggregates) (BéruBé et al., 
1999; Avino et al., 2011). It should be noted that the large 
surface area of freshly generated nanoparticles emitted from 
biomass burning is not only available for condensation of 
water molecules but also for gases, for example organic 
vapors, which could have higher particle bioreactivity. 
 
Associations of Fire Counts and PM 

As reported in the literature, the particle number 
concentration and BC mass concentration are potential 
indicators of biomass burning (Zhang et al., 2015). To 

investigate and/or confirm the PM sources during the 
intensive observation period, associations of fire counts 
within different ranges from DAK with the particle number 
concentration, PM2.5, and BC mass concentration and the 
surface area concentration of alveolar deposition were 
evaluated in terms of the correlation coefficients (Pearson's 
r; Tables 1 and 2). It was observed that the optimal r for 
BC was settled in the range of 200 to 250 km around DAK, 
but the difference between BC’s r-values in different ranges 
was relatively minor. While, for both particle numbers and the 
surface area concentration, the optimal rs were located in 
the region of 100 to 150 km around DAK and these findings 
echo the backward trajectory analysis using the NOAA ARL 
HYbrid Single-Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model v.4 (R.R. Draxler and G.D. Rolph, 2003; 
HYSPLIT4 Model access via http://www.arl.noaa.gov/ready/ 
hysplit4.html, Air Resour. Lab., Natl. Oceanic and Atmos. 
Admin., Silver Spring, MD.) (Supplementary Fig. S2). The 
air masses arrived DAK were generally from the West/ 
Myanmar and sampled ground emission around 12 to 24 hr 
before reaching DAK (100–250 km west to DAK), which 
is also observed in the 2015 7-SEAS/BASELInE campaign 
and reported by Sayer et al. (2015). However, the freshly 
emitted BB aerosols would experience the aging processes, 
such as condensation and coagulation, to transform their 
size distribution and particle morphology even during the 
short 24-hr transport. Therefore, comparing to the fairly 
moderate correlations for BC over a wide fire-counting 
range (100–250 km), the optimal high rs were found in the 
closer fire-counting range of 100 to 150 km around DAK 
for both particle numbers and the surface area concentration. 
In addition, this suggests that 12 to 24 hr could be a fair 
time scale for initial aging process of BB aerosols in SEA. 
Similar conclusions were also reported in the literature.
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Table 1. Correlation coefficients (Pearson's r) between fire counts (within different distances from DAK) and total particle 
numbers, PM2.5, BC, and the surface area concentration of alveolar deposition. (The bold figure indicates the highest r 
among the different distances for each category.) 

Dist. < 100 km < 150 km < 200 km < 250 km < 500 km 
PM2.5 0.497* 0.466* 0.432 (p = 0.065) 0.425 (p = 0.070) 0.361 (p = 0.129)
BC 0.586*** 0.603*** 0.615*** 0.624*** 0.593** 
S.A. 0.673*** 0.690*** 0.692*** 0.689*** 0.620*** 

Total N 0.710*** 0.739*** 0.742*** 0.741*** 0.682*** 
*p < 0.05, **p < 0.01, ***p < 0.001. 

 

Table 2. Correlation coefficients (Pearson's r) between fire counts (within different ranges around DAK) and total particle 
numbers, PM2.5, BC, and the surface area concentration of alveolar deposition. (The bold figure indicates the highest r 
among the different ranges for each category.) 

Range 0–50 km 50–100 km 100–150 km 150–200 km 200–250 km 
PM2.5 0.463* 0.509* 0.415 (p = 0.077) 0.356 (p = 0.135) 0.390 (p = 0.099)
BC 0.551*** 0.598*** 0.606*** 0.614*** 0.618*** 
S.A. 0.644*** 0.681*** 0.690*** 0.671*** 0.658*** 

Total N 0.689*** 0.712*** 0.752*** 0.721*** 0.711*** 
*p < 0.05, **p < 0.01, ***p < 0.001. 

 

Zhong and Jang (2014) concluded that the OC of BB 
aerosol becomes less light absorbing after 8–9 hr sunlight 
exposure compared to fresh wood-burning OC. The organic 
material could be profound in fresh BB aerosols in source 
region and were either photo-chemically aged or diluted by 
coating materials while transported. Further, the other 
study also suggest that fresh fractal BB aerosols residing in 
the atmosphere for more than 1 hr could collapse sufficiently 
to be considered spherical (Martins et al., 1998). 

These associations revealed that biomass burning is an 
important emission source of nano- to submicron sized PM. 
Although nano- to submicron sized PM are highly abundant 
in terms of number and surface area, they only contribute 
partially to the mass of the total PM. Thus, PM2.5 only 
show a moderate correlation with the fire counts and the 
correlation decreases with the recoding distance. On the 
other hand, this finding indicates that a significant number 
of nanoparticles emitted from biomass burning in the 
region of the study site can be inhaled into the alveolar 
region. Deposition of particles in the lungs is higher in 
susceptible groups, which could increase particle deposition 
and was proportional to the severity of lung obstruction 
(Hazucha et al., 2013; Patterson et al., 2014). Idolor et al. 
(2011) showed that biomass burning contributes to the 
development of COPD in the Philippines. The surface area 
of which could be associated with increased adverse health 
impacts, and PM mass ought not to be the sole exposure 
metric when assessing the environmental and health effects 
of BB aerosol. Together, biomass burning in the region 
around DAK is an important pollutant source, the human 
health effects of which should be more closely monitored. 
 
CONCLUSIONS 
 

In conclusion, impacts of biomass burning in northern 
Thailand on the regional air quality were investigated in 
spring 2013. It was observed that enormous numbers of PM 

were emitted from biomass burning. Also, approximately 
84% of the PM2.5 mass concentration at DAK in the study 
period was > 50 µg m–3. Very high levels of PM2.5 were 
observed, which was 4-fold the 24-hour PM2.5 National 
Ambient Air Quality Standard. The BC concentration was 
4.4 µg m–3. Biomass burning is an important PM emission 
source in the present study based on results of the BC to 
PM2.5 ratio (5.6%–9.4%) and high correlations of fire counts 
to particle numbers, the surface area concentration of alveolar 
deposition and BC. The correlation coefficients (Pearson's 
r) with fire counts within 200 km from DAK were 0.742, 
0.692, 0.615 (p < 0.001) for particle number, the surface area 
concentration of alveolar deposition and BC, respectively. 
Importantly, the present study provides surface area 
concentrations in the alveolar region in this field campaign 
for the study period. Results show that high concentrations 
of particle surface area (100.5 ± 54.6 µm2 cm–3) emitted 
from biomass burning can be inhaled into the alveolar region. 
These nanoparticles with very fractal structure could be 
deposited in the deeper lung environment, leading to adverse 
respiratory effects. However, the different correlations for 
the fire counts within different ranges suggests the size 
distribution and particle morphology of BB aerosols could 
change considerably within as short as 24-hr transporting 
time. In other words, the total particle number and the 
surface area concentration of alveolar deposition could 
vary dramatically while the PM2.5 still remain as it was. 
Therefore, PM mass may not be the proper exposure 
metric for assessing the health effects in the BB source 
regions. Additional exposure metrics, such as particle 
number and surface area concentration, should be included 
and studied as well.  
 
ACKNOWLEDGMENTS 
 

This work was supported by the National Science Council 
of Taiwan under grant no. NSC 102-2221-E-008-004-MY3 



 
 
 

Chuang et al., Aerosol and Air Quality Research, 16 2897–2906, 2016 2904

and by the Taiwan EPA under contracts no. EPA-103-
U1L1-02-101 and EPA-102-FA11-03-A217. Deployment 
of 7-SEAS/BASELInE in Southeast Asia was supported by 
NASA Radiation Sciences Program, managed by Dr. Hal 
B. Maring. We also thank all assistants from the region 
and many graduate students involved in the site operations, 
data analyses, and technical support for making the 7-
SEAS/BASELInE campaign a success. 
 
SUPPLEMENTARY MATERIAL 
 

Supplementary data associated with this article can be 
found in the online version at http://www.aaqr.org. 
 
REFERENCES 
 
Avino, P., Casciardi, S., Fanizza, C. and Manigrasso, M. 

(2011). Deep investigation of ultrafine particles in urban 
air. Aerosol Air Qual. Res. 11: 654–663. 

Bai, Y., Suzuki, A.K. and Sagai, M. (2001). The cytotoxic 
effects of diesel exhaust particles on human pulmonary 
artery endothelial cells in vitro: Role of active oxygen 
species. Free Radical Biol. Med. 30: 555–562. 

BéruBé, K.A., Jones, T.P., Williamson, B.J., Winters, C., 
Morgan, A.J. and Richards, R.J. (1999). Physicochemical 
characterisation of diesel exhaust particles: Factors for 
assessing biological activity. Atmos. Environ. 33: 1599–
1614. 

BéruBé, K., Balharry, D., Sexton, K., Koshy, L. and Jones, 
T. (2007). Combustion-derived nanoparticles: Mechanisms 
of pulmonary toxicity. Clin. Exp. Pharmacol. Physiol. 
34: 1044–1050. 

Burtscher, H. (2005). Physical characterization of particulate 
emissions from diesel engines: A review. J. Aerosol Sci. 
36: 896–932. 

Cai, J., Yan, B., Ross, J., Zhang, D., Kinney, P.L., 
Perzanowski, M.S., Jung, K., Miller, R. and Chillrud, 
S.N. (2014). Validation of MicroAeth® as a black carbon 
monitor for fixed-site measurement and optimization for 
personal exposure characterization. Aerosol Air Qual. 
Res. 14: 1–9. 

Carmichael, G.R., Adhikary, B., Kulkarni, S., D'Allura, A., 
Tang, Y., Streets, D., Zhang, Q., Bond, T.C., Ramanathan, 
V., Jamroensan, A. and Marrapu, P. (2009). Asian aerosols: 
Current and year 2030 distributions and implications to 
human health and regional climate change. Environ. Sci. 
Technol. 43: 5811–5817. 

Chew, T.L. and Bhatia, S. (2008). Catalytic processes 
towards the production of biofuels in a palm oil and oil 
palm biomass-based biorefinery. Bioresour. Technol. 
99: 7911–7922. 

Dancey, C.P. and Reidy, J. (2004). Statistics without Maths 
for Psychology: Using Spss for Windows. Prentice-Hall, 
Inc. 

Díaz-Robles, L., Cortés, S., Vergara-Fernández, A. and 
Ortega, J.C. (2015). Short term health effects of particulate 
matter: A comparison between wood smoke and multi-
source polluted urban areas in Chile. Aerosol Air Qual. 
Res. 15: 306–318. 

Dye, J.A., Lehmann, J.R., McGee, J.K., Winsett, D.W., 
Ledbetter, A.D., Everitt, J.I., Ghio, A.J. and Costa, D.L. 
(2001). Acute pulmonary toxicity of particulate matter 
filter extracts in rats: Coherence with epidemiologic 
studies in Utah Valley residents. Environ. Health 
Perspect. 109: 395–403. 

Giglio, L., Descloitres, J., Justice, C.O. and Kaufman, Y.J. 
(2003). An enhanced contextual fire detection algorithm 
for MODIS. Remote Sens. Environ. 87: 273–282. 

Gomes, J.F.P., Bordado, J.C.M and Albuquerque, P.C.S. 
(2012). On the assessment of exposure to airborne 
ultrafine particles in urban environments. J. Toxicol. 
Environ. Health Part A 75: 1316–1329. 

Hata, M., Chomanee, J., Thongyen, T., Bao, L., Tekasakul, 
S., Tekasakul, P., Otani, Y. anf Furuuchi, M. (2014). 
Characteristics of nanoparticles emitted from burning of 
biomass fuels. J. Environ. Sci. (China) 26: 1913–1920. 

Haywood, J.M., Osborne, S.R., Francis, P.N., Keil, A., 
Formenti, P., Andreae, M.O. and Kaye, P.H. (2003). 
The mean physical and optical properties of regional 
haze dominated by biomass burning aerosol measured 
from the C-130 aircraft during SAFARI 2000. J. Geophys. 
Res. 108: 8473. 

Hazucha, M.J., Bromberg, P.A., Lay, J.C., Bennett, W., 
Zeman, K., Alexis, N.E., Kehrl, H., Rappold, A.G., 
Cascio, W.E. and Devlin, R.B. (2013). Pulmonary 
responses in current smokers and ex-smokers following 
a two hour exposure at rest to clean air and fine ambient 
air particles. Part. Fibre Toxicol. 10: 58. 

Höhr, D., Steinfartz, Y., Schins, R.P., Knaapen, A.M., Martra, 
G., Fubini, B. and Borm, P.J. (2002). The surface area 
rather than the surface coating determines the acute 
inflammatory response after instillation of fine and 
ultrafine TiO2 in the rat. Int. J. Hyg. Environ. Health 
205: 239–244. 

Idolor, L.F., TS, D.E.G., Francisco, N.A., Roa, C.C., Ayuyao, 
F.G., Tady, C.Z., Tan, D.T., Banal-Yang, S., Balanag, 
V.M., Jr., Reyes, M.T. and Dantes, R.B. (2011). Burden 
of obstructive lung disease in a rural setting in the 
Philippines. Respirology 16: 1111–1118. 

Isella, L., Giechaskiel, B. and Drossinos, Y. (2008). 
Diesel-exhaust aerosol dynamics from the tailpipe to the 
dilution tunnel. J. Aerosol Sci. 39: 737–758. 

Jacobson, M.Z. (2001). Strong radiative heating due to the 
mixing state of black carbon in atmospheric aerosols. 
Nature 409: 695–697. 

Kristensson, A., Rissler, J., Löndahl, J., Johansson, C. and 
Swietlicki, E. (2013). Size-resolved respiratory tract 
deposition of sub-micrometer aerosol particles in a 
residential area with wintertime wood combustion. 
Aerosol Air Qual. Res. 13: 24–35. 

Kumar, N., Liang, D., Comellas, A., Chu, A.D. and Abrams, 
T. (2013). Satellite-based PM concentrations and their 
application to COPD in cleveland, OH. J. Exposure Sci. 
Environ. Epidemiol. 23: 637–646. 

Kupiszewski, P., Leck, C., Tjernström, M., Sjogren, S., 
Sedlar, J., Graus, M., Müller, M., Brooks, B., Swietlicki, 
E., Norris, S. and Hansel, A. (2013). Vertical profiling 
of aerosol particles and trace gases over the central 



 
 
 

Chuang et al., Aerosol and Air Quality Research, 16 2897–2906, 2016 2905

Arctic Ocean during summer. Atmos. Chem. Phys. 13: 
12405–12431. 

Latif, M.T. and Brimblecombe, P. (2004). Surfactants in 
atmospheric aerosols. Environ. Sci. Technol. 38: 6501–
6506. 

Lee, C.T., Ram, S.S., Nguyen, D.L., Chou, C.C.K., Chang, 
S.Y., Lin, N.H., Chang, S.C., Hsiao, T.C., Sheu, G.R., 
Ou-Yang, C.F., Chi, K.H., Wang, S.H. and Wu, X.C. 
(2016a). Aerosol chemical profile of near-source 
biomass burning smoke in Sonla, Vietnam during 7-
SEAS campaigns in 2012 and 2013. Aerosol Air Qual. 
Res. 16: 2603–2617. 

Levin, M., Witschger, O., Bau, S., Jankowska, E., Koponen, 
I.K., Koivisto, A.J., Clausen, P.A., Jensen, A., Mølhave, 
K., Asbach, C. (2016). Can we trust real time 
measurements of lung deposited surface area concentrations 
in dust from powder nanomaterials? Aerosol Air Qual. 
Res. 16: 1105–1117. 

Lim, S., Lam, D.C., Muttalif, A.R., Yunus, F., Wongtim, 
S., Lan le, T.T., Shetty, V., Chu, R., Zheng, J., Perng, D. 
W. and de Guia, T. (2015). Impact of chronic obstructive 
pulmonary disease (COPD) in the Asia-Pacific region: 
the EPIC Asia population-based survey. Asia Pac. Fam. 
Med. 14: 4. 

Lin, N.H., Tsay, S.C., Maring, H.B., Yen, M.C., Sheu, 
G.R., Wang, S.H., Chi, K.H., Chuang, M.T., Ou Yang, 
C.F., Fu, J.S., Reid, J.S., Lee, C.T., Wang, L.C., Wang, 
J.L., Hsu, C.N., Sayer, A.M., Holben, B.N., Chu, Y.C., 
Nguyen, X.A., Sopajaree, K., Chen, S.J., Cheng, M.T., 
Tsuang, B.J., Tsai, C.J., Peng, C.M., Schnell, R.C., 
Conway, T., Chang, C.T., Lin, K.S., Tsai, Y.I., Lee, 
W.J., Chang, S.C., Liu, J.J., Chiang, W.L., Huang, S.J., 
Lin, T.H. and Liu, G.R. (2013). An overview of regional 
experiments on biomass burning aerosols and related 
pollutants in Southeast Asia: From BASE-ASIA and the 
dongsha experiment to 7-SEAS. Atmos. Environ. 78: 1–
19. 

Lin, N.H., Sayer, A.M., Wang, S.H., Loftus, A.M., Hsiao, 
T.C., Sheu, G.R., Hsu, N.C., Tsay, S.C. and Chantara, S. 
(2014). Interactions between biomass-burning aerosols 
and clouds over Southeast Asia: current status, challenges, 
and perspectives. Environ. Pollut. 195: 292–307. 

Löndahl, J., Massling, A., Swietlicki, E., Bräuner, E.V., 
Ketzel, M., Pagels, J. and Loft, S. (2009). Experimentally 
determined human respiratory tract deposition of airborne 
particles at a busy street. Environ. Sci. Technol. 43: 
4659–4664. 

Martins, J.V., Hobbs, P.V., Weiss, R.E. and Artaxo, P. 
(1998). Sphericity and morphology of smoke particles 
from biomass burning in Brazil. J. Geophys. Res. 103: 
32051–32057. 

Monn, C., Naef, R. and Koller, T. (2003). Reactions of 
macrophages exposed to particles <10 microm. Environ. 
Res. 91: 35–44. 

Mordukhovich, I., Lepeule, J., Coull, B.A., Sparrow, D., 
Vokonas, P. and Schwartz, J. (2015). The effect of 
oxidative stress polymorphisms on the association between 
long-term black carbon exposure and lung function 
among elderly men. Thorax 70: 133–137. 

Ntziachristos, L., Polidori, A., Phuleria, H., Geller, M.D. 
and Sioutas, C. (2007). Application of a diffusion charger 
for the measurement of particle surface concentration in 
different environments. Aerosol Sci. Technol. 41: 571–
580. 

Oberdörster, G., Celein, R. M., Ferin, J. and Weiss, B. 
(1995). Association of particulate air pollution and acute 
mortality: Involvement of ultrafine particles? Inhalation 
Toxicol. 7: 111–124. 

Oberdörster, G., Oberdörster, E. and Oberdörster, J. (2005). 
Nanotoxicology: An emerging discipline evolving from 
studies of ultrafine particles. Environ. Health Perspect. 
113: 823. 

Oberdörster, G., Oberdörster, E. and Oberdörster, J. (2007). 
Concepts of nanoparticle dose metric and response 
metric. Environ. Health Perspect. 115: A290. 

Pani, S.K., Wang, S.H., Lin, N.H., Lee, C.T., Tsay, S.C., 
Holben, B.N., Janjai, S., Hsiao, T.C., Chuang, M.T. and 
Chantara, S. (2016). Radiative effect of springtime 
biomass-burning aerosols over Northern Indochina 
during 7-SEAS/BASELInE 2013 campaign. Aerosol Air 
Qual. Res. 16: 2802–2817. 

Patterson, R.F., Zhang, Q., Zheng, M. amd Zhu, Y. (2014). 
Particle deposition in respiratory tracts of school-aged 
children. Aerosol Air Qual. Res. 14: 64–73. 

Pongpiachan, S., Choochuay, C., Chalachol, J., Kanchai, P., 
Phonpiboon, T., Wongsuesat, S., Chomkhae, K., Kittikoon, 
I., Hiranyatrakul, P., Cao, J. and Thamrongthanyawong, S. 
(2013). Chemical characterisation of organic functional 
group compositions in PM2.5 collected at nine 
administrative provinces in Northern Thailand during 
the haze episode in 2013. Asian Pac. J. Cancer Prev. 14: 
3653–3661. 

Prins, E.M., Feltz, J.M., Menzel, W.P. and Ward, D.E. 
(1998). An overview of GOES-8 diurnal Fire and smoke 
results for SCAR-B and 1995 fire season in South 
America. J. Geophys. Res. 103: 31821–31835. 

Reid, J.S., Koppmann, R., Eck, T.F. and Eleuterio, D.P. 
(2005). A review of biomass burning emissions part II: 
intensive physical properties of biomass burning particles. 
Atmos. Chem. Phys. 5: 799–825. 

Rissler, J., Vestin, A., Swietlicki, E., Fisch, G., Zhou, J., 
Artaxo, P. and Andreae, M.O. (2006). Size distribution 
and hygroscopic properties of aerosol particles from 
dry-season biomass burning in Amazonia. Atmos. Chem. 
Phys. 6: 471–491. 

Sabbagh-Kupelwieser, N., Horvath, H. and Szymanski, 
W.W. (2010). Urban aerosol studies of PM size fraction 
with reference to ambient conditions and visibility. 
Aerosol Air Qual. Res. 10: 425–432. 

Sayer, A.M., Hsu, N.C., Hsiao, T.C., Pantina, P., Kuo, F., 
Ou-Yang, C.F., Holben, B.N., Janjai, S., Chantara, S., 
Wang, S.H., Loftus, A.M., Lin, N.H. and Tsay, S.C. 
(2016). In-situ and remotely-sensed observations of 
biomass burning aerosols at Doi Ang Khang, Thailand 
during 7-SEAS/BASELInE 2015. Aerosol Air Qual. Res. 
16: 2786–2801. 

Smith, K.R., Jerrett, M., Anderson, H.R., Burnett, R.T., 
Stone, V., Derwent, R., Atkinson, R.W., Cohen, A., 



 
 
 

Chuang et al., Aerosol and Air Quality Research, 16 2897–2906, 2016 2906

Shonkoff, S.B., Krewski, D., Pope Iii, C.A., Thun, M.J. 
and Thurston, G. (2009). Public health benefits of 
strategies to reduce greenhouse-gas emissions: Health 
implications of short-lived greenhouse pollutants. The 
Lancet 374: 2091–2103. 

Soppa, V.J., Schins, R.P., Hennig, F., Hellack, B., Quass, 
U., Kaminski, H., Kuhlbusch, T.A., Hoffmann, B. and 
Weinmayr, G. (2014). Respiratory effects of fine and 
ultrafine particles from indoor sources-a randomized 
sham-controlled exposure study of healthy volunteers. 
Int. J. Environ. Res. Public Health 11: 6871–6889. 

Stoeger, T., Reinhard, C., Takenaka, S., Schroeppel, A., 
Karg, E., Ritter, B., Heyder, J. and Schulz, H. (2006). 
Instillation of six different ultrafine carbon particles 
indicates a surface area threshold dose for acute lung 
inflammation in mice. Environ. Health Perspect. 114: 
328–333. 

Tsay, S., Hsu, N.C., Lau, W.K.M., Li, C., Gabriel, P.M., 
Ji, Q., Holben, B.N., Judd Welton, E., Nguyen, A.X., 
Janjai, S., Lin, N.H., Reid, J.S., Boonjawat, J., Howell, 
S.G., Huebert, B.J., Fu, J.S., Hansell, R.A., Sayer, A.M., 
Gautam, R., Wang, S.H., Goodloe, C.S., Miko, L.R., 
Shu, P.K., Loftus, A.M., Huang, J., Kim, J.Y., Jeong, 
M.J. and Pantina, P. (2013). From BASE-ASIA toward 
7-SEAS: A satellite-surface perspective of boreal spring 
biomass-burning aerosols and clouds in Southeast Asia. 
Atmos. Environ. 78: 20–34. 

Tsay, S.C., Maring, H.B., Lin, N.H., Buntoung, S., 
Chantara, S., Chuang, H.C., Gabriel, P.M., Goodloe, 
C.S., Holben, B.N., Hsiao, T.C., Hsu, N.C., Janjai, S., 
Lau, W.K.M., Lee, C.T., Lee, J., Loftus, A.M., Nguyen, 
A.X., Nguyen, C.M., Pani, S.K., Pantina, P., Sayer, 
A.M., Tao, W.K., Wang, S.H., Welton, E.J., Wiriya, W. 
and Yen, M.C. (2016). Satellite-surface perspectives of 

air quality and aerosol-cloud effects on the environment: 
An overview of 7-SEAS/BASELInE. Aerosol Air Qual. 
Res. 16: 2581–2602. 

Wang, M., Zhu, T., Zheng, J., Zhang, R.Y., Zhang, S.Q., 
Xie, X.X., Han, Y.Q. and Li, Y. (2009). Use of a mobile 
laboratory to evaluate changes in on-road air pollutants 
during the Beijing 2008 Summer Olympics. Atmos. Chem. 
Phys. 9: 8247–8263. 

Wang, S.H., Welton, E.J., Holben, B.N., Tsay, S.C., Lin, 
N.H., Giles, D., Stewart, S.A., Janjai, S., Nguyen, X.A., 
Hsiao, T.C., Chen, W.N., Lin, T.H., Buntoung, S., 
Chantara, S. and Wiriya, W. (2015). Vertical distribution 
and columnar optical properties of springtime biomass-
burning aerosols over Northern Indochina during 2014 
7-SEAS campaign. Aerosol Air Qual. Res. 15: 2037–2050. 

Wittmaack, K. (2007). In search of the most relevant 
parameter for quantifying lung inflammatory response 
to nanoparticle exposure: Particle number, surface area, 
or what? Environ. Health Perspect. 115: 187. 

Zhang, Y.L., Schnelle-Kreis, J., Abbaszade, G., 
Zimmermann, R., Zotter, P., Shen, R.R., Schafer, K., 
Shao, L., Prevot, A.S. and Szidat, S. (2015). Source 
apportionment of elemental carbon in Beijing, China: 
Insights from radiocarbon and organic marker 
measurements. Environ. Sci. Technol. 49: 8408–8015. 

Zhong, M. and Jang, M. (2014). Dynamic light absorption 
of biomass-burning organic carbon photochemically 
aged under natural sunlight. Atmos. Chem. Phys. 14: 
1517–1525. 

 
 

Received for review, August 12, 2015 
Revised, March 23, 2016 

Accepted, March 24, 2016
 


