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ABSTRACT 
 

In this study, the aerosol optical properties and vertical distributions in major biomass-burning emission area of northern 
Indochina were investigated using ground-based remote sensing (i.e., four Sun-sky radiometers and one lidar) during the 
Seven South East Asian Studies/Biomass-burning Aerosols & Stratocumulus Environment: Lifecycles & Interactions 
Experiment conducted during spring 2014. Despite the high spatial variability of the aerosol optical depth (AOD; which at 
500 nm ranged from 0.75 to 1.37 depending on the site), the temporal variation of the daily AOD demonstrated a 
consistent pattern among the observed sites, suggesting the presence of widespread smoke haze over the region. Smoke 
particles were characterized as small (Ångström exponent at 440–870 nm of 1.72 and fine mode fraction of 0.96), strongly 
absorbing (single-scattering albedo at 440 nm of 0.88), mixture of black and brown carbon particles (absorption Ångström 
exponent at 440–870 nm of 1.5) suspended within the planetary boundary layer (PBL). Smoke plumes driven by the PBL 
dynamics in the mountainous region reached as high as 5 km above sea level; these plumes subsequently spread out by 
westerly winds over northern Vietnam, southern China, and the neighboring South China Sea. Moreover, the analysis of 
diurnal variability of aerosol loading and optical properties as well as vertical profile in relation to PBL development, fire 
intensity, and aerosol mixing showed that various sites exhibited different variability based on meteorological conditions, 
fuel type, site elevation, and proximity to biomass-burning sources. These local factors influence the aerosol characteristics 
in the region and distinguish northern Indochina smoke from other biomass-burning regions in the world. 
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INTRODUCTION 

 
Recent studies have emphasized that the biomass-burning 

emissions from Indochina considerably influence the 
regional air quality, long-range transport, cloud formations,  
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atmospheric radiation, hydrological cycle, carbon cycle, and 
climate (e.g., Reid et al., 2012; Lin et al., 2013; Tsay et al., 
2013; Lin et al., 2014). These observations were based on 
satellite observations (e.g., Hsu et al., 2003; Huang et al., 
2011; Campbell et al., 2013; Feng and Christopher, 2013), 
surface remote sensing (Gautam et al., 2013), in situ 
measurements (Tsai et al., 2012; Chuang et al., 2013; Li et 
al., 2013), and modeling studies (Fu et al., 2012) within 
the Seven South East Asian Studies (7-SEAS) framework. 
However, ground-based measurements, which can provide 
strong evidence to support the rationale that biomass-burning 
activities have extensive regional influences, remain limited 
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for this region. 
The biomass-burning activities in the Indochina peninsula 

are possibly attributable to the burning of forests and 
agricultural residue (e.g., Hao and Liu, 1994; Streets et al., 
2003). According to the emission inventory for Asian 
biomass burning reported by Streets et al. (2003), Indochina 
has a strong seasonal variation in the amount of emissions, 
with the highest emissions occurring in March; furthermore, 
this report indicated that forest burning is the largest 
contributor to such emissions. Gautam et al. (2013) also 
reported that considerable biomass-burning activities (i.e., 
satellite fire spots) encompassing Myanmar, Laos, and 
Thailand reach their peak in March. Furthermore, Chuang 
et al. (2013) performed chemical analysis of aerosol samples 
and suggested that biomass-burning aerosols originated 
from smoldering softwood. Moreover, northern Indochina 
features a complex topography and has a high prevalence 
of forest-conversion fires (i.e., deliberate man-made fires), 
whereas southern Indochina has a high prevalence of 
agricultural crop burning. In addition, a larger amount of 
biomass is burned from forests in northern Indochina 
compared with the south (Streets et al., 2003).  

Ground-based remote sensing instruments (i.e., Sun-sky 
photometers and lidar) are powerful tools for quantifying 
smoke haze in terms of aerosol optical properties. Data 
provided by the well-known Aerosol Robotic Network 
(AERONET, Holben et al., 1998) are widely used in aerosol 
research. Using AERONET data, Eck et al. (1999) showed 
that size distributions of biomass-burning aerosols are 
composed of fine smoke particles. Dubovik et al. (2002) 
compared different fire regions and suggested that Boreal 
and Amazonian forest fire smoke are less absorbing than 
grassland-dominated smoke from the African savanna and 
South American cerrado. Furthermore, recent studies have 
investigated aerosol mixtures (Eck et al., 2010), types 
(Giles et al., 2012; Kumar et al., 2014; Sharma et al., 2014), 
and hygroscopicity (Zhang et al., 2015) associated with 
haze particles by using AERONET data sets. For determining 
the vertical profile of smoke aerosols, lidar has proven to be a 
highly effective tool in aerosol characterization experiments. 
For example, Welton et al. (2002) and Campbell et al. 
(2003) studied biomass-burning aerosols emitted from 
African savanna fires by using data from the Micropulse 
Lidar Network (MPLNET). Regarding recent investigations 
of smoke particles in Southeast Asia conducted using lidar, 
the long-range transport of Indochinese biomass-burning 
aerosols over the Dongsha island and Singapore was 
characterized (i.e., Chew et al., 2013; Wang et al., 2013) 
during the 7-SEAS experiments.  

The 7-SEAS/BASELInE (Biomass-burning Aerosols & 
Stratocumulus Environment: Lifecycles & Interactions 
Experiment) was conducted in spring 2013–2015 over 
northern Southeast Asia to further explore numerous key 
atmospheric processes and impacts of biomass burning on 
surface-atmosphere energy budgets during the lifecycles of 
biomass-burning emissions (Lin et al., 2013). In the current 
study, we used AERONET and MPLNET data sets obtained 
from northern Indochina to characterize the aerosol optical 
properties (i.e., loading, absorption, size, types, and profiles) 

for in or near-source regions of biomass burning. Brief 
descriptions of deployments conducted and data used in 
the analysis are presented in Section 2. The analyses of the 
spatiotemporal distribution, vertical distribution, diurnal 
pattern, and optical properties of smoke particles are 
examined in Section 3, and finally a summary is presented 
in Section 4.  

 
SITE DESCRIPTION, MEASUREMENTS, AND 
DATA 
 
Site Description 

Fig. 1 shows the AERONET sites used in this study. In 
addition to original AERONET sites (i.e., Chiang Mai, 
Mukdahan, Dongsha, and Lulin), we deployed four temporary 
sites (i.e., Doi Ang Khang, Maesoon, Luang Namtha, and 
Son La; Table 1) in supporting the 7-SEAS/BASELInE. 
Doi Ang Khang station (Northern Thailand) is located at 
the metrological station, Fang District, Chiang Mai Province. 
It is in a mountain range along the Thai-Myanmar border with 
an elevation of 1536 m above sea level (a.s.l). In addition to 
Sun-sky radiometers, a lidar system was deployed to this site 
during the experiment period. Because this site is surrounded 
by a forest and converted farmland, smoke emitted from 
agricultural burning and forest fires have occasionally been 
observed near the site. Maesoon subdistrict is located at 
the foothills of Doi Ang Khang. Maesoon station (502 m 
a.s.l) is set at the office of the Subdistrict Administrative 
Organization, which is located near a main road. Pollutants 
from transportation might affect this site. Luang Namtha 
(northern Laos; 557 m a.s.l) and Son La (northern Vietnam; 
683 m a.s.l) are situated in a valley surrounded by mountains. 
The population of Son La is approximately 20,000, 
suggesting the site may receive considerable local pollutants. 
The four sites are in mountainous regions, and the degree 
of their influence on mountain–valley breeze depends on 
their geographic locations. 

Those four sites are in a region that constitutes a major 
source of biomass burning emissions over the Indochina 
peninsula. Fig. 2(a) illustrates Moderate Resolution Imaging 
Spectroradiometer (MODIS)-derived fire counts obtained 
from an MCD14ML data set distributed by the NASA Fire 
Information for Resource Management System. The values 
represent the sum of fire counts within a 0.5° × 0.5° grid 
for an intense fire period ranging from March 1 to April 
15, 2014. We observed that the fire spots were highly 
prevalent in mountainous regions with elevations between 
0.5 and 1 km. Fire activities were prevalent in eastern 
Myanmar, at the Thai–Myanmar border, and northern Laos. 
Note that the underrepresentation of fire counts in Northern 
Vietnam is due to cloudy environment (Fig. 2(b)). According 
to the mean wind field of 925 hPa for the same period, the 
observed sites were located a short distance downwind from 
the fire spots and were strongly affected by smoke pollutants. 
 
AERONET Direct-Sun and Inversion Data 

AERONET deployed CIMEL Electronique CE-318 
Sun-sky radiometers to measure the spectral direct-beam 
solar radiation as well as directional diffuse radiation along 
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Fig. 1. Topographic map with the location of AERONET sites in the study domain. 

 

the solar almucantar. The direct-beam solar radiation 
measurements (i.e., direct-sun measurement) were used to 
determine the columnar aerosol optical depth (AOD or τ) 
in eight spectral channels (340–1020 nm) with a temporal 
resolution of approximately 15 min (Holben et al., 1998). 
The uncertainty of the measured AODs, attributed primarily 
to the calibration uncertainty, is 0.01–0.02 with the largest 
uncertainty in the UV (Eck et al., 1999). In this paper, the 
spectral AOD represented by τλ or AODλ, where λ is the 
wavelength in nanometers (nm) and is used to indicate a 
spectrally varying quantity. The Ångström exponent (AE 
or α) is another derived quantity, and it is typically used to 
describe the spectral dependence of the AODs; it is given 
approximately by α = –dlnτλ/dlnλ over a specified wavelength 
range. The AE is commonly used to provide basic information 
on the aerosol size distribution. When sufficient information 
on the spectral AOD and α is available, the fine (submicron; 
radius approximately < 1 µm) and coarse (supermicron; 
radius approximately > 1 µm) AODs at a standard wavelength 
of 500 nm can be distinguished using the AERONET spectral 
deconvolution algorithm (O’Neill et al., 2003). The fine mode 
fraction of AOD (FMF or η) is defined as the ratio of the 
fine mode AOD to the total AOD at a wavelength of 500 nm. 
In addition to aerosol properties, the total column precipitable 
water (PW) in centimeters (cm) can be obtained at a nominal 
wavelength of 940 nm. These data are cloud screened and 
quality assured based on Smirnov et al. (2000). 

In addition to measuring direct solar irradiance, the Sun-
sky radiometer measures the sky radiance at four wavelengths 
(440, 675, 870, and 1020 nm) along the solar almucantar (i.e., 
at a constant solar zenith angle, with varied azimuth angles). 
The solar zenith angles are restricted to > 50° (i.e., in early 
morning and late afternoon). The sky radiance measurements 

are used to retrieve additional columnar aerosol properties 
including the volume size distribution, phase function, real 
and imaginary components of the refractive index, particle 
effective radius (reff), single-scattering albedo (ω), and the 
asymmetry factor (g), which are typically computed using 
AERONET inversion algorithms (Dubovik and King, 2000; 
Dubovik et al., 2006; Holben et al., 2006). The uncertainty 
in the retrieved ω is estimated to be ± 0.03. The absorption 
AOD or τabs for a specific wavelength is calculated as 
follows: τabs = τ × (1 – ω). Similar to α, the wavelength 
dependency of aerosol absorption is typically quantified 
using the absorption Ångström exponent (AAE or αabs), 
expressed as αabs = –dlnτabs(λ)/lnλ. In addition, for absorption-
related inversion products (e.g., ω, τabs, and αabs), the direct-
sun Level 2.0 AOD440 must be greater than 0.4. AERONET 
inversion products are quality assured based on Dubovik et 
al. (2000) and Holben et al. (2006). In the current study, 
only AERONET Version 2 Level 2 direct-sun and inversion 
products were analyzed.  

 
Micropulse Lidar Observations 

The NASA MPLNET project is a federated network of 
ground-based micropulse lidar (MPL) instruments, with 
continuously operating sites worldwide from the tropics to 
midlatitudes and the Arctic and Antarctic regions (Welton 
et al., 2002). The original MPL (Spinhirne et al., 1995) is a 
compact and eye-safe single polarization elastic backscatter 
lidar system capable of supporting long-term measurements 
with a 1-min temporal resolution and 0.075-km vertical 
resolution. It operates at 527 nm, and the laser pulse duration 
is approximately 10 ns with a pulse repletion rate of 2500 Hz 
and output energies in the range of 4–8 µJ pulse–1. Campbell 
et al. (2002) and Welton et al. (2002) described in detail the  
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standard instrument design and Level 1 signal processing. In 
the current study, a new MPL system (532 nm) was deployed 
in the field for the first time. The system was manufactured 
by Sigma Space Corporation, United States, but with 
modifications enabling polarization-sensitive measurements 
for autonomous analysis of aerosol and clouds. 

In the current study, MPLNET Version 2 Level 1.5 data 
sets were used. The Level 1.5 aerosol properties were derived 
using an algorithm proposed by Welton et al. (2000); in 
this algorithm, the AERONET AOD is used as the constraint 
to solve the lidar ratio and the aerosol extinction profile from 
the cloud-screened 20-min signal averages. A daytime mean 
lidar ratio was applied to the calculation of the nighttime 
extinction profile for a single day because AERONET data 
were not available at night. The mean uncertainty in the 
MPLNET-retrieved extinction is ± 0.015 km–1. 
 
RESULTS AND DISCUSSION 
 
Spatiotemporal Variability in AOD 

Biomass-burning aerosols are the predominant type of 
aerosol over Indochina during the spring months. Previous 
studies (e.g., Gautam et al., 2012; Lin et al., 2014) have 
demonstrated the aerosol inter-annual variability of aerosol 
loading over the Indochina peninsula based on MODIS 
monthly AOD. Furthermore, Yen et al. (2013) and Tsay et 
al. (2013) suggested that the inter-annual variability is 
highly correlated with precipitation and large-scale climate 
variability. In the current study, we conducted a climatological 
assessment for seasonal AOD variation based on AERONET 
data. Five AERONET sites (i.e., Chiang Mai Met Station, 
Silpakorn University, Mukdahan, Dongsha Island, and Lulin), 
located in or downwind of Indochinese biomass-burning 
aerosol source regions, were evaluated. In this paper, the 
discussion is focused on the peak AOD in spring induced 
by biomass-burning smoke aerosols. As shown in Fig. 3, all 
AERONET sites in the region show seasonal high AODs in 
March, indicating the regional impact of Indochinese smoke 
haze. The spatial distribution and transport of smoke haze are 
complicated because of the complex terrain (Fig. 1), emission 
intensity (Fig. 2(a)), and different flow patterns in height (low-
level updraft and convergent flow and upper-level westerlies; 
see Lin et al., 2013 for details) in the study domain.  

Traditionally, the Chiang Mai Met Station represents to 
a site with strong influences by biomass burning (mean AOD 
approximately 0.5 in March) in northern Thailand, despite 
the biomass burning aerosols being composed of urban and 
industrial aerosols (Gautam et al., 2012). Compared with the 
AOD in February, three sites (i.e., Chiang Mai Met Station, 
Dongsha, and Lulin) demonstrated significant increases of 
more than double in the AOD, suggesting their high 
potential for Indochinese smoke monitoring. The transport 
of Indochinese smoke aerosols over Lulin and Dongsha 
has been thoroughly studied (i.e., Lin et al., 2013; Wang et 
al., 2013 and the references therein). By contrast, two sites 
(i.e., Silpakorn University and Mukdahan) in southern 
Thailand showed only slight increases in the AOD during 
the peak biomass-burning season, implying that a mixture 
of various aerosols may contribute to their aerosol loading.  T

ab
le

 1
. A

ve
ra

ge
 a

nd
 s

ta
nd

ar
d 

de
vi

at
io

n 
of

 a
er

os
ol

 o
pt

ic
al

 p
ro

pe
rt

ie
s 

ob
ta

in
ed

 f
ro

m
 f

ou
r 

A
E

R
O

N
E

T
 s

ite
s 

ov
er

 n
or

th
er

n 
In

do
ch

in
a 

fo
r 

pe
ri

od
 o

f 
M

ar
ch

 1
 a

nd
 A

pr
il 

15
 in

 
20

14
. r

ef
f_

F
 a

nd
 r

ef
f_

C
 p

re
se

nt
 e

ff
ec

tiv
e 

ra
di

us
 f

or
 f

in
e 

an
d 

co
ar

se
 m

od
e 

pa
rt

ic
le

s.
  

S
ite

 in
fo

rm
at

io
n 

D
ir

ec
t-

su
n 

da
ta

 s
et

In
ve

rs
io

n 
da

ta
 s

et
 

N
 

τ 5
00

 
α 4

40
-8

70
 

P
W

 
η 5

00
 

N
ω

44
0

α a
bs

44
0-

87
0

g 4
40

 
r e

ff
F

(µ
m

) 
r e

ff
C

(µ
m

) 
D

oi
 A

ng
 K

ha
ng

 
(1

9.
93

°N
, 9

9.
05

°E
; 1

53
6 

m
) 

26
31

 
0.

75
 ±

 0
.4

1 
1.

73
 ±

 0
.1

3 
1.

23
 ±

 0
.3

1
0.

95
 ±

 0
.0

3 
71

 
0.

89
 ±

 0
.0

2
1.

48
 ±

 0
.2

5
0.

67
 ±

 0
.0

2 
0.

14
 ±

 0
.0

1 
2.

36
 ±

 0
.4

2 

M
ae

so
on

 
(1

9.
83

°N
, 9

9.
17

°E
; 5

02
 m

) 
10

54
 

1.
37

 ±
 0

.6
5 

1.
75

 ±
 0

.1
2 

2.
24

 ±
 0

.5
2

0.
96

 ±
 0

.0
2 

10
2

0.
86

 ±
 0

.0
2

1.
49

 ±
 0

.1
4

0.
67

 ±
 0

.0
2 

0.
14

 ±
 0

.0
1 

2.
51

 ±
 0

.3
9 

L
ua

ng
 N

am
th

a 
(2

0.
93

°N
, 1

01
.4

2°
E

; 5
57

 m
) 

26
35

 
1.

25
 ±

 0
.5

8 
1.

73
 ±

 0
.1

1 
2.

58
 ±

 0
.6

3
0.

96
 ±

 0
.0

2 
38

 
0.

86
 ±

 0
.0

3
1.

57
 ±

 0
.2

3
0.

68
 ±

 0
.0

2 
0.

14
 ±

 0
.0

1 
2.

52
 ±

 0
.3

7 

S
on

 L
a 

(2
1.

33
°N

, 1
03

.9
1°

E
; 6

83
 m

) 
16

52
 

1.
49

 ±
 0

.6
0 

1.
69

 ±
 0

.1
0 

2.
57

 ±
 0

.4
5

0.
97

 ±
 0

.0
2 

35
 

0.
89

 ±
 0

.0
2

1.
46

 ±
 0

.2
6

0.
69

 ±
 0

.0
3 

0.
16

 ±
 0

.0
1 

2.
59

 ±
 0

.3
7 



 
 
 

Wang et al., Aerosol and Air Quality Research, 15: 2037–2050, 2015 2041

 
Fig. 2. Maps of (a) 0.5° × 0.5° gridded total fire counts , and (b) 1° × 1° aerosol optical depth (shaded) and cloud optical 
depth (contour) at wavelength 550 nm obtained from the MODIS instrument aboard the Terra satellite during March 1 and 
April 15 2014 . The 1° × 1° NCEP reanalysis 925 hPa and 700 hPa winds (vector) are also shown in the figure.  

 

 
Fig. 3. Monthly variation of AOD at the five selected AERONET sites in the northern Southeast Asia. The data was 
downloaded form AERONET climateology data page (Holben et al., 2001) and data period used for statistics are shown in 
the parentheses of legend.  

 

In this study, daily MODIS-terra Level 3 data (MOD08) 
obtained from the Giovanni online data system (http://disc. 
sci.gsfc.nasa.gov/giovanni/) were used to characterize the 
spatial distribution of smoke plumes. Fig. 2(b) shows the 
composite mean AOD and cloud optical depth (COD) at a 
1° × 1° resolution for the study period ranging from March 
1 to April 15, 2014. Furthermore, 700 hPa wind data obtained 
from National Centers for Environmental Prediction 
reanalysis data set (http://www.esrl.noaa.gov/psd/data/gri 
dded/data.ncep.reanalysis.html) are plotted in this figure. 
The high AOD in northern Vietnam and southern China 
consistently overlaps considerably with the high COD (> 12) 
area, indicating possible cloud contamination in satellite-
retrieved AODs over cloudy environments (e.g., Huang et al., 
2011) and an implication for aerosol and cloud interactions 

(e.g., Lee et al., 2014; Lin et al., 2014). In the cloud-free 
region of the Indochina peninsula, high AODs (> 0.8) were 
observed over northern Thailand, Laos, and Vietnam. The 
high AOD over northern Indochina is due to the intense 
fire activities and the accumulation of aerosols because of 
the southerly convergent flows at the surface and the 
terrain blockage in the north.  

Fig. 4 illustrates the daily variation in the AODs measured 
at the four AERONET sites during the experimental period in 
2014. The daily mean AODs for Doi Ang Khang, Maesoon, 
Luang Namtha, and Son La were 0.75, 1.36, 1.24, and 
1.46, respectively. The large difference in the mean AOD 
among the four sites indicates the inhomogeneity of aerosol 
loading in response to site elevations and air mass sources. 
The low AOD observed in Doi Ang Khang is attributable
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Fig. 4. (a)Time series of daily AOD500 at four AERONET sites over northern Indochina from March 1 to April 15, 2014. 
(b) Terra MODIS rapid response image centered on Doi Ang Khang at ~04:00 UTC on 21 March 2014. The image shows 
detected fires (in red), smoke (light gray), and clouds (white) in northern Indochina.  The image was obtained from the 
Land, Atmosphere Near real-time Capability for EOS (LANCE) web site (https://earthdata.nasa.gov/data/near-real-time-
data/rapid-response). 

 

to the site’s relatively high elevation. By contrast, the other 
three valley sites with similar elevation (approximately 600 
m a.s.l) demonstrated considerably higher AODs compared 
with that at the hilltop site. Comparing the AOD trends for the 
four sites, the time evolution of the AOD exhibited highly 
consistent temporal distribution patterns, implying a 
widespread haze smoke over the region (Fig. 4(b)). The major 
variability caused by changes in the magnitude of the AOD is 
mediated by meteorological conditions. For example, a thick 
smoke condition (AOD up to 4.3) was observed on March 
21, 2014. Decreasing mixed layer height (as determined by 
lidar observation) and stable synoptic conditions (i.e., high 
pressure and weak wind speed) on 21 March combined with 
intense forest fires, leading to stagnant air masses, may be 
the main reason for the severity of the haze episode.  
 
Vertical Distribution of Smoke Aerosol 

We studied the aerosol vertical distribution over northern 
Thailand by using MPL aerosol extinction profiles. To 
demonstrate the aerosol evolution in temporal and vertical 
scales, we selected a 6-day period (Fig. 5(a)). The time 
series of the aerosol extinction profile exhibited a diurnal 

cycle associated with PBL development. A shallow mixed 
layer with a height of approximately 1 km occurred in the 
morning, and this height increased with the solar radiation 
intensity. When thermal heating and mountain breeze agitated 
the mixed layer, its maximum height reached 3 km around 
16:00 local time. Higher aerosol extinctions were observed 
in the top of the mixed layer on March 9, 10, and 11. 
According to HYSPLIT back trajectory and MODIS fire 
count analysis (Fig. 5(b)), the upper layer of the aerosol 
distribution originated from forest fires in southeast of Doi 
Ang Khang in the morning or on the previous day. During 
this period, we also observed some high aerosol extinction 
values near the ground (i.e., March 10), suggesting fire 
activities close to the site, which is consistent with in situ 
measurement results (not shown). In Fig. 4, the daily AOD 
showed a slow buildup of haze air masses. The accumulation 
process of aerosol particles occurred successively from 
Day 1 to Day 5, and dissipation of smoke occurred on Day 
6. This suggests that the synoptic scale meteorology (i.e., 
rainfall episodes) may influence in the temporal evolution 
of the regional air quality and its explanation requires 
further investigation in a separate study.  
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Fig. 5. (a) time series of aerosol extinction profiles at Doi Ang Khang from March 7 to March 12, 2014. The three boxes 
represent high aerosol plumes during the period. (b)-(d) HYSPLIT backward trajectories and daily MODIS fire counts 
corresponding to the three boxes. The methodology of five-day backward trajectory can be referred to Wang et al. (2013). 
Trajectory altitudes (based on the mean sea level, in meters) are denoted by the color scale. The daily fire counts data was 
obtained from the 7-SEAS Data Repository (http://www.nrlmry.navy.mil/aerosol_web/7seas/7seas.html). 

 

Regarding the mean aerosol extinction profile for the 
entire period (Fig. 6(a)), we observed that the peak of the 
mean aerosol extinction near the surface was 0.3 km–1, and 
the aerosol height reached 5 km a.s.l. A high standard 
deviation associated with diurnal variability was observed 
in the data set. We also assessed the 3-h mean aerosol 
extinction profile (Fig. 6(b)). In general, aerosol profiles 
changed significantly due to PBL development considered 
as the primary factor; however, diurnal fire emission pattern 
and transport of smoke aerosols from neighboring areas 
can have contributions to the magnitude of aerosol loading 
in different vertical layers. The morning profile (observed 
at 7:00–10:00 local time) showed the lowest aerosol 
extinction. As the biomass-burning emission intensified 
throughout the daytime, the aerosol loading increased and 
peaked in the evening (16:00–19:00). At 13:00–16:00, the 
surface temperature peaked, leading to the formation of an 
adequately mixed smoke layer extending from the surface 
to a height of 2.5 km (~4 km a.s.l). At 16:00–19:00, we 
observed a two-layer structure of aerosol distribution. The 
upper layer may have been caused by the accumulation of 
aerosols near the boundary of temperature inversion layer 
(Nodze et al., 2006) and transport of smoke/dust aerosols 
from upwind areas (i.e., southeast Myanmar) (Gautam et 
al., 2012; Alam et al., 2014). Because of atmospheric cooling 
at night, the descent of the mixing layer constrained smoke 
aerosol to lower levels, leaving the nocturnal mixing layer 
above it (Fig. 5(a)). Throughout the nighttime, the aerosol 
loading exhibited successive declines, suggesting the 

concentration of smoke aerosol was diluted by stronger 
westerly winds at night (3 m s–1 vs. 1.3 m s–1 in the morning) 
and dispersed to downwind areas. 

We compared satellite lidar (Gautam et al., 2012) results 
with the MPL results derived in the current study; we 
determined that both results are highly consistent regarding 
the vertical structure of aerosols, implying that space-borne 
lidar is an effective instrument for obtaining regional aerosol 
pollution in vertical profiles. However, Gautam et al. (2012) 
reported only the nighttime aerosol profile because high data 
quality is obtained at nighttime; therefore, the mechanism of 
strong aerosol diurnal variability over the region is not 
resolved. The results of the current study exhibit an aerosol 
profile with a higher temporal resolution covering both the 
daytime and nighttime, indicating the presence of aerosols 
reaching approximately 5 km a.s.l., which is higher than 
the value (approximately 4 km a.s.l) suggested by Gautam et 
al. (2012). When smoke aerosols move to higher altitudes, 
they have a high potential for long-range transport by 
westerly winds and for being transported to downwind 
areas, such as Son La and the West Pacific (e.g., Lin et al., 
2013). Regarding the quantity of aerosol extinction, a higher 
value was observed for MPL compared with that reported 
by Gautam et al. (2012) (0.27 km–1 vs. 0.16 km–1 at an 
elevation of 2 km a.s.l). The discrepancy is associated with 
a data-sampling problem as well as the statistical methods 
applied to the data sets. A more detailed comparison such 
as evaluating each satellite lidar profile by using MPL 
should be an appealing topic for future study. 
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Fig. 6. (a) mean aerosol extinction profile with stand deviation and (b) mean 3-hr aerosol extinction profiles in local time 
during March 1 and April 15, 2014. 

 

Diurnal Variability of Aerosol Optical Properties 
We investigated the daytime variability of smoke aerosols 

over northern Indochina. Fig. 7 shows the mean hourly 
AOD500, AE440/870, and PW patterns for the four AERONET 
sites. The mean hourly values were calculated from the 
AERONET direct-sun measurement data set for March 1 
and April 15 in 2014. A pronounced daytime pattern was 
observed at Doi Ang Khang; this pattern demonstrated a 
relatively low aerosol loading throughout the morning 
followed by a gradual and steady increase from the forenoon 
through the afternoon and then a peak AOD at approximately 
15:00–16:00. This pattern is highly consistent with the 
integrated aerosol loading observed in the 3-h mean aerosol 
extinction profile obtained using the lidar observation (Fig. 
6(b)), confirming that the high AOD in the afternoon is 
induced by the increased concentration of smoke aerosols at 
the upper level. The peak AOD exhibited a strong correlation 
with the high AE (up to 1.85), indicating that aerosols with 
small particles dominated the increase in AOD. The aerosol 
particles rose to the station elevation, where the content of 
water vapor was considerably lower than measured in the 
valley location. We suggest that the possibility that water 
in the aerosol particles evaporates when the aerosol particles 
are rising, leading to the existence of finer smoke particles. 
Furthermore, Reid et al. (1998) reported that in Brazil, the 
AE value of fresh smoke particles was 2.5 and that of well-
aged smoke particles was 0.5. Therefore, fine aerosol particles 
may be observed in the afternoon at Doi Ang Khang because 
smoke contained relatively fresh particles contributed by 
nearby fires.  

To explore the difference in the diurnal AOD500 patterns 
between the hilltop (i.e., Doi Ang Khang; 1536 m a.s.l) 
and valley sites, we conducted an experiment by deploying 
an AERONET radiometer at Maesoon (502 m a.s.l) in 

2014. The hourly AOD trend for Maesoon was similar to 
that for Doi Ang Khang, except for the morning hours. The 
high AOD in the morning is a typical feature for the three 
valley sites and is related to the smoke aerosol confined 
within the PBL; however, this feature was not observed in 
Doi Ang Khang because it is positioned above PBL in the 
morning. The mean AOD500 of Measoon was 1.8 times 
higher than that of Doi Ang Khang (Table 1). The differences 
between the two sites were 0.61 for AOD and 1.0 cm for 
PW, suggesting that the shallow and thin atmospheric layer 
(thickness of approximately 1 km) contains a large amount 
of smoke aerosols and water vapor. For the 1-km-thick layer, 
the mean aerosol extinction was approximately 0.61 km–1, 
which is double that retrieved using the MPL (approximately 
0.3 km–1) at Doi Ang Khang. The aerosol extinction observed 
by Gautam et al. (2012) was not as high as those observed in 
the current study (i.e., between 0.5 and 1.5 km a.s.l) because 
they calculated a long-term regional average. We suggest that 
a thick aerosol layer at the valley may have considerable 
effects on the atmospheric radiation budget and must be 
explored in the future. Moreover, the two sites showed a 
greater difference in the AE values in the morning; by 
contrast, they showed consistent AE values in the afternoon. 
The higher AE values of Maesoon in the morning are most 
likely caused by the contribution of fresh aerosols from 
biomass burning. In the afternoon, PBL processes provided 
an efficient mechanism to mix aerosols within the layer to 
promote the existence of mainly fine mode aerosols.  

In this paper, we summarized the daytime AOD patterns 
for the three valley sites. An initial AOD value was 
determined according to the aerosol loading before sunrise. 
The increase in the AOD during the morning hours was 
strongly related to man-made fire activities, which continued 
until noon when farmers took a break. Meanwhile, the
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Fig. 7. Daytime diurnal variability of (a) AOD at 500 nm, (b) Angstrom exponent (440–870 nm) and (c) precipitable water 
in cm obtained from four AERONET sites from March 1 to April 15, 2014. 

 

expansion of aerosol mixed layer height induced by solar 
heating enabled smoke aerosols to rise to higher levels. The 
aerosol loading increased with the PBL height and peaked at 
approximately 14:00. The AOD peak time may be delayed 
if transported smoke aerosols arrive at the site (Fig. 7(a), 
Maesoon). The significant decline in the AOD after 14:00 
suggests the dispersion of upper-level smoke plumes by 
stronger westerly winds as well as the descent of the PBL 
height. Among the typical diurnal patterns, we observed a 
distinct AOD pattern for Son La during morning hours. We 
conducted a trajectory analysis (not shown) and determined 
that the high AOD in the morning may be due to the 
contribution of aerosols transported from eastern Vietnam, 
which involved biomass-burning and anthropogenic emission 
sources. The highest mean AOD was observed at Son La 
because of the diversity of emission sources including 
biomass burning, urban, industrial, and transportation.  

Assuming a nearly constant aerosol composition, the 
aerosol size can change with the relative humidity of the 
environment, which is the so-called aerosol hygroscopic 
growth. As depicted in Fig. 7(c), in the dry season in northern 
Indochina, the measured PW remained lower and nearly 
constant (approximately 2.2–2.6 cm) compared with that 
measured in the wet season (approximately 5 cm) at Chiang 
Mai Met Station. The PW measured between 08:00 and 
09:00 and 16:00 and 17:00 for several sites was lower when 
the AE value increased. For the two short periods, we 
determined that more fresh aerosols may be emitted from 
transport and biomass-burning activities. Abundant fresh 
aerosols can absorb water vapor from the air, possibly leading 
to a decline in the PW. For Luang Namtha, a higher PW was 
observed in the early morning. We believe that the higher 
water vapor is related to the local climate condition because 
the site is located in the southern foot of high mountains. 
The lower AE corresponding to the high PW in the morning 
suggests that haze particles experienced hygroscopic growth 
from the night to the early morning. By contrast, the PW 
values remained constant for the Son La site despite the 
significant reduction in the AE values in the afternoon hours. 
This may be attributed to the change in aerosol compositions 
(i.e., invasion of local and urban/industrial pollutants) in 
the air mass.  

Aerosol Optical Properties 
In this section, the optical properties of biomass-burning 

aerosols over northern Indochina are presented and compared 
with those of aerosols from worldwide biomass-burning 
regions. Table 1 shows the statistics of the aerosol optical 
properties from the four AERONET sites in northern 
Indochina from March 1 to April 15, 2014. Key parameters 
from direct-sun and inversion data sets with diverse sampling 
numbers are listed in the table.  

The general characteristics of the biomass-burning aerosols 
over northern Indochina are described according to the four 
AERONET sites. The aerosols are predominantly composed 
of fine mode particles (α440-870 of 1.72, η of 0.96) with 
strong absorption (ω440 of 0.88). The mean columnar aerosol 
loading (τ500) and water vapor (PW) over the region are 
1.22 and 2.16 cm, respectively, suggesting a heavy hazy 
environment during the dry season. However, the sites 
demonstrated slightly different columnar aerosol loading and 
water vapor values because of their geographical locations 
and local meteorological conditions. For example, the lowest 
AOD (0.77) and PW (1.27 cm) were observed at Doi Ang 
Khang because of its higher elevation. Aerosol optical 
properties of Son La (highest AOD, FMF, SSA, reff, and 
lowest α440-870, αabs440-870) were different from those of the 
other sites. As discussed, these dissimilarities were caused 
by diverse emission sources (i.e., biomass-burning and 
urban/industrial aerosols). In general, the optical properties 
of smoke haze measured at Doi Ang Khang were closest to 
the source region and had minimal effects from anthropogenic 
aerosols. Maesoon and Luang Namtha represented aerosol 
characteristics in the valley region, encompassing northern 
Thailand and Laos. Smoke haze over the valley region 
contains highly absorbing aerosols (ω440 of approximately 
0.86). For Son La, the measurement results represented 
aerosol characteristics over the northeast Indochina peninsula, 
suggesting a mixture of biomass-burning and anthropogenic 
aerosols. Therefore, the dynamic properties of the aerosol 
environment over northern Indochina were determined 
according to the spatial distribution of aerosol optical 
properties, which were strongly influenced by local factors 
(e.g., PBL dynamics, local meteorology, and emission 
sectors).  
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AERONET observations of aerosols with ω500 greater than 
0.95 are considered low absorbing aerosols, whereas ω500 
less than 0.88 are considered strong absorbing aerosols. For 
tropical fires, a lower value of ω500 (approximately 0.85) 
indicates fresh aerosol from biomass burning, and when 
the value increases considerably (up to approximately 0.90) 
within 2 h, the aerosol is considered aged aerosol (e.g., 
Abel et al., 2003). Furthermore, black carbon (BC) particles 
have the strongest absorption in the near-infrared region of 
the electromagnetic spectrum, whereas aerosols composed of 
brown carbon (BrC) or organic carbon (OC) exhibit stronger 
absorption in the ultraviolet and visible bands (Eck et al., 
2009). The parameter g is the fraction of the incident 
radiation scattered forward after striking an aerosol. The 
value of g is equal to 1 if 100% of the incident radiation is 
scattered forward, whereas the value of g is equal to 0 if 
one half of the incident radiation is forward-scattered and 
the other half is backscattered. 

Fig. 8 shows aerosol optical properties (i.e., ω, g, and 
τabs) at varying wavelengths at the four AERONET sites. Data 
in the morning and afternoon hours are separately plotted in 
the figure. The results showed that the mean ω440 value was 
approximately 0.88 and that ω decreased with the increase 
in wavelength, suggesting that biomass-burning smoke is an 
absorbing aerosol with a high concentration of BC produced 
by combustion. The lowest ω values, particularly for the 
near-infrared region, were observed at Luang Namtha and 
Maesoon. This suggests that smoke particles with a higher BC 
concentration occurred along the Thai-Laos valley. Moreover, 
the spectral dependence of g at Luang Namtha was lower 
than that at the other sites. We assumed that the southerly 
convergent flows transported anthropogenic pollutants from 
southern Thailand and converged at the two sites (Fig. 2(a)). 
Anthropogenic pollutants containing absorbing aerosols 
can enhance the absorption property of aerosols. However, 
weaker aerosol absorptions (ω44 = 0.89) and similar ω 

spectra were observed at Doi Ang Khang and Son La. The 
weak absorption property suggests the presence of aged 
aerosols from tropical fires or urban/industrial aerosols. Giles 
et al. (2012) reported that identifying the aerosol type by 
using only AERONET data is challenging because of the 
similarity in the optical properties of biomass-burning and 
urban/industrial aerosols. Auxiliary data such as backward 
trajectories, aerosol chemistry, and in situ aerosol 
measurements are useful for further identification, which can 
be conducted in a separate study. All sites exhibited a 
pronounced reduction in the g spectrum as λ increased, and 
this finding is highly consistent with the optical feature of 
biomass-burning aerosols reported by Dubovik et al. (2002). 
The g spectrum showed a stronger decreasing trend for 
afternoon hours than for morning hours. Smoke aerosols in 
the afternoon had weaker forward scattering than they did 
in the morning, particularly in the near-infrared region, 
indicating the presence of smaller particles from either 
fresh or transported aerosols. 

Table 2 shows a comparison of the optical properties of 
aerosols from worldwide major biomass-burning regions. 
According to Giles et al. (2012), the aerosol types can be 
inferred from AERONET data sets by carefully separating 
the aerosol particles according to their absorption properties 
(i.e., ω and αabs) and size (i.e., αext and η). As shown in 
Table 2, the ω440 values for biomass burning aerosols 
varied significantly (ranging from 0.85 to 0.95) for smoke 
originating from distinct regions. Aerosols from the African 
Savanna demonstrated the strongest absorption (generally 
lowest ω) with the strongest spectral dependence, whereas 
those from the boreal forest exhibited the weakest absorption. 
Most of the differences in the absorption magnitude may 
be attributable to numerous factors such as the flaming 
versus the smoldering phases, effect of the fuel moisture 
content, degree of aging of the particles, ambient temperature, 
relative humidity, and fire intensity (Dubovik et al., 2002 

 

 
Fig. 8. AERONET retrieval of aerosol optical properties, (a) single-scattering albedo, and (b) asymmetry factor as change 
with wavelength obtained from four sites over northern Indochina during March 1 and April 15, 2014. Solid line and dash 
lines denote spectral dependence of SSA and asymmetry factor in the morning and afternoon, respectively. 
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and references therein). High BC concentration is typically 
observed in the flaming phase. African Savanna and northern 
Australian grasses emit high concentrations of absorbing 
aerosols which resulting in low ω values. In the current 
study, the data for the Indochina fire smoke suggested that 
flaming phase fires likely produced considerable amounts 
of absorbing aerosols (i.e., BC). Moreover, the mean αabs 
(i.e., 1.5) was within the range of 1.2–1.8 reported by Giles 
et al. (2012) for biomass burning regions. The αabs value of 
BC is approximately 1 for very small particles, whereas 
that of BrC varies from 1.5 to 7 (Hoffer et al., 2006). For 
αext and η, the mean values were calculated from the inversion 
data set and were slightly different from the values shown 
in Table 1 due to fewer number of almucantar inversions 
versus solar measurements. Compared with results from 
Giles et al. (2012), the αext and η values derived in the current 
study were consistent with those in other regions. Overall, 
according to the comparison results, we conclude that the 
biomass-burning aerosols in northern Indochina are distinct 
from those in other regions. For example, Indochina smoke 
may be more absorbing (lower SSA values) than Amazon 
smoke with similar particle size but Indochina smoke may 
contain less BC (lower AAE values) than in sub-Saharan 
Africa and northern Australia smoke. This lower SSA has 
a vital implication for the satellite retrieval of the AOD in 
applying a local smoke model in retrieval algorithms 
(More et al., 2013). 
 
SUMMARY 

 
Northern Indochina is a region with a considerable 

amount of smoke aerosols because of the prevalence of 
man-made fires. In this study, we evaluated aerosol optical 
properties and vertical structure of biomass-burning aerosols 
over northern Indochina by using ground-based remote 
sensing data obtained from the 7-SEAS/BASELInE in 2014. 
We deployed one MPLNET lidar and four AERONET Sun-
sky radiometers for the first time to characterize aerosol 
features over a region encompassing northern Thailand, 
Laos, and Vietnam. The results are summarized as follows: 
● Aerosol loading over Indochina exhibits a highly 

consistent temporal distribution pattern suggesting the 
presence of widespread smoke haze from ground-based 
measurements and satellite-based retrievals. The complex 
terrain and meteorological conditions of the region 
considerably affects aerosol loading. A higher mean τ500 
of ~1.4 is observed at Measoon (in the valley), whereas 
a lower mean τ500 of ~0.75 is observed at Doi Ang Khang 
(hilltop).  

● The optical properties of biomass-burning aerosols over 
northern Indochina indicate abundant fine mode (η500 of 
0.96 and α440/870 of 1.72) mixture of black carbon and 
brown carbon particles (αabs of 1.5) with strong absorption 
(ω440 of 0.88). Slightly stronger absorption (ω440 of 0.86) 
is observed over the Thai-Laos valley. 

● A smoke haze layer is observed and it extends from the 
surface to 5 km a.s.l with strong diurnal variability. The 
result shows in good agreement with satellite lidar 
observation.  
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● A strong diurnal pattern over northern Indochina is 
observed in the columnar aerosol optical data. In general, 
smoke aerosol particles observed in the morning are 
aged and large, whereas those observed in the afternoon 
are relatively fresh and small. The diurnal variability is 
mainly attributable to PBL development, whereas the fire 
intensity and transported smoke adjust the magnitude of 
aerosol loading.  

● The overall aerosol optical characteristic in northern 
Indochina is unique and distinct from those in various 
biomass-burning regions. The results have vital 
implications for the satellite retrieval of biomass-burning 
aerosols over northern Indochina. 
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