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Seasonal variation of aerosol optical properties and dominant aerosol types at Kunming (KM), an urban site in
southwest China, is characterized. Substantial influences of the hygroscopic growth and long-range transport
of biomass burning (BB) aerosols on aerosol optical properties at KM are revealed. These results are derived
from a detailed analysis of (a) aerosol optical properties (e.g. aerosol optical depth (AOD), columnar water
vapor (CWV), single scattering albedo (SSA) and size distribution) retrieved from sunphotometermeasurements
during March 2012–August 2013, (b) satellite AOD and active fire products, (c) the attenuated backscatter pro-
files from the space-born lidar, and (d) the back-trajectories. Themean AOD440nm and extinction Angstrom expo-
nent (EAE440− 870) at KM are 0.42± 0.32 and 1.25± 0.35, respectively. Seasonally, high AOD440nm (0.51± 0.34),
low EAE440− 870 (1.06 ± 0.34) and high CWV (4.25 ± 0.97 cm) during the wet season (May – October) contrast
with their counterparts 0.17 ± 0.11, 1.40 ± 0.31 and 1.91 ± 0.37 cm during the major dry season (November–
February) and 0.53±0.29, 1.39± 0.19, and 2.66± 0.44 cm in the late dry season (March–April). These contrasts
between wet and major dry season, together with the finding that the fine mode radius increases significantly
with AOD during the wet season, suggest the importance of the aerosol hygroscopic growth in regulating the
seasonal variation of aerosol properties. BB and Urban/Industrial (UI) aerosols are two major aerosol types.
Back trajectory analysis shows that airflows on clean days during the major dry season are often from west of
KM where the AOD is low. In contrast, air masses on polluted days are from west (in late dry season) and east
(in wet season) of KM where the AOD is often large. BB air mass is found mostly originated from North Burma
where BB aerosols are lifted upward to 5 km and then subsequently transported to southwest China via prevail-
ing westerly winds.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric aerosols from natural and anthropogenic sources have
important impacts on climate, air quality and human health. To under-
stand these impacts, it is essential to characterize aerosol optical, phys-
ical, and chemical properties at different locations because of their
highly temporal variability and spatial inhomogeneity. Ground-based
remote sensing of aerosols is one of the important tools in accurately
characterizing column-integrated aerosol optical and physical proper-
ties. Ground-based network of remote sensing aerosol optical proper-
ties using sunphotometer goes back to 1960s in America and Europe
(Volz, 1965; Holben et al., 2001 and references therein). Several
ospheric Physics, CAS, China.
international and regional ground-based sunphotometer networks
have been established during recent decades, for example, the Aerosol
Robotic Network (AERONET) (Holben et al., 1998), SKYradiometer NET-
work (Uchiyama et al., 2005), the Global Atmosphere Watch Precision
Filter Radiometer network (Wehrli, 2005), and China Aerosol Remote
Sensing Network (CARSNET) (Che et al., 2009). The data have been
widely used by the aerosol community to characterize aerosol optical
properties, to evaluate satellite retrievals and model simulations, and
to study aerosol effects on climate (Holben et al., 2001).

Column-integrated aerosol optical and physical properties based on
ground-based remote sensing data were widely studied in east China
(Xia et al., 2007), the North China Plain(Che et al., 2014; Xia et al.,
2005) and the Tibetan Plateau (Huang et al., 2007; Li et al., 2011 and ref-
erences therein). Xia et al. (2005) showed that themonthly mean aero-
sol optical depth (AOD) at 750 nm in spring could range from 0.32 to
0.68 in North China. In the urban region of North China Plain, AOD
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seasonal variation can be more distinct and the annual mean AOD at
550 nm can reach 0.8 (Li et al., 2007). Equally high values of the annual
mean AOD were also observed over south China, such as 0.7 in the Si-
chuan Basin (Luo et al., 2001; Tao et al., 2013).While the atmosphere
over the Tibetan Plateau is pristine in general, it can be occasionally
affected by long-range transport of dust aerosols from the Taklimakan
Desert in summer and anthropogenic aerosols from South Asia in spring
(Huang et al., 2007; Xia et al., 2008). However, the study of ground-
based remote sensing of aerosol optical properties in southwest China
is still quite limited.

It is expected that aerosol properties in southwest China should be
quite different from those in other regions of China because of differ-
ences in topography, regional climate, and aerosol sources. Due to the
high elevation (exceeding 1 km) and the low latitude, the climate in
southwest China is characterized by a few interesting features, for ex-
ample, year-long intense solar radiation and large diurnal variation,
small monthly variations of temperature and the two distinct seasons,
namely thewet season (May–October)which contributes 85%of the an-
nual rainfall (Qin et al., 2010) and the dry season (November–April)
with an average of 20 days of sunshine in a month. It therefore can be
hypothesized that the aerosol hygroscopic processmay render different
aerosol properties between the dry and wet seasons.

Biomass burning (BB) in Asia is an important contributor to air pol-
lution in the region (Streets et al., 2003; Sahu and Saxena, 2015). Many
studies show its influence on regional gaseous pollutant (Zhao et al.,
2015) and aerosol properties such as particle matter (PM) concentra-
tion and chemical compositions (Deka and Hoque, 2014; Wang et al.,
2015). Although some studies found that aerosol and gases from BB in
South and Southeast Asia can be transported to Southeast China and
the northwestern Pacific (Zhang et al., 2012; Jacob et al., 2003), few
studies highlighted possible impact of emission from South and South-
east Asia on air quality and regional climate in southwest China. On the
basis of aerosol chemical speciation data (Hao and Liu, 1994; Streets
et al., 2003), the BB aerosols from long-range transport are found in
southwest China. However, the impact of such transport on the
column-integrated aerosol optical properties in southwest China is lim-
ited in part due to the lack of ground-based observations. To overcome
this limitation and evaluate the importance of aerosol hygroscopicity in
regulating the characteristics of aerosol properties, in 2012 we have
established a sunphotometer site at Kunming (KM), the capital of
Yunnan Province, southwest China.

This study presents, for the first time, the ground-based
sunphotometermeasurements of aerosol optical properties and aerosol
types at KM in southwest China, including their seasonal variations and
the attribution of different processes (such as long-range transport vs.
local emission and hygroscopicity) to these variations. While accurate,
sunphotometer measurements are nevertheless taken at only one loca-
tion (point) and hence lack spatial coverage. To tackle this challenge, a
combined analysis of aerosol data from ground-based and satellite
remote sensing measurements as well as the back-trajectories is
conducted. The data and methods are introduced in Section 2.
Sections 3 and 4 present the results of aerosol properties and process
analysis, respectively. The discussion and conclusions are given in
Section 5.

2. Site, data and methodology

2.1. Site

The sunphotometer site (25.01°N, 102.65°E) is located west of KM,
with an elevation of 1889 m a.s.l. The instrument is established at the
observation field of the Kunming Xishan district Meteorological bureau.
This field is surrounded by grass and crops without serious pollution
sources nearby. For the mean climate, there are two abrupt jumps of
themonthly precipitation.Monthly precipitation increases dramatically
from 24 cm in April to 98 cm in May and decreases from 80 cm in
October to 42 cm in November (Qin et al., 2010) that is associated
with monsoon onsets in May and withdraws in October (Yan et al.,
2013).

Fig. 1 shows the seasonal wind, pressure and relative humidity (RH)
at surface (995 sig level) of the National Center of Environmental Pre-
diction (NCEP) reanalysis monthly data in wet and dry seasons during
2012–2013. The southwest and southeast winds are the prevailing
winds in both seasons, and the westerly wind speed is normally larger
than the easterlywind. The RH is about 90% and 70% inwet and dry sea-
son, respectively. Interestingly, KMon average is at the north edge of the
inter-tropical convergence zone (ITCZ) in its wet season (Fig. 1), and
hence, both the emission and the transport of aerosol from the south
of KM have strong seasonal variations. Since biomass burning events
occurred more frequently in the late of dry season (also the transition
period from dry to wet) in Southeast Asia, we further divide the period
of November–April (the dry season) into the major dry (November–
February: dry1) and late dry (March–April, also biomass burning
period: dry2) seasons.

2.2. Data

2.2.1. Aerosol optical properties from CE-318 sunphotometer observation
The column-integrated aerosol optical properties are derived from

CE-318 sunphotometer measurements at KM from March 2012 to Au-
gust 2013. Therefore, the observations in March–August are from two
years, and the othermonths fromone year. The instrument performsdi-
rect sun extinction measurements at 340, 380, 440, 500, 675, 870, 940
and 1020 nm and sky radiance measurements at 440, 675, 870, and
1020 nm (the nominal wavelength). The sun direct measurements at
340, 380, 440, 500, 675, 870 and 1020 nmwavelengths are used to cal-
culate AODs based on Beer Law. Measurements at 940 nm are used to
derive the columnar water vapor (CWV) in centimeters (Holben et al.,
1998). Aerosol microphysical and optical properties like size distribu-
tions, refractive indices, and single scattering albedos (SSA) were re-
trieved by using sky radiance almucantar measurements and direct
sun measurements following the AERONET procedures described in
Dubovik and King (2000) and Dubovik et al. (2006). The cloud-
screened algorithm of Smirnov et al. (2000) is adopted to produce
Level 1.5 aerosol products. The suspicious Level 1.5 aerosol products
are finally quality controlled using surface meteorological data.

The instrumentwas calibrated before and after the observation peri-
od using the calibration facility of Chinese Academy of Meteorological
Sciences (Che et al., 2009; Tao et al., 2014).The sun direct calibration
wasmade via inter-comparisonwith themaster sunphotometers at Bei-
jing. The master sunphotometers were calibrated using the Langley
method at either the Izaña, Spain (28.31°N, 16.50°W, 2391.0 m a.s.l)
or the Mauna Loa, USA (19.54°N, 55.58°W, 3397.0 m a.s.l) (Che et al.,
2014). The sphere calibration methods and protocols for the CARSNET
have been described by Tao et al. (2014). The CARSNET sphere calibra-
tion results were compared with the original values provided by the
Cimel manufacturer, showing differences of ~3–5% at infrared
wavelengths (1020 and 870 nm) and ±3% at visible wavelengths
(440, 500, and 675 nm).

The comparison of AOD between CARSNETwith AERONET in Beijing
showed the difference is about 0.01 at 440 nm (Che et al., 2009), which
is consistent with the expected accuracy of 0.01–0.02 for the AERONET
AOD (Holben et al., 1998; Eck et al., 1999). CWV amount is retrieved
with uncertainty of b10% (Holben et al., 1998). Three extinction Ang-
strom exponents (EAE) are calculated from spectral AOD at 440 and
870 nm (EAE440− 870), from AOD at 440 and 675 nm (EAE440− 675),
and fromAOD at 675 and 870 nm (EAE675− 870) (Ångström, 1929). Sim-
ilar to EAE, the absorption Angstrom exponent (AAE) is calculated from
spectral absorption AOD (AAOD) at 440 nm and 870 nm. AAOD is calcu-
lated from AOD and SSA. The SSA uncertainty is estimated to be less
than 0.03 for AOD at 440 nm N 0.4 and the uncertainty increases for
lower AOD (Dubovik and King, 2000; Dubovik et al., 2000, 2002).



Fig. 1. The surface wind, pressure, and relative humidity (RH) of the wet (May–October) and dry (November–April) seasons using the NCEP/NCAR reanalysis monthly data during 2012–
2013.Winds are shown with arrows pointing toward the wind's direction, where the length of arrows defines the magnitude of wind speed (m/s), the white line contour represents
pressure (mb) and shaded color contour represents RH (%). The reference wind vector of 5 m/s is the short red line located to the bottom left of the figure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Uncertainties of EAE andAAE are generally larger than those of AODand
SSA. The volume size distribution is fitted using two log-normal distri-
butions and thereby nine size parameters are derived for the fine and
coarse mode.
2.2.2. The MODIS AOD and fire products
The Moderate Resolution Imaging Spectroradiometer (MODIS) is an

instrument onboard the Terra and Aqua satellites. The Terra and Aqua
are polar-orbiting satellites that orbit the Earth in morning descending
and afternoon ascending directions, respectively. The MODIS instru-
ment collects spectral irradiance data at 36 wavelength bands ranging
from 0.4 to 14.4 μm (from visible to thermal infrared) and covers the
globe every 1 to 2 days.

The MODIS Collection 6 Deep-Blue/Dark-Target combined AOD data
at 550 nm (Levy et al., 2013) (MODIS_AOD) with spatial resolution of
10 × 10 km from 2012 to 2013 are used to characterize the spatial-
temporal variation of aerosol loading in southwest China and its sur-
rounding areas. The MODIS_AOD have been validated using global
AEORNET aerosol products (Levy et al., 2010, 2013). Comparison of
the Terra and Aqua MODIS collection 6 Deep-Blue/Dark-Target com-
bined AOD with sunphotometer AOD at KM is shown in Fig. 2. In the
comparison, the CIMEL AODs were averaged in time (±0.5 h of
MODIS overpasses) and MODIS_AODs were averaged in space (over a
5 by 5 array of 10 km pixels centered at KM). The results show that
MODIS_AOD has a good agreement with sunphotometer observation.
The mean bias is nearly zero and the percentage of data within the ex-
pected error 0.05 + 0.15AOD is 71.1%.

The MODIS monthly fire location product data (MCD14ML) were
downloaded from the University of Maryland website (ftp://fuoco.
geog.umd.edu). The data contain the Terra and Aqua MODIS fire pixels
in a single monthly ASCII files. The data descriptions and validation
are reported in the literature (Giglio, 2013). The fire locations with the
detection confidence of 100 are used to show fire activity and its poten-
tial effects.
Fig. 2. Scatter plot of MODIS collection 6 Deep-Blue/Dark-Target combined AOD and
sunphotometer derived AOD at 550 nm over KM by using spatial average of MODIS data
with diameter of 50 km and time average of sunphotometer observations with plus or
minus 30 min of satellite passing time. MB is the mean bias; RMSE is root mean squared
error; R stands for Pearson correlation coefficient; %EE is the percentage of data within
the expected error 0.05 + 0.15AOD and N is the number of matchup data of both Terra
and Aqua.
2.2.3. The CALIOP profile data
The Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP) in-

strument, onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Sat-
ellite Observation (CALIPSO), provides the total backscatter coefficient
profile at 532 and 1064 nm, and the linear depolarization profile at
532 nm (Winker et al., 2003). The CALIPSO level 1 attenuated
backscattering coefficient profiles at 532 nm (version 3.30) are used to
show long-range transport of BB aerosols to KM.

2.2.4. The meteorological data
The NCEP reanalysis meteorological data of monthly wind, pressure,

relative humidity (RH) and vertical velocity (Omega) over the research
region are available on the website (http://www.esrl.noaa.gov/)
(Kalnay et al., 1996). The spatial resolution of these data is 2.5 × 2.5°.
The ground observed data of daily average RH at KM during 2012–
2013 are from China Meteorological Administration (CMA).

2.3. Methodology

Three methods are applied to reveal the hydroscopic growth of
aerosols during the wet season and its significant effects on aerosol

ftp://fuoco.geog.umd.edu
ftp://fuoco.geog.umd.edu
http://www.esrl.noaa.gov/


Fig. 3. Box plots of monthly (left) and seasonal (right) aerosol properties: aerosol optical depth (AOD), extinction Angstrom exponent (EAE), single scattering albedo (SSA), absorption
Angstrom exponent(AAE), and the columnarwater vapor (CWV).In each box, the central red-line is themedian and the lower and upper limits are the first and the third quartiles, respec-
tively. The lines extending vertically from the box indicate the spread of thedistributionwith the length being 1.5 times thedifference between thefirst and the third quartiles. The asterisk
symbols indicate the geometric means. The seasons are wet (May–October), dry1 (November–February) and dry2 (March–April) seasons respectively. The numbers beside the box cor-
responding to each season for different parameters are the numbers of instantaneous observation in that season respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. The density plots of aerosol optical depth (AOD) vs. extinction Angstrom exponent (EAE) during the wet (May–October) and dry1 (November–February) seasons. The average
values of daily relative humidity (RH) at KM from China Meteorological Administration are also shown here.
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Table 1
Comparison of aerosol size parameters including volumemean radius (μm), standard deviation, and volume concentration (μm3/μm2) of total, fine, and coarsemodes during thewet and
dry1 seasons.

Size parameters Wet season (May–September) Dry1 season (Nov–Feb)

Total Fine Coarse Total Fine Coarse

Volume mean radius 1.10 ± 0.50 0.18 ± 0.05 3.27 ± 0.60 1.01 ± 0.49 0.15 ± 0.02 3.23 ± 0.31
Standard deviation 1.45 ± 0.16 0.52 ± 0.06 0.66 ± 0.08 1.55 ± 0.10 0.52 ± 0.05 0.68 ± 0.07
Volume concentration 0.16 ± 0.07 0.07 ± 0.05 0.09 ± 0.04 0.06 ± 0.04 0.03 ± 0.03 0.03 ± 0.02
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optical properties. First, the density plots of the instantaneous AOD as a
function of EAE are compared between the wet and dry1 seasons.
Second, the volume size distributions are binned by AOD and compared
between wet and dry1 seasons. Third, the relationship between
EAE440− 870 and the spectral difference of EAE wavelength pairs
(δEAE = EAE440− 675 − EAE675− 870), an indicator to fine mode effective
radius (Gobbi et al., 2007), is analyzed.

Aerosol types (UI, BB, dust/mixed dust) are analyzed according to
the relationship of AAE and EAE following the method suggested by
Mishra and Shibata (2012). The statistics of the occurrence of dominant
aerosol types in different seasons are derived. The classification criteria
are derived by summarizing the results of AAE for different aerosol
types at typical AERONET stations (Mishra and Shibata, 2012). The classi-
fication criteria are as followed: EAE440− 870 N1.00 and AAE440− 870 N1.20
for BB; EAE440− 870 N1.00 and 0.70b AAE440− 870 b 1.30 for UI; and
EAE440− 870 b 0.80 and AAE440− 870 N1.30 for dust aerosol. Black carbon
coatedby coarse particles such as dust andorganic carbon is characterized
by AAE440− 870 b1.0 (Eck et al., 2010).

In addition to the analysis of aerosol types, further study of the aero-
sol loading andpossible sources of aerosols on clean andpolluted days is
conducted using: (a) ground-based sunphotometer observation of daily
AOD; (b) the mean MODIS_AOD of both Terra and Aqua; and (c) 72-
hour back-trajectory analysis at 2000 m a.s.l. using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler
et al., 1999). A case study of long-range transport of BB from North
Burma to southwest China is performed using the CALIPSO total attenu-
ated backscattering coefficient profiles at 532 nm, MODIS active fire
products and back-trajectory analysis to reveal its significant impact
on the column-integrated aerosol optical properties at KM.

3. Seasonal variation of aerosol optical properties and aerosol types

The monthly and seasonal statistics of aerosol optical properties ob-
served by sunphotometer are presented in Fig. 3. The annual mean
AOD440nm at KM is 0.42 ± 0.32, which is much lower than observed
Fig. 5. The volume size distributions binned by AOD and the correspond
AOD at other urban areas of China. For example, the annual mean
AOD at 550 nm is 0.77 in the Yangtze Delta region (Xia et al., 2007),
0.80 in the North China Plain (Li et al., 2007), and 0.92 at 533 nm over
the Pearl River Delta (Ansmannet al., 2005). Distinct seasonal variability
can be found for the AOD, EAE and CWV. The monthly mean AOD440nm

rapidly increases from 0.19 in February to 0.62 inMarch, then keeps rel-
atively high values during the wet season and quickly decreases from
0.68 in September to 0.25 in October (the end of wet season) and con-
tinues to decrease to 0.15 in November (the first month of dry
season).The seasonal mean AOD440nm, EAE440− 870 and CWV amount
during the wet season are respectively 0.51 ± 0.34, 1.06 ± 0.34 and
4.25± 0.97 cm, which contrasts their counterparts during the dry1 sea-
son (November–February) of 0.17 ± 0.11, 1.40 ± 0.31 and 1.91 ±
0.37 cm and dry2 season (March–April) of 0.53 ± 0.29, 1.39 ±
0.19,and 2.66 ± 0.44 cm. During the dry2 season (March and April,
also the transition from dry to wet), AOD is the highest but CWV and
particle size appears to be smaller than that of the wet season, which
is likely related to BB that will be investigated in Section 4.

Larger values of CWV and AOD as well as smaller EAE (larger parti-
cles) during the wet season imply that the aerosol hygroscopic growth
may have regulated the seasonal change of aerosol properties. In order
to minimize the effect of variation of aerosol type on aerosol size, we
only compare the aerosol properties in the wet and dry1 seasons as a
function of RH to show the aerosol hygroscopic growth. The assumption
is that aerosol types during these two periods change little. Fig. 4 illus-
trates the density plots between instantaneous AOD440nm with
EAE440− 870 during the wet and dry1 seasons. The density centers of
wet and dry1 season (in terms of AOD and EAE) are (0.25, 0.9) and
(0.1–0.15, 1.0–1.1) and there is another center for dry1 season of
(0.15, 1.5). The daily average values of RH from ground observation
also show high in wet season and low in dry1. Thus, the much higher
AODs and smaller EAEs (thereby larger particle size) are generally ob-
served during the wet season compared to dry1 season, which is likely
due to the aerosol hygroscopic growth. This finding is also revealed in
the analysis of the aerosol size products as shown in Table 1. The volume
ing average of relative humidity (RH) in the wet and dry1 season.



Fig. 6. Extinction Angstrom exponent difference (δEAE), as a function of EAE440− 870 and AOD during thewet and dry1 seasons. The solid lines represent a fixed radius of the finemode, and
thedashed lines are thefixed fraction ratio offinemode to the total AOD.Only datawith AOD N 0.15 are used. (For interpretation of the references to color in thisfigure legend, the reader is
referred to the web version of this article.)
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mean radius and the volume concentrations in wet season for fine and
coarse aerosol modes are all larger than those in dry1 season. Further-
more, the aerosol effective radius in wet season is 0.41 ± 0.15 μm,
~30% larger than that during the dry1 season (0.33 ± 0.12).

To further analyze the contribution of the hygroscopic growth to the
increase of aerosol size and thereby AOD, we stratify volume size distri-
bution as a function of AOD for both the wet and dry1 seasons and the
corresponding RH values are compared (Fig. 5). There are two interest-
ing features. First, for both seasons, the volumes of both fine and coarse
particles increase as AOD gets larger. However, the fine-mode volume
shows amuch larger relative increase (than coarse-mode) as a function
of AOD, which suggests that AOD increase is largely due to fine mode
particles. Second, the radius of the peak offinemodeduring thewet sea-
son increases from0.11 μm for AOD b 0.20 to 0.26 μm for AOD N 1.00. On
the contrary, during the dry1 season, the peak radius varies little with
AOD. Furthermore, except for AOD b 0.2 that represents the low aerosol
loading, RH increases from50.5% to 70.6% asAOD increases from0.2–0.4
to more than 1.0 in wet season but RH appears stable (~55%) in dry1
season. Hence, the positive correlations of peak radius and volume of
finemode as well as AODwith RH in wet season suggest the possibility
of hygroscopic growth of aerosol and its importance in regulating the
change of aerosol properties.
Fig. 7. Scatter plot of AAE vs. EAE, showing the clustering by aerosol type during the wet,
dry1 and dry2 seasons.
Tominimize the possibility of cloud contamination or the influence of
the co-variation of coarse-mode and fine-mode aerosols in the analysis,
we presented in Fig. 6 the scatter-plot of δEAE and EAE440− 870 binned by
AOD during the wet and dry1 seasons. To avoid errors of δEAE, only obser-
vations of AOD N 0.15 are used (Gobbi et al., 2007). Cloud contamination
or an increase of the coarse mode fraction of AOD N 90% is normally
characterized by zero values for both EAE440− 870 and δEAE. However,
the increase of fine-mode AOD fraction, either due to the increase of
fine-mode particle concentration, fine-mode particle radius, or both,
will lead to an increase of EAE440− 870 and negative δEAE (as a result of a
relatively larger increase in EAE675− 870 than in EAE440− 675 (Gobbi
et al., 2007)). For AOD N 0.4 (yellow color in Fig. 6), we find: (a) the
fine-mode aerosols size is generally less than 0.15 μm during dry season,
however, it is between0.15 and0.2 μminwet season; (b) a few cases dur-
ing the wet season still show the similar fine-mode particle size like that
of the dry season but AOD is dominated by large coarse-mode fraction
(e.g., some yellow dots close to zero). While (b) likely reflects some po-
tential in cloud contamination, cases for (a) are more dominant, which
highlights the significance of the hygroscopic growth of the fine mode
during the wet season and their significant effects on seasonal variation
of aerosol optical properties.

Monthly mean SSA440nm from March to October (late spring to fall)
varies around ~0.89. A slight high value (~0.90) is found for SSA440nm
during the dry1 season, but interpretation here still requires further ver-
ification because retrievals of SSA440nm in winter are very limited. Sea-
sonal EAE440− 870 during the wet season is 0.93 ± 0.32, smaller than
that during the dry season (1.52 ± 0.23 for dry1 and 1.34 ± 0.24 for
dry2), which may be caused by aerosol hygroscopic growth (Day
et al., 2000) or the aerosol type change (Bergstrom et al., 2002). AAE is
a good indicator to aerosol types (Schnaiter et al., 2006; Bergstrom
et al., 2007; Zhu et al., 2014), which can be used together with aerosol
size to classify the dominant aerosol types or optical mixtures (Russell
et al., 2010; Giles et al., 2011). Fig. 7 shows the scatter plot of instanta-
neous AAE440− 870 and EAE440− 870 during the different seasons. The re-
sults show that aerosols at KMcan be classified into twomajor types: BB
and UI. During the dry2 season, BB is the dominant component with a
frequency of occurrence larger than 75%. During the wet season, UI
aerosol dominates and its frequency is 40.7%; BB and AAE b 0.7
accounted for 24.7% and 40.6% respectively. The mean EAE440− 870 of
BB is 1.85 ± 0.24 which is slightly larger than the UI (1.62 ± 0.20),
suggesting the slightly smaller size of BB.



Fig. 8. The mean MODIS_AOD and 72 h back trajectories at KM site during clean and polluted days. Green lines represent back trajectories on the day in wet season; red lines are back
trajectories on the day during dry1 season and black lines are back trajectories on the day during dry2 season. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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4. Comparison of airflows on clean/polluted days and long-range
transport of BB aerosol

In order to improve our understanding of seasonal AOD variation in
southwest China, the analysis of the spatial distribution of MODIS_AOD
at 550 nm and airflows on clean and polluted days is performed, which
Fig. 9.MODISfire points (red point) in theMay–Oct (wet), Nov–Feb (dry1) andMar–Apr (dry2)
of KM and surrounding area is also shown here. (For interpretation of the references to color i
shows significant and interesting differences in air mass sources and re-
gional distribution of MODIS_AOD during the different seasons. The
sunphotometer observations have been made over 300 days at KM.
We sort the daily AOD440nm in ascending order and select days with
AOD440nm b25th percentile (AOD440nm b0.18) as clean day and days
with AOD440nm N75th percentile (AOD440nm N0.58) as heavily polluted
during theperiod of sunphotometermeasurement (Mar 2012–Aug 2013). The topography
n this figure legend, the reader is referred to the web version of this article.)



Fig. 10. Themean MODIS_AOD and 72 h back trajectories at 2000 m a.s.l on biomass burning polluted day. Green lines represent back trajectories on the day in wet season; red lines are
back trajectories on the day during dry1 season and black lines are back trajectories on the day during dry2 season. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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day. So there are about 75 days for clean and polluted cases. The num-
bers of clean and polluted days are 14 and 42 for wet season, 61 and 1
for dry1 season and 2 and 32 for dry2 season. The polluted days in
wet and dry2 seasons are mostly affected by UI and BB aerosol
respectively.

A striking difference in the spatial MODIS_AOD distribution and
sources of airflows on clean and polluted days is shown in Fig. 8, the
composite analysis of spatial distribution of MODIS_AOD at 550 nm
overlaid by 72 h back-trajectories ended at KM. There are a few interest-
ing features on clean days. First, nearly all airflows are from thewesterly
direction except a couple of cases during thewet season that are charac-
terized by southeast airflows. Second, most air masses are fast flowing
according to the length of back trajectories. Third, a wide spread of
MODIS_AOD (b0.2) is shown in southwest China and its surround
areas that include North of Burma, Laos, and Vietnam. On the contrary,
airflows on polluted days are quite different: (a) Although the dominant
airflows during the dry2 season are also from the west, the moving
speed is generally slow; (b) During the wet season, airflows arriving
Fig. 11. Illustration of biomass burning aerosol transport during 15–17 March 2013.The red, blu
ending at 00UTC onMarch 17 2013. The red markers are the fire locations onMarch 15 and 16.
(km−1 sr−1). (For interpretation of the references to color in this figure legend, the reader is r
at KM are mainly from the east and air mass sometimes stagnates
around KM and its surrounding regions; (c) MODIS_AOD in the upwind
areas of KM during the wet season exceeds 0.4. The MODIS_AOD in
North Burma, an important upwind region of KM during the dry2 peri-
od, exceeds 0.6.

Fig. 9 shows the spatial distribution of fire counts detected byMODIS
during the wet, dry1 and dry2 seasons. Comparing to the large increase
in the number of fire counts over Southeast Asian countries in the dry2
season, the increase over Yunnan province is small. Given the prevailing
westerly wind at KM, BB from Southeast Asia can be most likely
transported to KM. Fig. 10 shows the mean MODIS_AOD at 550 nm
over 70–130°E and 10–40°N and 72 h back trajectories at KM on the
days that BB aerosol observed. These events mainly occur in the dry2
season (the late dry season). The atmosphere is heavily polluted in the
northern areas of Vietnam, Laos, and Burma, which is characterized by
MODIS_AOD of N0.6 in Burma and ~1.0 in Vietnam and Laos. The agri-
culture crop residue burning often occurs during this period, which
causes a large spread of heavy aerosol pollution in source and
e, and black lines are 72 h back trajectories at three heights 2000 m, 2500 m and 3000 m
The vertical images (curtain files) show the CALIPSO 532-nm total attenuated backscatter
eferred to the web version of this article.)



Fig. 12. The average surface wind, relative humidity (white line contour, %) and vertical velocity (Omega) during March 15–17 2013 from the NCEP/NCAR reanalysis data.
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downwind regions (Deng et al., 2008). It is suggested by Fig. 10 that BB
pollution at KM is likely associated with the long-range transport of BB
aerosols by the prevailing westerly winds from North Burma, the up-
wind region of KM.

To further analyze the transport of BB aerosols to KM, we studied
one representative BB event occurred at KM (15–17 March, 2013) by
using CALIOP profiling data and MODIS active fire products. The mean
AOD, EAE, SSA, and AAE during these three days are 0.56, 1.61, 0.87,
and 1.45, respectively. Fig. 11 illustrates the CALIOP attenuated back-
scatter curtains that are across North India on 15 March and North
Burma on 16 March; also shown on Fig. 11 are the MODIS active fires
and back trajectories. A wide spread of active fires is observed by the
MODIS in the areas of northern Vietnam, Laos, and Burma. The thick
aerosol layer as a result of BB is recorded by the CALIOP. The aerosol
layer in North Burma extends from the surface to the height of ~ 5 km
on thebasis of theCALIOPmeasurement. Analysis of the vertical velocity
(Omega) over the three days (Fig. 12), found that there was updraft
over Burma (negative omega) and slight downdraft near KM, which
Fig. 13. The monthly precipitation rate during the wet and dry (including dry1 an
favored the long-transport of smoke aerosols in the source regions to
the downwind regions. The thick smoke layer in North Burma is
transported to the studied area by the prevailing westerly wind. On
the contrary, BB in North Vietnam and Laos should play an insignificant
role because the dominant air masses to KM are not originated at these
areas although BB occurs there. Model study is needed for quantitative
estimation of contribution of long-range transport of smoke aerosols
to aerosol loading at KM.

5. Discussion and conclusions

Higher AODs are observed in the wet season at KM, which is differ-
ent from many previous studies in the ITCZ-influenced regions that
show low AOD during the wet season (Kaskaoutis et al., 2009). This is
understood that in monsoon or ITCZ regions like south of India and
some southeast Asian countries, precipitation occurs nearly every day
during the wet season, washing out the aerosol in the air and allowing
aerosol less time to grow. However, the climate at KM is different
d dry2) seasons using the NCEP reanalysis monthly data during 2012–2013.
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from that in the tropical ITCZ regions. Fig. 13 shows that the precipita-
tion over KMduring thewet season ismuch less than that of the tropical
monsoon region. According to sunphotometer observations, the ratios
of observation days to total days in the wet and dry seasons during
the observation period are 0.45 and 0.79 respectively, which indirectly
reflects that wet deposition process is not as significant at KM as that
in other regions where wet season is affected by ITCZ. Nearly half of
the wet season at KM is sunny so that aerosol hygroscopic growth is
favored in high relative humidity environment that is revealed by the
sunphotometer.

Using the CE318 sunphotometer data at KM, MODIS AOD and active
fire products, CALIPSO aerosol profiles and the back-trajectories of
HYSPIT model, seasonal variability of aerosol optical properties, poten-
tial effects of the aerosol hygroscopic growth and long-range transport
of BB aerosols on the study area are studied. The major conclusions
are summarized as follows:

(1) The annual means of the AOD440nm and EAE440− 870 during the
observation period are 0.42± 0.32 and 1.25± 0.35, respectively.
Both parameters demonstrate a distinct monthly and seasonal
variability. In comparison, AOD shows high values in wet
(0.51 ± 0.34) and dry2 (0.53 ± 0.29) seasons but low in dry1
(0.17 ± 0.11) season, while EAE shows high values in dry1
(1.40 ± 0.31) and dry2 (1.39 ± 0.19) seasons but low in wet sea-
son (1.06 ± 0.34). High AOD, low EAE, larger effective radius, and
distinct increase offinemode aerosolswithAODandRH in thewet
season suggest the importance of aerosol hygroscopic growth in
regulating the seasonal change of aerosol properties at KM.

(2) Quite different spatial distribution of MODIS_AOD and air mass
sources are observed for clean and polluted days. On clean days,
the dominant airflows to KM are from the westerly direction dur-
ing dry1 seasons, and a wide spread of low MODIS_AODs (b0.2)
are observed in southwest China and its upwind regions. On pol-
luted days, air masses are mainly from the west during the dry2
season and from the east during the wet season and high
MODIS_AODs (N0.4) are observed in the upwind regions of KM.

(3) The dominant aerosol type at KM isUI andBB aerosol. Frequent oc-
currences of BB aerosols at KM inMarch and April are closely asso-
ciated with BB in North Burma. Analysis of one BB case shows that
the smoke layer in the source regions can be transported to south-
west China by uplifting and prevailing westerly winds.
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