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Abstract Smoke aerosols have been observed in Southwest China as a result of long-range transport
from surrounding areas in March and April. The processes driving this transport and the resultant impact
on regional aerosol optical properties are studied here through a combined use of the Goddard Earth
Observing System (GEOS)-Chem chemistry transport model in conjunction with satellite and the first-ever
ground-based observations in the Southwest China. The potential biomass burning source regions as well
as their respective contributions to aerosol loading in Southwest China are quantified. Compared to Sun
photometer observations of aerosol optical depth (AOD) at 550 nm at eight stations in the study region
(10–28°N, 90–115°E, comprising Northeast India, Indo-China Peninsula, and Southwest and South China), the
AOD simulated by GEOS-Chem (nested grid with 0.5° × 0.667° resolution) by using the Fire Inventory from
National Center for Atmospheric Research shows an average bias of�0.17 during January 2012 to May 2013.
However, during the biomass burning months (March–April), the simulated AOD is much improved with a
bias of �0.04. Model sensitivity experiments show that biomass burning in Burma and Northeast India is the
largest contributor to smoke AOD (~88%) and total AOD (~57%) over Kunming, an urban site in Southwest
China. Case studies on 21–23 March 2013 show that the smoke layer in Northeast India and North Burma
can extend from the surface to 4 km and then be transported to Southwest China by prevailing westerly
airflow. Model-simulated AOD and vertical distribution of aerosols are respectively in good agreement with
satellite measurements from Moderate Resolution Imaging Spectroradiometer and Cloud-Aerosol Lidar with
Orthogonal Polarization.

1. Introduction

Biomass burning (BB) is an important source of many trace gases and aerosol particles in the atmosphere
[Crutzen and Andreae, 1990]. According to the Emissions Database for Global Atmospheric Research
(EDGAR), BB produces 51% of global carbon monoxide (CO) emissions and 20% of nitrogen oxides (NOx)
emissions [Olivier et al., 2005] and accounts for 42% of particulate black carbon (BC) emissions and 74% of
particulate organic carbon (OC) emissions among global combustion sources [Bond et al., 2004]. Smoke aero-
sols from BB can degrade the visibility and air quality in both source and downwind regions [Peppler et al.,
2000] and have important impacts on climate and weather by scattering and absorbing radiation and by
aerosol-cloud interaction [Twomey, 1977; Penner et al., 1992; International Panel on Climate Change, 2013].
Furthermore, the BC in BB aerosol can heat the air via strong absorption, modify regional atmospheric stabi-
lity and vertical motions, and affect the large-scale circulation and hydrologic cycle [Jacobson, 2001; Menon
et al., 2002]. The accuracy of aerosol radiative forcing, especially aerosol-cloud interactions, is important for
understanding climate change. To reduce the uncertainty in aerosol radiative effects from smoke, we first
need to understand smoke aerosol long-range transport.
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The impacts of smoke transport have attracted much attention and have been studied extensively in many
parts of the world, including central America [Wang and Christopher, 2006; Wang et al., 2006; Saide et al.,
2015], Russia [Damoah et al., 2004; Mielonen et al., 2012; Péré et al., 2014], and Africa [Ansmann et al., 2009;
Williams et al., 2012; Yang et al., 2013]. BB is known to be an important contributor to air pollution in Asia
[Streets et al., 2003; Aouizerats et al., 2015]. BB in South and Southeast Asia is responsible for a large compo-
nent of the atmospheric brown cloud [Ramanathan et al., 2007; Stone et al., 2007] and can contribute to the
formation of regional-scale haze [Engling and Gelencser, 2010; Engling et al., 2014]. Previous results indicated
that BB in South and Southeast Asia significantly impacts downwind regions, such as South China [Chan et al.,
2003; Huang et al., 2013; Lin et al., 2014], the northwestern Pacific [Jacob et al., 2003], and the central Tibetan
Plateau [Xia et al., 2011]. Engling et al. [2011] estimated the impacts of BB from Southeast Asia on the concen-
trations of BC and particulate matter in Southwest China by using aerosol chemical measurements, the
Moderate Resolution Imaging Spectroradiometer (MODIS) fire products, and back trajectories. Our study
intends to make the first attempt to analyze the processes responsible for smoke transport to Southwest
China and their impact on local aerosol optical properties by combining a chemistry transport model with
satellite and ground-based observations.

The Yunnan-Guizhou Plateau or Yungui Plateau (YGP), located in Southwest China, is one of the four major
Plateaus in China. The elevation of YGP is generally larger than 2000m with mountain peaks as high as
3700m. Due to the high elevation and the low latitude, the climate there is characterized by yearlong intense
solar radiation with large diurnal variation, small monthly variations in temperature, and two distinct seasons:
the wet season (May–October) and the dry season (November–April). The YGP borders the Indo-China
Peninsula (ICP), which mainly includes Burma, Vietnam, Laos, Cambodia, and Thailand, and it lies to the east
of Northeast India. All of these surrounding regions are characterized by frequent BB in the late dry season
[Streets et al., 2003]. Our previous study revealed that aerosol optical depth (AOD) in YGP was likely influenced
by the long-range transport of smoke aerosol from ICP in March and April based on analysis of Sun photo-
meter and satellite aerosol products [Zhu et al., 2016]. Potential long-range transport of BB plumes to YGP
may exert direct effects on local air quality. Furthermore, it may significantly impact surface solar radiation
via biomass burning aerosol’s direct and indirect radiative effects, which thereby indirectly affects availability
of solar energy and carbon cycling. Therefore, further study of this issue is of significance for air quality and
climate change as well as ecosystem feedbacks. There are two basic questions concerning long-range trans-
port of BB aerosols to the YGP region that need investigation. First, which region is the major contributor of
BB aerosols into the YGP? Second, what fraction of the aerosol in the YGP derives from long-range transport
from BB sources during the BB months? Ground and satellite remote sensing products may provide some
clues to these questions (as used in our past studies), but model simulations are required to quantitatively
address these questions.

This study differs from past studies in that a chemistry transport model, for the first time, is used to analyze
the process of smoke transport from Southeast Asia to Southwest China, and the model simulation is evalu-
ated by satellite data and the first-ever ground-based observation data taken in YGP. The paper is organized
as follows. We describe the observation data andmodel in sections 2 and 3, respectively. The results of model
evaluation and the analysis of smoke aerosol transport are presented in section 4. The conclusions are pre-
sented in section 5.

2. Research Region, Data, and Methodology

The area studied is within 10–28°N and 90–115°E (comprising Northeast India, ICP, and Southwest and South
China), which is separated into following subregions: the YGP (100–105°E and 22–28°N), South China (SC,
105–115°E and 22–28°N), eastern ICP (EICP, 100–110°E and 10–22°N), and western ICP (WICP, 90–100°E and
10–28°N). The specific boundaries of these regions are shown in Figure 1.

2.1. Ground Remote Sensing Data

Aerosol properties from ground-based Sun photometer measurements during March 2012 to August 2013 at
Kunming (KM), an urban site in YGP, are used in the analysis. Aerosol data during January 2012 to May 2013 at
seven Aerosol Robotic Network (AERONET) [Holben et al., 1998] (http://aeronet.gsfc.nasa.gov) stations located
in the research area are also used to compare with the model simulations, including Hong_Kong_Sheung
(HK), Zhongshan_Univ (ZU), Vientiane (VT), Luang_Namtha (LN), NGHIA_DO (ND), Chiang_Mai_Met_Sta
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(CM), and Dhaka_University (DU). Data from at least one site in each region are applied. The locations of these
observational sites are specified in Table 1 and labeled in Figure 1.

AOD is the main aerosol parameter used to assess model performance. AOD is calculated from spectral solar
irradiance at eight wavelengths ranging from 340 nm to 1020 nm measured by the CE318 Sun photometer
(CE318), the standard instrument for AERONET. The accuracy of AOD from AERONET level 2 data is estimated
to be 0.01–0.02 [Holben et al., 1998; Eck et al., 1999]. AOD at 550 nm is interpolated from AOD at 440 nm and
675 nm according to Ångström [1929].

2.2. Satellite Data

Satellite products used in this study include the Moderate Resolution Imaging Spectroradiometer (MODIS)
active fires and AOD products. MODIS, onboard the NASA Terra and Aqua satellites, is a radiometer with
36 channels covering various atmospheric window and water absorption channels in 0.4–15μm. Terra and

Table 1. Regional Division, Sites, and Locations of Eight CE318 Sun Photometer Stations

Region Site Name Site Location Lon (°E) Lat (°N) Height (m)

Yungui Plateau (YGP) KM Kunming, Southwest China 102.65 25.01 1889
South China (SC) HK Hong_Kong_Sheung, South China 114.117 22.483 40

ZU Zhongshan_Univ, South China 113.390 23.060 27
Eastern Indo-China
Peninsula (EICP)

VT Vientiane, Thailand, near Vientiane (Laos) 102.570 17.992 170
LN Luang_Namtha, Laos 101.416 20.931 557
ND NGHIA_DO, Vietnam 105.800 21.048 40

Western Indo-China
Peninsula (WICP)

CM Chiang_Mai_Met_Sta, Thailand 98.972 18.771 312
DU Dhaka_University, Bangladesh 90.398 23.728 34

Figure 1. BC and OC emissions (kgm�2 yr�1) from FINN inventory as implemented in GEOS-Chem during March–April
2004–2013. The site locations and regional classification are also shown here (YGP = Yungui Plateau, SC = South China,
EICP = Eastern Indo-China Peninsula, WICP =Western Indo-China Peninsula).
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Aqua are polar-orbiting satellites that orbit the Earth in morning descending and afternoon ascending direc-
tions, respectively. The MODIS true-color images of Terra and Aqua, fire location product (ftp://fuoco.geog.
umd.edu), and Deep-Blue/Dark-Target combined AOD at 550 nm data of Collection 6.0 [Levy et al., 2013] from
Aqua are used to identify smoke aerosol transport. Comparing to ground-based observation at the KM site,
MODIS AOD root-mean-square error was estimated to be 0.13 and the percentage of MODIS AOD within
the expected error is larger than 71% [Zhu et al., 2016]. As for active fire position products, only the fire pixels
with high confidence (100%) are used.

Aerosol vertical profiles from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument are
also used in this study. CALIOP is a two-wavelength (532 nm and 1064 nm), polarization-sensitive (at
532 nm) active lidar aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite, which was launched in 2006 [Winker et al., 2010]. The data used in this study include
CALIOP level 1B products and level 2 aerosol profile and vertical feature mask products, which are available
from the Langley Atmospheric Science Data Center (ASDC). The parameters include the attenuated backscat-
tering coefficient profiles at 532 nm from level 1B, particulate extinction coefficient profiles at 532 nm, and
vertical feature mask data products of aerosol subtype from level 2 products under 8 km height. The
CALIOP AOD profile is calculated by multiplying the CALIOP particle extinction coefficient with the
level thickness.

2.3. Back Trajectories

Back trajectories for the case study (21–23 March 2013) are calculated by using the Hybrid Single-Particle
Lagrangian Integrated Trajectory model [Draxler and Hess, 1998] with Global Data Assimilation System one-
degree archived meteorological fields. Seventy-two-hour back trajectories ending at the KM site at 2000m,
3000m, and 4000m asl at 00 UTC on 21–23 March 2013 are used to identify the air mass sources. The
National Centers for Environmental Prediction (NCEP) reanalysis data of surface wind and 500Mb geopoten-
tial height on 21–23 March 2013 were downloaded from the Earth System Research Laboratory website
(http://www.esrl.noaa.gov/) [Kalnay et al., 1996].

3. Model Descriptions and Sensitivity Experiment Designs
3.1. GEOS-Chem Model

The GEOS-Chem three-dimensional chemical transport model [Bey et al., 2001] version 10-01 is used to
simulate aerosol optical properties on a regional scale. Here we use the nested-grid capability of GEOS-
Chem with a 0.5° × 0.667° horizontal resolution over East Asia domain (70°E–150°E, 11°S–55°N) and with
simulation type of full chemistry (NOx-Ox-hydrocarbon-aerosol). The nested-grid model runs are driven
by Goddard Earth Observing System version 5 (GEOS-5) meteorological reanalysis fields on 47 layer ver-
tical grid up to 0.01 hPa. The time-varying boundary conditions for the nested-grid domain are from a glo-
bal GEOS-Chem simulation run at 2° × 2.5° spatial resolution [Wang, 2004; Chen et al., 2009]. GEOS-Chem
uses the TPCORE advection algorithm of Lin and Rood [1996]. Convective transport was computed from
the convective mass fluxes in the meteorological fields, as described by Wu et al. [2007]. Boundary layer
mixing in GEOS-Chem uses the nonlocal scheme implemented by Lin and McElroy [2010]. Dry deposition
was based on Wesely [1989] as implemented by Wang et al. [1998]. Wet deposition was as described by
Liu et al. [2001].

The GEOS-Chem model has been widely used to study the impact of long-range transport on chemical
composition [e.g., Jaffe et al., 2004; Fairlie et al., 2007; Chen et al., 2009; Liu et al., 2010]. However, the vali-
dation of AOD simulated by GEOS-Chem, especially in Southeast Asia, is very limited. Most previous
GEOS-Chem studies have used the Global Fire Emission Database [van der Werf et al., 2010] to specify
emissions from fire. To cover the research period in this study, we implement the Fire Inventory from
NCAR (FINN) [Wiedinmyer et al., 2011] into the GEOS-Chem model by using Harvard-NASA Emission
Component (HEMCO) module [Keller et al., 2014]. This inventory provides high temporal (daily), spatial
resolution (1 km), global estimates of a large amount of species emitted from open burning of biomass,
which includes wildfire, agriculture fires, and prescribed burning but does not include biofuel use and
trash burning [Wiedinmyer et al., 2011]. HEMCO handles the biomass burning emissions starting from
CO2 emissions for six different land types: Savanna grasslands, woody Savannah, tropical forest,
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temperate forest, boreal forest, and crops. The emissions of other gas-phase and aerosol species and
nonmethane organic compounds used in GEOS-Chem are converted from CO2 emissions by using
emission ratios from Akagi et al. [2011] and Yokelson et al. [2013]. Figure 1 shows the BC and OC emissions
calculated from FINN as implemented in GEOS-Chem during March–April for 10 years (2004–2013). Large
emissions are observed in Burma, Laos, and Vietnam.

Global anthropogenic emissions of CO, NOx, SO2, and NH3 are obtained from the EDGAR v4.2 global inventory
[EC-JRC/PBL, 2009], and their distribution over Asia is overwritten by emissions from Zhang et al. [2009].
Biofuel emissions are from Yevich and Logan [2003], which contains CO, ALK4 (lumped ≥C4 alkanes), acetone,
methyl ethyl ketone, acetaldehyde, PRPE (lumped ≥C3 alkenes), C3H8, CH2O, and NO emissions.
Anthropogenic nonmethane volatile organic compound emissions are from REanalysis of the
TROposhperic chemical composition inventory [Hu et al., 2015]. Global anthropogenic emissions for carbo-
naceous aerosols (BC/OC) are from Bond et al. [2007] as implemented by Leibensperger et al. [2012]. The
anthropogenic aircraft inventory is generated from the Aircraft Emissions Inventory Code [Stettler et al.,
2011], which contains fuel burned, NO, CO, and hydrocarbons. Global ship emissions of CO are from the
International Comprehensive Ocean-Atmosphere Data Set inventory [Wang et al., 2008], as implemented
by Lee et al. [2011]. Volcanic SO2 emissions are from AEROCOM data (http://www-lscedods.cea.fr/aerocom/
AEROCOM_HC/) as implemented by Fisher et al. [2011]. Dust scheme used in GEOS-Chem is described in
Fairlie et al. [2007].

3.2. Model Experiment Designs

Model simulations were conducted for January 2012 throughMay 2013 with 1month spin up. AOD at 550 nm
was archived every 3 h for six aerosol types: sulfate (sulfate + nitrate + ammonium), BC, OC, accumulation
mode sea salt, coarse mode sea salt, and dust aerosol. Total AOD values for each vertical model layer were
generated by assuming an external mixture of aerosols and summed over all aerosol types [Drury et al.,
2008]. The model-simulated AOD is compared with the observed AOD from the ground-based Sun photo-
meters at eight stations. The mean values of Sun photometer AOD data within ±1.5 h of the model output
times are matched with the AOD output of the model grid in which the site is located.

Model sensitivity experiments were conducted for March–April 2013, the late dry season when BB events
occur more frequently in Southeast Asia [Pochanart, 2003]. The objective of these experiments was to explore
the influence of BB emissions from each subregion on the observed aerosol at KM station during the months
with high BB. Six numerical experiments were performed: experiment 1 (Exp1) includes global fire emission;
experiment 2 (Exp2), no fire emission; and experiments 3–6 (Exp3–6), no fire emissions in YGP, SC, EICP, and
WICP subregions, respectively. The descriptions of these six model experiments are shown in Table 2. All
other emissions are included in the simulations.

4. Results
4.1. AOD Comparison Between Model and Ground-Based Observations

Table 3 shows the results of a comparison between model-simulated AOD (0.5° × 0.667°) and CE318 Sun
photometer AOD observed in each subregion and for the full study area during January 2012 to May 2013.
There are 4573 matchups between Sun photometer observed and model-simulated AOD. The average value
of matched Sun photometer AOD during January 2012 to May 2013 is 0.54 ± 0.45, while the average value of
matched model-simulated AOD is 0.37 ± 0.50. Overall, the model AOD over the entire study area is moder-
ately correlated with the ground-based AOD, with a correlation coefficient (R) of 0.52 (Table 3). The model

Table 2. Model Sensitivity Experiments

Model Experiment Short Name Experiment Description

Experiment 1 Exp1 Include global fire emission
Experiment 2 Exp2 No fire emission
Experiment 3 Exp3 No fire emission in Yungui Plateau (YGP) subregion
Experiment 4 Exp4 No fire emission in South China (SC) subregion
Experiment 5 Exp5 No fire emission in Eastern ICP (EICP) subregion
Experiment 6 Exp6 No fire emission in Western ICP (WICP) subregion
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underestimates AOD with an average bias of �0.17. In some cases, low temporal variability (smoothness) of
CE318 Sun photometer AODwithin ±1.5 h caused by cloud contamination (especially in the large solar zenith
angle) could lead to a positive bias of Sun photometer AOD. However, the CE318 Sun photometer AODs used
here were cloud-screened, so one would expect that cloud impact was limited and not likely themajor reason
for the underestimation of model-simulated AOD.

Regionally, themodelunderestimatesAODinalmostall subregionsduring January2012 toMay2013.However,
themodel performance shows some regional dependence. Themodel performs best in the SC region, with vir-
tuallynobias (0.00) andthehighest correlation (0.57). In theother three regions, thebias is larger than0.16andR
ranges from 0.48 to 0.54. Since ground stations in WICP and SC lie in the corner of these two regions, more
ground stations within the model domain are needed for better evaluation of model AOD there.

Themodel performance with the resolution of 0.5° × 0.667° was also evaluated separately during March–April
(the BB period) and during other months (non-BB period) (Figure 2). During these two periods, all emissions
are included in the model simulations. The model AOD performs significantly better during the BB period
than the non-BB period. The slope and intercept are 0.71 and 0.02, respectively, during the BB period, which
contrasts with values of 0.21 and 0.07 during the non-BB period. The bias is reduced dramatically from�0.22
to�0.04, the normalizedmean bias (NMB) decreased significantly from�0.50 to�0.05, the normalizedmean
error (NME) reduced from 0.60 to 0.51, and the correlation increases from 0.43 to 0.55 from non-BB period to
BB period. These results reflect that the model performance improves when influenced by fire emissions
during the BB period.

Table 3. Statistical AOD Comparisons Between CE318 Sun Photometer and Model Simulation (0.5° × 0.667°)a

Region N Bias NMB NME RMSE R y Intercept Slope

YGP 829 �0.16 �0.51 0.58 0.28 0.50 0.04 0.26
SC 413 0.00 0.01 0.41 0.34 0.57 0.00 0.70
EICP 1484 �0.18 �0.20 0.58 0.65 0.48 0.03 0.52
WICP 1847 �0.24 �0.45 0.58 0.46 0.54 0.06 0.26
Total 4573 �0.17 �0.31 0.56 0.49 0.52 0.06 0.34

aN is the number of matchups. NMB represents normalizedmean bias. NME is normalizedmean error. RMSE stands for
root-mean-square error. R is correlation coefficient. y intercept and slope stand for intercept at y axis and slope of the
fitting line.

Figure 2. Comparison of AOD between CE318 Sun photometer (CE318) observation and the GEOS-Chem Exp1 simulation
with the resolution of 0.5° × 0 × 0.667° over the region 10–28°N, 90–115°E during two time periods: (left) nonbiomass
burning period (all months except for March and April) and (right) biomass burning period (March–April) during January
2012 to May 2013. Definitions of the four regions are given in Table 1 and Figure 1. The red line is the linear fitting line; the
black dashed line is 1:1 line. NMB represents normalized mean bias. NME is normalized mean error. RMSE is root-mean-
square error, R is correlation coefficient, and N is the number of matchups.
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These comparisons indicate that the GEOS-Chem model still needs further improvement in AOD simulations
in Southeast Asia and Southwest China, especially during the non-BB seasons. However, the model simula-
tion with FINN emissions is able to characterize the AOD variability during the BB period, which is a sound
foundation for the further analysis presented here.

We also use the ground-based Sun photometer measurements to validate the AOD simulated by the GEOS-
Chem global model at 2° × 2.5° resolution. The results show that the biases are�0.19 during January 2012 to
May 2013 and �0.07 during the BB period. The biases are reduced somewhat to �0.17 and �0.04 if we use
the AOD from the nested-grid model with the resolution of 0.5° × 0.667°. This indicates that model perfor-
mance may be enhanced by using a finer resolution. This result agrees well with a previous study of CO trans-
port using a finer-resolution nested-grid model [Chen et al. [2009].

4.2. The Influence of Smoke Transport During Biomass Burning Period

Figure 3 compares the March–April 2013 time series of instantaneous AOD from ground-based measure-
ments (nominal every 15min) at the KM site, located in the center of the YGP region to that simulated
AOD (every 3 h) over the KM site derived from the six model experiments. The AOD at the KM site from
Exp6 (no fire emission in WICP) shows a significant decrease relative to the base simulation (Exp1) and
most AOD values similar between Exp6 and Exp2 (no fire emission). This indicates that the WICP region
is the major contributor of BB aerosol at the KM site. The figure shows that when fire emission in other
three regions is not included (Exp3–5), AOD values are close to those in Exp1, especially for Exp4 (no fire
emission in SC region), suggesting that long-range transport of smoke aerosols from South China to the
KM site is very rare.

In our study region where wet deposition during BB period is not significant, AOD simulated for BC and OC
can be assumed to have a semilinear relationship with the emission, as inWang et al. [2006]. Thus, to quantify
the regional contribution of BB emissions to AOD at the KM site, four parameters are calculated. The AOD dif-
ference between Exp1 and Exp2 reflects the potential contribution of total BB (referred to as BB_AODtotal) at
the KM site. The AOD differences between Exp1 and Exp3–6 reflect the corresponding contribution of BB
AOD from each region (referred to as BB_AODregion) at the KM site. Therefore, BB_AODregion divided by
BB_AODtotal is the ratio of regional BB AOD to total BB AOD (referred to as ratioBB_AOD), and BB_AODregion

Figure 3. Time series of AOD from six GEOS-Chem simulation experiments with the resolution of 0.5° × 0.667° (every 3 h)
and CE318 Sun photometer (CE318) instantaneous observations (nominal every 15min) at Kunming (KM) site during
March–April 2013. The values in the figure (descending) are the temporal means ± standard deviations during March–April.
The values of Exp1, Exp4, Exp5, and Exp3 almost equal to each other, so some lines may be covered by the Exp3 line.
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divided by the AOD from Exp1 represents the ratio of regional BB AOD to total AOD (referred to as
ratiototal_AOD) at the KM site. These parameters are calculated as follows:

BB AODtotal ¼ AODExp1 � AODExp2 (1)

BB AODregion n ¼ AODExp1 � AODExpn; n ¼ 3; 4; 5; 6ð Þ (2)

ratioBB AOD region nð Þ ¼ BB AODregion n

BB AODtotal
(3)

ratiototal AOD region nð Þ ¼ BB AODregion n

AODExp1
(4)

where n is 3, 4, 5, and 6, representing the region of YGP, SC, EICP, andWICP, respectively. Assume that Exp2–6
have the same error as Exp1 and each experiment is independent, the errors of ratioBB_AOD and ratiototal_AOD
are 2 times and 1.73 times larger than the error of Exp1 according to the propagation of error, respectively.

The quantitative estimates of regional contributions of smoke aerosols to AOD at the KM site are shown in
Figure 4. The regional values of temporal average and standard deviation of ratioBB_AOD are 5.2%± 7.7%,
0.3%± 1.1%, 1.2%± 3.0%, and 87.8%± 13.3%, and the values of ratiototal_AOD are 2.6%± 3.4%, 0.1%± 0.4%,
0.8%± 2.0%, and57.3%± 20.8% for theYGP, SC, EICP, andWICP regions, respectively. These results suggest that
long-rangetransportofBBaerosols fromWICPregion toSouthwestChinasignificantly impacts theaerosol load-
ingat theKMsite. The contributionof local (YGP region) BBpollution toAODatKM ismarginal, followedbyBB in
the EICP region. The transport from the SC region is nearly negligible. Notably, the sum of the regional
ratioBB_AOD from the four regions is 94.5%, which suggests that the KM site may be affected by long-range
smoke transport from other region, such as India. Figure 4 shows that the WICP region is largest contributor
to both BB_AOD and total_AOD during the most of BB period. There is a couple days when local pollution
(YGP region) is dominant, such as the end of 20 March and all day on 20 April. The contribution of all BB

Figure 4. Time series of the contribution ratios of biomass burning in four regions to (top) biomass burning AOD and to
(bottom) total AOD over Kunming during March–April 2013. The four regions are Yungui Plateau (YGP), South China
(SC), East of Indochinese Peninsula (EICP), and West of Indochinese Peninsula (WICP). “All BB” stands for the contribution of
all biomass burning aerosol to the total AOD at KM site.
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aerosol to total AOD at KM (i.e., the sum of regional ratiototal_AOD) is 63.4%± 18.9% during March–April 2013
(Figure 4, bottom), which indicates that other aerosol types are also present in Southwest China.

The uncertainty of these ratios should depend on AOD simulations that can affect by the uncertainty in
aerosol source inventories (fire emission inventory and other aerosol emission inventories). Wiedinmyer
et al. [2011] assigned that the uncertainty of FINN is approximately a factor of 2, although Zhang et al.
[2014] showed that FINN estimate is in the middle-to-low range of fire emission estimates by different
groups. Hence, the low bias of AOD in our simulation is most likely due to underestimation of both fire
and anthropogenic emissions. Furthermore, our sensitivity simulations similar as Exp1 and Exp6 with an
50% variation of FINN show that the ratioBB_AOD and ratiototal_AOD for WICP region are 85.8%± 18.5%
and 43.9%± 20.0%, respectively. Comparing to the results of simulations with baseline FINN, the value of
ratioBB_AOD shows a small variation (from 87.8% to 85.8%), while ratiototal_AOD shows relatively larger varia-
tion (from 57.3% to 43.9%), which indicates that the biomass burning aerosols are the major aerosol type
and regulate the AOD variation in WICP region, which is consistent from our past analysis based on the Sun

Figure 5. March–April 2013 time series of AOD at 550 nm over three sites: KM (YGP region), VT (EICP region), and CM (WICP
region). The blue circles indicate CE318 Sun photometer observed AOD; the pink dots and squares indicate MODIS AOD
from Terra and Aqua, respectively; the red line indicates GEOS-Chem simulated AOD (0.5° × 0.667°) with fire emission
(Exp1); and the green line indicates model AOD (0.5° × 0.667°) without fire emission (Exp2). The MODIS AOD values and
their error bars are reported as the mean ± standard deviation of 3 × 3 MODIS AOD retrievals (at 10 km resolution) centered
at the CE318 Sun photometer site. The values in the legend are the averages over the time period.
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photometer data and back trajectory analysis
[Zhu et al., 2016]. This conclusion is not consis-
tent with Zhang et al. [2012] showing that
mineral dust is a major (and sometimes domi-
nant) type in China. This inconsistence in part
is due to the sampling locations; the closest
sampling location in Zhang et al. [2012] is
~800 km northwest from KM and thereby is
much closer to the Asian dust source region.
The inconsistency can also be caused by the
difference in measurement techniques and
the time periods; Cao et al. [2012] and Xin
et al. [2015] showed that sulfate and organic
matter shared a far greater contribution to
aerosol mass in various Chinese cities [Cao
et al., 2012; Xin et al., 2015]. Therefore, we
conclude that the BB aerosol has a dominant
influence over KM site in the Spring season
(about 63% contribution to total AOD at KM
simulated by FINN during March–April 2013).

4.3. A Case Study of Westerly Smoke Transport to KM

A specific case of long-range transport of BB aerosols to the KM site is analyzed further. This case is selected
based on a combination of observations and model simulations. Figure 5 shows the time series of observed
(CE318 Sun photometer and MODIS) and simulated AOD (Exp1 and Exp2) at the KM (YGP region), VT (EICP
region), and CM (WICP region) sites during March–April 2013. Each site represents a corresponding subre-
gion. The SC region is not included in this analysis since there are few ground observations during this period.
The MODIS AOD is mostly consistent with the CE318 AOD. Further, the model simulation including FINN
emissions (Exp1) captures the changing trends in observed AOD, especially during AOD peaks, such as 22
March at the KM site, 25 March and 7 April at the VT site, and 20 March at the CM site. Notably, the three sites
all show peak values of AOD during 20–23 March and the peak at KM site occurs later than at the other two
sites. In addition, Figure 4 (top) shows that the contribution of BB fromWICP to AOD at the KM site decreases
to 40%–70% from 15:00 UTC 20 March to 03:00 UTC 21 March but rapidly increases to 90% after 06:00 UTC on
21March, which indicates smoke transport fromWICP to the KM site after 06:00 UTC 21March. Therefore, this
time period of elevated aerosol loading (21–23 March) is investigated further.

Time series of AOD at the KM site derived fromCE318 Sun photometer and theGEOS-Chemmodel simulations
during 21–23 March 2013 are shown in Figure 6. The mean values of AOD from CE318 Sun photometer and
Exp1 are respectively 0.36 and 0.49, both of which aremuch higher than that calculated from Exp2 (0.10), sug-
gesting that BB aerosol is the dominant aerosol type during this time period. On 21 March, the AOD derived
from the Sun photometer increases from 0.21 in the morning to 0.48 in the afternoon. Similar increases in
AOD are also simulated by the model Exp1 (from 0.12 at 02:00 A.M. to 0.54 at 23:00 P.M. LT). This increase of
AOD continues to 22 March. The Sun photometer AOD increases from 0.55 at 07:00 to 0.80 at 16:00 LT, which
is captured by the model Exp1 simulation. The model Exp1 AOD decreases after 17:00 LT when Sun photo-
meter measurements are not available. On 23 March, the Sun photometer AOD dramatically decreases from
0.48 at 09:00 to 0.18 at 16:00 LT. The model Exp1 AOD on 23 March shows a slight increase during 02:00 to
08:00 LT but decreases from 08:00 LT to the end of this day. Overall, AOD variation from the model simulation
(Exp1) is in good agreement with that measured by the Sun photometer during these three days.

Figure 7 presents the MODIS true-color images overlaid by MODIS active fire location (first row), MODIS and
model Exp1 AOD distributions (second and third row), and synoptic meteorology (last row) during 21–23
March 2013. The greatest fire activity is observed on 22 March. The regions with high MODIS AODs (Figure 7,
second row) correspondwell to the thick smoke layer in northern EICP (Laos andVietnam) andWICP (north east
IndiaandBurma). A largeareaofhighMODISAOD is shown innorthBurmaon21–22March. Coincidently, these
two days are shown with the increased AOD observed by ground observation at the KM site (Figure 6).

Figure 6. CE318 Sun photometer (CE318) observed and model
simulated AOD with the resolution of 0.5° × 0.667° at Kunming
during 21–23 March 2013. The red line is the model simulation
including global fire emission (Exp1), and the green line is the
model simulation with no fire emission (Exp2). LT is the local time
(LT = UTC + 8 h).
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The model Exp1 AOD (Figure 7, third row) also shows the smoke transport from west to east. The KM site
(black circle in the figure) is closest to the area with high modeled AOD on 22 March when the largest
AOD is observed by CE318 Sun photometer there. The centers of the areas with elevated modeled AOD
correspond well with those of MODIS AOD, but the modeled areas with elevated AOD (where AOD> 1.0)
are larger than those observed by MODIS (Figure 7, second row). Both the MODIS and model Exp1 AOD over
northern Laos and Vietnam are very high, and these elevated values extend to South China, illustrating the
transport of smoke from Southeast Asia to South China such as Guangzhou [Deng et al., 2008] and Hong
Kong [Chan et al., 2003]. However, the smoke transport to YGP is mostly related to BB in Burma and
Northeast India, which is supported by the following analysis.

Figure 7. (first row) MODIS true color images overlaid by fire points, (second row) MODIS AOD and 72 h back trajectories at Kunming, (third row) model Exp1 AOD
with the resolution of 0.5° × 0.667°, and (last row) NCEP daily surfacewind (m/s) and 500Mbgeopotential height (m) over the region of 80–120°E and 10–35°N on 21–23
March 2013. The black dot shows the location of Kunming site (KM). In the first row, the blue lines are the ground track of CALIPSO satellite and the red dots are
MODIS active fire locations on the day. The three back trajectories on each day in the second row are black for 2000m, red for 3000m, and blue for 4000m agl.
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Analysis of the synoptic patterns during this time period (Figure 7, bottom row) shows that themajority of the
WICP region (mainly northeast India and Burma) is located in the front of a trough during 21–22 March. More
importantly, surface winds show a convergence in northern Burma (23–25°N, 90–100°E), which is favorable
for the uplift of smoke aerosols to higher altitudes. As a result of the westerly and southwesterly winds at
the middle troposphere over this region, BB aerosols are eventually transported to the YGP. With the easterly
movement of the trough from 21 March to 23 March, the WICP region is then located behind the trough on
23March, which is unfavorable for the uplift of smoke aerosol in this region. Furthermore, airflow over the KM
site is from the northwest (i.e., air masses are from the Tibetan Plateau) on 23 March and afterward (this can
also be deduced by the back trajectory at 4000m agl on 23 March in Figure 7, second row). This synoptic
change prevents long-range transport of BB aerosols from the WICP region to the YGP. On the contrary, clean
air masses transported from Tibetan Plateau lead to a decrease of AOD on 23 March. Notably, although there
is a convergence and updraft in north Laos and Vietnam (in the EICP region), the westerly wind overhead pre-
vents transport of BB aerosols from the EICP region to the YGP. The synoptic patterns, combining the AOD
variations on the three days, indicate that smoke aerosols take 1 day or less to transport from Northeast
India and Burma to the KM site.

Figure 8. (first row) 21–23 March 2013 CALIOP-derived vertical profile of total attenuated backscatter at 532 nm, (second row) vertical feature mask of aerosol, and
(third row) vertical AOD at 532 nm (multiple particle extinction coefficient by the level thickness) over the ground track shown in Figure 7 first row, along with
the GEOS-Chem (0.5° × 0.667°) Exp1 simulated vertical profiles of total AOD at 550 nm along the corresponding (last row) CALIPSO ground track and overpass time.
The red lines are the surface height from the CALIPSO satellite.
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The potential for long-range transport of the uplifted WICP smoke aerosol depends on the altitude to
which the aerosol is lifted. Figure 8 shows the vertical profile of aerosols derived from the CALIOP
satellite measurements and the model simulation. We choose the nearest CALIPSO ground track to
the west of the KM site (locations shown in Figure 7, first row) to identify the largest contribution
of smoke from the WICP region. Due to the high-surface height and clouds, the aerosol layer in
the north of ground track is not obvious. During 21–23 March, the level 1 attenuated backscatter
at 532 nm derived from CALIOP shows apparent aerosol layers between the surface and 5 km
(Figure 8, first row). The AOD profile from CALIOP (using the CALIOP AOD profile instead of particle
extinction coefficient is to compare with GEOS-Chem simulated AOD) shown in the third row shows
different patterns of aerosol profiles on the three days: high values near the surface on 21 March
but rising to about 4 km on 22–23 March over the latitude of ~22°N. Furthermore, the aerosol type
corresponding to high values of CALIOP AOD on 22–23 March is mostly attributable to smoke aerosol
according to the CALIOP vertical profile of aerosol subtype (Figure 8, second row, black points). These
CALIOP observations support the idea of smoke aerosol transport from low-altitude sources west of
the YGP (Northeast India and Burma) to the 2 km altitude of the KM site. Compared to the CALIOP
observations, the plume height (4–5 km) and vertical profile of AOD simulated by the model
(Figure 8, last row) are in good agreement with the CALIOP observations on 22–23 March, especially
for the track between ~19 and 27°N. Therefore, the full story of long-range transport of BB from
Northeast India and Burma to the YGP as revealed by a combination of observations and model simu-
lations is as follows: smoke aerosols accumulate as a result of BB in Northeast India and Burma; smoke
aerosols are pumped into higher level of the atmosphere (4–5 km); and BB aerosols are transported to
the YGP via the prevailing westerly wind.

5. Conclusions

We have simulated the spatial-temporal variation of AOD by using the GEOS-Chem nested-grid model with
FINN BB emissions and other anthropogenic emissions over Southeast Asia. The model performance was
evaluated by comparing model AOD against ground-based Sun photometer data at eight stations. Long-
range transport of BB aerosols from surrounding regions to the KM site, a station located in the YGP region
in southwest China, was quantitatively evaluated. The main conclusions are as follows:

1. The GEOS-Chem nested-grid model simulation with a spatial resolution of 0.5° × 0.667° underesti-
mates the AOD value by 0.17 during January 2012 to May 2013. The model performs much better
in BB months (March–April), with an AOD bias only of �0.04. The temporal variation of AOD in BB
months is well captured by the model, with a correlation coefficient of 0.55. The performance of
GEOS-Chem simulation of AOD apparently needs further improvement, especially during nonburn-
ing period.

2. BB in Northeast India and Burma is the largest contributor of BB AOD and total AOD at the KM site during
BB months (March–April). Long-range transport of smoke aerosol from these areas accounts for about
88% of the calculated BB AOD and about 57% of total AOD at the KM site. This large contribution is per-
sistent throughout nearly the entire BB period.

3. The modeled spatial distribution of AOD and vertical profile of aerosols are consistent with their respec-
tive counterparts derived from MODIS and CALIOP measurements. Layers of BB aerosol can reach 4 km
altitude in the western part of the YGP. The prevailing westerly airflow and the larger amount of smoke
emitted in Northeast India and Burma lead to the possibility of long-range transport of smoke from these
regions to the YGP region.

Finally, we note that quantitative impact of BB transport from Southeast Asia to YGP largely depends on
the inventories of smoke emissions that can vary year by year. Furthermore, the underestimation of
simulated AOD in the months without biomass burning is unclear, although it is likely that the seasonal
variation of industrial emissions may not be well represented in the model [Wang et al., 2016].
Therefore, further studies of smoke transport in other years as well as long-term observation of aerosol
properties (especially from accurate ground-based measurements) are required to quantify both the
impacts of biomass burning aerosols and anthropometric aerosols on the air quality and climate in
this region.
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