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ABSTRACT 

This work examines the permanent aerosol source regions 
over Asia by analyzing 7-years data of aerosol optical thick-
ness (AOT) product from MODerate Imaging Spectroradi-
ometer (MODIS) onboard Aqua and Terra satellites.  The 
analysis is carried out by taking the average AOT map during 
the years 2002-2008 over the region in different seasons, in 
which the permanent source regions will appear pronounced 
whereas the locations influenced by transport or any emissions 
that last for shorter time period will be smoothened.  The 
results show four such main permanent source regions.  Ang-
strom Exponent (AE) aerosol product is used to infer about  
the possible type and size of aerosols over the source regions.  
The average AOT trends over the source regions in different 
seasons during 2002-2008 are examined and the results are 
discussed based on the corresponding variations of meteoro-
logical parameters derived from National Center for Envi-
ronmental Prediction - National Center for Atmospheric Re-
search (NCEP-NCAR) reanalysis data.  In addition, the trends 
in AOT variation during the period 2002-2008 over certain 
selected stations over the area are also discussed. 

I. INTRODUCTION 

Aerosols, with life time of a few days, not only affect the 
regions where they are generated, but also could get transported 
to long distances and influence the radiation budget over re-
mote locations, and pose health risks (Mian Chin et al., 2007).  

One of the main challenges in modelling climate variation is to 
account for the forcing from aerosols, which is dynamic and 
variable in space and time (Ichoku et al., 2002).  Thus, it is 
very important to know their sources as well how the emis-
sions are distributed.  With the advantage of satellite remote 
sensing, it is possible to gather aerosol information over a 
global scale and the MODerate Imaging Spectroradiometer 
(MODIS) onboard Aqua and Terra satellites in particular have 
provided tremendous amount of data with which one could 
study the aerosol characteristics at desired locations (Kaufman 
et al., 1997; Chu et al., 2002; He et al., 2012).  Several inves-
tigators have used the MODIS aerosol products to quantify the 
aerosol variation and the corresponding seasonal characteris-
tics in different regions (Tanr et al., 1997; Chu et al., 2003; 
Lesins et al., 2006; Jones et al., 2007; Remer et al., 2008; Alam 
et al., 2010; 2011; He et al., 2012; Anderson et al., 2013; 
Ramachandran et al., 2013; Zheng et al., 2013). 

In addition to inferring the aerosol properties, MODIS ob-
servations have the potential to identify and monitor regions 
that continually load aerosols into the atmosphere.  Rapid 
industrial growth and economic activities have earned Asia, 
which also hosts several desert regions, the bad reputation as  
a major source of dust and pollution.  Such emissions are shown 
to be transported to large distances, reaching Europe and North 
America.  During the transport, the aerosol particles could un-
dergo mode mixing, which modifies their nature and charac-
teristics and could make their impact often severe (Shaw et al., 
1980; Uematsu et al., 1983; Jaffe et al., 1999; Chun et al., 2001; 
Husar et al., 2001; Liang et al., 2004; Eck et al., 2005; Kim  
et al., 2005; Heald et al., 2006; Kim et al., 2007).  While such 
studies provide information about the transport of the aerosols 
and how they get mixed with other air-masses en route, iden-
tifying the source regions as well as monitoring the nature  
of emission from the sources over the course of time is also 
necessary. Paper submitted 04/22/14; revised 12/09/14; accepted 02/26/15.  Author for 
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This paper focusses on identifying regions in Asia that load 
aerosol particles continuously to the atmosphere and to un-
derstand how the nature and amount of loading from such 
regions evolve in different years and to study the impact of the 
emissions from these regions over nearby locations.  Though 
several attempts have been made to quantify the aerosol  
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Fig. 1.  The study area together with the monthly mean MODIS AOT at 550.0 nm in the year 2008. 
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Fig. 2.  Seasonal AOT values over the study area in 2008. 

 
 

variation over selected locations within Asia (Lelieveld et al., 
2001; Qian et al., 2002; 2004; Wang et al., 2004; Eck et al., 
2005; Kim et al., 2005; Kim et al., 2007; Wang et al., 2011; He 
at al., 2012; Zheng et al., 2013), and several measurements 
made at European and American continents have traced back 
the enhanced levels of aerosols to the sources in Asia mentioned 
above, there has been no attempt so far to identify permanent 
aerosol source regions over Asia using satellite remote sensing.  
In this work, the MODIS aerosol products during 2002-2008 
are used to classify the locations with significant aerosol pro-
duction that persists in multi-year averaging.  Such source 
locations in different seasons are investigated and the aerosol 
properties as well as the trends during 2002-2008 are discussed.  
The results are compared with the corresponding trends in  
meteorological parameters over the source regions derived 
from National Center for Environmental Prediction - National 
Center for Atmospheric Research (NCEP-NCAR) reanalysis 
data.  Further analysis is also carried out to provide the trend in 
aerosol variation during 2002-2008 over certain selected sta-
tions in southeast Asia, and the observed results are discussed 
based on the influence from the source regions.  Similar ap-
proach could be adopted over other regions using satellite 
observations. 

II. PERMANENT SOURCE REGIONS 

The MODIS level 2.0 aerosol products Aerosol Optical 

Thickness (AOT) and Angstrom Exponent (AE) during the 
years 2002-2008 are used for the study.  The daily AOT ob-
servations at 550.0 nm over the region within 10S-50N 
latitudes and 60-170E longitudes are combined together to 
generate monthly mean, and also seasonal aerosol maps.  The 
selected study area that include several aerosol source regions 
in Asia could be noted from Fig. 1, which also gives the 
monthly mean AOT values in 2008.  The AOT values in each 
season in the 7 year period are averaged together to identify 
the regions that persist in the multi-year mean.  The seasonal 
mean AE values over the region are examined to understand 
the size information of the aerosols, which also indicate the 
possible particle type. 

It can be seen from Fig. 1 that the largest AOT values are 
seen over the Indian continent and the Arabian ocean regions 
to the west of India in the months of June-July.  Another region 
with prominent AOT values is the eastern parts of China dur-
ing April-July.  The northern part of India shows presence of 
significant amount of aerosols in almost all the months.  
Similarly, except in November-December months, the eastern 
parts of China also reveal larger values of AOT, compared to 
the rest of the area.  The monthly variation reveals that maxi-
mum aerosol loading occurs over the selected area in the 
summer months.  Fig. 2 displays the seasonal mean values 
over the study area, where it can be seen that the monthly pat-
terns in general appear in the seasonal means also, suggesting 
that the emissions occur on most of the days considered for the  
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Fig. 3. Seasonal mean AOT values during the years 2002-2008.  The regions that persist in the multi-year average are circled with the numbers rep-

resenting the corresponding region name. 
 
 

average.  North and East parts of China, as well as India appear 
to be the regions with significant amount of AOT in all sea-
sons. 

In order to verify if the regions of larger AOT values over 
the study area also persist in multi-year averaging, the mean of 
AOT values in each season during the years 2002-2008 are 
plotted in Fig. 3.  It can be seen that there are mainly four 
regions with pronounced AOT values in all seasons; (1) the 
region at North and North-West of China and South of Mon-
golia, (2) Eastern part of China, (3) North-East of Indian con-
tinent, and (4) parts of Thailand, Vietnam and Indonesia, 
though of slightly lesser magnitude.  The four regions, which 
persist in the 7 year average in all seasons and appear sig-
nificant with respect to the surrounding areas, are termed as 
permanent aerosol source regions.  These regions thus con-
tribute to majority of the aerosol loading over the area, which 
gets transported to nearby locations or countries as well as to 
other continents, affecting the air quality and contributing to 
climate changes. 

In addition to identifying the source regions, it is important 
to understand what type of particles are loaded into the at-
mosphere from these sources, and if there is any change in the 
type of the particles in different seasons.  For this purpose, the 
multi-year average AE values in each season over the same 
area are given in Fig. 4.  For region 1, AE values are not 
available for winter, but in other seasons it is mostly about 

0.5-0.8, reaching as high as 1.0 at certain locations.  In region 
2, the AE values are different in different seasons.  In spring 
and winter, the values are mainly between 0.5 and 1.0, except 
at the southern parts of the region where it reaches about 1.5.  
Largest AE values occur in summer months, in the range 1.2- 
1.8.  In autumn, values from 0.6 to 1.6 could be seen, with lower 
values in the northern half and larger values to the south.  The 
AE values in region 3 are more-or-less similar to that in region 
1, falling in the range 0.5-1.0 in all the seasons.  By contrast, 
region 4 shows larger AE values in all seasons with values 
greater than 1.5. 

To further understand the nature and magnitude of aerosol 
loading during the study period, the mean AOT in each season 
over the four regions from 2002-2008, is plotted in Fig. 5.  
The mean value is calculated by taking the average of all 
available AOT data within a latitude-longitude of grid of 
0.5, centered over each of the source regions marked in Fig. 
3.  The figure shows how the aerosol loading over the source 
regions has changed over a period of 7 years.  It can be seen 
that the aerosol loading in region 1 shows an increasing trend 
in spring and the change is rapid during 2006-2008 with an 
increase by a factor of about 2.7.  In other seasons there is no 
overall significant increasing or decreasing trend.  For region 2, 
increasing trends could be seen in spring, autumn and winter, 
where the change is pronounced in spring with the AOT in 
2008 approximately becoming twice its value in 2003.  The  
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Fig. 4.  Seasonal mean AE values during the years 2002-2008.  The regions identified in Fig. 3. are over plotted here. 
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Fig. 5.  Mean AOT variation within ±0.5° latitude/longitude grid centered over the permanent source regions during 2002-2008. 
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Fig. 6.  Average AOT variation within ±5° latitude/longitude grid centered over the permanent source regions during 2002-2008. 

 
 

trend in region 3 does not reveal any significant change during 
2002-2008, but it can be seen that the AOT in spring registers 
an increase of about 45% during 2006-2008, about 30%  
increase in the same years in summer, and about 25% increase 
during 2005-2008 in autumn.  There is a slight decreasing 
trend in winter.  Region 4 shows least year-to-year variation of 
AOT where, except in winter, the AOT seems to have an 
overall decrease. 

In Fig. 5, the inter-annual AOT variation within a small lo-
cation over the source regions are given.  In order to verify if 
similar trend exists over the entire source region, the average of 
all AOT data points within a latitude-longitude grid of 5 
centered over each of the four regions (Fig. 3) are plotted in 
Fig. 6.  Comparing with Fig. 5, it can be seen that the overall 
trends more-or-less remain the same over a larger area.  The 
increasing trends in spring over region 1 and region 2 persist 
even in the average values in Fig. 6.  It can be noted from Figs. 5 
and 6 that largest AOT values are seen over region 2 in all the 
seasons, and followed by region 3.  Another important aspect to 
note is a periodic variation of AOT values during 2002-2008 
over all the regions.  Though the data length is not sufficient to 
quantify a periodicity, the variation seems to suggest the sig-
nature of quasi-biannual oscillation of AOT over the regions. 

In addition to examining the AOT variation over the per-
manent source regions, the influence of the regions in the aero-

sol loading over nearby areas is also analyzed.  The yearly 
variation of AOT and AE over six selected stations over the 
study area in different seasons is shown in Fig. 7.  The stations 
selected are Mukdahan, Bac-Giang, Beijing, Taipei, Osaka 
and Gosan, the locations of which are marked in Fig. 8.  Note 
that Fig. 8 also gives the seasonal wind pattern over the entire 
area, averaged during the years 2002-2008.  The linear fit of 
the data points in Fig. 7 indicates the average annual trend, 
though there is significant inter-annual variation in some cases.  
Over Mukdahan the AOT is largest in spring with an average 
value of about 0.5, and remains smaller in all other seasons.  
There is an overall decrease of about 30% during 2002-2008  
in summer and an increase of about 54% in autumn.  The AOT 
levels in spring and winter do not show any consistent trend 
with an overall increase (decrease) of about 7% in winter 
(spring).  The AE values suggest that there is a decreasing 
trend during 2002-2008 in all seasons, and is significant in 
summer and autumn.  Over the neighboring Bac-Giang the 
annual variation is different with a net increase of about 
22-23% in spring and winter, and about 16% in autumn.  Note 
that this is the only station with average AOT greater than 0.5 
in winter.  There is no significant change in AOT in summer 
with a slight decrease of about 8% over the years.  In contrast 
to Mukdahan, the AE values over Bac-Giang shows increasing 
trend in all the seasons. 
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Fig. 7.  Trends of MODIS AOT and AE over selected stations within the region during 2002-2008. 

 
 

m/s
20.00

18.33

16.67

15.00

13.33

11.67

10.00

8.33

6.67

5.00

3.33

1.67

0.00

50

40

30

20

10

0

-10

G
eo

gr
ap

hi
c 

La
tit

ud
e 

(°
N

)

60 80 100 120 140 160
Geographic Longitude (°E)

Seasonal Mean JJA 2002-2008m/s
10.00

9.17

8.33

7.50

6.67

5.83

5.00

4.17

3.33

2.50

1.67

0.83

0.00

50

40

30

20

10

0

-10

G
eo

gr
ap

hi
c 

La
tit

ud
e 

(°
N

)

60 80 100 120 140 160
Geographic Longitude (°E)

Seasonal Mean MAM 2002-2008

m/s
14.00

12.83

11.67

10.50

9.33

8.17

7.00

5.83

4.67

3.50

2.33

1.17

0.00

50

40

30

20

10

0

-10

G
eo

gr
ap

hi
c 

La
tit

ud
e 

(°
N

)

60 80 100 120 140 160
Geographic Longitude (°E)

Seasonal Mean DJF 2002-2008m/s
10.00

9.17

8.33

7.50

6.67

5.83

5.00

4.17

3.33

2.50

1.67

0.83

0.00

50

40

30

20

10

0

-10

G
eo

gr
ap

hi
c 

La
tit

ud
e 

(°
N

)

60 80 100 120 140 160
Geographic Longitude (°E)

Seasonal Mean SON 2002-2008

 
Fig. 8.  Seasonal mean NCEP/NCAR wind pattern at 850 hPa during 2002-2008. 
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Though the trend line over Beijing indicates more-or-less 
consistent AOT in spring during 2002-2008, mainly because 
of the large AOT in 2003, the yearly values suggest a steady 
increase after 2004.  Similarly, the trend in summer is also 
biased by the large inter-annual variation, with the overall 
trend indicating falling levels of AOT.  In autumn, there is an 
increase of about 28% during 2002-2008.  The AOT in winter 
over Beijing is mostly consistent, with the overall change 
suggesting a slight increase of approximately 5%.  Note that 
there is no significant inter-annual variation of AE in any of 
the seasons.  The AOT over Taipei is less than 0.5 in all the 
years, and shows least inter-annual variation.  There is a de-
creasing trend in all the seasons, with a change of about 5% in 
spring, and about 27% in other seasons.  In winter, the AE 
values indicate a consistent increasing tendency, while there is 
no noticeable variation in other seasons. 

The trends over Osaka and Gosan are similar to each other 
in all seasons except winter.  In spring, there is an increase of 
about 25% over Osaka, while it is about 50% over Gosan.  In 
summer, the AOT shows a net decrease of about 15% over 
Osaka, and about 40% over Gosan.  The decreasing trend 
continues in autumn also, with about 13% over Osaka and 
about 28% over Gosan.  In winter there is about 25% decrease 
over Osaka, while there is an increase of about 37% over 
Gosan.  The spring AE tends to decrease over Gosan, but there 
is no significant change over Osaka.  Note that there is large 
inter-annual variation of AE over Gosan in other seasons, 
especially in winter.  However, over Osaka, there is a consis-
tent decrease of AE in winter. 

III. AEROSOL CHARACTERISTICS OVER  
THE SOURCE REGIONS 

The results reported above shows that space based retrieval 
of AOT serves as an effective tool to identify and monitor 
regions that continuously load aerosol particles into the at-
mosphere.  The four permanent regions that are revealed in the 
7-year average, which exist in all seasons, are known to con-
tribute to the aerosol loading over Asia and other continents.  
The smaller AE values in region 1 indicate the dominance of 
larger size particles over the region.  Region 1 includes north- 
west of China and south of Mongolia, which are dry areas and 
desert regions (Qian et al., 2002; 2004; Wang et al., 2008; 
Wang et al., 2011).  This region also includes the Tarim basin, 
which is a major location where several dust storms are re-
ported to occur.  Note that the AE values remain mostly the 
same in all the seasons over this region, suggesting that the 
type of particles do not change with season.  This indicates that 
transport of other kind of particles from different areas is not 
significant and dust particles dominate the average aerosol 
values.  The average wind pattern shown in Fig. 8 also do not 
reveal any possibility of wind driven transport from other 
source regions to region 1, except probably in spring from 
region 3, when the difference in the particle type over the two 
regions is least. 

The eastern parts of China included in region 2, are known 
for smoke and pollution owing to rapid industrialization  
and developmental activities over the area (Eck et al., 2005; 
Kim et al., 2005; Kim et al., 2007).  Dust storms are also re-
corded over north eastern parts within this region, and regional 
soil emissions also occur (Qian et al., 2004; Wang et al., 2011).  
Unlike region 1, the AE values over region 2 vary with season.  
For example, in spring, the smaller AE values indicate pres-
ence larger type of particles.  The wind pattern confirms the 
possibility of transport form the desert areas of region 1.  How-
ever, the southern parts of region 2 receives airmass blowing 
over region 4, which are dominated by smaller particles, and 
results in slightly larger AE values over that area.  In summer 
region 2 is mostly dominated by smaller type particles.  It can 
be seen that the AOT values in region 2 is of slightly larger 
magnitude in spring than in summer, especially over the area 
surrounding the central parts.  In summer, the AOT over this 
area seems to be lesser, where the decrease is more visible at 
the north-east parts.  This shows that the aerosols in spring 
could include contribution from local sources as well as those 
transported from nearby source regions, and dust particles 
might dominate the total aerosols, whereas in summer proba-
bly pollution and smoke from industrial sources and fossil fuel 
burning, forest fires, etc. could be the major cause (Kim et al., 
2005; He et al, 2012).  The possible wind driven transport to 
this region in summer is from region 4, which again is domi-
nated by smaller particles (Fig. 8).  In autumn and winter, the 
southern part of the region is dominated by smaller particles, 
while the northern part indicates a mixture of small and large 
particles.  The results suggest possibility of dust outbursts in 
cold weather conditions (Qian et al., 2002; 2004), though the 
measurements at northern parts in winter could be affected by 
snow cover.  Thus, there could be transport from the dust 
sources in region 1 to the northern parts of region 2 in autumn 
and winter. 

Region 3 shows the pollution rich areas over northern and 
north-east parts of India (Habib et al., 2006; Suresh Babu et al., 
2008).  The large increase in AOT in summer months when 
compared to mostly similar values in other seasons could be 
due to the transport of additional aerosol particles with the 
south westerly winds associated with Indian monsoon (Habib 
et al., 2006; Gautam et al., 2011; Sharma et al., 2014).  The AE 
values over the north-western parts of Indian continent mostly 
remain smaller in all seasons, indicating presence of larger 
particles.  This region includes the Thar desert and other arid 
and semi-arid areas, which could contribute to dust particles 
that might dominate the aerosols over the region (Léon et al., 
2003; Dey et al., 2004; Kim et al., 2005).  Further, the particles 
transported with the monsoon winds are also associated with 
smaller AE values.  The effect of transport from these desert 
regions seems less effective in autumn and winter seasons over 
the central and north-eastern parts of the region, where mixing 
with local pollution and smoke results in the moderate AE 
values (Fig. 8). 

The aerosol loading over region 4 is the smallest in mag-
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nitude compared to other regions, and appears to be significant 
mostly in spring and autumn.  Bio-mass and fossil fuel bur- 
ning, forest fires, and pollution over Thailand, Vietnam, In-
donesia, and Philippines contributes to the aerosols in region 4 
(Lelieveld et al., 2001; Reid et al., 2013).  The AE value, which 
is the largest among all the regions, confirms the presence of 
smaller size particles in all the seasons.  The presence of larger 
particles such as dust appears to be not significant in the multi- 
year average.  The wind pattern also does not reveal any pos-
sibility of transport from source regions dominated by dust 
particles. 

In the case of the selected stations within the study area  
(Fig. 7), the AOT values indicate how the permanent source 
regions affect the environment and air quality of these stations 
and also the significance of any possible local emission over 
these locations.  Mukdahan, Taipei, Osaka and Gosan have 
AOT of almost similar magnitude, however the AE values are 
different depending on season.  Both Taipei and Mukdhahan 
have AE > 1.0 in all seasons, indicating that smaller size par-
ticles dominate the aerosol loading.  Thus, there is less influ-
ence from dust source regions over these locations, while 
smaller size particles resulting from pollution or smoke domi-
nates, indicating that local emissions play important role.  On 
the other hand, over Osaka and Gosan AE < 1.0 in spring, 
suggesting that transport from region 1 affects theses stations 
significantly.  Similarly, transport of pollutants from region 2 
could be possibly responsible for the larger AE in summer and 
autumn.  It is worth to note that Beijing and Bac-Giang are two 
stations showing largest AOT values.  While Beijing could be 
significantly influenced by region 1, over Bac-Giang mostly 
local emissions could be contributing with possible transport 
from region 3.  A detailed description of the aerosol charac-
teristics over these stations is given by Gerelmaa et al. (2015). 

IV. TRENDS DURING 2002-2008 

Though the aerosol properties over the permanent source 
regions have been investigated by several ground-based as 
well as satellite measurements, this is probably the first at-
tempt to isolate such regions using multi-year averaging from 
space based observations and to characterize the variation of 
aerosol particles in different seasons over the regions during a 
7 year period.  From a climatological point-of-view, the 
long-term changes in the amount and distribution of aerosols 
are of great importance.  Such studies are also useful to under-
stand the inter-annual variation of AOT and relate the trends 
with the corresponding variations in meteorological parame-
ters.  It is also important topic for further investigation to 
understand how, if any, the changes in AOT and that in mete-
orological parameters are inter-related and if there are any 
feedback processes. 

The increasing trend of AOT over region 1 in spring sug-
gests potential increase in dust storm frequency in the recent 
years.  In fact, there has been a continuous decreasing trend of 
dust storms in the past few decades (Qian et al., 2002; 2004 

Zhou et al., 2003; Wang et al., 2008; Zhu et al., 2008).  Though 
there was sudden increase during 2001-2003 (Gao et al., 2003; 
Kurosaki and Mikami, 2003), it could well have been part of 
the inter-annual fluctuations of larger magnitude (Wang et al., 
2008; Zhu et al., 2008).  However, the increasing AOT trend 
reported here suggests significant increase, especially during 
2006-2008, indicating the possibility of such enhanced occur- 
rence again.  Similarly, previous studies of NOx emissions over 
China by Richter et al. (2005) and Zhang et al. (2007), using 
Global Ozone Monitoring Experiment (GOME) and Scanning 
Imaging Absorption Spectrometer for Atmospheric Charto-
graphy (SCIAMACHY) data, had shown an increase by a 
factor 1.5 to 2 from 1996 to 2004.  The trend over region 2 
shown in this study reveals that similar increase continues 
during 2003-2008.  This further indicates that the anthropo-
genic emission rate in China still remains large in recent years.  
In the case of region 3, the previous analysis by Habib et al. 
(2006) showed a steady increase in the aerosols resulting from 
smoke, pollution etc.  The current results suggests that the 
increasing trend is still continuing and more measures are 
required to control the pollution levels. 

In order to examine how the rapid increase of AOT in re-
gion 1 and region 2 in spring are associated with the changes in 
meteorological parameters, the trends of NCEP/NCAR tem-
perature, precipitation and humidity are plotted in Figs. 9-11, 
respectively.  Note that the precipitation (Fig. 10) is more 
random, making the trend less reliable, and hence it may ap-
pear as not well correlated with AOT.  Over region 1, the in-
crease in AOT during 2002-2008 in spring seems to be related 
with a similar increase of temperature as well as a decrease of 
relative humidity.  The precipitation also shows a decreasing 
trend.  This indicates more dry and hot weather over region 1 
and could potentially result in increase of dust outbreaks, 
which could also affect nearby regions as well as even remote 
continents, and is a matter of concern.  The year-to-year 
fluctuations in AOT match with the corresponding fluctua-
tions in meteorological parameters.  Though the long term 
studies of dust storm frequency reveals a decreasing trend, 
which is explained by the changes in large scale circulation 
related to global warming, resulting in an increase of surface 
air temperature over Mongolian plateau and cooling over 
Northern China, causing a subsequent decrease of cyclonic 
activity (Wang et al., 2008; Zhu et al., 2008), the results in this 
study indicates that changes in local meteorological parame-
ters could be important in deciding the strength and magnitude 
of inter-annual fluctuations in the dust storm occurrence (Qian 
et al., 2002; Liu et al., 2004). 

The AOT increase in spring in region 2 is also associated 
with slight increase in temperature and decrease in humidity, 
suggesting hotter and drier conditions to prevail.  Rainfall over 
region 2 in spring also decreases during 2002-2005, but shows 
increase in later years.  The increase in AOT could also indi-
cate increase in local emissions such as smoke, pollution, etc., 
and also possible transport from region 1.  Increasing trend of 
AOT over region 2 and region 3 in autumn are also associated  
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Fig. 9.  Mean NCEP/NCAR temperature over the study area in different seasons during 2002-2008. 
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Fig. 10.  Mean NCEP/NCAR precipitation over study area in different seasons during 2002-2008. 
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Fig. 11.  Mean NCEP/NCAR relative humidity over study area in different seasons during 2002-2008. 

 
 

with small increase in temperature, and decrease in humidity 
and rainfall.  The AOT increase in this region suggests possi-
ble increase of dust emissions in the western parts and smoke, 
pollution etc. in the eastern parts.  Similar variations also exist 
over region 1 in autumn where the AOT increase is seen dur-
ing 2005-2008.  Note that over region 1 and region 2, AOT 
increases in winter also.  This AOT increase in winter however 
is associated with a decrease in temperature, together with 
decrease in precipitation and humidity suggesting colder and 
drier conditions.  Such similarities that could be found with the 
AOT variation and meteorological parameters in different 
regions suggests that even if there is no one-to-one relation-
ship with the yearly variation, a persisting change in mete-
orological parameters reflect as a corresponding change in 
AOT or vice versa. 

As in the case of the permanent source regions, some of the 
selected stations in the nearby areas also reveal consistent 
AOT changes during 2002-2008.  There is a slight increase  
of AOT over Mukdahan in autumn and an increase over 
Bac-Giang in spring as well as in autumn.  The aerosol loading 
over these stations could result from forest fire, bio-mass 
burning activities and/or more transport from surrounding 
regions (Kaufman et al., 1997; Reid et al., 2013; Gerelmaa et 
al., 2015).  Bac-Giang in spring could receive air mass from 
region 3, and Mukdahan in autumn might be influenced by 
region 4 (Kim et al., 2005; Gerelmaa et al., 2015).  Note that 

except in summer, there is an increasing trend of AOT over 
Bac-Giang, which needs to be further monitored.  The in-
creasing AOT trend in the spring over Beijing, Osaka and 
Gosan indicates the impact of increasing dust transport to 
these areas, mostly from region 1 (Chun et al., 2001; Eck et al., 
2005; Kim et al., 2005; Kim et al., 2007).  This is significant, 
especially considering that the AOT in other seasons over 
Gosan and Osaka do not vary much from the average and in 
some cases tend to be decreasing.  Thus the influence of spring 
dust transport on the air quality of these regions and its cli-
matological implications calls for serious and urgent attention. 

V. CONCLUSION 

The space-based analysis of multi-year averaging of aero-
sol products reveals four main permanent aerosol source re-
gions over Asia: (1) the region at North and North-West of 
China and South of Mongolia, (2) Eastern part of China, (3) 
North-East of Indian continent, and (4) Parts of Thailand, 
Vietnam and Indonesia.  The trends during 2002-2008 indicate 
increase of AOT, possibly associated with the increase in dust 
outbreaks, and also emissions from industrial pollution, bio-mass 
burning, fossil fuel burning, forest fires etc., over different 
regions.  The increase in AOT in some of the regions seems to 
be associated with increase in temperature, decrease in hu-
midity and rainfall.  The AOT change in the permanent source 
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regions appears to influence the aerosol characteristics in the 
surrounding areas.  The increasing AOT trend over Osaka and 
Gosan, and also over Beijing since 2004 is probably related  
to the increasing dust outbreaks in region 1.  Local meteorolo- 
gical conditions might play a role in such inter-annual varia-
tions in dust storm occurrence.  The study suggests that iden-
tifying such permanent aerosol source regions and continuous 
monitoring of the AOT variation over the regions are very es-
sential to assess the air quality of the surrounding areas as well 
as the regions in the downwind side, and also to take necessary 
counter measures to diminish the emissions.  Finally, the re-
sults demonstrate that a similar approach using satellite meas-
urements could be applied to other locations for identifying 
and monitoring aerosol sources. 
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