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The temporal and spatial variations and causes of aerosol optical depth (AOD) in Shaanxi Province were investigated based on the 
Moderate Resolution Imaging Spectroradiometer (MODIS) derived aerosol data for the period of March 2000–February 2012. 
The results showed that the distribution of aerosol was largely affected by topography and local economic activities. Heavy aero-
sol loading and increasing tendency in AOD was observed in Guanzhong, Hanzhong and Ankang basin, while a reverse tendency 
was revealed in most other regions. The spatial distribution of aerosol Angstrom wavelength exponent was predominantly related 
to vegetation coverage in Shaanxi. Airborne dust from ground is an important source of coarse mode aerosols. Vegetation im-
provement indicated by an increase in normalized difference vegetation index (NDVI) and a reduction in dust weather led to a 
gradual decrease in coarse mode AOD to the north of Qinling Mountains in Shaanxi, while anthropogenic activities led to an in-
crease in fine mode AOD in other areas except those covered by forests. The main aerosol type gradually shifted to the urban 
industrial type in Shaanxi. 
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Atmospheric aerosols, which generally refer to particles 
suspended in the atmosphere with a size ranging from 100 
nm to tens of microns, originate mainly from anthropogenic 
sources such as industrial activities and fuel consumption 
and natural sources including sea spray, forest fires, and 
dust. As an important component of the atmosphere, aero-
sols influence the earth’s climate directly by scattering and 
absorbing the solar and terrestrial radiations and indirectly 
by modifying the cloud macro- and micro-physical proper-
ties and atmospheric chemistry. Due to the short life cycle 
and high variability in physical and chemical characteristics, 
the spatial and temporal distributions of aerosols have been 
poorly understood [1]. Moreover, the radiative forcing of 
aerosols is the largest uncertainty in global climate change. 
Therefore, long-term observations of aerosols on the global 
scale are of particular importance. 

To further understand the roles of aerosols in global cli-

mate change, numerous investigations on long-term trends 
of aerosol variation have been conducted. Kishcha et al. [1] 
demonstrated declining trends in aerosol optical depth 
(AOD) over much of the globe as determined by Moderate 
Resolution Imaging Spectroradiometer (MODIS) global 
monthly data from the Terra satellite MOD08_M3, Collec-
tion 4, during March 2000 to May 2006. Meij et al. [2] 
evaluated global and regional AOD trends between 2000 
and 2009 by using Level 3 AOD products of MODIS and 
multi-angle imaging spectroradiometer (MISR) and detect-
ed generally negative trends over Europe and North Ameri-
ca and mostly positive trends over South and East Asia. The 
trend indicated in East Asia is consistent with an increase in 
pollutant emissions through the use of fossil fuels and 
growth in industrial and urban activities in which changes to 
the SO2 emissions dominate AOD trends. Of these, NOx 
emissions may become increasingly important, especially in 
Asia. Koukouli et al. [3] showed a negative trend in AOD 
over the Southern Balkan/Eastern Mediterranean region, 
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where the highest annual decreasing rate is 4.09% for the 
summer months and the lowest 2.55% for the winter months. 
Dani et al. [4] observed an increasing AOD trend of 380 nm 
at 45% per decade at Pune, India, during May 1998–   
December 2007. In addition, long-term increasing trends in 
Angstrom wavelength exponent (Alpha) and mean turbidity 
coefficients of 25.3% and 8.4% per decade is revealed re-
spectively, which indicates that fine-mode aerosols have 
been increasingly added to the atmosphere over urban re-
gions due to increases in urbanization and human activity. 
In general, the aforementioned aerosol trends are supported 
by aerosol robotic network (AERONET) ground observa-
tions, which suggest that fine-mode dominant aerosols are 
more prevalent at stations in or near regions with emerging 
economies or where slash-and-burn techniques are practiced 
in East Asia and South Africa, while decreasing or incon-
spicuous trends occur over western Europe and North 
America. In addition, the weighted trends of coarse-mode 
dominant aerosols increase and decrease over different de-
sert regions, depending on the meteorological conditions 
[5]. 

Many investigations of AOD trends have been also con-
ducted in China. Xia [6] investigated the variability of AOD 
at 79 AERONET sites and the results showed that AOD 
decreased significantly in North America and in Western 
Europe. However, AOD trends in other regions were mar-
ginal except at a few sites located in the Sahel and Saudi 
Arabia where AOD increased significantly. On the basis of 
monthly AOD measurements obtained from total ozone 
mapping spectrometer (TOMS) between 1980 and 2001, Hu 
et al. [7] observed distinct AOD increasing trends in the 
eastern Qinghai-Tibetan Plateau, Southwest and North Chi-
na, and the middle and lower reaches of the Yangtze River 
but marginally decreasing trends over western and northern 
Xinjiang and in some regions in South China. By using the 
same set of data, Xie and Xia [8] demonstrated a decreasing 
tendency of AOD from 1980 to 1991 and a reverse tendency 
from 1997 to 2001 in North China. Luo et al. [9] used AOD 
values retrieved from direct solar radiation data of 47 sta-
tions over China between 1961 and 1990 to determine that 
the AOD increase over most regions was particularly rapid 
in the southwest, middle, and lower reaches of the Yangtze 
River and in the main body of the Qinghai-Tibetan Plateau, 
relatively slow in the northwest and northeast regions, and 
slightly reduced in the western region of Xinjiang and parts 
of Yunnan. Moreover, they determined that the decreasing 
trend of regional dust storm frequency may be responsible 
for the insignificant increase of AOD in the northwest re-
gion [10] and that an AOD increase in stations at Fuzhou, 
Guangzhou, Haikou, and Nanning led to a reduction in di-
rect solar radiation [11]. Qiu and Yang [12] demonstrated 
an increasing tendency of AOD from 1980 to 1994 at five 
sites (i.e. Urumqi, Golmud, Harbin, Beijing and Zhengzhou) 
located in North China using the same method. Significant 
increase in AODs at Beijing from 1980 to 2005 was also 

revealed on the basis of a compilation of AERONET and 
historic aerosol data [13]. Duan and Mao [14] showed that 
the seasonal peak of AOD changed from spring to summer 
in the Yangtze River Delta region. The AOD in spring was 
significantly decreased, while that in the other three seasons 
increased slightly and this increase was most rapid in sum-
mer, suggesting that a gradual reduction in dust frequency 
may have caused an areal reduction in the AOD peak dis-
tribution in the spring and that an AOD increase in the 
summer may be attributed to rapid growth of the pollutants. 
Xin et al. [15] showed a slight increase in AOD and Alpha 
at the Bohai Rim of China in 2004–2010, indicating that 
fine-mode or secondary aerosols have gradually increased 
during that period. Zheng et al. [16] used monthly L3 
MODIS AOD data from 2000 to 2009 and reported positive 
trends in annual AOD averaged over all Chinese Prov-
ince-level divisions at a rate of 0.019 per decade: 17 divi-
sions in high-emission regions of China experienced posi-
tive AOD trends, while 12 in low-emission areas showed 
negative trends. Guan and Li [17] also reported seasonally 
positive AOD trends in the central and eastern parts of China. 

Shaanxi Province, located in central China, is an important 
hub for connecting the central, eastern, northwestern, and 
southwestern areas of the country. The Guanzhong lowland 
is its economic core and is an important area of wheat and 
corn production in northern China. In addition, this area is 
one of the three key economic zones for large-scale devel-
opment in western China. The very rapid urban construction 
and economic development, accelerated industrialization, 
substantial pollutant emission by human activities, and 
complex terrain in this region, have resulted in high AOD 
[18–20], poor quality of atmospheric environment, and a 
serious shortage of water resources [21]. Therefore, it is 
necessary to investigate the spatial and temporal distribution 
of aerosols in this area. In this paper, MODIS C005 prod-
ucts are used to analyze the spatial distribution and seasonal 
variation of aerosols in Shaanxi to provide a better under-
standing of AOD trends and their causes. 

1  Data and methods  

1.1  Data  

MODIS has supplied useful information on aerosols, clouds, 
moisture, and the ground surface since its launch on the 
Terra satellite in December 1999 [22, 23]. MODIS products 
are becoming increasingly important data sources for stud-
ies on the physical characteristics and radiative forcing of 
aerosols, and global climate change [18]. The accuracy and 
coherence of aerosol retrievals for its C005 version show 
significant improvement after several times optimization of 
retrieval algorithm [24–27]. The relationship between 
MODIS retrieved and ground-based measured AOD shows 
good agreement over well vegetated areas in China with 
more than 50% of the MODIS AODs fall within the ex-
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pected error envelope [28, 29]. What’s more, AODs derived 
from MODIS data are somewhat more accurate than that 
derived from MISR and OMI in desert area [30]. It has been 
reported that MODIS products are highly applicable to 
Shaanxi Province [31–33]. Fine mode AOD (AODf) from 
MODIS data compare well with that observed by 
AERONET and can be used to quantitatively describe the 
AOD for fine aerosol particles. Alpha from the MODIS 
product can be employed for qualitative judgment of the 
aerosol mode [34]. Assuming the size distribution of aerosol 
particles fits Junge-distribution, the relationship between 
AOD and Alpha can be expressed as 

 ( ) ,a
    (1) 

where τa (λ) is the AOD at λ, β is Angstrom turbidity, and α 
is Angstrom wavelength exponent inversely related to the 
effective radius of aerosol particles. MODIS AOD at 550 
nm can be obtained by interpolation between AODs at 0.66 
and 0.47 μm with the above-mentioned formula. 

The AOD data used in this study include MODIS C005 
L2 data obtained from March 2000 to February 2012 with 
an average grid size of 0.1° × 0.1°. To maintain integrity 
and continuity of the data, a year was defined as the period 
from March to February. Ancillary data include the ad-
vanced spaceborne thermal emission and reflection radiom-
eter (ASTER)-digital elevation model (GDEM), normalized 
differential vegetation index (NDVI), gross domestic prod-
uct (GDP), and meteorological data. 30 m resolution GDEM 
data were obtained from the national aeronautics and space 
administration (NASA) warehouse inventory search tool 
(WIST) website (https://wist-ops.echo.nasa. gov/api/), NDVI 
from the atmosphere archive and distribution system 
(LAADS) website (http://ladsweb.nascom.nasa.gov/data/ 
search.html) of Goddard space flight center, and GDP from 
a statistic yearbook of Shaanxi Province. 

1.2  Calculation of aerosol scale height 

Generally, the distribution of aerosol extinction coefficient 
is exponential in the vertical direction and can be expressed 
as 

 0 exp( / ),  z z H  (2) 

where β0 and βz are extinction coefficient at the surface and 
at a height of z, respectively, and H is aerosol scale height. 
AOD is defined as the integral of extinction coefficient in 
the vertical direction. AOD from z to the atmospheric top   
 z  is 
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where τ0 is AOD measured at the surface. If it is assumed 

that the vertical distribution of extinction coefficient is sim-
ilar in a given area, the aerosol scale height H for this area 
can be easily obtained using areal DEM and AOD. 

2  Result analyses 

2.1  Spatial and temporal distribution of aerosols in 
Shaanxi Province 

AOD is closely related to the topography [18–20]. Figure 1 
displays the spatial distribution of yearly average AOD (b) 
with the terrain (a), suggesting that a significant inverse 
correlation exists between them. The maximum AOD was 
located in Xi’an City and extended eastward to Gaoling, 
Lintong, and Weinan, which are located in the lowland of 
Guanzhong, the most developed area in the Province, less 
than 500 m above sea level. The second maximum AOD 
was located in the lowlands of Hanzhong and Ankang in 
south Shaanxi. Otherwise, AOD is significantly lower in 
high-altitude areas of the Qinling and Bashan mountains 
and north Shaanxi. These data suggest that the topography 
significantly affects AOD distribution. In addition, the AOD 
was higher in the lowland of Guanzhong than in the lowland 
of south Shaanxi and was markedly higher in Xi’an than in 
its surrounding regions, which further indicates the impact 
of local aerosol sources on the AOD. 

Alpha is a characteristic parameter of AOD dependency 
on wavelength, and is inversely correlated to the effective 
radius of aerosol particles, that is, the smaller the Alpha 
value, the larger the effective radius of the aerosol particles. 
Figure 2 shows the significant positive correlation between 
the spatial distribution of NDVI and Alpha. Alpha is larger 
in areas of good vegetation coverage, where aerosols are 
fine-mode dominant while much smaller in areas with poor 
vegetation coverage, where aerosols are coarse-mode dom-
inant. This result implies that dust or airborne sand from the 
surface is an important source of local coarse particles. In 
addition, the terrain and human activities have significant 
impacts on Alpha. It is difficult for large particles to reach 
higher elevations via vertical exchange within the boundary 
layer; therefore, dense mountain vegetation, scarcity of hu-
man activities, and lack of local emission sources of coarse 
particles contribute to form high Alpha values in mountains 
regions. Conversely, anthropogenic activities produce large 
amounts of fine aerosol particles in densely populated urban 
areas. However, airborne dust originating from traffic and 
construction activities in urban areas, in addition to larger 
particle sizes of soot aerosols produced by industrial and 
civil coal fuel combustion [19], cause coarse-mode aerosols 
to occupy larger proportions of aerosol particles, thus re-
sulting in smaller Alpha values in urban regions than in 
suburban and mountainous regions. Figure 2 indicates that 
Alpha in the lowland of Guanzhong was significantly lower 
than in the surrounding areas and in south Shaanxi, with a 
minimum in Xi’an City. 
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Figure 1  Spatial distribution of terrain (a) and 12-year AOD average at 550 nm (b) over Shaanxi. 

 
Figure 2  Spatial distribution of yearly average NDVI (a) and Alpha (b) over Shaanxi. 

To identify relatively flat areas for establishing the rela-
tionship between AOD and DEM, only 0.1° × 0.1° grids to 
the south of the Loess Plateau with DEM standard deviation 
less than 0.15 times of the average DEM value were select-
ed to fit the AOD variation with altitude. Figure 3 shows the 
relationship with a remarkable exponential function from 

which the scale height of aerosol can be inferred as 867.7 m. 
This value correlates strongly with those measured in other 
regions of China [35,36] but is slightly lower than that in 
special lowland terrains of Guanzhong and south Shaanxi, 
which is not conducive to pollutant diffusion. AOD re-
mained stable at altitudes higher than 1750 m, which can be   
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Figure 3  Relationship between AOD and altitude (a) and that between NDVI and Alpha (b) over Shaanxi. 

approximated as the top of the boundary layer in Guan-
zhong and south Shaanxi. NDVI correlated significantly 
with Alpha (Figure 3), particularly for regions in which 
NDVI was very low (<0.30) or high (>0.65), which corre-
sponds to sparsely populated areas of deserts or dense for-
ests. Conversely, the areas with an NDVI of 0.30–0.65 
showed weaker relationships due to the impact of anthro-
pogenic activities on Alpha.  

Seasonal variations in AOD are shown in Figure 4. The 
maximum AOD occurred in summer in Guanzhong and in 
most areas of north Shaanxi because the abundant atmos-
pheric water vapor in summer facilitated the hygroscopic 
growth of aerosols, which led to a significant increase in 
AOD [37,38]. The second maximum AOD appeared in 
spring due to rapidly rising temperatures and dry air that 
cause the soil of the thawed surface to loosen, and this ena-
bles a dust event to form under strong wind conditions. In 
addition, spring is the most active season for cold fronts in 
northwestern China due to the effects of Siberian cold and 
dry air masses meeting with tropical marine air masses. The 
strong winds behind these cold fronts provide favorable 
dynamic conditions for dust weather [39]; therefore, more 
frequent dust weather causes AOD to be higher in the spring 
than in autumn and winter. In most parts of Shaanxi, AOD 
was small with minimal variation from autumn to winter. 
However, the value remained higher than 0.6 in Xi’an even 
in these seasons. To the south of the Qinling Mountains, 
seasonal variations in AOD differed from those to the north 
with the maximum value observed in spring, followed by 
lower values in summer and winter and the minimum 
measured in autumn. In this region, AOD was mainly 
caused by large-scale advection such as the wide range of 
dust weather in the spring. The smaller values in summer 
and autumn were essentially caused by vertical exchange, 
which generally transmits lower amounts of aerosols to the 
summit. 

2.2  Variation trends and causes of AOD 

MODIS is capable of retrieving AODs with a great accura-
cy on the basis of many validations conducted in Shaanxi 

Province from 2002 to 2010 [31–33]. There were 59% to 
75% of MODIS products fell within the retrieval error en-
velope. It provides an opportunity to obtain a quantitatively 
reliable aerosol loading trend in that area. Figure 5 shows 
spatial distribution of AOD tendency rate and its signifi-
cance level P in Shaanxi Province. AOD showed a decreas-
ing trend in most parts of the Province. Significant decreas-
ing linear trends (P<0.05) were observed in central and 
northern regions of Yan’an, most parts of Yulin, Baoji, and 
the mountain ridges of Qinling. The areas with increasing 
trends were mainly concentrated in the lowland of Guan-
zhong, Ankang and Hanzhong cities; however, these trends 
were not significant. The variation trends of coarse mode 
AOD (AODc) and fine mode AOD (AODf) were further 
analyzed (Figure 6). Their trends were determined to be 
essentially the same with an increase in the areas to the 
south of the Qinling Mountains and were opposite in other 
parts of the Province. In particular, AODf declined and 
AODc increased in the Qinling Mountains and in the natural 
forest areas of the Qiao and Huanglong mountains; the op-
posite was noted in other regions. 

On the basis of land surface, average AOD and the sig-
nificance level of AOD variation trend, 14 typical sites lo-
cated over several distinct types of land surface were se-
lected to analyze the causes of AOD trends in Shaanxi 
(Figure 7), including three sites (i.e. Zichang, Ansai and 
Yanchang) over forestland converted from farmland in the 
Loess Plateau, three sites (i.e. Changwu, Xunyi, and Baishui) 
in the transition area from the Loess Plateau to the Guan-
zhong basin, five urban/suburban sites (i.e. Fuping, Qian- 
xian, Xi’an, Gaoling, and Baoji) in the Guanzhong basin, 
two urban/suburban sites (i.e. Ankang and Foping) and one 
natural forest site (i.e. Langao) in south Shaanxi, The corre-
lations of AODc with dust weather frequency for the 14 
selected sites are given in Table 1. The yearly average 
AODc was larger than 0.3 for most sites, suggesting a larger 
amount of coarse mode particles in the atmosphere. Dust 
weather occurred more frequently in north Shaanxi, less in 
the lowland of Guanzhong, and least in south Shaanxi ac-
cording to the distance from the dust source and vegetation 
coverage conditions. However, the maximum AODc    
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Figure 4  Seasonal distributions of average AOD over Shaanxi in spring (a), summer (b), autumn (c), and winter (d). 

occurred in the lowland of Guanzhong, which conflicts with 
the dust frequency. This result suggests that dust originating 
from traffic in addition to construction activities in this area 
had stronger contributions than that in north Shaanxi. AODc 
varied for these years with a remarkable decreasing trend in 
north Shaanxi and a transition area from northern Shaanxi 
to the lowland of Guanzhong, while the value showed a 

slight decrease and almost no change in Guanzhong and 
south Shaanxi, respectively. The frequency of dust weather 
decreased significantly at all sites except for Xi’an, where a 
slight decrease was observed. The most obvious area was 
north Shaanxi, followed by the lowland of Guanzhong, and 
south Shaanxi, indicating that the National Project “Grain to 
Green” in north Shaanxi strongly inhibits sand and wind.  
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Figure 5  Spatial distributions of yearly AOD tendency rate (a) and its significance level P (b) in Shaanxi Province. 

 
Figure 6  Spatial distributions of yearly AOD tendency rate for fine (a) and coarse (b) particles in Shaanxi Province. 

Moreover, the relationship between AODc and dust weather 
frequency was significantly positive in north Shaanxi and in 
the transition area from northern Shaanxi to the lowland of 
Guanzhong and weak in the lowland of Guanzhong and 
south Shaanxi. These results suggest that only a small frac-

tion of coarse mode aerosols can be attributed to dust 
weather and that most occur through emissions from human 
activities. Therefore, variations of dust weather alone can-
not explain the changes in AODc in these areas. 

Figure 8 further shows the relationship between NDVI  
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Figure 7  Locations of the 14 sites selected to analyze the causes of AOD 
trends. 

and AODc for the four sites including Langao in the natural 
forest area and Zichang, Ansai, and Yanchang in the area of 
restored forest from farmland in the Loess Plateau whereby 
NDVI had a significant impact on AODc such that NDVI 
increased and AODc declined gradually. These results sug-
gest that a decrease in dust weather due to improvements in 
vegetation cover led to a decrease in AODc. 

To further understand the relationship between AOD and 
human activities, AOD and its components were compared 

with the GDP index. Figure 9 shows the yearly variation of 
GDP index, AODf, AOD, and Alpha for all selected sites. 
The trends of AODf for all sites were similar with two 
peaks occurring in the period between 2006 and 2007, and 
in 2011, a slow increase before 2007, a significant decline 
from 2007 to 2009, and a rapid increase after 2009. The 
yearly AODf variation is closely related to human economic 
activities, and its trend is consistent with that of the GDP 
index of Shaanxi Province. The declining AODf corre-
sponds with an outbreak of the global financial crisis in 
2008. The value began to increase after the economy recov-
ered slowly in 2009. Under the indicated declining trend of 
AODc, the fluctuation of the total AOD, which includes 
AODc and AODf, depend on that of AODf, which suggests 
that human activities have an increasing impact on the AOD. 
In addition, the Alpha continued to increase for all sites, 
which implies that the aerosol gradually shifted to an urban 
industrial type in Shaanxi Province by the influence of in-
dustrialization to significantly affect local weather and cli-
mate. The spatial and temporal distribution of aerosol load-
ings is also closely associated with weather patterns [6]. The 
seasonal evolution of wind and relative humidity fields 
(figure omitted) for higher AOD loading in 2007 and lower 
AOD loading in 2009 were analyzed to understand the role 
of meteorological conditions in determining the aerosol 
distribution. Wind field at 850 mb from NCEP reanalysis 
data showed that the dominant airflow to northern Shaanxi 
in spring is from northwestern regions in 2007 and from 
southeast in 2009, in addition to a drier climate in spring of 
2007 shown by relative humidity field, suggesting more 
conducive to the formation of dust weather and a high aer-
osol loading. The prevailing winds in summer and autumn 
were southeast in both years, however, the higher humidity  

Table 1  Yearly average, tendency rate (TR) of coarse mode aerosol optical depth (AODc) and frequency of dust weather (FD), and the fitting slope of 
AODc with FD from 2000 to 2011 

Site 
AODc FD 

Fitting slope of AODc with FD 
Average TR Average (d/a) TR 

Zichang 0.379 −0.0212a) 3.727 −0.6182b) 0.0131b) 

Ansai 0.319 −0.0203a) 6.455 −1.5091b) 0.0078a) 

Yanchang 0.367 −0.0174a) 2.182 −0.5364b) 0.0178a) 

Changwu 0.409 −0.0113a) 5.273 −0.7000b) 0.0077b) 

Xunyi 0.353 −0.0110a) 2.364 −0.7000a) 0.0108b) 

Baishui 0.459 −0.0146a) 5.455 −1.8091a) 0.0048b) 

Fuping 0.559 −0.0135a) 3.545 −0.9545b) 0.0094a) 

Qian 0.478 −0.0105a) 3.273 −0.7909a) 0.0084b) 

Gaoling 0.576 −0.0051 2.909 −0.7273b) 0.0066b) 

Xi'an 0.622 −0.0030 1.455 −0.3545 0.0086 

Baoji 0.370 −0.0058b) 4.455 −1.0727a) 0.0038b) 

Foping 0.130 0.0024 2.909 −0.4636b) −0.0031 

Ankang 0.336 0.0001 2.364 −0.6727a) 0.0014 

Langao 0.136 −0.0025 2.182 −0.5273b) 0.0074 

a) and b) indicate confidence levels of 99% and 95%, respectively. 
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Figure 8  Yearly variation in coarse mode AODc and NDVI recorded in Zichang (a), Ansai (b), Yanchang (c), and Langao (d). AODc are denoted by open 
circles, and NDVI by filled diamond. 

 

Figure 9  Time series of AODf (a), indices of GDP (b), AOD (c) and Alpha (d). 
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and lower wind speed in 2007 was liable to the accumula-
tion of pollutants and their hygroscopic growth, leading to 
increasing in AOD in these seasons. All these imply that 
yearly AOD distribution corresponds to the meteorological 
condition. However, the effects of human activities and 
change of land use are not easily excluded in such analyses, 
therefore, there is a need for further study on the impact of 
meteorological condition on the spatial and temporal distri-
butions of aerosols. 

3  Conclusion 

The variation and distribution of AOD in Shaanxi Province 
presents unique regional and seasonal characteristics. Geo-
graphically affected by terrain and local sources, the maxi-
mum of AOD occurred in the three lowland regions of 
Guanzhong, Ankang, and Hanzhong. Seasonally, the varia-
tion of seasonally averaged AOD over the Loess Plateau 
and Guanzhong basin showed a single peak distribution, 
with the maximum value occurring in summer and mini-
mum in winter. However, in south Shaanxi, the maximum 
AOD occurred in spring, the next highest AOD occurred in 
summer and winter, and the minimum AOD occurred in 
autumn. The average scale height of aerosols in Guanzhong 
was 867.7 m. Changes in AOD were minimal above 1750 m, 
which can be approximated as the top of the boundary layer 
in Shaanxi Province.  

The spatial distribution of aerosol Angstrom wavelength 
exponent was positively related to vegetation coverage in 
Shaanxi Province. Surface vegetation coverage significantly 
influenced AODc. Sand and dust were the main sources of 
AODc in the Loess Plateau and also had an impact on 
AODc in the lowland of Guanzhong. In the most recent 12 
years, the increase in NDVI and decrease in dust frequency 
caused a gradual decrease in AODc to the north of the Qin-
ling Mountains, particularly in the Loess Plateau. In the 
lowland of Guanzhong, AODc was affected by dust and 
human activities, and its variation trend was less obvious. In 
south Shaanxi, AODc was affected mainly by human activi-
ties and showed a slight increasing trend. Anthropogenic 
activities caused the increase of fine mode AOD and Alpha 
in most areas. In addition, variation in fine mode aerosols 
dominated the yearly fluctuation of AOD, and the main 
aerosol type shifted gradually to the urban industrial type. 
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