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AbsTRACT

A long term (2000 - 2008) dataset of aerosol products retrieved from MODerate Resolution Imaging Spectroradiometer 
(MODIS) is used to investigate the temporal and spatial variations of aerosol optical thickness (AOT) over the Yangtze River 
Delta (YRD). Ground-based observations (sun photometers) were used to validate the MODIS L2 aerosol products, and the 
Normalized Difference Vegetation Index (NDVI) derived from SPOT-VGT is used to analyze the relationship with AOT. The 
results illustrate that the highest correlation (R = 0.92) of CE-318 AOT vs. MODIS AOT is in Hangzhou with the slope and 
intercept of 1.04 and -0.01. The largest value of AOT appears in June, and has the largest spatial differences in July. There 
are two different aerosol patterns. One includes smaller AOT over dense vegetation cover areas dominated by natural aerosols 
and the other involves larger AOT over urban areas where anthropogenic aerosols dominate. The correlation analysis indicates 
that there are moderate negative correlation coefficients (R) for AOT vs. NDVI, and the R values vary as seasons shift. The 
range of R values is 0 ~ -0.8 and the mean values are about -0.5. The relationship between AOT and NDVI is more obvious 
in dense vegetation areas. 
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1. INTRODUCTION

Atmospheric aerosols play a significant role not only in 
human health but also in the Earth’s climate. Aerosols criti-
cally affect the radiation budget in the atmosphere, and this 
effect contributes in two ways. First, aerosols scatter and ab-
sorb solar radiation, thus modifying the planetary albedo and 
reducing the radiation reaching the surface (Charlson et al. 
1991, 1992). Second, aerosols as cloud condensation nuclei 
(CCN) influence the microphysical properties of clouds and 
as a consequence their optical properties and atmospheric 
residence time change (Haywood and Boucher 2000). The 
net effect of aerosols is to cool the climate system by reflect-
ing sunlight (Kaufman et al. 2002). However, these effects 
are quite uncertain (IPCC 2001, 2007) due mainly to the 
complicated physical and chemical properties of aerosols, 

their optical and radiative properties, and the lifetime of 
aerosols in the atmosphere. 

As a crucial step toward the understanding of the com-
plex effects of aerosols in the atmosphere, aerosol proper-
ties and distribution should be quantified accurately. Aero-
sol parameters can be measured in situ or by remote sensing 
from the ground and by satellite. Several aerosol ground-
based observational networks have been established to un-
derstand aerosol optical properties such as NASA’s Aerosol 
Robotic Network (AERONET) (Holben et al. 1998, 2001). 
AERONET provides much information on the properties 
of aerosols for global or regional research. In contrast to 
ground-based observations, space borne observations have 
the advantage of a global coverage. Recent instrument devel-
opments have offered new possibilities for measuring aero-
sol properties, such as the MODerate Resolution Imaging 
Spectroradiometer (MODIS) on NASA’s Earth Observing  



Xiao et al.864

System Terra and Aqua satellite platforms. MODIS is a  
useful sensor for aerosol properties study due to a higher spa-
tial resolution and a near daily global coverage (Salomonson 
et al. 1989). The MODIS aerosol algorithm employs separate 
approaches to retrieve parameters over land (Kaufman et al. 
1997) and ocean (Tanré et al. 1997; Levy et al. 2007). Satellite 
remote sensing has provided a powerful means of assessing 
the distribution of aerosols over the world (King et al. 1999;  
Kaufman et al. 2002). However, the physical characteristics,  
composition, spatial and temporal distribution, as well as the 
variations of global aerosols are still not well known, and 
there are large uncertainties in remote sensing retrieval of 
aerosol properties. Therefore, a wide range of MODIS aero-
sol validation studies have been carried out using ground-
based sun photometer measurements (Chu et al. 2002; 
Ichoku et al. 2002; Levy et al. 2005; Remer et al. 2005). 

The wavelength dependence of the aerosol optical 
thickness (AOT) varies because of the aerosol type and 
their physical and chemical characteristics. This wavelength 
dependence is expressed by the Ångström exponent (α). 
Therefore, α is useful to distinguish and characterize differ-
ent aerosol types (Eck et al. 1999; Cachorro et al. 2000). The 
dependence of α on AOT can be used to obtain the aerosol 
size distribution (d’Almeida 1987; Fouquart et al. 1987). 
Larger values of α indicate the prevalence of fine particles 
from urban industrial and biomass burning sources, while 
lower values of α are related to the presence of coarse parti-
cles such as desert dust and marine aerosols (Lyamani et al. 
2006). The aerosol retrieval algorithm uses the vegetation 
index (Normalized Difference Vegetation Index, NDVI) to 
detect the dark pixels. Therefore, the aerosol retrieval is af-
fected by the sensitivity of the vegetation index (King et al. 
1999), particularly the new generation aerosol algorithm for 
MODIS introduced the NDVI of SWIR (Shortwave Infra-
red). In aerosol free conditions, NDVI of SWIR is highly 
correlated with NDVI (Levy et al. 2007). On the other hand, 
NDVI is a measure of the variation of land use and land 
cover (LULC). When there is no vegetation cover, soil dusts 
come from the dry surfaces under favorable atmospheric 
conditions (wind, relative humidity), suspending aerosols 
in the atmosphere (Kosmopoulos et al. 2008). Converse-
ly, NDVI can be heavily influenced by aerosols (Tucker 
1979), for NDVI values vary with absorption of red light 
by plant chlorophyll. NDVI is correlated with Intercepted 
Photo-synthetically Active Radiation (IPAR). In most cases 
(but not all) of IPAR and hence NDVI are correlated with 
photosynthesis, because photosynthesis occurs in the green 
parts of plants in the presence of solar radiation. There-
fore, the vegetation condition sensitively changes with the 
sun’s radiation variation (Tucker et al. 1985), and in turn 
the radiative forcing of aerosols can change the Earth radia-
tion budget via scattering and absorbing the solar radiation 
(Charlson et al. 1991, 1992; IPCC 2001, 2007; Ramanathan 
et al. 2001). Generally, the higher the AOT is, the larger the 

aerosol radiative forcing. In that case, growth of vegetation 
will be constrained or promoted and results in the change of 
NDVI. Therefore, it is important to understand the relation-
ship between aerosol properties and NDVI.

Urban areas contain rapidly changing in LULC. Ur-
ban aerosols are directly related to human activities and are 
gaining increasing attention (IPCC 2001; Ramanathan et 
al. 2001; Kaufman et al. 2002). The Yangtze River Delta 
(YRD) is a major industrial and commercial hub in China. 
Along with the fast economic development in the most re-
cent two decades, dense aerosol loadings with diverse prop-
erties are emitted in this region, which provides a unique 
opportunity for understanding the impact of environmental 
changes on the climate system. The primary objective of 
this paper is to investigate the temporal and spatial varia-
tions of AOT. The secondary objective is to investigate the 
relationship between AOT and NDVI.

2. DATA AND REsEARCH REGION
2.1 Data and Instruments

MODIS aerosol products are useful for detailed studies  
of local, regional and global aerosol loading, distribution 
and temporal variations. MODIS flies on NASA’s Earth 
Observing System Terra and Aqua satellite platforms. Terra  
and Aqua were launched on December 18, 1999 and May 4,  
2002 with equator crossing times of approximately 10:30  
and 13:30 EST respectively. The satellites are in a sun-syn-
chronous, near polar, circular orbit. MODIS acquires data at 
36 spectral bands, which range from the visible to the ther-
mal infrared wavelengths. The spatial resolution varies from  
250 m (bands 1 and 2), 500 m (bands 3 - 7) and 1000 m (bands  
8 - 36). The swath width of MODIS is about 2300 km with 
the field of view angle of 110°. AOT at 550 nm from MODIS 
Level 2 collection 5 aerosol products (MOD04) is used in 
this paper. Retrieved AOT over land surfaces is applied  
using the dark, dense vegetation (DDV) method (Kaufman 
et al. 1997). They are available nearly globally over land at 
a spatial resolution of 10 km at the nadir from the NASA’s 
GSFC DAAC (http://ladsweb.nascom.nasa.gov/data/search.
html). The satellite typically passes over the YRD between 
10:00 and 12:00 EST each day. The time span of datasets 
used in the paper is from February 2000 to June 2009. In 
order to analyze the temporal and spatial variations of AOT, 
the data is integrated to monthly averages due to the lack of 
daily data for the most area in this region.

To assess the quality of MODIS Level 2 aerosol prod-
ucts, six Cimel sun photometers (CE-318 sun/sky scanning 
spectral radiometer) for ground-based measurements were 
installed in YRD region since 2007. The instruments measure 
direct sun light within a 1.2° full field of view every 15 min-
utes at 340, 380, 440, 500, 675, 870, 940, 1020 and 1640 nm.  
Measurements at 940 nm are used to derive water vapor 
column amount (Holben et al. 1998). These measurements 

http://ladsweb.nascom.nasa.gov/data/search.html
http://ladsweb.nascom.nasa.gov/data/search.html
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can be used to derive AOT, aerosol size distribution and 
phase function. Information on the locations of the instru-
ments and nearby cities in the YRD is shown in Table 1 and 
Fig. 1. The points for the comparison in Table 1 are based 
on the collocations number of MODIS and sun photometers 
(CE-318).

The NDVI has become one of the most widely used indi-
ces routinely derived from Advanced Very High Resolution 
Radiometer (AVHRR) images since 1981. Now, NDVI data 
can be derived from several sensors, including SPOT, AVHRR 
and MODIS. The NDVI data used in this paper come from 
the SPOT-VGT NDVI dataset that is a 10-day composite at  
1 × 1 km spatial resolution. The SPOT-VGT NDVI data-
set was obtained from the website (http://www.vgt.vito.be) 
of VITO Belgium which flies on the SPOT satellite. The 
SPOT satellites (SPOT-4 and -5) are a high resolution, opti-
cal imaging Earth observation satellite system. The orbit is 
polar with an altitude of 832 km, an inclination of 98.7°, and 

is circular and sun-synchronous with an equatorial crossing 
at 10:30 AM. The inclination of the orbital plane combined 
with the rotation of the Earth around the polar axis allows 
the satellite to fly over any point on Earth within 26 days. 
To match the resolution (10 × 10 km) of MODIS aerosol 
products, the mean monthly NDVI data were resampled.

2.2 Research Region

The YRD is situated in the lower reaches of the Yangtze  
River in East China. The geographical coordinates are about 
117.9° ~ 123.5°E and 27.8° ~ 33.6°N. This region is affected 
by the marine and continental monsoons in the summer and 
winter, respectively. Therefore, the YRD has a marine mon-
soon subtropical climate, and the weather is hot and humid 
in the summer and cool and dry in winter. The YRD region is 
a major industrial and commercial hub in China. The urban 
development in the region has given rise to one of the largest 
concentrations of adjacent metropolitan areas in the world. It 
covers an area of 99600 km2 and is home to over 80 million  
people as of 2007, of which an estimated 50 million are ur-
ban. Along with the fast economic development in the most 
recent two decades, the region is experiencing rapid envi-
ronmental changes. With expanding anthropogenic activity 
and urbanization, and fast growing industry, aerosol load-
ing in YRD region has become increasingly dense. These 
pollutants may, therefore, provide a unique opportunity for 
understanding the impact of anthropogenic aerosol on the 
climate system, especially in urban regions. 

3. REsULTs AND DIsCUssION
3.1 Validation of MODIs Aerosol Products

Inter-comparison and validation of aerosol products 
retrieved from satellite remote sensing is necessary. Many 
studies have been carried out to validate the MODIS aerosol 
products using ground-based sun photometer observations 
(Holben et al. 1998, 2001; Chu et al. 2002; Levy et al. 2005, 
2007, 2010; Remer et al. 2005). Most of these validations 
have shown that MODIS AOT values were within the ex-

site Name Longitude (°E) Latitude (°N) Height (m) Name Time ND

Hangzhou 120.01 30.263 24 458 2008-04 ~ 2009-06 74

Linan 119.73 30.257 89 378 2007-10 ~ 2009-06 102

Ningbo 121.55 29.86 24 379 2007-08 ~ 2008-08 32

Qiandao Lake 119.05 29.55 125 376 2008-03 ~ 2009-06 88

Shanghai 121.4 31.13 49 377 2008-03 ~ 2009-06 30

Tianmu Mount 119.44 30.324 439 457 2007-10 ~ 2009-06 95

Table 1. Instruments and the collocation number (ND) of ground-based measurements and MODIS retrieval.

Fig. 1. Distribution of instruments and cities in the Yangtze River 
Delta.

http://www.vgt.vito.be
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pected error. However, the lower AOT values were over-
estimated and the higher AOT values were underestimated 
(Chu et al. 2002; Levy et al. 2005; Remer et al. 2005). The 
accuracy of the MODIS aerosol products is still uncertain for 
use in the YRD due to a lack of validation by long term and 
large scale ground-based observations (Wang et al. 2007). 
In this paper, AOT from MODIS at 550 nm is being validat-
ed using ground-based observation data (sun photometer). 
The matching AOT values at 550 nm of the sun photometer 
were derived by interpolation based on the Ångström law 
(Ångström 1929) using AOT at wavelengths of 440, 500 
and 675 nm because the sun photometer does not measure 
AOT at 550 nm. Data from the sun photometer is measured 
within ±30 min of MODIS satellite overpass time (Ichoku et 
al. 2002), and the MODIS AOT were averaged over a 3 by 3 

pixels area centered at the ground stations. The total number 
of point is shown in the Table 2.

The linear regression analysis of ground versus satellite 
AOT is shown in Fig. 2, and the corresponding parameters 
are presented in Table 2. The results illustrate that higher 
correlations are in the cities of Hangzhou, Linan, Ningbo, 
Qiandao Lake and Shanghai with R equal 0.92, 0.83, 0.85, 
0.78 and 0.78, respectively. There appears to be a moderate 
correlation in the area of Tianmu Mountain with R equal 
to 0.61. As shown in the figure, the MODIS retrieval re-
sults have considerable uncertainties. The slopes and inter-
cepts of the regression are much different with the values 
varying from 0.41 to 1.20 and from -0.17 to 0.50, respec-
tively. Compared with the global validation with 0.9 and 
0.1 of the slope and intercept (Levy et al. 2007), these local  

Fig. 2. Scatter plots the AOTs from ground-based measurements (sun photometer) and satellite retrieved (MODIS) in 6 collocation sites, and the 
regression analysis are performed. An identical scale in the x and y axes is used in order to show the difference of relation among these sites.

Table 2. Statistical values for the evaluation of the MODIS AOT with that of the sun photometer, including 
slope, intercept, correlation coefficient (R), root mean square errors (RSME) and the collocation number 
(ND).

site Name slope Intercept R RsME ND

Hangzhou 1.04 -0.01 0.92 0.20 74

Linan 0.92 -0.15 0.83 0.21 102

Ningbo 1.20 0.02 0.85 0.21 32

Qiandao Lake 1.01 -0.17 0.78 0.20 88

Shanghai 0.82 0.50 0.78 0.24 30

Tianmu Mount 0.41 0.09 0.61 0.22 95
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monitoring results are more uncertain. The Shanghai sta-
tion has an overestimation of MODIS AOT. In the Linan, 
Qiandao Lake and Tianmu Mountain stations, the MODIS 
AOT is generally an underestimation. At the Hangzhou sta-
tion, the MODIS AOT is in good agreement with ground-
based measurements, the slope and intercept are 1.04 and 
-0.01 with R and RMSE equal to 0.92 and 0.20 respectively. 
At the Ningbo station, the MODIS AOT is generally an 
overestimation with the slope and intercept of 1.20 and 0.02 
respectively, while it has a higher R of 0.85. The validation 
studies show that MODIS AOT has a larger error in this 
region. Some of observations are good, such as Hangzhou, 
Ningbo, and agree well with other research results (Ichoku 
et al. 2004; Levy et al. 2005, 2010). The possible explana-
tions for the uncertainty of MODIS AOT are due to inac-
curacies in the surface reflectance assumptions and other 
properties inaccurate assumptions in the aerosol models. 
The complicated meteorological conditions (such as wind, 
precipitation and cloud) also contributed to the larger error 
(Kim et al. 2007), and the time-space matching for the linear 
regression of scattering points also contributed to the uncer-
tainty in this region.

3.2 Characteristics and Variability of Aerosol Optical 
Thickness

Growing anthropogenic activities due to rapid indus-
trialization and urbanization in the YRD have led to in-
crease in aerosol loading. The temporal evolution of AOT 
was described in 3 respects; first is the temporal variation 
of regional monthly average AOT; second is the seasonal 
characteristics of regional monthly average AOT; and, the 
last is the characteristics of monthly average AOT in five 
representative cities.

3.2.1 The Temporal Variation of Regional Monthly 
Average AOT

In order to investigate the variation of aerosol loading 
in this region, the variation of AOT is used in the following 
analysis. Figure 3 shows the time series of regional monthly 
mean AOT with standard deviation at 550 nm derived from 
the MODIS/Terra aerosol data covering the 9 years from 
February 2000 to December 2008. The standard deviation is 
calculated using the monthly means of all the pixels within 
the entire region which portray the spatial difference of re-
gional AOT. The AOT presents an obvious annual cycle, and 
shows a marked seasonal variation in the monthly average 
AOT. The largest value often appears in May or June, and 
the smallest often appears in December or January. In short, 
the AOT is getting larger over the entire region). The spatial 
difference is also getting larger due to the AOT over urban 
areas is increasing faster than those of in rural areas. This 
increase is usually caused by the human activity associated 
with anthropogenic pollutants, which are more apparent in 
urban areas. Also one can note that the standard deviation 
values in May or June are larger than that in December or 
January. This implies that the spatial differences in May or 
June are larger than those in December or January.

3.2.2 The seasonal Characteristics of Regional Average 
AOT

In the paper, seasons are divided into spring (March, 
April and May, MAM), summer (June, July and August, 
JJA), autumn (September, October and November, SON) 
and winter (December, January and February, DJF). Figure 4  
plots the temporal variation of the regional monthly mean 
AOT over YRD region during 2000 to 2008. The AOT ex-
hibits distinct seasonal variation. This implies a seasonal 

Fig. 3. Variation of regional monthly mean AOT with standard deviation over the Yangtze River Delta.
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shifting in aerosol type. The largest value of AOT (0.99 ± 
0.11) appears in June, and has a larger standard deviation. 
The AOT value jumps to 0.62 ± 0.15 from 0.99 ± 0.11 of 
June to July. The reason is likely due to the plum rains wash-
ing away partial aerosol particles over the whole region. The 
spatial difference of AOT (0.46 ± 0.02) over this region is 
smallest (standard deviation = 0.02). The smallest values of 
AOT are in December (0.44 ± 0.05) and April (0.75 ± 0.09),  
respectively. The AOTs have a distinct monthly variability 
due primarily to the complex aerosol types in this region, such 
as sea-salt aerosols, anthropogenic aerosols from industrial  
activity, and biomass burning aerosols from rice straw burn-
ing during summer and autumn. This variation also implies 
the changing of aerosol types. There is an increase in small 
aerosol particles due to the biomass burning aerosol in sum-
mer and autumn. In the spring and winter seasons, larger 
continental/dust aerosol particles dominate in this region, 
because of the effect of the continental monsoon. 

3.2.3 Characteristics of Monthly Average AOT in Dif-
ferent Representative Cities

The AOTs of the representative cities are analyzed 
in this section. Figure 5 maps the spatial distribution of 
multi-year mean AOT, and shows the locations of five rep-
resentative cities in the YRD which include Qiandao Lake 
(119.05°E, 29.58°N), Ningbo (121.55°E, 29.90°N), Hang-
zhou (120.15°E, 30.25°N), Shanghai (121.45°E, 31.10°N), 
and Nanjing (118.80°E, 32.00°N). These areas are situated 
in regions having different AOT values. 

The typical temporal variation of the principal aerosol 
types can be appreciated by examining the characteristics 
of AOT over these five representative cities (Fig. 6). The 
common situation is that the AOT values over these areas 
are increasing with time especially in urban areas; the in-

crease of AOT is implicit. Growing anthropogenic activities 
due to rapid industrialization in the YRD region have led to 
increased aerosol loading, and make the aerosol size distri-
butions more complex with mixtures of pollutants, mineral 
aerosols and smoke aerosols (Xin et al. 2007). The change 
of LULC as well as wind and other meteorological condi-
tions contribute to the regional discrepancy. The magnitudes 
of both AOTs can be divided into two types of natural and 
anthropogenic aerosols. The AOT values of Qiandao Lake 
are less than other areas because the clean air makes the 

Fig. 4. The regional monthly and seasonal means AOT (550 nm) with standard deviation (STD) over the Yangtze River Delta.

Fig. 5. Maps of multi-year mean AOT (550 nm), and the locations of 
the five representative cities, the NJ, SH, HZ, QDL and NB stand for 
the city of Nanjing, Shanghai, Hangzhou, Qiandao Lake and Ningbo, 
respectively.
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annual mean AOT low ranging from 0.37 to 0.55. In urban 
areas, the annual mean AOT ranges from 0.68 to 0.92. The 
results indicate that the AOT is larger for the anthropogenic 
aerosols than natural aerosols.

There are two different modes for aerosol in these five 
cities. One mode has a small AOT over Qiandao Lake with 
dense and homogeneous vegetation cover wherein aerosol 
types are relatively stable. The multi-year averaged AOT is 
0.45 ± 0.11. The atmosphere at Qiandao Lake is the clean-
est among all these areas studied here. The reason may be 
the higher relative humidity around Qiandao Lake, because 
water vapor can affect aerosol properties. Research has 
suggested that there is a clear positive correlation between 

water vapor content and AOT (Eck et al. 2001; Smirnov et 
al. 2002; Kaskaoutis et al. 2006). Therefore, some of the in-
crease in aerosol particles may be the result of absorption by 
water vapor. The AOTs over other urban regions are simi-
lar. The values of AOT are larger, and the values are 0.77 ± 
0.11, 0.81 ± 0.15, 0.88 ± 0.23 and 0.88 ± 0.14 for Ningbo, 
Hangzhou, Shanghai and Nanjing respectively; the reason 
is due mainly to the effect of the anthropogenic industrial/
urban aerosol types over these areas.

3.3 spatial Distribution of Aerosol Optical Thickness

Figure 7 maps the spatial distribution of the multi-year 

Fig. 6. Variations of monthly mean AOT over the five representative cities.
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Fig. 7. Spatial distributions of multi-year seasonal mean AOT from 2000 to 2008 over the Yangtze River Delta.

seasonal mean AOT over the YRD region. The AOTs in 
the urban regions are larger than those in rural regions with 
clean air and dense vegetation. The AOT is largest over 
Shanghai and other cities around Tai Lake, where drastic 
human activity takes place. Spring has the largest regional 
mean AOT of 0.77 ± 0.21. The summer AOT of 0.73 ± 0.25 
is lower than that of spring, but has a larger standard devia-
tion. Therefore, it has a more distinct spatial difference. The 
AOTs of summer are larger than those of spring in urban ar-
eas, vise versa. It is likely due to the warm and moist season 
which favors the accumulation of urban aerosols (Adamo-
poulos et al. 2007; Kosmopoulos et al. 2008). Moreover, the 
higher AOTs in urban areas in summer can be attributed to 
the relative contribution of various processes such as stag-
nant synoptic meteorological fields, secondary photochemi-
cal aerosol formation, hygroscopic growth of water soluble 
industrial aerosols and biomass smoke from seasonal bio-
mass burning from rice straw burning. In dense vegetation, 
the water soluble industrial aerosols are less. Then the hy-
groscopic effect on AOT values is not so obvious. As shown 
in the Fig. 7, the largest values appear over Shanghai, and the 
smallest appear over the southern YRD region for the year 
round. This pattern highlights the difference between urban 
areas with sparse vegetation and the rural areas with dense 
vegetation, that is, the dominance by the anthropogenic and 
natural aerosol types, respectively. Winter has the smallest 
AOT (0.52 ± 0.15) with a standard deviation of 0.15. Hence, 

the smallest spatial variation of vegetation has an influence 
on the spatial distribution of AOT. Figure 8 maps the spatial 
distribution of annual mean AOT over the YRD region from 
2000 to 2008. The AOT is clearly increasing over time in 
the entire region, especially in the urban areas around the 
Tai Lake. Table 3 shows that areas of lower AOT decreased, 
while areas of larger AOT increased from 2000 to 2008. The 
area of AOT less than 0.4, and between 0.4 and 0.8, respec-
tively accounted for 20.80% and 68.59% in 2000, and they 
decreased to 10.55% and 45.80% in 2008 over this region. 
Meanwhile, the area of AOT larger than 0.8 accounted for 
10.61% in 2000, and increased to 43.65% in 2008. This may 
result from the urbanization of the region. Rapid industrial 
development and human activity increase aerosol emissions 
especially sulphate aerosols in the east coast of China. 

3.4 The Relationship between AOT and NDVI
3.4.1 spatial Distribution of NDVI

NDVI is affected significantly by seasonal variation. 
Therefore, we divided the data into different seasons to ana-
lyze the spatial characteristics of NDVI to better understand 
the relationship with aerosol properties. Figure 9 maps the 
spatial distribution of multi-year (2000 - 2008) seasonal 
mean NDVI in different seasons over the YRD region. A 
distinct spatial pattern emerges in the NDVI values which 
vary as the seasons shift, for the vegetation in this region 



AOT and NDVI in the Yangtze River Delta 871

Fig. 8. Spatial distributions of yearly mean AOT from 2000 to 2008 over the Yangtze River Delta.

Year AOT < 0.4 (%) NDVI < 0.2 (%) 0.4 ≤ AOT ≤ 0.8 (%) 0.2 ≤ NDVI ≤ 0.4 (%) AOT > 0.8 (%) NDVI ≥ 0.4 (%)

2000 20.8 7.04 68.59 38.99 10.61 53.97

2001 18.18 6.63 67.8 28.36 14.02 65.01

2002 16.84 6.97 46.5 26.57 36.66 66.46

2003 20.78 7.25 50.35 28.43 28.88 64.32

2004 18.53 7.11 55.66 20.77 25.82 72.12

2005 19.35 7.32 49.79 21.81 30.86 70.88

2006 15.18 7.66 43.94 26.02 40.89 66.32

2007 10.19 7.87 41.75 27.19 48.06 64.94

Table 3. Percentage variations of areas of AOT and NDVI in different ranks in the Yangtze River Delta.
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Fig. 9. Spatial distributions of multi-year seasonal mean NDVI from 2000 to 2008 over the Yangtze River Delta.

is primarily deciduous forest. The NDVI in winter is ob-
viously lower when leaves have fallen than other seasons 
(spring, summer and autumn), and the lowest values appear 
in the city of Shanghai and the areas around Tai Lake. The 
NDVI in summer is largest, and the value is up to 0.9 in the 
south of the YRD region. 

Figure 10 and Table 3 indicate that the time series of 
the areas of different NDVI classes have no explicit trend. 
The area of NDVI > 0.4 presents a parabolic variation from 
2000 to 2008. The percentages increase from 53.97% in 
2000 to the peak of 72.12% in 2004 then decrease to 62.53% 
in 2008, while for the areas of NDVI larger than 0.4 the in-
verse is true. The results suggest that the change of LULC is 
the source of the NDVI variation, such as urbanization that 
results in decreasing agricultural land in this region.

3.4.2 The Relationship of Regional Average AOT with 
NDVI

To investigate the relationship between AOT and 
NDVI, we performed a spatial correlation analysis (pixel to 
pixel) for the monthly AOT/NDVI over the entire region. 
The correlation analysis (Fig. 11) produces moderate cor-
relations for aerosol properties and NDVI. The AOT vs. 
NDVI have a negative correlation range of 0 ~ -0.8. The 
correlation results have smaller NDVI values in urban with 
larger AOT, vice versa. The R values vary with the seasonal 

shift with a marked annual cycle. In the period, there are 
often two peaks and two valleys. The reasons for the cor-
relations are complex. First, the annual periodic variation of 
NDVI with the influence of solar radiation and the growth of 
vegetation is significant. Second, the aerosol loading varies 
with the seasonal changing of complex aerosol components. 
The variation of NDVI affects which aerosols come into the 
atmosphere, such as soil dust from surface. In the long term, 
the correlation of AOT/NDVI is decreasing. 

Figure 11 also reveals that the R values of AOT/NDVI 
vary with time as the vegetation presents different responses 
to the seasonal and regional variability of AOT. The cor-
relation of AOT vs. NDVI is moderately negative, and the 
mean value is about -0.43 in spring, -0.58 in summer, -0.60 
in autumn and -0.48 in winter. As shown by Fig. 9, the 
NDVI values in summer and autumn are larger than those 
of in spring and winter, in particularly, the NDVI value is 
large in the southern YRD region. This suggests that AOT is 
increasing with NDVI decrease. The results of correlations 
shown in Fig. 11 imply that the AOT values are related to the 
seasonal variation of NDVI. There is an interaction between 
aerosol loading and vegetation coverage. Vegetation can re-
duce the aerosol particles in the atmosphere via the sorption, 
and on the other hand, aerosol affects the vegetation growth 
by changing the surface solar radiation such as an increased 
diffuse radiative flux fraction. This in turn affects the varia-
tion in NDVI, implying that there are close relationships for 
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AOT and NDVI. With respect to the inter-annual variation, 
the R increases with time in spring and summer, while the R 
decreases in autumn and winter.

We classified NDVI into two classes according to a 
regional average value (NDVI = 0.3). The value of NDVI > 
0.3 represents a densely vegetated area, whereas NDVI ≤ 0.3 
represents sparse vegetation. As shown by Fig. 12, the first 
group (NDVI > 0.3) produces weak correlations of AOT 
vs. NDVI ranging from ±0.2. The second group (NDVI ≤ 
0.3) includes moderate negative correlations of AOT and 
NDVI ranging from -0.2 to -0.8. The reason for the correla-
tion patterns may in part derive from the role of NDVI as 
an indicator of human activity. The smaller value of NDVI 
implies intensive human activity. So the urban/industrial 

aerosol is high loading in low NDVI region, which makes 
the AOT large. On the other hand, vegetation can absorb 
aerosol particles and at the same time, decrease the emission 
of soil dust. This process removes the aerosol particles from 
atmosphere in dense vegetation areas, which makes the 
AOT small. Therefore the relationship of AOT vs. NDVI 
produces negative correlations, in particular, these negative 
correlations are more obvious in dense vegetation areas and 
the correlation varies with the seasonal change of NDVI. 

4. CONCLUsIONs

The aerosol properties retrieved from MODIS includ-
ing AOT have been analyzed in this paper, the MODIS L2 

Fig. 10. Spatial distributions of yearly mean NDVI from 2000 to 2008 over the Yangtze River Delta.
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aerosol product is validated using the ground-based mea-
surement data. The study presents the characteristics of 
AOT in the Yangtze River Delta (YRD) and the SPOT-VGT 
NDVI is used for the analysis of the correlation between 
aerosol properties and NDVI. The validation indicates that 
the MODIS AOT is in good agreement with ground-based 
measurements in Hangzhou station, the slope and intercept 
are 1.04 and -0.01 with R and RMSE equal to 0.92 and 0.20 
respectively.

The long term variation of AOT over the YRD is in-
creasing over time, and the regional monthly mean AOT 
presents annual period variations, and varies with seasonal 
shift. The largest value of AOT appears in June (0.95 ± 0.20 
s.d.). There are two different aerosol modes and present dis-
tinctly different spatial patterns. One consists of a smaller 
AOT over areas with dense vegetation with a natural type 
of aerosol in Qiandao Lake. The other is a larger AOT over 

Fig. 11. The dashed line and the solid line are the variation of R of AOT vs. NDVI and its smooth line, respectively.

Fig. 12. The dashed line and the solid line are the variation of R of AOT vs. NDVI in different NDVI grades (NDVI ≤ 0.3 and NDVI > 0.3),  
respectively.

urban areas with an urban/industrial type of aerosol around 
Tai Lake. The AOT is getting larger over the entire region.

The correlation analysis indicates that there are moder-
ate correlations for AOT and NDVI. AOT vs. NDVI have a 
negative correlation and the R values vary with the seasonal 
shift. The range of R values is 0 ~ -0.8, and the mean values 
are about -0.5. The variation of R values presents a marked 
one year cycle period, due to the vegetation presenting dif-
ferent response to the seasonal and regional variability of 
AOT. The relationship between AOT and NDVI is more ob-
vious in dense vegetation. The higher R values of AOT vs. 
NDVI appear in summer and autumn with -0.58 and -0.60. 
In the long term, the correlation of AOT/NDVI decreases 
due to the decrease of vegetation cover in this region.
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