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Abstract This work aims to analyze the spatial and
temporal variability of aerosol optical depth (AOD) from
2000 to 2012 in the Changjiang River Delta (CRD), China.
US Terra satellite moderate resolution imaging spectro-
radiometer (MODIS) AOD and Ångström exponent (α)
data constitute a baseline, with the empirical orthogonal
functions (EOFs) method used as a major data analysis
method. The results show that the maximum value of AOD
observed in June is 1.00�0.12, and the lowest value
detected in December is 0.40�0.05. AOD in spring and
summer is higher than in autumn and winter. On the other
hand, the α-value is lowest in spring (0.86�0.10), which
are affected by coarse particles. High α-value appears in
summer (1.32�0.05), which indicate that aerosols are
dominated by fine particles. The spatial distribution of
AOD has a close relationship with terrain and population
density. Generally, high AODs are distributed in the low-
lying plains, and low AODs in the mountainous areas. The
spatial and temporal patterns of seasonal AODs show that
the first three EOF modes cumulatively account for 77% of
the total variance. The first mode that explains 67% of the
total variance shows the primary spatial distribution of
aerosols, i.e., high AODs are distributed in the northern
areas and low AODs in the southern areas. The second
mode (7%) shows that the monsoon climate probably plays
an important role in modifying the distribution of aerosols,
especially in summer and winter. In the third mode (3%),
this distribution of aerosols usually occurs in spring and
winter when the prevailing northwestern or western winds

could bring aerosol particles from the inland areas into the
central regions of the CRD.

Keywords AOD, MODIS, EOFs, Ångström exponent,
Changjiang River Delta

1 Introduction

Atmospheric aerosol refers to the liquid or solid particles
suspended in the air. These particles play an important role
in the earth’s energy balance through direct and indirect
radiative forcing (Kaufman et al., 2002). They can scatter
and absorb solar radiation, and reduce the energy of solar
radiation reaching the Earth’s surface. They also affect
both the processes of cloud formation by acting as cloud
condensation nuclei, and the hydrological cycle through
changes in cloud cover and properties and levels of
precipitation (King et al., 1992, 1999; Kaufman et al.,
2002). These changes in the properties and distributions of
clouds have an enormous impact on the climate.
In recent years, economic growth and population

expansion have increased the amount of aerosol particles
in the air through car emissions, industrial processes, and
coal-fired heating. Previous studies have shown that fine
particles could be the dominant factor affecting human
health due to the presence of sulfates, nitrates, and acids
(Yang, 2002; Kennedy, 2007). Particulate matter of£2.5
μm in diameter (PM2.5) are breathed more deeply into the
lungs, whereas particulate matter of£10 μm in diameter
(PM10) can penetrate the thoracic region of the lungs
(Pope and Dockery, 2006).These particles can also have a
negative impact on the atmosphere by causing a reduction
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of atmospheric visibility and a decline in air quality (Qiu
and Yang, 2000; Engel-Cox et al., 2004; Li et al., 2005).
Even so, the sources of aerosol are diverse. For example,
some aerosols are produced by nature, such as wind-blown
desert dust or sea salt caused by breaking waves while
others are mainly caused by human activities, such as
urban industrial pollution and biomass burning (Remer et
al., 2005).
Aerosol optical properties, such as aerosol optical depth

(AOD), aerosol particle size, single scattering albedo, and
refractive index can be used to quantitatively identify the
aerosol distributions both in time and space (Kaufman et
al., 2002). AOD describes the attenuation of sunlight by a
column of aerosol, and thus serves as a measure of aerosol
column concentration (Kaufman et al., 2002). Aerosol
optical properties can be obtained mainly through ground-
based observations or remote sensing monitoring. The
simplest, and in principle, the most accurate way to
maintain monitoring systems is ground-based (Holben et
al., 2001). However, ground-based observations are not
suitable at large scales. The regional and global monitoring
of aerosols by remote sensing techniques has become
widely used as it complements the limitations of ground-
based observations. Long-term observation of aerosols
through remote sensing could provide a valid method for
the understanding of the characterization of aerosols at
different spatial and temporal scales (Remer et al., 2005).
In addition, satellite remote sensing is suggested to be
well-suited for the daily monitoring of the aerosol load
because of its large spatio-temporal coverage (Kaufman et
al., 2002). The moderate resolution imaging spectro-
radiometer (MODIS) is a sensor onboard NASA’s Terra
and Aqua satellites, which were launched in December
1999 and May 2002, respectively. MODIS can detect
aerosol changes and long-term influences on global
climate.
It is necessary to distinguish between aerosols from

natural resources and anthropogenic sources (Kaufman et
al., 2002). To some degree, it is possible that aerosol
particle size could be distinguished based on the Ångström
exponent (α). The Ångström exponent is commonly used
to describe the spectral dependence of AOD and provide
some basic information about the aerosol size distribution
(Eck et al., 1999; Chu et al., 2002; Kaskaoutis et al., 2006).
The Ångström exponent values distinguish between
distributions of coarse particles that occur naturally and
fine particles that occur anthropogenically (Kim et al.,
2013). Its empirical expression (Ångström, 1929) is
defined as τ(l)¼ βl – α, where τ(l) is the AOD for
wavelength l, α is the Ångström exponent, and β is the
AOD at a reference wavelength of 1 μm. In order to
calculate α, it is common to choose two wavelengths to
take the slope of the linear fit to the logarithm of l and the
logarithm of τ. The Ångström exponent is defined as
lnðAOD0:47=AOD0:66Þ=lnð0:66=0:47Þ for MODIS over
land and lnðAOD0:55=AOD0:865Þ=lnð0:865=0:55Þ over

ocean. Generally, the larger the effective radius of an
aerosol particle, the smaller α will be (King et al., 1999; Li
et al., 2003).
Changjiang River Delta (CRD) is a highly developed

urban agglomeration in China. During the past 30 years,
the rapid economic development and urban expansion,
with increased population density, have had a significant
impact on the CRD environment (Duan et al., 2009).
Therefore, more attention should be paid to the impact of
aerosols in this region (He et al., 2010; Pan et al., 2010).
The main objective of this work is to analyze the spatial
and temporal distribution of AOD and Ångström exponent
from Terra MODIS level 2 aerosol products in the CRD
from 2000 to 2013. To further understand the seasonal
variability of AOD, the empirical orthogonal functions
(EOFs) method is used to process spatial and temporal
decomposition, and to attempt to find the main factors
influencing the spatial distribution of AOD.

2 Materials and methods

2.1 Study area

CRD (29°N–34°N, 118°E–122°E) is experiencing one of
the fastest-growing economies in China (Fig. 1). The area
has intensive growth in its population and industry. It is an
important part of the middle and lower reaches of the
Changjiang River Plain, located to the west of the Yellow
and East China Seas. The altitude in this area is shown in
Fig. 1. Low-lying plains are mainly distributed in the
northern regions of CRD, with the mountainous areas
mainly in the south. High mountains can block transporta-
tion of aerosol particles by wind. The study area is located
in the subtropical monsoon climate zone, characterized by
high temperature and rainy climate in the summer, and
mild and dry climate in the winter. Thus, the variability of
aerosols in the CRD may be affected by many factors.

2.2 Data

MODIS has 36 channels, which cover the visible and
thermal-infrared spectrum at three spatial resolutions
(250 m, 500 m, and 1 km), with a wide swath (2,330
km). The data presented in this work are collected from
MODIS onboard Terra satellite during March 2000 to
February 2013. The aerosol products (Level 2 MOD04
Collection 051 daily 0.55 μm aerosol optical depth)
observed with the spatial resolution of 10 km can be
downloaded from the NASA website (http://ladsweb.
nascom.nasa.gov/data/search.html). The MODIS aerosol
algorithm retrieves AOD at 0.47 μm, and 0.66 μm
wavelengths are based on dark targets over vegetated
land surfaces (Kaufman et al., 1997; Remer et al., 2005).
Detailed information about algorithm of Collection 005
and 051 is provided by Levy et al. (2009). Further

2 Front. Earth Sci. 2015, 9(1): 1–12



validation of MODIS aerosol products was achieved with
the ground-based sunphotometer data. In this respect,
AERONET data are very widely used for MODIS aerosol
product validation (Holben et al., 1998; Ichoku et al., 2002;
King et al., 2003). Remer et al. (2005) found that MODIS
retrieves AOD with an accuracy of rτ ¼ �0:05� 0:15τ
over land. These results suggest that MODIS aerosol
products could be used quantitatively for the evaluation of
air pollution, fire, and other climatic research. This is also
the case for the work done in CRD. He et al. (2010)
reported that MODIS AOD data could satisfy our study in
the CRD. In this work, two parameters were chosen from
MOD04: aerosol optical depth at 550 nm and Ångström
exponent at 470/660 nm.

2.3 Methods

Most aerosols are generally regional in nature due to their
short lifetime, the regional distribution of the sources, and
the variability in their properties. Seasonal meteorological
conditions determine how far aerosols could be transported
from their sources, in addition to how they distribute
vertically in the atmosphere (Kaufman et al., 2002). The
AOD inversion derived through remote sensing generally
has a close relationship with surface albedo. However, the
presence of clouds will affect the AOD inversion. To
guarantee the integrity of the data, they will be calculated
at different time steps (monthly, seasonally, and annually).
Seasons are divided according to the season: spring is
March to May (MAM), summer is June to August (JJA),
autumn is September to November (SON), and winter is
December to February (DJF).
The empirical orthogonal functions (EOFs) method is

used to analyze the seasonal dynamics of AOD time series
data during the periods of 2000 to 2012. These data are

initially processed into the anomaly matrix before obtain-
ing modes and corresponding time weighting coefficients.
More detailed information can be found in the section on
EOF analysis. EOFs are primarily used to decompose the
original variable field into a linear combination of
orthogonal functions, and then to form a few unrelated
typical modes instead of the original variable field. Each
typical mode contains as much information as the original
field (Preisendorfer and Mobley, 1988). This method has
always been the standard statistical technique used in the
geophysical science fields of meteorology and oceano-
graphy (Preisendorfer and Mobley, 1988). The main
concept of EOFs is that the variable Xmn consists of m
stations and n observations is expressed as a linear
combination of the space eigenvectors and corresponding
time coefficients. It can be defined as follows:

Xmn ¼ VmmZmn, (1)

where the matrix Vmm represents the space eigenvectors
and Zmn represents the time coefficients. Generally, the
first several modes account for a large part of the total
variance and can be related to physical phenomena. The
structure of modes can be used to explore spatial and
temporal coherence. Hu et al. (2008) applied this method
to analyze the spatio-temporal variability of TOMS/NASA
monthly AOD between 1980 and 2001 in China. Shrestha
and Barros (2010) studied the spatial variability of aerosol,
clouds, and rainfall in the Himalayas from satellite data
based EOFs that analyzed the spatial mode of aerosol
variability of aerosols. In this work, the EOF method is
used for the analysis of the spatial and temporal variability
of seasonal AOD in-depth in the CRD.

3 Results

3.1 Temporal variability of AOD

3.1.1 Interannual variability

Annual average AOD derived from MODIS from 2000 to
2012 is shown in Fig. 2. AODs are all above 0.55 during
this period. There are three increasing phases: 2000–2002,
2005–2008, and 2010–2011. The fastest increase occurred
from 2005–2008 and the peak AOD value reached 0.68 in
2008. The AOD value started to decline sharply from 2008
to 2010 and reached a minimum value of 0.59 in 2010. The
World Expo 2010 was held in Shanghai, at which time the
local government expended numerous efforts to protect the
environment by controlling air pollutants. The long-term
trend of AODs derived from the ensemble empirical mode
decomposition (EEMD) analysis, as shown by dashed lines
(Fig. 2) , further demonstrated that AOD increased before
2008, followed by a decrease in the CRD (Zhao et al.,
2013).

Fig. 1 Location of Changjiang River Delta and its spatial
distribution of altitude in meters.
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3.1.2 Seasonal variability

AODs are highest in spring (0.71�0.06) and summer
(0.74�0.09), as compared to observations in autumn
(0.53 � 0.06) and winter (0.49�0.04) (Fig. 3). This trend
suggests that aerosol loadings are higher in spring and
summer than in autumn and winter. Additionally, the
standard deviation in spring is less than in summer,
indicating that the variations of aerosol in spring are
smaller than those in summer during the study periods. α in
spring (0.86�0.10) is lower than (1.32�0.05) in summer,
which indicates the inconsistent patterns of the AODs and
α (Fig. 3). AOD value is higher and α value is lower in
spring compared to the values in summer, indicating a
tendency for the aerosol particles to be coarser. In contrast,
aerosol particles tend to be finer in the summer. Figure 4
shows time series of seasonal average AOD and α from
2000 to 2012. AODs in spring and summer are greater than
in autumn and winter (Fig. 4(a)). AOD comparisons before
2002 show higher values in spring than in summer.
Subsequently, with the exception of 2006 and 2007, AOD
values in summer were greater than those in spring thus
indicating that large AODs frequently begin to appear in
summer. The long-term season variations of α, as shown in
Fig. 4(b), describe α values in summer and autumn as
greater than those in spring and winter. α values in summer
are generally the highest, followed by autumn, indicating
obvious seasonal characteristics in the variation of α. In
winter and spring, α values are quite similar, but the change
range of α in spring is greater than in winter.

3.1.3 Monthly variability

Figure 5 shows the monthly averages of AOD and α from
2000 to 2012. The peak value of AOD of 1.0�0.12

occurred in June, with an opposite result of 0.4�0.05
detected in December. α is high in August (1.46�0.06),
which demonstrates the dominance of fine particles in
AOD. α is low in April (0.82�0.12), mainly due to the
transport of coarse particles from sand-storms in northern
China at large-scales. AOD value is highest in June, with α
at approximately 1.4, indicating the complexity of aerosol
particles components and that they are affected by
numerous other factors. AOD value declines sharply
after June, opposite to what is observed in α. This is due
to the rainy season in CRD during that time, with abundant
rainfall resulting in a significant decrease in the lifecycle of
aerosol particles, especially those of large-scale.

3.2 Spatial variability of AOD

The spatial distribution of multi-year average AOD during
2000–2012 is shown in Fig. 6. High AODs are mainly
distributed in the northern regions of CRD, where the
values range from 0.6 to 0.7 in northern Jiangsu and Anhui
provinces. This is also the case for the southern regions of
Jiangsu Province and Shanghai (0.7–0.8), with high
population density and industry development. High
AODs are also characteristic in Anhui where dense
population and many copper smelting industries are
located along the Changjiang River and surrounded by
Dabie and Tianmu Mountain. This result is consistent with
the results by He et al. (2012), who found that aerosols
emitted in this region were difficult to dissipate from 2000
to 2007. Low AODs are mainly located in the southern
regions of CRD with values below 0.6. In addition, the
altitude has a significant effect on the distribution of AOD.
High AODs are distributed in the low-lying plains, as well
as the plains along the Changjiang River and Hangzhou
Bay. Opposite results are generally observed in mountai-

Fig. 2 Annual average AOD derived from MODIS at 550 nm from 2000 to 2012. The dashed line represents the long-term variability
trend of the AODs derived from the ensemble empirical mode decomposition (EEMD) analysis.
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nous areas, which are mainly located in southern regions of CRD. The maximum AODs are distributed in Shanghai

Fig. 4 Seasonal average AOD at 550 nm (a) and Ångström exponent (b) from 2000 to 2012.

Fig. 3 Multi-year seasonal average AOD at 550 nm and Ångström exponent from 2000 to 2012. The error bars on the dots along y-axis
denote the standard deviation.
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and its surrounding areas, indicating that a high concentra-
tion of human activities are a great contributor to the
increase in AODs in these regions.

3.2.1 Interannual spatial variability of AOD

Figure 7 shows the spatial distribution of annual average
AOD from 2000 to 2012. The distribution pattern of the
AOD in each year is similar to that of distribution patterns
over the whole period (Fig. 6). AODs are higher in the
northern region of the CRD than in the southern region

throughout all periods. High aerosol loadings are mainly
distributed in Jiangsu Province, Shanghai, and northern
regions of Anhui Province and Zhejiang Province. High
population density and highly developed industry are
characteristic in these areas, resulting in numerous aerosol
emission sources. Low AODs are typically occur in the
central region of Zhejiang Province and southern region of
Anhui Province.
The aerosol loadings showed an increase from 2000 to

2008 over the CRD, except in 2003, 2004, and 2005.
AODs slightly declined in 2003 from 2002. In 2000 and
2001, the high values of AODs generally appeared in the
region along Changjiang River. After 2001, Shanghai and
its surrounding areas became the central areas with high
AODs for all years. There was a sharp increase in AOD
during 2006–2007, especially in the northern region of
CRD, as opposed to what was detected in 2009 and 2010.

3.2.2 Seasonal spatial variability of AOD and α

Figure 8 shows the spatial distributions of seasonal average
AOD and α in the CRD from 2000 to 2012. The maximum
AODs generally appeared over the southern region of
Jiangsu Province and throughout the Shanghai region
during all the seasons. In spring, high AODs were mainly
observed in the northern region of CRD. AODs are
typically greater than 0.7. The maximum AODs in spring
are distributed in the areas along the Changjiang River,
Shanghai, and Hangzhou Bay, with a maximum value at
approximately 1.0. In summer, aerosols are greater than in
spring over the northern region of CRD. AODs are above
0.8 in most regions of northern Anhui, with values
typically£1.0 over the Jiangsu Province. The maximum
values of AODs appear in Shanghai and its surrounding
areas, with the maximum at approximately 1.1. Low AODs

Fig. 5 Monthly average AOD at 550 nm and Ångström exponent from 2000 to 2012.

Fig. 6 The spatial distribution of AOD at 550 nm averaged from
MODIS from 2000 to 2012 in the Changjiang River Delta.
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in the southern region of CRD are relatively stable in both
spring and summer, with values between 0.2 and 0.5.
However, AODs show a slight decline in summer
compared with to spring in the southern region of CRD.
The spatial distributions of AOD in autumn and winter are
very similar. AODs significantly decline during these two
seasons across this region, with values typically below 0.7.
AODs are lower in winter than during other seasons over
most regions of the CRD.
The α values depend on the size of the aerosol particles,

which increases with decreasing particle size (He et al.,
2012). Low α values are typically located in the northern
plains, and high values are mainly distributed in the
mountainous areas (i.e., Anhui and Zhejiang Province). α
values are relatively lower in the northern region of CRD
than in the southern region, especially in spring and winter.
In spring, α values range between 0.6 and 0.1 throughout
the CRD, indicating that the aerosol particles are typically
coarse. In summer, the α value begins to increase over the
whole region. Their values range between 1.0 and 1.4, with
some rising above 1.5, over some sections of the northern
and southern CRD, respectively, suggesting that fine
particles are the main components of AOD. The α values
in autumn begin to decrease in the northern region of CRD
with values typically below 0.8. However, α values stay
relative stable in the southern region of CRD. In winter, the
distribution of α is very similar to that in spring, and the
aerosol particles are typically coarse.

3.3 Seasonal AOD analyzed by EOFs method

To further analyze the spatio-temporal characteristics of
AOD in the CRD, the EOFs method is applied to analyze
seasonal averages for a long time series from 2000 to 2012.
There are a total of 52 seasonal AOD data images.

Although AOD is averaged in each season and each year,
some pixel values are still missing due to cloud cover.
These missing data are excluded due to their limitations.
Effective AOD data are processed into the covariance
matrix. The EOFs method is then applied to obtain the
dominant modes and the time coefficient to the corre-
sponding EOF modes. Given the time period for the
collected data is only thirteen years, the discussion of
results mainly focuses on the seasonal variability.
Table 1 shows the explanation of the percentage

variance of the five EOF modes. According to North’s
rule (North et al., 1982), significant error tests for
eigenvalues are defined as:

li – liþ1³li

ffiffiffi

2

n

r

, (2)

where n represents the length of the time series and i
represents the eigenvalue. We know the first five
eigenvalues can satisfy the inequality. In general, it will
choose the first three eigenvalues, because the accumulat-
ing contribution rate of the first three eigenvalues reaches
77%. Compared with the accumulating contribution rate of
the first four or five eigenvalues, the difference is very
small. Therefore, by interpolation, we can obtain the first
three modes that correspond to the eigenvalues, as shown
in Fig. 9.
The first mode accounts for 67% of the total variance

(Table 1), which is much higher than the contribution rates
of the other three modes. It can reflect the main
characteristic of seasonal AOD in the CRD (Fig. 9(a)).
The values are all positive indicating that the performance
of the first mode works well. High values in the first mode
are mainly located in the northern region of CRD (i.e.,
northern regions of Anhui, Jiangsu Province, and Shang-
hai). Alternatively, values of the first mode generally

Fig. 7 The spatial distribution of annual average AOD at 550 nm in the Changjiang River Delta from 2000 to 2012.
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decrease from the northern to the southern regions, with
the lowest values generally observed in the south. The
distribution shown in the first mode fits well with the
spatial distribution of altitude and population density. The
time coefficient that corresponds to the first mode reflects
the entire variability trend of seasonal AOD (Fig. 10(a)).
High aerosol loadings typically appear in spring and
summer, as opposed to what is observed in autumn and
winter. The variability of time has an obvious seasonal
cycle. Figure 9(b) shows that the second mode accounts for
7% of the total variance. Changjiang River is regarded as
the zero dividing line. Its values are positive in the northern

region of Changjiang River and negative in the south,
indicating opposite AOD results in these two areas.
According to the time coefficient corresponding to the
second mode (Fig. 10(b)), most of the summer and winter
values are positive. Figure 9(c) shows that the third mode
accounts for 3% of the total variance. The values of the
third mode are positive in the southeast and negative in the
northwest. As shown from the time coefficient correspond-
ing to the third mode (Fig. 10(c)), even with a slight change
in values and the periodic variation not obvious, almost all
spring and winter values are positive. In other seasons,
most values are negative.

Fig. 8 Spatial distributions of seasonal average AOD at 550 nm (upper panel) and Ångström exponent (lower panel) in the Changjiang
River Delta during 2000–2012.

Table 1 Percentage variance explained for the first five empirical orthogonal functions (EOFs) modes.

Principal component Eigenvalue Contribution rate/% Accumulating contribution rate/%

1 24.95 66.88 66.88

2 2.67 7.16 74.04

3 1.11 2.97 77.01

4 0.82 2.19 79.20

5 0.64 1.73 80.93
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4 Discussion

The main objective of this study is to analyze the temporal
and spatial variability of AOD over the CRD from 2000 to
2012. The variability of annual average AOD showed an
increasing trend from 2000 to 2008, followed by a decrease
(Fig. 2), suggesting that aerosol loadings have improved in
recent years. AODs were higher in 2006 than in 2005,
likely due to the occurrence of frequent sand-storms from
northern China. According to the sand-dust weather
statistics drawn by Duan et al. (2013), 18 and 17 sand-
dust weather processes occurred in the spring seasons
(MAM) of 2006 and 2007, respectively, relative to the
long-term mean values. Combined with the spatial
variability of annual AOD (Fig. 7), the most obvious
change is detected in Shanghai. In 2010, aerosol loadings
were low compared to the values of previous years. This is
consistent with results reported by Zhao et al. (2013), who
found AOD significantly decreased during the World Expo
2010 in Shanghai from 2000 to 2011, indicating a
remarkable improvement in air quality in Shanghai during
World Expo 2010.
From the temporal and spatial variability of seasonal

AOD, one can conclude that AOD has obvious seasonal
variability in the CRD. Studies have shown that rapid
economic development, industrial pollution, and automo-
bile exhaust emissions led to an increase of aerosol in these
areas (Deng et al., 2010). High AODs were observed in
spring and summer, as opposed to the low AODs observed
in autumn and winter (Fig. 7). Given it has been shown that
climate in the CRD is typically affected by East Asian
monsoons, it can be assumed that other meteorological
factors may also influence the temporal and spatial
variability of aerosols in different seasons. According to
the variability of α, aerosol particles are consistently coarse
in spring and winter and are dominated by fine particles in
summer and autumn. In spring, aerosol loadings are high,
likely due to the frequent occurrence of sand-storms. In
addition, prevailing western winds are conducive to the
transportation of aerosols from the inland. Increased
human activities during the summer result in high aerosols.
Relative humidity and high temperatures can promote gas-
to-particle conversion to aerosols. An additional cause for
increased aerosols in summer is from anthropogenic
aerosol emissions. The CRD is one of the most important
agricultural regions in China. The summer harvest and the
burning of straw and subsequent residues have the
potential to emit large amounts of particles, which can
lead to a serious increase in air pollution (Su et al., 2012).
In addition, abundant precipitation brought on by summer
monsoons can reduce the amount of coarse particles in the
air. AODs rapidly decrease in autumn and winter due to
aerosol loadings which are strongly influenced by fast-
moving synoptic weather patterns (Kim et al., 2007). The

Fig. 9 Spatial modes of seasonal AOD in the Changjiang River
Delta by the empirical orthogonal functions (EOFs), i.e., (a) the
first EOF mode, (b) second EOF mode, and (c) third EOF mode.

Tianyong ZHAI et al. Spatio-temporal variability of AOD with EOFs 9



prevailing northwestern wind is conducive to the spread of
aerosols, possibly at large-scales.
In this paper, we have further discussed the seasonal

distribution characteristics of aerosols by the EOFs
method. The three modes account for 67%, 7%, and 3%

of the total variance respectively, along with their
corresponding time coefficients. The first mode explains
the distribution pattern of aerosols in the CRD in all
seasons, showing similar distributions in spring and
summer, with stronger contributions to aerosols. The

Fig. 10 Time coefficients corresponding to the EOF modes: (a) first mode; (b) second mode; and (c) third mode.
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second mode primarily explains summer and winter
distribution patterns. The CRD is located in the subtropical
monsoon climate zone where wind direction and speed can
significantly affect regional aerosol distributions. The
CRD is near the East China Sea where the prevailing
wind direction in summer is from the south-southeast
which can bring ocean air inland and decrease AOD
loadings. By comparison, the prevailing northwestern
wind in winter can easily spread aerosols from inland areas
to the southeast sections of the CRD, resulting in an
increase in AODs. In the third mode, the values along the
coast are positive and are negative in inland areas. This
distribution of aerosols usually occurs in spring and winter
when the prevailing west-northwest winds could bring
aerosol particles from inland area to the main body of
CRD.

5 Conclusions

In this study, we analyze the spatial distribution and
temporal variability of AOD and Ångström exponent in the
CRD, using the data taken from US Terra satellite MODIS
from 2000 to 2012 and the EOFs analysis. The results are
summarized as follows.
1) Spatially, high AODs are mainly distributed in the

low-lying plains and basins, with opposing results detected
in the mountainous areas. High AODs are also observed
along the coastal areas and the Changjiang River.
2) Temporally, AODs have generally increased over the

last decade. This is especially true for the northern regions
of the CRD. AOD also shows seasonal variability, i.e.,
high AODs are detected in spring and summer, as opposed
to the low AODs observed in autumn and winter.
3) Coarse particles are the AOD dominant components

in spring, which are likely affected by the transport of sand
dust from north China. In contrast, fine particles are the
dominant AOD components in summer, likely due to the
anthropogenic aerosols.
4) AODs decreased during the World Expo 2010 in

Shanghai and its surrounding areas. It is reasonable to
attribute this decrease to the strong air pollution control
measures imposed by the local government.
5) The spatial and temporal patterns of seasonal AODs

show that the first three EOF modes cumulatively account
for 77% of the total variance. The first mode that explains
67% of the total variance shows the primary spatial
distribution of aerosols, i.e., high AODs are distributed in
the northern areas and low AODs in the southern areas.
The second mode (7%) shows that the monsoon climate
likely plays an important role in modifying the distribution
of aerosols, especially in summer and winter. The third
mode (3%) shows aerosol distribution in spring and winter
when the prevailing west-northwest wind could possibly
spread aerosol particles from the inland areas into the main
body of CRD.
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