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a b s t r a c t

Strong seasonal variations in regional aerosol optical depth at 550 nm (AOD) and aerosol type were
investigated over China’s Bohai Rim based upon six years’ worth of data from four sites. Aerosol loading
was higher and particle sizes were larger in the spring and summer than in the autumn or winter in the
region. The regional mean background AOD and Angstrom exponent (a) were 0.20 � 0.03 and 0.74 � 0.17,
respectively, and these values decreased by roughly 0.01 and 0.40 over the past six years. The annual
mean AOD and a were 0.50 � 0.06 and 1.09 � 0.23 at three typical observation stations in the Bohai Rim
economic zone. AOD increased by 0.07 and a decreased by 0.18 over the past six years, presumably due to
rapid economic growth in the special zone. The accuracy of the MODIS C051 AOD product was relatively
low over this region, and 52% of MODIS AOD product was within the expected error. The averaged
standard deviation between annual mean ground-based and MODIS retrievals of AOD was �0.11, but the
monthly mean and seasonal mean differences ranged from �0.34 to þ0.45 and from �0.17 to þ0.24,
respectively, at the four sites studied. The calibrated MODIS AOD was adjusted by the seasonal liner
regression functions between daily ground-observed AOD and raw MODIS AOD product. The averaged
standard deviations of the calibrated MODIS AOD values were �0.02 for the annual means and �0.08 for
the monthly means. The accuracy of the calibrated MODIS AOD was found to be reliable.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

During the past few decades, China has become one of themajor
factors in the uncertainty of aerosol climate and radiation effects on
Earth due to dramatic increases in large-scale farming, urbanisation
and industrial activities in this country (IPCC, 2007; Huebert et al.,
2003; Li, 2004; Seinfeld et al., 2004). However, the spatial and
temporal contributions of aerosol optical properties and aerosol
types are very different over different regions in China. Large
economic zones are emitting significant amounts of anthropogenic
aerosols (Wang et al., in press; Lu et al., 2010). The Bohai Rim has
become the third largest and most important economic zone in
China after the Yangtze River Delta and the Pearl River Delta
regions. It is located in northern China around the Bohai Sea
and comprises several administrative districts. The Bohai Rim
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encompasses Beijing and Tianjin municipalities as well as part of
Hebei, Liaoning and Shandong provinces. This area encompasses
two municipalities, 24 prefecture level cities and 150 counties with
a combined land area of 23.55 � 104 km2 and a population
measured at 120 million in 2010. This rapidly developing economic
region, centered on Beijing and Tianjin, is thriving at an accelerated
pace with industrialisation and urbanization (Guo et al., 2009).

Studies have shown that over the past decade, the amount and
rates of emission of atmospheric pollutants and primary aerosols
were highest in the Bohai Rim (Lu et al., 2010; Streets et al., 2003,
2004; Lei et al., 2011). Part of this growth is driven by new
industry that consumes substantially more coal and fossil fuel in
the region, releasing more absorbing soot and organic aerosols into
the East Asian atmosphere (Lelieveld et al., 2001; Streets et al.,
2001, 2003, 2004; Streets and Aunan, 2005). Aerosol optical prop-
erties are spatially and temporally inhomogeneous (Eck et al., 2005;
Kim et al., 2007; Lu et al., 2010). Depending on aerosol type and
meteorology, they may also be found far away from their sources
(Levy et al., 2009). The aerosol optical depth (AOD) and Angstrom
exponent (a) are fundamental aerosol properties that can be
retrieved from ground-based sun photometer data and satellite
data. Many researchers have investigated trends in aerosol optical
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properties based on satellite data (Mishchenko and Geogdzhayev,
2007a, Mishchenko et al., 2007b; Zhang and Reid, 2010;
Zhao et al., 2008). However, averaged satellite products are highly
dependent on choices made for data aggregation and weighting,
and sampling errors can be further propagated when deriving
regional or global mean AOD values (Levy et al., 2009, 2010; Remer
et al., 2008; Li et al., 2009). This paper uses six years’ worth of data
to examine the spatial and temporal variability of aerosol optical
properties along the Bohai Rim. The accuracy of Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) AOD satellite-based
retrievals over this prosperous economic region will also be
assessed. Geographical information about the four sites and
a description of data used in this study is given in Section 2. Results
and discussion are presented in Section 3, and a summary is given
in Section 4.

2. Observation sites and data

Fig. 1 shows the locations of the four sites under study in the
Bohai Rim. The three Chinese Ecosystem Research Network stations
(http://www.cern.ac.cn:8080/index.jsp) include Beijing Forest,
Shenyang and Jiaozhou Bay. They are located in relatively remote
areas so that large-scale regional background conditions of some
typical ecosystems can be monitored. Note that these stations are
part of the Chinese Sun Hazemeter Network (CSHNET) (Xin et al.,
2007) established in 2004 under the East Asian Studies of Tropo-
spheric Aerosols: An International Regional Experiment (EAST-
AIRE) (Li et al., 2007). The stations are typical and representative for
aerosol observation in different ecosystem regions (Wang et al., in
press). The Beijing Forest ecosystem research station is situated
on Donglingshan Mountain (39.97�N, 115.43�E, 1130 m elevation).
A temperate semi-humid monsoon climate is typical for this site.
The Shenyang station is located in the village of Shilihe (41.52�N,
123.63�E, 31 m elevation), which is surrounded by the extensive
agricultural land. The Jiaozhou Bay marine ecosystem research
station is located on the southeast shore of the Shandong peninsula
(35.90�N, 120.18�E, 6 m elevation); it is a typical mid-sized, semi-
enclosed bay. The Beijing City site (39.98�N, 116.37�E, 58 m eleva-
tion), a typical urban atmospheric observation station of Chinese
Academy of Sciences, is located at the Institute of Atmospheric
Physics in the northern outskirts of Beijing and has aerosol optical
Fig. 1. Locations of the four sites in the Bohai Rim.
properties typical of urban areas. Hand-held LED hazemeters and
Microtops II solar photometers were used to take measurements
between 10 A.M. and 2 P.M. (local time), a period which overlapped
with satellite overpass times. Measurements were taken during
each observation period at times when a direct line of sight to the
sun was present. Columnar AOD was estimated using the Beere
LamberteBouguer law. A log-linear curve fitting algorithm was
applied to AODs at three wavelengths (405 nm, 500 nm and
650 nm) to estimate the Angstrom exponent (a) (Xin et al., 2007,
2006), a basic parameter related to the aerosol size distribution.
In general, a values ranged from 0.0 to 2.0, with smaller values of
a corresponding to larger aerosol particle sizes (Dubovik et al.,
2002; Kim et al., 2004).

MODIS aerosol products were released to the public as ‘Collec-
tion 003, 004, 005 (C003, C004, C005)’ (Chu et al., 2002; Remer
et al., 2005; Levy et al., 2007). The MODIS data used in this paper
were the Collection 051 level 2 MOD04 aerosol product (with
a 10 km*10 km resolution). Ground-based AODs at 550 nm were
interpolated from AODs at 500 nm and 650 nm retrieved from
hazemeter measurements. Hereafter, the acronym AOD means
“aerosol optical depth at 550 nm”, and the term “MODIS AOD”
refers to the Collection 051 AOD product at 550 nm, if not specified
otherwise. As the NASA research groups’ suggestion (Ichoku et al.,
2002; Chu et al., 2002; Remer et al., 2002), data matching was
done in the following manner: if at least five pixels fell within
a 50 km*50 km box centered on a sunphotometer site, the mean
satellite-retrieved AOD was calculated. Ground-observed AOD was
averaged within �0.5 h of the satellite overpass times. Observed
AOD with standard deviation (SD) > 0.5 was excluded to reduce
validation errors.

3. Results and discussion

Table 1 summarises annual and seasonal mean values for
ground-observed AOD values at 550 nm, Angstrom exponent (a),
MODIS C051 AOD at 550 nm, the liner regression function and
correlation coefficient of the daily observed AOD (x) and MODIS
AOD (y) at four sites along the Bohai Rim.

3.1. The regional background site: Beijing Forest

Fig. 2a and b show a marked seasonal cycle in the monthly-
averaged AOD and the monthly-averaged a from August 2004 to
July 2010 at this site. The annual-averaged AOD was 0.20 with
a standard deviation of 0.03, which was 2 times higher than the
background continental AOD level of 0.10 (Holben et al., 2001;
Eck et al., 2005). A maximum value for the ground-based
retrieval of AOD (0.27) was found in the spring and summer,
while a reached a minimum value of 0.47 during the summer.
Seasonal cycles show that monthly mean AOD reached peak
values (approximately 0.34) in May and June and that a reached its
lowest value (approximately 0.39) in July (Fig. 2d). Dust storms
and soil erosion are common during the transition from spring to
summer, so the dominant aerosol types then are dust and soil
aerosols (Zhou et al., 2004; Du et al., 2008; Xin et al., 2010a). In
winter, the smallest and largest seasonal mean values of AOD and
a were retrieved from ground-based measurements (0.13 and 1.18,
respectively e see Table 1). The lowest mean aerosol loading
(w0.11, close to the background level) was seen in November and
December, while a reached its peak value (w1.59) in December
(Fig. 2d). Fossil fuel and biomass burning generate more smoke
and soot aerosols in the autumn and winter in northern China, and
a gradual increase in snow and ice cover on the ground restricts
the emission of coarse-mode mineral particles in the winter (Cao
et al., 2005; Yan et al., 2006; Xin et al., 2007; Wang et al., in press).
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Table 1
Annual and seasonal means and standard deviations of ground-based retrievals of observed AOD at 550 nm, Angstrom exponent (a), MODIS C051 AOD at 550 nm, linear
regression function and correlation coefficient for daily observed AOD (x) and MODIS AOD (y) at four sites in the Bohai Rim.

Site Beijing Forest Beijing City Shenyang Jiaozhou Bay

Annual mean Observed AOD (x) 0.20 � 0.03 0.48 � 0.04 0.49 � 0.07 0.54 � 0.04
MODIS AOD (y) 0.15 � 0.03 0.62 � 0.06 0.33 � 0.02 0.51 � 0.04
Angstrom exponent, a 0.74 � 0.17 1.09 � 0.09 0.86 � 0.27 1.26 � 0.12
Linear regression function y ¼ 0.94x � 0.04 y ¼ 1.07x þ 0.11 y ¼ 0.83x � 0.06 y ¼ 0.97x � 0.02
Correlation coefficient, R2 0.81 0.83 0.70 0.73

Spring Observed AOD (x) 0.27 � 0.09 0.60 � 0.16 0.52 � 0.13 0.64 � 0.10
MODIS AOD (y) 0.30 � 0.07 0.74 � 0.30 0.51 � 0.14 0.73 � 0.17
Angstrom exponent, a 0.52 � 0.19 0.98 � 0.20 0.68 � 0.26 1.08 � 0.25
Linear regression function y ¼ 0.99x � 0.05 y ¼ 1.13x þ 0.16 y ¼ 0.83x � 0.01 y ¼ 1.14x � 0.05
Correlation coefficient, R2 0.83 0.84 0.63 0.77

Summer Observed AOD (x) 0.27 � 0.12 0.61 � 0.21 0.60 � 0.16 0.80 � 0.13
MODIS AOD (y) 0.34 � 0.15 0.85 � 0.26 0.52 � 0.19 0.73 � 0.20
Angstrom exponent, a 0.47 � 0.24 1.14 � 0.11 0.63 � 0.26 1.08 � 0.13
Linear regression function y ¼ 1.07x � 0.13 y ¼ 0.98x þ 0.19 y ¼ 0.90x � 0.16 y ¼ 0.87x � 0.03
Correlation coefficient, R2 0.84 0.85 0.72 0.73

Autumn Observed AOD (x) 0.15 � 0.05 0.47 � 0.12 0.40 � 0.07 0.51 � 0.10
MODIS AOD (y) 0.17 � 0.08 0.50 � 0.17 0.31 � 0.08 0.50 � 0.11
Angstrom exponent, a 0.90 � 0.35 1.14 � 0.16 1.00 � 0.31 1.35 � 0.15
Linear regression function y ¼ 0.89x � 0.04 y ¼ 1.01x þ 0.06 y ¼ 0.77x � 0.06 y ¼ 0.96x � 0.04
Correlation coefficient, R2 0.79 0.83 0.75 0.75

Winter Observed AOD (x) 0.13 � 0.04 0.41 � 0.09 0.37 � 0.06 0.46 � 0.08
MODIS AOD (y) 0.11 � 0.04 0.24 � 0.06 0.28 � 0.04 0.46 � 0.08
Angstrom exponent, a 1.18 � 0.43 1.09 � 0.17 0.96 � 0.26 1.30 � 0.18
Linear regression function y ¼ 0.70x þ 0.02 y ¼ 0.58 þ 0.11 y ¼ 0.61x þ 0.07 y ¼ 0.83x þ 0.03
Correlation coefficient, R2 0.60 0.71 0.58 0.69
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Six years’ worth of complete annual cycles of mean monthly AOD
and a values at this site show some indication that AOD has
decreased slightly over the years (by approximately 0.01 from
2004 to 2010) and that the particle size of the dominant aerosol
has increased (mean a reduced from approximately 0.98 in 2004
to 0.58 in 2010). The “slight brightening” trend was consistent
with global aerosol trends over the global and the oceans which
the tropospheric AOT decrease over the 14-yaer period is esti-
mated to be at least 0.02 (Mishchenko and Geogdzhayev, 2007a;
Mishchenko et al., 2007b; Geogdzhayev et al., 2005). Whereas,
neither AVHRR nor other existing satellite instruments can be used
to determine unequivocally whether the recent AOT trend is due
to long-term global changes in natural or anthropogenic aerosols
(Mishchenko et al., 2007b).

Fig. 2c and d show that the raw MODIS AOD values expressed
a similar seasonal variation but a different annual trend from
ground-observed AOD measurements. Fig. 2e shows MODIS
retrievals of AOD as a function of ground-based retrievals of AOD at
the Beijing Forest site; the retrievals appear to agree relatively well
(liner regression: y ¼ 0.94x � 0.04, R2 ¼ 0.81). Of 669 valid MODIS/
Beijing Forest co-located retrievals, 59% of them fell within NASA
expected errors (y¼ 0.05þ1.15x; y¼�0.05þ 0.85x) during the six-
year period. The averaged standard deviations of the MODIS AOD
were �0.10 for the daily means, �0.08 for the monthly means
and �0.06 for the annual means. Seasonal break-downs of the liner
regression functions are also presented in Table 1. AOD retrievals
from MODIS were generally underestimated. By contrast, annual/
seasonal (except for winter) mean and monthly mean (Fig. 2e) AOD
retrievals fromMODIS showed an overestimation. The percentages
of MODIS/Beijing Forest co-located retrievals within the expected
errors were 61% in the spring, 28% in summer, 54% in the autumn
and 97% inwinter. Fig. 2f shows how theMODIS AODwas calibrated
using seasonal liner regression functions, and 86% of the calibrated
MODIS AOD values fell within the NASA expected errors. The
averaged standard deviations of the calibrated MODIS AOD were
�0.06 for the daily means, �0.05 for the monthly means and �0.01
for the annual means. These results imply that errors inMODIS AOD
are mainly due to the surface reflectance, which has a large
seasonal variation. Although MODIS retrievals of AOD can capture
the seasonal variation in aerosol loading, they do not represent the
background annual trend very well, except when calibrated using
the ground-observed AOD.

3.2. The urban site: Beijing City

Fig. 3a and b show a regular seasonal cycle of AOD and a with
large day-to-day variations over Beijing City (Eck et al., 2010;
Yu et al., 2009), the largest city located along the Bohai Rim. The
annual-averaged AOD from groundmeasurements was 0.48� 0.04.
Although pollution is a serious problem in this city, large differ-
ences in aerosol loading and other components can occur,
depending on the season and weather conditions (Guinot et al.,
2007; Wang et al., 2009; Matsui et al., 2010). Maximum seasonal
values were seen in the spring and summer (approximately 0.60)
and in the winter, and a minimum AOD of 0.41 was found. Dust
from urban activities and dust storms led to an increase in aerosol
loading and particle size in the spring. Seasonal cycles (Fig. 3d)
show that monthly mean AOD reached a peak value of 0.69 in April
and that the monthly mean a reached a minimum value of 0.94
during that month also. Another peak in monthly mean AOD
occurred in June (0.75), along with a peak in a (1.07), suggesting
the generation of a second wave of aerosols with small particle
sizes under higher ambient temperatures typical of the summer
(Eck et al., 2010; Matsui et al., 2010; Xin et al., 2010b; Zheng et al.,
2005). Annual and seasonal mean AOD values in Beijing City
were greater than those in the Beijing Forest background site by
approximately 0.28. Given that background AODs represented
natural emission levels in the region, it was estimated that
anthropogenic emissions and the generation of additional aerosols
in the summer accounted for 58% of the aerosol load in Beijing City.
There was unnoticeably week increase in monthly mean AOD from
2004 to 2010 (see Fig. 3a); during this period, a slight increase in
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Fig. 2. Seasonal variations in the monthly-averaged observed AOD at 550 nm (a), Angstrom exponent (a) (b), MODIS C051 AOD at 550 nm (c), and their monthly change (d) at the
Beijing Forest site. Comparisons of the MODIS retrievals of AOD against ground-based retrievals of AOD at 550 nm (gray circular and triangular symbols) (e) and the calibrated
MODIS AOD against the observed AOD (f). The black square symbols are the observed and MODIS mean AODs binned over each 0.1-observed AOD increment; vertical and horizontal
bars represent the standard deviations over each bin. Dashed lines represent y ¼ 0.05 þ 1.15x and dotted lines represent y ¼ �0.05 þ 0.85x, which are the expected error lines
reported by NASA. Filled circles represent the percentage of MODIS AODs falling within the expected error lines in each bin.
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the monthly mean a was seen (see Fig. 3b). The results imply
that the concentration of small aerosol particles (secondary
compounds) increased over the six years.

Fig. 3c and d show that the raw MODIS AOD data demonstrated
a similar seasonal variation and annual trend compared to ground-
observed AOD. Fig. 3e shows a good correlation between MODIS
and ground-based retrievals of AOD at Beijing City site (linear
regression: y ¼ 1.07x þ 0.11, R2 ¼ 0.83) over the six-year period,
but only 42% of the matched points fell within the area delineated
by the linear relationships representing expected errors. The
averaged standard deviations of the MODIS AOD were �0.24 for
the daily means, �0.17 for the monthly means and �0.15 for the
annual means. The liner regression functions (Table 1) showed
similar systematic deviation of the MODIS AOD values in all four
seasons. The percentages of MODIS AOD retrievals falling within
the expected error range for each season were 25% in the spring,
33% in the summer, 55% in the autumn and 81% in the winter.
Considering all points (Table 1), AOD retrievals from MODIS in this
urban region were overestimated. The annual mean MODIS-
retrieved AOD (0.58) was greater than that of the ground-based
retrieval of AOD (0.53), with seasonal (spring, summer, and
autumn) overestimates of satellite AOD retrievals ranging from
0.03 to 0.24. In the winter, the mean MODIS-retrieved AOD (0.24)
was less than the mean ground-based AOD retrieval (0.41). Fig. 3f
shows how the MODIS AOD values were calibrated using the
seasonal linear regression functions; 68% of the calibrated MODIS
AOD values fell within the NASA expected errors. The averaged
standard deviations of the calibrated MODIS AOD were �0.11 for
the daily means, �0.10 for the monthly means and �0.02 for the
annual means. The mean standard deviation was �0.11. These
statistics imply that errors in the MODIS AOD were mainly due to
the surface reflectance, which has a large seasonal variation at this
urban site. In view of these large seasonal errors, the raw MODIS
AOD values cannot adequately represent the annual trend in AOD
in this urban area.

3.3. The agricultural site: Shenyang

Fig. 4a and b show the seasonal cycle of aerosol optical prop-
erties at the Shenyang site, located in the northern part of the
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Fig. 3. Seasonal variations in the monthly-averaged observed AOD at 550 nm (a), Angstrom exponent (a) (b), MODIS C051 AOD at 550 nm (c), and their monthly change (d) at the
Beijing City site. Comparisons of the MODIS retrievals of AOD against ground-based retrievals of AOD at 550 nm (gray circular and triangular symbols) (e) and the calibrated MODIS
AOD against the observed AOD (f). The black square symbols are the observed and MODIS mean AODs binned over each 0.1-observed AOD increment; vertical and horizontal bars
represent the standard deviations over each bin. Dashed lines represent y ¼ 0.05 þ 1.15x and dotted lines represent y ¼ �0.05 þ 0.85x, which are the expected error lines reported
by NASA. Filled circles represent the percentage of MODIS AODs falling within the expected error lines in each bin.
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Bohai Rim. The annual mean ground-based retrievals of AOD and
a were 0.47 and 0.82, respectively (see Table 1). The seasonal
mean maximum AOD (0.60) and minimum a (0.63) occurred
during the summer; the seasonal mean minimum and maximum
values of AOD (0.37) and a (1.00) were seen in the winter and
autumn, respectively. Fig. 4d shows that in June, the monthly
mean ground-based retrieval of AOD reached a peak value of 0.68,
and the monthly mean a reached a minimum value of 0.60. The
aerosol type was continental in nature, due to dust storms and
local soil emissions from farming practices during the transition
from spring to summer (Xin et al., 2007). The monthly mean AOD
reached a minimum value of 0.31 in December, and the monthly
mean a reached its peak value of 1.12 during that month as well.
Aerosol particle size decreased from autumn to winter, reflecting
the agricultural practice of burning crop stalks in the autumn and
the increase in fossil fuel and biomass burning for heating as the
winter season approached (Cao et al., 2005; Yan et al., 2006).
Meanwhile, a gradual increase in snow and ice cover on the
ground prevented soil erosion and thus restricted the emission of
coarse-mode mineral particles, a pattern that is also suggested by
the low AOD loadings recorded in the winter (Xin et al., 2007). The
time series of six years’ worth of AOD retrievals shows a clearly
increasing trend in monthly mean AOD values (Fig. 4a) and
particle size of the dominant aerosols (Fig. 4b); from 2004 to 2010,
monthly mean AOD increased from 0.38 to 0.55, and the
monthly mean a decreased from 1.1 to 0.55. Revitalisation of old
industrial sites has been underway since the beginning of the 21st
century in Northeastern China. The rapid increase in industrial
production and in construction has led to greater emissions of
larger particles in the region (Zhang and Reid, 2010; Lu et al., 2010;
Tian et al., 2005; Streets et al., 2004). This indicates the presence
of anthropogenic aerosols associated with significant industrial
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Fig. 4. Seasonal variations in the monthly-averaged observed AOD at 550 nm (a), Angstrom exponent (a) (b), MODIS C051 AOD at 550 nm (c), and their monthly change (d) at the
Shenyang site. Comparisons of the MODIS retrievals of AOD against ground-based retrievals of AOD at 550 nm (gray circular and triangular symbols) (e) and the calibrated MODIS
AOD against the observed AOD (f). The black square symbols are the observed and MODIS mean AODs binned over each 0.1-observed AOD increment; vertical and horizontal bars
represent the standard deviations over each bin. Dashed lines represent y ¼ 0.05 þ 1.15x and dotted lines represent y ¼ �0.05 þ 0.85x, which are the expected error lines reported
by NASA. Filled circles represent the percentage of MODIS AODs falling within the expected error lines in each bin.
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activity in the region. This increase causes a large variation
in aerosol concentration and type and also increases the uncer-
tainty of aerosol effects on regional climate change, e.g., on
the regional precipitation and temperature (Menon et al., 2002;
Duan and Mao, 2009).

Fig. 4c and d show that the raw MODIS AOD expressed similar
seasonal variations and annual trends compared to ground-
observed AOD. Fig. 4e shows MODIS retrievals of AOD as a func-
tion of ground-based retrievals of AOD at the Shenyang site; the
retrievals agreed reasonably well (liner regression: y ¼ 0.83x�0.06,
R2 ¼ 0.70), and 40% of the matched points fell within the area
delineated by the linear relationships representing expected errors.
The averaged standard deviations of the MODIS AOD were �0.20
for the daily means, �0.17 for the monthly means and �0.16 for the
annual means. The liner regression functions (Table 1) showed
similar systematic deviations of the MODIS AOD values in all four
seasons. The percentages of MODIS AOD retrievals falling within
the expected errors for each season were 54% in the spring, 20% in
the summer, 30% in the autumn and 65% in the winter. Seasonal
linear regression functions are presented in Table 1. Considering all
points, mean AOD retrievals fromMODIS in this agricultural region
were generally underestimated, although during some months
(e.g., March, April), mean AOD retrievals from MODIS were greater
than those from ground-based measurements. Few MODIS data
retrievals were reported in January and December because the
surface reflectance was too large during these months due to snow
and ice covering the ground. Fig. 3f shows how MODIS AOD was
calibrated using seasonal linear regression functions; 64% of the
calibrated MODIS AOD values fell within the NASA expected errors.
The averaged standard deviations of the calibrated MODIS AOD
were �0.09 for the daily means, �0.08 for the monthly means
and �0.04 for the annual means.
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3.4. The maritime site: Jiaozhou Bay

Fig. 5a and b show the seasonal cycle of AOD and a at the
Jiaozhou Bay site, located along the Shandong Peninsula in the
southern part of the Bohai Rim. The annual mean ground-based
retrievals of AOD and a were 0.54 � 0.04 and 1.26 � 0.12, respec-
tively, suggesting a high concentration of small particles at this
maritime site (Table 1). Rapid industrial development and human
activities (such as farming, building and traffic) have led to
increases in aerosol emissions, especially sulfate aerosols, along the
eastern coastal area of China (Lu et al., 2010; Tian et al., 2005;
Streets et al., 2004; Lei et al., 2011). The seasonal maximum of
ground-based retrievals of AOD was 0.80 and occurred during the
summertime, as did the seasonal minimum mean value of a (1.08).
Fig. 5d shows that in July, themonthlymean ground-based retrieval
of AOD reached a peak value of 0.86, and the monthly mean
a reached a minimum value of 1.05. The transport of dust and
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continental pollution contributed to high aerosol loading and large
particle sizes in the spring, while during the summer, massive
emissions of hygroscopic sulfate aerosols and an abundance of
water vapor led to a maximum in AOD and particle size (Han et al.,
2010; Xiao et al., 1998; Sheng et al., 2005;Wang et al., in press). The
seasonal minimum in ground-based retrievals of AOD was 0.46 in
the winter, and the seasonal maximum of a was 1.35 in autumn.
The monthly mean AOD reached a minimum value of 0.39 in
December, and the monthly mean a reached its peak value of 1.40
during that month (Fig. 5d). Influxes of cold air and clean ocean air
alternately washed atmospheric pollution out of the atmosphere
and decreased AOD during thewinter and fall seasons in this part of
the Bohai Rim. The site is also under the influence of biomass and
fossil fuel burning during autumn andwinter, which produce heavy
loadings of fine-mode aerosols. The time series of six years’ worth
of AOD retrievals shows a slight increasing trend in monthly mean
AOD (Fig. 5a) and a slight decreasing trend in the particle size of the
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dominant aerosol (Fig. 5b); from 2004 to 2010, the monthly mean
AOD increased from 0.57 to 0.61, and themonthlymean a increased
from 1.12 to 1.28. With the rapid development of industrialisation
andmodernisation, the emission of anthropogenic aerosols and the
generation of secondary aerosols has increased in recent years over
the Shandong Peninsula (Zhang and Reid, 2010; Lu et al., 2010;
Tian et al., 2005; Streets et al., 2004). This observation is in agree-
ment with the findings of significant increases in AOD along the
East China Sea (Geogdzhayev et al., 2005) and the south-eastern
coasts of Asia (Mishchenko and Geogdzhayev, 2007a), which
be the expected result of rapidly growing regional economies
coupled with the widespread use of technologies (Streets et al.,
2006; Ohara et al., 2007).

The linear correlation equation (y ¼ 0.97x � 0.02, R2 ¼ 0.73;
Fig. 5e) shows that the accuracy of the satellite products was higher
at Jiaozhou Bay than at the other sites. The annual meanMODIS and
ground-based retrievals of AOD were almost the same (approxi-
mately 0.6). The averaged standard deviations of the MODIS AOD
were �0.16 for the daily means, �0.10 for the monthly means
and �0.04 for the annual means. The liner regression functions
(Table 1) showed the similar systematic deviations of the MODIS
AOD in all four seasons. The percentage of the data falling within
the area delineated by the linear relationships representing
expected errors was 66%. The percentages of MODIS AOD retrievals
falling within the expected errors for each season were 71% in the
spring, 51% in the summer, 61% in the autumn and 74% in the
winter. In springtime, the mean MODIS-retrieved AOD was greater
than the mean ground-based AOD retrieval by 0.09, and during the
summer, the mean MODIS-retrieved AOD was less than the mean
ground-based AOD retrieval by 0.07; both retrievals were the same
in the autumn and winter months. Fig. 5f shows how MODIS AOD
was calibrated using seasonal linear regression functions; 71% of
the calibrated MODIS AOD values fell within the NASA expected
errors. The averaged standard deviations of the calibrated MODIS
AOD values were �0.10 for the daily means, �0.07 for the monthly
means and �0.01 for the annual means. The accuracy of the cali-
brated MODIS AOD values was thus improved relative to the
uncalibrated values.

4. Conclusions

Based on the above limited discussion the regional ground-
based observation shows a “slight brightening” trend in the
regional background AOD during the past six years, which was
consistent with global aerosol trends over the global and the oceans
(Mishchenko and Geogdzhayev, 2007a; Mishchenko et al., 2007b;
Geogdzhayev et al., 2005). By contrast, there was a “dimming”
trend in the Bohai Rim, where AOD showed a slight increase over
the years. Mishchenko and Geogdzhayev (2007a) and Geogdzhayev
et al. (2005) also investigated that high small aerosol loaded in the
East China Sea. Urbanisation and industrialisation in economically
expanding industrial areas has accelerated the emission of
anthropogenic aerosols into the atmosphere and the generation of
secondary aerosols. The rapid increases in commercial production
and construction have led to emissions of larger aerosols over the
northern part of the Bohai Rim. Given that the background AOD
(0.20) represents the natural background level, anthropogenic
emissions and secondary aerosol generation contribute approxi-
mately 0.30 to the aerosol loading in this region. This increase
causes a large variation in aerosol concentration and type and also
increases the uncertainty of aerosol effects on regional climate
change.

In addition, the MODIS C051 AOD product can capture the
seasonal variation of AOD in the region, but it cannot accurately
represent aerosol trends. There are the complex terrains and
landforms as well as the various ecological systems, including the
mountain, the forest, the farmland, the shore, and the urban and
suburban areas in the region. Especially, there are hundreds of
small towns and cities, medium and large cities are scattered in the
region like stars. The complex and various surfaces cause non-
equivalent inversion errors of surface reflectance in the different
seasons. Retrieval differences can be further propagated when
deriving the monthly mean AOD, especially big differences in the
summer and winter. Levy et al. (2009, 2010), Remer et al. (2008),
and Li et al. (2009) also found the propagation of retrieval differ-
ences when deriving regional or global mean AOD values. MODIS
products are quantitatively useful if their limitations and assump-
tions relative to ground-based measurements are taken into
account.
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