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[1]1 Seasonal variations in background aerosol optical depth (AOD) and aerosol type are
investigated over various ecosystems in China based upon three years’ worth of
meteorological data and data collected by the Chinese Sun Hazemeter Network. In most
parts of China, AODs are at a maximum in spring or summer and at a minimum in autumn
or winter. Minimum values (0.10~0.20) of annual mean AOD at 500 nm are found in the
Qinghai-Tibetan Plateau, the remote northeast corner of China, the northern forest
ecosystems and Hainan Island. Annual mean AOD ranges from 0.25 to 0.30 over desert
and oasis areas, as well as the desertification grasslands in northern China; the annual
mean AOD over the Loess Plateau is moderately high at 0.36. Regions where the highest
density of agricultural and industrial activities are located and where anthropogenic
sulphate aerosol and soil aerosol emissions are consistently high throughout the whole year
(e.g., the central-eastern, southern and eastern coastal regions of China) experience annual
mean AODs ranging from 0.50~0.80. Remarkable seasonal changes in the main types of
aerosol over northern China (characterized by the Angstrom exponent, «) are seen. Due to
biomass and fossil fuel burning from extensive agricultural practices in northern rural areas,
concentrations of smoke and soot aerosols rise dramatically during autumn and winter
(high «), while the main types of aerosol during spring and summer are dust and soil aerosols
(low «). Over southeastern Asia, biomass burning during the spring leads to increases in
smoke and soot emissions. Over the Tibetan Plateau and Hainan Island where the
atmosphere is pristine, the main types of aerosol are dust and sea salt, respectively.
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Seasonal variations in aerosol optical properties over China, J. Geophys. Res., 116, D18209, doi:10.1029/2010JD015376.

1. Introduction describes the data and methodology used and section 3
presents the results from analyses of aerosol optical proper-
ties measured at sites located in the six different ecosystems
studied here. Conclusions are given in section 4.

[3] China is situated in the eastern part of Asia, on the
west coast of the Pacific Ocean. It is the third largest country
in the world, comprising about 6.7% of the world’s total
land area, and is home to 22% of the world’s human pop-
ulation. From arid deserts to tropical forests and from the
Qinghai-Tibet Plateau to immense plains and the seashore,
China contains a variety of ecosystems. The vast Chinese
mainland is one of the major global aerosol sources. During
the past few decades, Chinese dramatic increases in large-
scale farming, urbanization and industrial activities may
aggravate the uncertainty of aerosol climate and radiation
'LAPC, Institute of Atmospheric Physics, Chinese Academy of effeCt_S in the region [Penner' et .al‘, 2091’ Eorswr et al.,
Sciences, Beijing, China. 2007; Huebert ?t al., 2003; Li, 2004; Semfeld et ql.,

2Department of Atmospheric and Oceanic Sciences, University of ~ 2004]. Substantially more coal and biomass burning
Maryland, College Park, Maryland, USA. events and dust storms occur in China, adding more
College of Atmospheric Science, Lanzhou University, Lanzhou, absorbing soot and organic aerosols into the Asian and

[2] Under the aegis of the East Asian Study of Tropo-
spheric Aerosols — an International Regional Experiment
(EAST-AIRE) [Li et al, 2007b], the Chinese Sun Haze-
meter Network (CSHNET) was successfully implemented to
obtain spatial and temporal distributions of aerosol optical
properties in China [Xin et al., 2006, 2007]. This paper uses
long-term network data and synchronous meteorological
data to examine the seasonal variability of aerosol optical
properties, size, composition and sources throughout China.
This work will help reduce uncertainties regarding aerosol
optical properties over the Chinese continent. Section 2

China. X K
. . . . Pacific atmospheres [Lelieveld et al., 2001; Streets et al.

*Fire S Laboratory, USDA Forest S , Missoula, Montana, ’ ’ ’
Usa T ienees aborioy orest sefvice, Mssowt, WOMEL 2001, 2003, 2004; Eck et al., 2005; Streets and Aunan,
2005; Seinfeld et al., 2004]. Lee et al. [2007] suggested

Copyright 2011 by the American Geophysical Union. that the aerosols in China have a significant impact on the

0148-0227/11/2010JD015376

D18209 1 of 14


http://dx.doi.org/10.1029/2010JD015376

D18209

WANG ET AL.: AEROSOL OPTICAL PROPERTIES OVER CHINA

D18209

50)

45

40

35

30)

25

North Latitude

20)

% CERN station (19)
A City site (4)
+ Calibration center (2)

The Chinese Sun Hazemeter Network (CSHNET)

(109.47E.18.22N.3m)

&) ‘— ?

80 90 100

110 120 130

East Longitude

Figure 1. Geographical locations of the CSHNET sites.

regional atmospheric environment, and can substantially
alter atmospheric heating profiles. Li et al. [2010] found that
aerosols have very little impact on the atmosphere-surface
system but substantially warm up the atmosphere at the
expense of cooling the surface in China.

[4] There are a handful of international aerosol experi-
ments that have already taken place in the east Asian region
surrounding and inside China, such as the Asian-Pacific
Regional Aerosol Characterization Experiment (ACE-Asia)
[Huebert et al., 2003], the NASA Global Tropospheric
Experiment Transport and Chemical Evolution Over the
Pacific (TRACE-P) [Christopher and TRACE-P Science
Team, 2003], the Asian Atmospheric Particle Environ-
ment (APEX) [Nakajima et al., 2003], the Atmospheric
Brown Clouds-East Asian Regional Experiment (EAREX)
[Nakajima et al. 2007], the East Asian Study of Tropo-
spheric Aerosols — an International Regional Experiment
(EAST-AIRE) [Li et al., 2007b] and the East Asian Studies
of Tropospheric Aerosols and their Impact on Regional
Climate (EAST-AIRC) [Li et al., 2011].

[5] Many aerosol-related investigations have been con-
ducted in China [Luo et al., 2000; Mao et al., 2002; Qiu et al.,
2003], including the use of satellite data to retrieve aerosol
optical properties over China [Liu et al., 2003b; Zhang et al.,
2003b; Xiu et al., 2003]. Eck et al. [2005] and Kim et al.
[2007] discussed seasonal variations of columnar aerosol
optical properties over eastern Asia determined from mul-
tiyear AERONET measurements. Although there is a similar
trend in the distribution of aerosol optical depths (AODS),
their quantitative comparability is poor, due to a lack of
systemic ground-based network measurements, as well as

systemic errors in satellite retrievals products [Liang et al.,
2006; Wang et al., 2007; Li et al., 2007a; Liu et al., 2010].

2. Data and Methodology

[6] The CSHNET is the first standard network established
in China to measure aerosol optical properties and their
spatial and temporal variations throughout the country. The
handheld sun photometer has four spectral channels:
405 nm, 500 nm, 650 nm, and 880 nm. The full width half
maximum (FWHM) at 880 nm is about 30 nm and about
5 nm at the other wavelengths. The field of view is about
2.5°. The meters are used to take daily measurements from
10 AM. to 2 P.M. (local time), encompassing MODIS
satellite overpass times. More than 20 measurements can be
taken each day, depending on the required sky condition for
taking measurements, i.e., a direct line-of-sight to the Sun.
A description of the network and the instruments deployed
is provided by Xin et al. [2006, 2007]. Figure 1 shows the
locations of the sites in the CSHNET. Nineteen Chinese
Ecosystem Research Network (CERN, http://www.cern.ac.
cn:8080/index.jsp) stations were installed in relatively
remote areas so that large-scale regional background con-
ditions of some typical ecosystems could be monitored.
A calibration center is located at the Xianghe site (39.753°N,
116.961°E, 30 m above sea level) where annual calibrations
of the handheld hazemeters against the CIMEL sun pho-
tometer are performed. A new calibration center is located at
the Lhasa site (29.645°N, 91.033°E, 3.69 km above sea
level) where Langley plot calibrations are made in August or
September of each year. Two calibration methods ensure the
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Table 1. The Annual and Seasonal Means and Standard Deviations of Aerosol Optical Depth (AOD) at 500 nm and Angstrom Exponent

(a) Measured at the CSHNET Regional Background Sites

Annual Mean Spring Summer Autumn Winter
Site AOD « AOD «a AOD «a AOD @ AOD @

Northeastern China

Sanjiang 021 £0.09 1.28+0.61 027 +£0.12 096 £0.15 0.24 £0.07 0.64 +£0.14 0.20+0.06 1.35+0.50 0.15=+0.03 1.90 = 0.58

Hailun 0.18£0.05 1.96+0.53 020=+0.05 1.84+028 0.19+0.04 1.36=+0.61 0.13+0.01 2.33+0.37 0.19+0.04 2.23+0.33

Changbai Mt. 0.22 +£0.09 1.17 £0.43 0.26 = 0.09 0.87 +£0.21 0.30 = 0.07 0.84 £0.28 0.15+0.04 1.39+£0.39 0.16 =0.02 1.54 £0.35

Shenyang 049 £0.13 093 +£028 053+£0.11 076 £0.17 0.55+0.21 0.69+027 045+0.07 1.15+£024 045+0.06 1.08+0.16

An Arid Region in Northern China

Fukang 029 £0.11 096 +£0.28 0.25+0.03 0.78+0.20 0.25+0.03 0.82+0.17 023 +0.06 1.21 +£0.24 042 +0.14 1.01 £0.27

Ordos 027 £0.10 047 +£0.37 035+0.08 021 +0.14 031 +0.13 035+041 020+0.04 0.50+027 021 +0.06 0.85+0.36

Shapotou 0.32£0.09 090+028 036+0.11 0.65+022 031 +0.11 0.88+0.25 029+0.06 098 +0.27 032+0.07 1.06+0.24

Ansai 036 £0.11 0.86+0.60 047 +0.09 042+026 0.33+0.06 021 +0.24 0.31=+0.08 1.08+0.29 0.32+0.11 1.57+045
The Tibetan Plateau

Haibei 0.13+0.05 0.82+0.51 0.17+0.05 033+031 0.18+0.03 0.62+041 0.11+0.03 1.25+0.32 0.10+0.04 1.04 +0.42

Lhasa 0.15£0.04 —0.15+£0.25 0.19 £0.03 —0.18 £0.28 0.17 £0.02 —0.21 £0.32 0.13 £0.02 —0.16 £ 0.21 0.12 £0.02 —0.06 + 0.21

Forest Ecosystem

Beijing Forest 0.22 £ 0.09 0.82 +0.39 029 +0.10 0.55+0.25 0.27+0.08 0.62+0.24 0.18 +£0.07 093 +£0.30 0.15+0.04 120+ 0.41
Dinghu Mt. 0.66 +£ 0.21 1.00 +0.41 0.80+0.20 1.21+0.48 0.56+0.24 1.31+0.52 0.69 £ 0.15 0.78 +0.20 0.59 + 0.24 0.86 + 0.25
Xishuangbanna 0.45 +0.17 1.34 +0.39 0.61 +0.15 1.60 + 0.23 0.34+0.13 091 £0.40 037+0.10 1.21+£0.32 044 £0.15 1.55+0.20
Farmland Ecosystem
Fengqiu 0.56 £ 0.14 1.08 £0.18 0.62+0.09 0.92+0.19 0.71 £0.10 1.07 £0.09 0.50 £ 0.10 1.13 +0.14 0.45+0.13 1.22 £ 0.13
Taoyuan 0.69 +£0.17 1.04 £0.14 070 £0.10 0.92£0.12 0.60+0.13 0.94+0.06 0.73+0.23 1.12+0.12 0.70 £ 0.18 1.14 +0.11
Yanting 0.79 £ 0.17 1.02+0.15 093 +0.10 0.92+0.19 0.81 £0.07 1.11 £0.11 0.67 +0.19 1.03+0.15 0.76 + 0.16 1.05 + 0.08
Bay and Lake Ecosystems
Jiaozhou Bay 0.64 +=0.13 1.16 £ 0.19 0.70 £ 0.08 1.05+0.19 0.79 +0.08 1.05+0.18 0.57 =0.12 1.31 £0.15 0.53 £0.07 1.20 £0.11
Lake Tai 0.45+0.09 0.80+0.24 043+0.08 0.77+0.25 0.59+0.03 0.73 +0.46 0.49 +0.07 0.93 +0.11 0.39 +0.09 0.88 £0.19
Sanya Bay 0.23 +£0.10 0.39+£0.38 0.26+0.06 0.61+0.28 0.22 +0.09 —0.04 +£0.24 0.20 + 0.12 0.32 +0.26 0.21 +0.12 0.50 + 0.39

accuracy of the hazemeters. Vaisala MS520 automatic
meteorological stations provide the surface (2-m) measure-
ments of meteorological parameters, such as wind speed,
temperature and humidity, at the CERN sites.

[7] A log linear fitting was applied to AODs at three
wavelengths (405 nm, 500 nm and 650 nm) [Kim et al.,
2004] to estimate the Angstrom exponent (), a basic
parameter related to the aerosol size distribution. In general,
« ranges from 0.0 to 2.0, with the smaller o corresponding
to larger aerosol particle sizes [Dubovik et al., 2002; Kim
et al., 2004]. Daily AOD, « and temperature (T) are aver-
aged from 10 A.M. to 2 P.M. (local time). The highest local
wind speed (Vax) and the wind direction are defined as the
mean of the highest wind speeds and wind directions mea-
sured over each hour from 10 A.M. to 2 P.M. (local time).

[8] The network stations are located in different climate
zones over the vast territory of China (Figure 1). Changbai
Mountain (temperate forest), Hailun (farmland), Sanjiang
(marsh/farmland) and Shenyang (suburban farmland) are
temperate continental monsoon climate with windy spring,
warm rainy summer, fine autumn and cold dry winter.
Fukang (oasis), Ordos (sandy grassland) and Shapotou
(desert) are temperate desertification climate with windy
spring, hot summer and cold winter. Ansai (forest, grassland
and farmland) is located in the transition zone between semi-
arid and semi-humid temperate continental climate. Haibei
(alpine meadow) and Lhasa (alpine shrub-grassland) are
Qinghai-Tibet plateau Alpine-cold climate with dry windy
spring and winter, nice and cool humid summer and autumn.
Beijing Forest is a warm temperate forest ecosystem to the

west of Beijing City with the typical temperate semi-humid
monsoon climate. Dinghu Mountain is a subtropical ever-
green forest ecosystem in the Pearl River delta region, with
subtropical monsoon humid climate. Xishuangbanna is a
tropical rain forest ecosystem in Yunnan Province with
tropical monsoon climate, dry and humid season. Fengqiu
(farmland) is located in the Huang-huai-hai Plain with semi-
arid and semi-humid temperate monsoon climate. Taoyuan
(subtropical farmland) is located in the transition zone
between central and northern subtropical monsoon climate.
Yanting (farmland) is located in the hilly region of the
Sichuan Basin, with central subtropical monsoon climate.
Jiaozhou Bay is on the west coast of the Yellow Sea with
temperate climate. Lake Tai is a freshwater lake in the
Yangtze River Delta region with northwest and southeast
monsoon climate. Sanya Bay is a tropical marine bay in the
South China Sea with tropical monsoon climate.

3. Results and Discussion

[9] The annual and seasonal mean values of monthly
AOD and « for the 19 CERN sites are listed in Table 1, and
the means and standard deviations of daily AOD and «
under different wind speed and directions (East: 45°~135°,
South: 135°~225°, West: 225°~315°, North: 315°~360° and
0°~45°) in Table 2. It should be noted that the mean values
for the same site in Tables 1 and 2 are not comparable
because their denominators are different.
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Figure 2. Seasonal variations in monthly averaged (a) AOD at 500 nm and (b) «, (¢) « as a function of
AOD with wind speed and (d) with wind directions (East: 45°~135°, South: 135°~225°, West:
225°~315°, North: 315°~360° and 0°~45°), (e) « as a function of temperature at the four CERN sites
in northeastern China. The sites are Changbai Mountain (temperate forest), Hailun (farmland), Sanjiang
(marsh/farmland) and Shenyang (suburban farmland). The green squares in Figure 2e represent mean /T
over each 10°C-T bin.
3.1. Northeastern China optical properties from the local, near and the far area. The

[10] Figures 2a and 2b show a marked seasonal cycle in
the monthly averaged AOD at 500 nm and the monthly
averaged « from August 2004 to August 2007 in north-
eastern China. The scatterplots of « as a function of AOD
(Figure 2c), which are classified according to V.., show
that V.« has no influence on the relationship between o
and AOD. The scatterplots of o and AOD in different wind
speed range are used to conjecture the differences of aerosol

functions of o and AOD are accordant in different wind
speed, which implies the observation site has good repre-
sentative in the region [Lewis and Schwartz, 2004; Seinfeld
and Pandis, 1998]. At the Shenyang site, a suburban agri-
cultural site 35 km south of Shenyang City in northeastern
China, the annual mean and standard deviation of AOD and
a are 0.49 + 0.13 and 0.93 + 0.28, respectively. Remote
sites in northeastern China, such as Sanjiang, Hailun and
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Changbai Mt., have clean air so the annual mean AOD is
low, ranging from 0.18 to 0.22; the annual mean « ranges
from 1.17 to 1.96 at these sites. The Northeast China is
characterized by a temperate continental monsoon climate
with warm and wet summer and cold and dry winter. The
scatterplots of o and AOD under different wind directions
(Figure 2d) and Table 2 show that the aerosol properties
were different under dominant wind directions in different
seasons. The easterly and southerly winds always occurred
in summer with low speed and relative high humidity to
accumulate the particle matter in the region. The westerly
and northerly winds were strong and clean with low AOD to
sweep the regional pollutant away not in winter and spring
but in summer and autumn. The scatterplots of « as a
function of T (Figure 2¢) show that « increased with T
decreasing when AOD < 0.5 and that the mean T (green
squares, especially at the remote Changbai Mt. and Sanjiang
sites) experiences the same change, which implies a sys-
tematic seasonal shift in aerosol type. The aerosol particle
size decreases from autumn to winter, reflecting such
activities as the agricultural practice of burning crop stalks
in autumn and the increase in fossil fuel and biomass
burning for heating as the winter season approaches [Cao
et al., 2005]. Also, a ginseng plantation is located in the
Changbai Mt. region and burning grass is a traditional way
to prepare the land for planting ginseng during the fall [Yu
et al., 1999]. Meanwhile, a gradual increase in snow and
ice cover on the ground prevents soil erosion and thus
restricts the emission of coarse-mode mineral particles,
which is also suggested by the low AOD loading during
the winter season. An opposite trend is observed from
winter to spring and summer when AOD values increased
and « decreased. In spring and summer, the aerosols
seem to be more of a continental type due to regional dust
transmission and local soil emission. In addition, the influ-
ences of rural biomass burning (Figure 2e, second plot, at
Hailun) and urban pollutant emission (Figure 2e, fourth plot,
at Shenyang) on aerosol properties are very significant.

3.2. Arid Region of North China

[11] Figure 3 is the same as Figure 2 but for arid and
semi-arid regions of northern China. The annual mean AOD
and « (Figures 3a and 3b) show similar seasonal variations
and range from 0.27 to 0.37 and from 0.47 to 0.96,
respectively. AODs and atmospheric turbidity are larger
over the desert (Shapotou) and arid agricultural (Ansai) sites
than at the other two sites. Because the sole source of
aerosols in the more desert-like region is natural dust
emission, dust aerosols are more dominant at the Shapotou
site [Gai et al., 2006; Xin et al., 2005]. The mean o are 0.92 +
0.35,0.734+0.34 and 0.38 = 0.26 when V5, <5 m/s, 5 m/s <
Viax < 10 m/s and V,.x > 10 m/s, respectively. The scat-
terplots (Figure 3¢) and the mean o and AOD (Table 2) with
different wind speed show that more large aerosol particles
appear with increasing wind speed, which suggests that
powerful winds blow local large dust particles into the
atmosphere in this part of China [4lfaro et al., 2003; Xia et al.,
2004; Xin et al., 2005]. There is not significant difference in
the scatterplots (Figure 3d) but there is difference in the mean
AODs (Table 2) with different wind directions. The southerly
wind at Fukang, the easterly and southerly winds at Ordos and
Ansai, the easterly and northerly winds at Shapotou carried a
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certain amount of aerosol from the upwind region where
some towns and countries strew over. The westerly and
northerly winds are always clean with low AOD. The scat-
terplots of a as a function of T (Figure 3e) show that o
increases with T decreasing when AOD < 0.5, which indicates
the presence of background smoke aerosols in autumn and
winter due to biomass burning by the farmer in the north-
west wide part of China [Cao et al., 2005].

3.3. The Tibetan Plateau

[12] Analysis of aerosol optical properties at two sites
located on the Tibetan Plateau is shown in Figure 4. The two
sites, Haibei and Lhasa, are located in alpine meadow and
alpine shrub-grassland ecosystems, respectively, where
some level of livestock and agricultural activity takes place.
The annual mean AOD is 0.13 + 0.05 and 0.15 £ 0.04 at the
Haibei and Lhasa sites, respectively; the annual mean « is
0.82 £ 0.51 and —0.15 £ 0.25, respectively. Both sites have
very clean air with low and stable AODs throughout the
year, although the windy springtime weather can cause a
mild increase in AOD. Frequent cold air surges from Siberia
often bring clean air into the region, which wash away
particle matter and cause the large day-to-day variations in
a. The scatterplots (Figure 4c, first and second plots) and
the mean « and AOD (Table 2) with different wind speed
show that more large dust aerosol is blown into the atmo-
sphere with increasing wind speed. The southerly wind at
Haibei (Table 2) carries a certain amount of aerosol from the
upwind agricultural region. From the Himalayas with the
highest snow mountain and glacier, the westerly wind with
the lowest AOD is cleaner than the other directions at Lhasa
(Table 2). There is a much larger range of o over a narrow
range of AOD at Haibei(Figure 4c, second plot) than at
Lhasa (Figure 4c, first plot), implying the presence of dif-
ferent types of aerosols at the sites. The scatterplot (Figure 4b
and Figure 4e, second plot) shows there is an increase in small
aerosol particles due to regional biomass burning by the
farmer in winter at Haibei, and a faint increase at Lhasa as
AOD < 0.1 (Figure 4e, first plot). Nevertheless, the aerosol
type is the big dust aerosol at Lhasa in the whole year. Given
that Lhasa is located on the Tibetan Plateau with the very
sparse population, far away from the influences of urbani-
zation and industrialization, only large continental/dust
aerosol particles are present at that site [Yang et al., 1994a;
Liu et al., 1997]. The unusually low values of o may be
subject to large uncertainties due to the very low AOD values
[Jeong et al., 2005].

3.4. Forest Ecosystem

[13] Figure 5 shows results from three sites located in
forest ecosystems ranging from northern temperate forests to
southern tropical forests. The Beijing Forest site with an
elevation of 1130 m is a warm temperate forest ecosystem in
the Yanshan Mountain at northern China. The annual mean
AOD and « at this site are 0.22 = 0.09 and 0.82 + 0.39,
respectively. The seasonal variations of AOD and « are
similar to those from the other sites in northern/northeastern
China and their magnitudes fall somewhere between those
from the northeastern ecosystem sites (Sanjiang, Hailun and
Changbai Mt.) and the northern desert sites (Shapotou and
Ordos). During autumn and winter, fossil fuel and biomass
burning generates smoke and soot aerosols [Cao et al.,
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Figure 3. Same as Figure 2 but for the four CERN sites located in an arid region of northern China. The
sites are Fukang (oasis), Ordos (sandy grassland), Shapotou (desert), and Ansai (farmland).

2005], which reduces the size of the dominant aerosol par-
ticles. During spring and summer, dust storm transportation
[Zhou et al., 2004] and local soil dust emission increase both
AOD and the size of dominant aerosol particles. The scat-
terplot (Figure Sc, first plot) shows « as similar functions of
AOD when V.« > 5 m/s and V.« < 5 m/s. The site has
good representative in the region. Figure 5d (first plot) and
Table 2 show that the mean AOD is higher under the
easterly wind than the other directions. The easterly wind
always occurs in summer to carry a certain amount of pol-
lutants from the upwind Beijing urban area. Whereas, the
northerly wind from the Yanshan Mountain and the Mon-
golian Plateau is very clean with the lowest AOD. The

scatterplot of « as a function of T for AOD < 0.2 (Figure Se,
first plot) and the time series of mean AOD (Figure 5a)
show that the aerosol loading from combustion processes
increased during the heating season in northern China. At
Beijing Forest, AOD is lowest in winter months (Table 1).

[14] The Dinghu Mountain site with an elevation of 300 m,
a subtropical evergreen forest ecosystem, is located along
the Pearl River Delta and is about 84 km away from
Guangzhou in southeast China. This area has a typical
monsoon climate. Annual mean AOD and « are 0.66 + 0.21
and 1.00 + 0.41, respectively. The relatively high aerosol
loading is a result of the rapid development of regional
industrialization [Wu, 2003; Li et al., 2004; Liu et al.,
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Figure 4. Same as Figure 2 but for the two CERN sites located on the Tibetan Plateau. The sites are
Haibei (alpine meadow) and Lhasa (alpine shrub-grassland).
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Figure 5. Same as Figure 2 but for the three CERN sites located in a forest ecosystem.

The sites are

Beijing Forest (a warm temperate forest ecosystem to the west of Beijing City), Dinghu Mountain (a
subtropical evergreen forest ecosystem in the Pearl River delta region) and Xishuangbanna (a tropical rain

forest ecosystem in Yunnan Province).
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Figure 6. Same as Figure 2 but for the three CERN sites located in a farmland ecosystem. The sites are
Fengqiu (on the Huang-huai-hai Plain), Taoyuan (subtropical farmland) and Yanting (in the hilly region
of the Sichuan Basin).
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Figure 7. Same as Figure 2 but for the three CERN sites located in a bay or lake ecosystem. The sites are
Jiaozhou Bay (on the west coast of the Yellow Sea), Lake Tai (a freshwater lake in the Yangtze River
Delta region), and Sanya Bay (a tropical marine bay in the South China Sea).
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2003b]. Ansmann et al. [2005] observed the aerosol optical
properties with Raman lidar and Sun photometer at Xinken
(22.6°N, 113.6°E) in the Pearl River Delta, which AOD
mean (at 533 nm) was 0.92, and Angstrom exponents mean
(for wavelengths 380 to 502 nm) was 0.97 throughout
October 2004. The results were close to Dinghu Mountain’s.
The mean AOD is lower when V. > 5 m/s than V., <5 m/s
(Table 2 and Figure Sc, second plot), which implies the
heavy air pollutants are blown away by the relative strong
wind. Figure 5c¢ (second plot) and Figure 5d (second plot)
show that the wind (Vix < 5 m/s) is mainly from the
north region with the heavy air pollution and the high AOD
[Liu et al., 2003a; Qi et al., 2000].

[15] The Xishuangbanna station is located in the tropical
forests of Yunnan Province in southwest China. Annual
mean AOD and « are 045 + 0.17 and 1.34 + 0.39,
respectively. Because there are low wind speed and high
temperature in the tropical forest, Figure 5c (third plot) and
Figure 5e (third plot) are unavailable. The functions of «
and AOD are similar in different wind directions, which
implies the observation site has good representative in the
region. Figures 5a and 5b show anomalous seasonal varia-
tions in AOD and aerosol type. Dense fog frequently occurs
in the region, especially during autumn and winter [Li et al.,
1992; Huang et al., 2000], resulting in fewer measurements
taken at the site. Fog of a certain thickness can remove some
amount of large hygroscopic aerosols from the atmosphere,
which leads to a decrease in AOD and an increase in a.
Suspended fog droplets are generally indistinguishable from
haze droplets so the presence of large fog droplets can lead
to an increase in AOD and a decrease in «v. During the rainy
season from May to October, a large amount of aerosol is
removed from the atmosphere which reduces AOD. During
the dry spring season, AOD and « are at their highest, which
implies large emissions of smoke and soot due to biomass
burning which is most active in the region and the whole of
southeast Asia during this time [Wu et al., 2004; Tang et al.,
2003; Liu et al., 1999].

3.5. Farmland Ecosystem

[16] Figure 6 shows the aerosol optical properties at the
three sites located in areas dominated by farmland in the
eastern/central/southern parts of China. Annual mean AODs
at Fengqiu, Taoyuan and Yanting are 0.56 + 0.14, 0.69 +
0.17 and 0.79 + 0.17, respectively. AODs at these locations
are much higher than in more remote areas because of
industrial and agricultural development and human activities
in this part of China [Luo et al., 2000]. The annual mean «
is approximately equal to 1 with a standard deviation of
~0.16 for these stations. o does not obviously increase in the
harvest seasons in three main agricultural regions. This may
reflect the implementation of a policy by the regional gov-
ernment for the comprehensive utilization of crop stalks, so
that smoke aerosol emissions from biomass burning is
minimized [Wu et al., 2001; Guan et al., 2005]. More
mineral dust aerosols and anthropogenic sulphate aerosols
are emitted in eastern China, southern China and the
Sichuan Basin [Tian et al., 2005; Wu et al., 2002; Guan
et al.,2005], due to intensive farming and industrial activities
and the exposure of bare soil. The day-to-day variation of
AOD is large, and its seasonal dependence is irregular
(Figure 6a). During winter and spring, weather patterns

WANG ET AL.: AEROSOL OPTICAL PROPERTIES OVER CHINA

D18209

instigating serious pollution events usually occur in Hunan
Province [Xiong et al., 2003; Zhang et al., 2003a] and over
the Sichuan Basin [Liu et al., 2003b]. Figure 6d (first, sec-
ond and third plots) and Table 2 show that the clean westerly
wind at Fengqiu, the southerly and westerly winds at
Taoyuan, and the northerly wind at Yanting always wash
away the air pollutants, that the southerly wind at Fengqiu,
the northerly and easterly winds at Taoyuan, and the
southerly wind at Yanting carry the heavy air pollutants
from the upwind industrial and urban regions. Figure 6¢
(first plot) shows that there is only a slight increase in «
(AOD < 0.5) as T decreased at Fengqiu, which also implies
the influence of combustion processes on the aerosol types
during the heating season in northern China.

3.6. Bay and Lake Ecosystems

[17] Figure 7 shows the seasonal variations of AOD and «
along the east/south coast of China. The annual mean AODs
at the Jiaozhou Bay, Tai Lake and Sanya Bay sites are
0.64 + 0.13, 0.45 + 0.09 and 0.23 + 0.10, respectively, and
the annual mean o were 1.16 £0.19, 0.80 = 0.24 and 0.39 +
0.38, respectively. Of the three sites, AODs are highest at
Jiaozhou Bay because of rapid industrial development and
an increase in human activities in that area. An increase in
aerosol emissions, especially sulphate aerosols along the
eastern coastal area and northern China, has been reported
[Luo et al., 2000; Tian et al., 2005]. Dust and continental
pollution transport from spring to summer contribute to
large AODs with substantial standard deviations [Yang et al.,
1994b; Xiao et al., 1998; Sheng et al., 2005], while influxes of
cold air and clean ocean air alternately wash atmospheric
pollution out of the atmosphere and decrease AODs during
the winter and fall seasons in the northern region. The
westerly and northerly winds are strong but not clean with
relative high AOD (Table 2 and Figures 7c¢ (first plot) 7d
(first plot)), which indicates the air pollutants from the
upwind industrial and agriculture areas replace the local
heavy air pollutants. Aerosol pollution is also strong at Tai
Lake because the region is dotted with thousands of small
privately owned factories emitting huge amounts of pollu-
tants [Liu et al., 2003a; Zhang et al., 2003b]. The small
seasonal variations in AOD and « at Tai Lake show that
regional aerosol emissions and aerosol components are rel-
atively stable (Table 1). Local sources of emissions include
soil, coal combustion, metallurgical and automobile exhaust,
and waste incineration [Xu et al., 2002; Zhou et al., 2006].
The easterly wind with high AOD (Table 2) is from the
flourishing industrial and urban areas in the Yangtze River
Delta region. Large particles, such as soil dust and anthro-
pogenic sulphates, are dominant. Another research group,
Xia et al. [2007] and Lee et al. [2010] also observed the
similar seasonal variation and aerosol hygroscopic in the
Yangtze Delta region. The daily AOD mean was markedly
higher in two papers [Xia et al., 2007; Lee et al., 2010] than
the AOD mean around noon in the observation, but we
checked the point to point AOD values nearly equal in two
experiments. The most southern site, Sanya Bay controlled
by the tropical marine monsoon climate, is very clean and
large sea salt particles dominate there [Wu, 1995; Wu et al.,
1996]. During spring, the transition period from the mon-
soon season, some aerosols originate from Hainan Island so
that AOD and « rise (Table 1 and Figures 7a and 7b).
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Figures 7c (third plot) and 7d (third plot) show the function
of « increasing with AOD is very different from the other
continental sites’. The easterly and southerly winds from
South China Sea are with relative low AOD (Table 2).

4. Conclusions

[18] In this study, Chinese Sun Hazemeter Network and
meteorological data were analyzed in order to examine
aerosol optical properties and aerosol types over different
ecosystems in China. The annual mean AOD at 500 nm
averaged over regions where anthropogenic aerosols are
commonly found, e.g., the central/eastern, southern and
eastern coastal areas, is 0.60, which is about 3 times more
than the regional background mean value over relatively
remote dry-clean regions in China (mean AOD~0.23).
Similar monthly and seasonal variations of AODs and
aerosol types were found from measurements taken over
northern and southern China. Main conclusions are as follows:

[19] 1. During spring, dust is the dominant aerosol over
northern desert and arid regions. However, dust aerosols
transported by dust storms result in an increase in AOD and
coarse particle size throughout eastern and southeastern
China.

[20] 2. During the humid summer season, hygroscopic
sulphate aerosols increase AODs and particle sizes over the
central/eastern, southern and eastern coastal areas.

[21] 3. During autumn and winter, relatively thick vege-
tation and ice-snow coverage limits the emission of soil dust
so that AOD decreases in northern China. The majority of
observation sites are under the influence of biomass and
fossil fuel burning which produce heavy loadings of fine-
mode aerosols, smoke and soot.

[22] 4. In the central/eastern, southern and eastern coastal
areas, the amount of fine-mode particles remains constant
due to environmental regulations and economic measures
reducing stalk combustion. Many sites show a mix of sul-
phate aerosols, mineral aerosols, and smoke aerosols
throughout the year.

[23] 5. A small amount of dust and sea salt aerosols are
detected over the Tibetan Plateau and at Hainan Island. At
the tropical rain forest site, the seasonal and monthly var-
iations of aerosol properties are complicated due to regional
dense fog and strong biomass burning in southeast Asia.
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