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Abstract

Long-term measurements of aerosol optical depths (AOD) and Angstrom exponents
(Alpha) made for CARSNET were compiled into a climatology of aerosol optical prop-
erties for China. Quality-assured monthly mean AODs are presented for 50 sites rep-
resenting remote, rural, and urban areas. AODs were 0.14, 0.34, 0.42, 0.54, and 0.74
at remote stations, rural/desert regions, the Loess Plateau, central and eastern China,
and urban sites, respectively, and the corresponding Alpha values were 0.97, 0.55,
0.82, 1.19, and 1.05. AODs increased from north to south, with low values (< 0.20)
over the Tibetan Plateau and northwestern China and high AODs (> 0.60) in central
and eastern China where industrial emissions and anthropogenic activities were likely
sources. AODs were 0.20-0.40 in semi-arid and arid regions and some background
areas in north and northeast China. Alphas were > 1.20 over the southern reaches
of the Yangtze River and at clean sites in northeastern China. In the northwestern
deserts and industrial parts of northeast China, Alphas were lower (< 0.80) compared
with central and eastern regions. Dust events in spring, hygroscopic particle growth
during summer, and biomass burning contribute the high AODs, especially in north-
ern and eastern China. The AODs show decreasing trends from 2006 to 2009 but
increased ~ 0.03 yr‘1 from 2009 to 2013.

1 Introduction

Aerosol particles are important for global and regional climate because particulate mat-
ter (PM) can scatter or absorb solar radiation, depending on the particles’ composi-
tion, size, etc. (Charlson et al., 1992) and cause either large-scale cooling or warming
(Hansen et al., 1997). Despite the numerous studies that have been conducted in re-
cent years, aerosol optical properties are still one of the largest sources of uncertainty
in current assessments and predictions of global climatic change (IPCC, 2013, 2007;
Hansen et al., 2000; Ramanathan et al., 2001).
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Satellite monitoring and ground-based observations are two important ways for mon-
itoring the Earth’s aerosol properties long-term (Holben et al., 2001). Ground-based
measurement networks are especially useful for validating and augmenting remotely-
sensed data (Holben et al., 2001). So far several automatic robotic ground-based
networks have been established; these include the Cimel sunphotometer based net-
works of AERONET (Holben et al., 1998), PHOTONS (Goloub et al., 2008), AEROCAN
(Bokoye et al., 2001), RIMA (Prats et al., 2011), the skyradiotometer network (SKYNET,
Kim et al., 2004; Uchiyama et al., 2005), the WMO GAWPFR Network (Wehrli, 2002),
and so on. Information on aerosol optical properties obtained from these networks con-
tribute to our understanding of the earth’s systems because it can be used to (1) char-
acterize the ambient aerosol, (2) address larger questions concerning environmental
pollution, (3) validate satellite retrievals and numerical modeling algorithms, and (4) in-
vestigate aerosol and cloud effects on radiative fluxes (Holben et al., 2001).

China is the most populated and largest developing country in the world, and it has
become one of the largest global sources for aerosol particles and their precursors
due to the copious industrial emissions and frequent dust events (Huebert et al., 2003;
Seinfeld et al., 2004; Li et al., 2007). These aerosol particles not only affect the local
atmospheric environment but also are transported to the East Asia and Pacific regions
and beyond (Streets et al., 2001; Eck et al., 2005) where the transported materials can
cause significant effects on regional weather and climate and also human health (Che
et al., 2005; Liang and Xia, 2005; Xia, 2010; Chen et al., 2011).

Ground-based sunphotometers were first used to retrieve aerosol optical data in
China in the early 1980s (Zhao et al., 1983; Qiu et al., 1983; Mao et al., 1983). Since
then, there have been many investigations into aerosol optical properties, and studies
have been conducted in north China, northeast China, Tibet Plateau, northwest desert
region and eastern coast region of China, etc. (Wang and Qiu, 1988; Li et al., 1995; Hu
et al., 2001; Zhang et al., 2002; Xia et al., 2005; Tan et al., 2009). These studies have
provided valuable information on local aerosol optical properties, but they were carried
at different times with different instruments, and more often than not, used different cal-
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ibration procedures, calculation algorithms, and so forth. This lack of standardization
has made it difficult to characterize regional and temporal variations in aerosol optical
properties. Accordingly, Qiu et al. (1998) and Qin et al. (2010) proposed methods to re-
trieve AOD based on surface-based broadband solar radiation and horizontal visibility
observation data. Long-term measurements of AODs and their distributions were re-
trieved in China from 1960s to 2000s (Qiu and Yang, 2000; Luo et al., 2001; Qin et al.,
2010).

Ground-based networks for measuring aerosol optical properties in China were first
established in the 1990s. Zhang et al. (2002) studied aerosol optical properties at
four sites — Miyun, Xinfeng, Waliguan, and Dangxiong. Several SKYNET sites includ-
ing Dunhuang, Yinchuan, Beijing, Qingdao, and Hefei in northern China were estab-
lished from 1997 (Kim et al., 2004). At present, SKYNET has expanded to 10 sites
in China, and a series of studies on optical properties and radiative forcing over dif-
ferent regions in China has been undertaken for that program (Kim et al., 2005; Che
et al., 2008, 2014; Liu et al., 2009; Wang et al., 2014). Another network, the Chinese
Sun Hazemeter NETwork (CSHNET) includes 24 stations established in 2004 to mea-
sure aerosol optical properties and their spatial and temporal variations throughout
the China. Hand-held sunphotometers have been used for that program (Xin et al.,
2007). AERONET/PHOTONS established four sites in Beijing and Yulin beginning in
2001, (Alfaro et al., 2003; Fan et al., 2006; Che et al., 2009c), and there are now ~ 40
AERONET and PHOTONS sites in China (http://aeronet.gsfc.nasa.gov/cgi-bin/type_
piece_of_map_opera_v2_new); and the data from those sites have been widely used
(Xia et al., 2005; Li et al., 2007; Mi et al., 2007; Eck et al., 2010; Bi et al., 2011). How-
ever, observations at most of these sites were only for field-campaigns, and only sev-
eral sites have data records long enough to characterize seasonal variations in aerosol
optical properties (Zhu et al., 2013; Fan et al., 2015). Indeed, the existing data are
inadequate for a comprehensive evaluation of aerosol properties in China (Eck et al.,
2005).
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The China Aerosol Research Network (CARSNET) is a ground-based network for
monitoring aerosol optical properties, and it uses the same types of instruments as
AERONET (Che et al., 2009a). CARSNET includes 20 sites located north and north-
west China that were first established by the China Meteorological Administration
(CMA) in 2002 for dust aerosol monitoring. This network has increased to more than
60 stations that are now operated not only by CMA but also by local meteorological ad-
ministrations, institutes, and universities throughout China. This has become a national
resource for studying aerosol optical properties over the different regions in China and
for validating satellite retrievals and numerical models of aerosols (Xie et al., 2011;
Zhao et al., 2013a; Che et al., 2014; Lin et al., 2014).

The primary objective of this paper is to present a climatology of aerosol optical
properties developed from CARSNET measurements made from 2002 to 2013. This
study characterizes the spatial and temporal variations of aerosol optical properties
using data from 50 CARSNET sites with at least one year of measurements. Remote,
rural and urban regions of China are all represented in the study. The contents of this
article include: (1) a description of the sites, data processing, and data quality control,
(2) an evaluation of the spatial characteristics of AOD and Angstrom exponent over
different regions of China, and (3) an analysis of the monthly AODs at 440 nm and the
Angstrom exponents between 440 to 870 nm (Alpha) at all 50 sites, (4) a discussion of
the long-term (12yr) variations of AOD at 12 CARSNET sites. To provide a record of
CARSNET results, monthly and yearly average AODs and Alphas for the 50 CARSNET
sites are provided as Appendix tables. We hope this database will be used for future
investigations of aerosols, climate, and the atmospheric environment of China.
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2 Site description, instruments, and data
2.1 Site descriptions

As shown in Fig. 1 and described in detail in the Appendix tables, Cimel sun photome-
ters (Cimel Electronique, CE-318) were installed at 50 CARSNET sites between 2002
to 2013. The stations can be classified into three general groups: remote, rural, and
urban. The four remote stations were set up on Tibet Plateau (> 3000 ma.s.l.) and at
regional background site in northwest China, and all these sites are far from anthro-
pogenic influences. The twenty-five rural sites were selected to be representative of
areas relatively unaffected by local sources and well above the surrounding ground
surface. The rural sites can be further classified as sites representing (a) desert re-
gions (eleven sites), which are mainly affected by dust aerosol particles with relatively
small anthropogenic influences, (b) the Loess Plateau (four sites) which are affected
not only by dust but also by more anthropogenic activities than the nearby desert ru-
ral sites, (c) central and eastern China (ten sites) which are more strongly affected by
anthropogenic activities and are located near or surrounded by large cities, and (d) ur-
ban sites (twenty-one sites) located in the centers or heavily populated areas of cities,
many of which are provincial capitals.

2.2 Instruments and calibration

Cimel sun photometers were deployed at each CARSNET site. These instruments
make direct spectral solar radiation measurements in a 1.2° full field-of-view every
15min (Holben, 1998). Because the network has been expanded from the original 20
sites to 50 sites at present, several different types of Cimel instruments have been
used; these include: (1) logical type at five normal wavelengths of 440, 675, 870, 940,
and 1020 nm and three polarization bands at 870 nm, (2) numerical type at five nor-
mal wavelengths of 440, 675, 870, 940, and 1020 nm and three polarization bands
at 870 nm, (3) numerical type at eight wavelengths of 340, 380, 440, 500, 675, 870,
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940, and 1020 nm, (4) and numerical type at nine wavelengths of 340, 380, 440, 500,
675, 870, 940, 1020 and 1640 nm. Measurements at 340, 380, 440, 500, 675, 870,
1020, and 1640 nm were used to retrieve AODs, and measurements at 940 nm were
used to obtain the total precipitable water content in centimeters (Brent et al., 1998;
Dubovik et al., 2000a). The total uncertainty in the AODs is about 0.01 to 0.02 (Eck
et al., 1999). Aerosol size distributions, refractive indices, and single-scattering albe-
dos were retrieved by using sky radiance almucantar measurements and direct sun
measurements following the procedures described in Dubovik et al. (2000b, 2006).

Five CARSNET master quality sunphotometers were calibrated using the Langley
method at the either the Izafa, Spain (28.31° N, 16.50° W, 2391.0 ma.s.l.) or the Mauna
Loa, USA (19.54° N, 55.58° W, 3397.0 ma.s.l.) global observatories which are the mas-
ter calibration sites for PHOTONS (also RIMA) and AERONET. These reference instru-
ments were typically re-calibrated at |zafia every 6 months. These master instruments
were then installed at the Beijing-CAMS site (39.93° N, 116.32° E, 106.0 ma.s.l., which
is operated for both CARSNET and AERONET), and they were used to inter-calibrate
all field CARSNET instruments at least once a year following the AERONET calibration
protocol (Che et al., 2009a).

The requirements for inter-comparison calibration protocol for the CARSNET field
instruments were as follows: (a) only raw data collected from 2.00 to 6.00a.m.
(GMT + 08:00) on clean and clear days were used, (b) the AODs at 500 nm on cali-
bration days had to be less than 0.20 and without major fluctuations, (c) the time in-
tervals between the measurements made with two masters and the instruments to be
calibrated had to be less than 10s. The AODs obtained from un-calibrated instruments
differed by 4.5 to 15.3 % compared with those measured by reference instruments.
After the calibration with the master instruments, however, the daily average AODs dif-
fered by < 1.5 % relative to the master measurements (Che et al., 2009c). According
to Brent et al. (1998), yearly calibrations of the field instruments ensured the accu-
racy of the CARSNET measurements, and therefore, the AODs from the 50 CARSNET
stations were of high quality and reliable.
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The sphere calibration methods and protocols for CARSNET have been described
by Tao et al. (2014). The CARSNET sphere calibration results differed from the orig-
inal values provided by the manufacturer, Cimel Electronique, S.A.S., by ~ 3-5% at
infrared wavelengths (1020 and 870 nm) and +3 % at visible wavelengths (440, 500,
and 675nm). Similar to Brent et al. (1998), sphere calibrations of all CARSNET field
instruments were done annually to ensure the accuracy of the sky irradiance measure-
ments.

2.3 Data processing and quality control

The AODs were calculated using the ASTPwin software provided by the manufac-
turer of the sunphotometers. This software can provide Level 1.0 AOD (raw results
without cloud-screening), Level 1.5A0D (cloud-screened AOD based on the work
of Smirnov et al., 2000) and Angstrom Exponents (Alpha) between 440 to 870 nm.
For the present study, all AOD data were computed by interpolation of the inter-
calibration coefficients, and the cloud-screened AOD based on the method of Smirnov
et al. (2000) also were obtained. We note that the cloud-screening technique has not
been completely validated although the procedure tested favorably using experimen-
tal data obtained under different geographical and optical conditions (Smirnov et al.,
2000). To further ensure the data quality, all the data were checked manually site-
by-site, and any unreasonable data were deleted. For example, some exceptionally
large AOD points were caused by the clouds, and this was determined after check-
ing the MODIS Level-1B granule (MODO02_1km) images, which are available from
http://modis-atmos.gsfc.nasa.gov/IMAGES/. Daily average AODs were the first values
computed, and any cases where measurements were made less than 10 times in a day
were eliminated. This processing procedure eliminated ~ 20 % of the daily data. Finally,
the monthly and yearly averages of the AODs were calculated at each wavelength as
were the Angstrom exponents between 440 and 870 nm.

Che et al. (2009) validated AODs from CARSNET-CAMS stations through com-
parisons with data from the AERONET stations in Beijing. A comparison between
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the AODs calculated by ASTPWin procedure vs. AERONET results, showed that the
ASTPWin AOD values were about 0.03, 0.01, 0.01, and 0.01 larger than those from
AERONET at 1020, 870, 670, and 440 nm, respectively. Thus, the sets of results from
two networks were very consistent with one another as the correlation coefficients
were larger than 0.999 and had a 99.9 % significance level. Synchronous observations
also were compared between two nearby Yangtze River delta region sites, one at the
AERONET Zhejiang Forest University site and the other the Lin’an regional CARSNET
background site (Pan et al., 2011). The differences of AOD in that comparison were
less than 0.02, which again indicates similar accuracies in the results from CARSNET
and AERONET.

3 Results: CARSNET measurements
3.1 Spatial distributions of aerosol optical properties in China
3.1.1 Spatial distributions of AOD and Alpha

The spatial distribution of AOD (Fig. 2a) and Alpha (Fig. 2b) based on data obtained
from the CARSNET stations are shown in Fig. 2. In general, the AODs increased
from north to south (Fig. 2a). Low AODs (< 0.20) occurred at remote stations, that is,
Mt. Waliguan, Shangri-La, and Lhasa on the Tibetan Plateau at altitudes > 3000 ma.s.l.
and at Akedala in a remote region of northwestern China. All of the remote sites are
subject to only minimal anthropogenic influences, and the aerosol loadings are very
low because of this (Zhang et al., 2012). Large AODs (> 0.60) mainly occurred in cen-
tral and eastern China, especially regions with strong anthropogenic influences in the
northeastern plain, north China plain, Yangtze River delta, Pearl River delta, Sichuan
basin, and Guanzhong plain (Zhang et al., 2012). Several sites in northwestern China
also showed AOD > 0.60; these include the urban site at Lanzhou and desert-margin
site at Hotan, Xinjiang Province. AODs from 0.20—0.40 occurred in semi-arid and arid
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regions of north China and some regional background sites such as Mt. Tai — the back-
ground site for the north China plain and Mt. Longfeng — the background site on the
northeast China plain.

From Fig. 2b, we can see that the spatial distribution of Alpha in China also shows
clear variability, for example large Alpha (> 1.20) were found along the southern
reaches of the Yangtze River and at clean sites of northeastern China; this shows that
the aerosol particles in these areas are smaller than in most other regions of China. In
the desert regions of northwestern China and industrial region of northeastern China,
the Alpha values were considerably lower (< 0.80) than those of central and eastern re-
gions such as North China Plain, Guanzhong Plain and Sichuan Basin (Alpha > 0.80).
The Alpha values were ~ 0.60-0.80 in arid regions of northern China. In particular, the
Alphas were typically < 0.40 in the Taklimakan desert region (e.g., Tazhong and Hotan)
which suggests that large mineral dust particles were major components of the aerosol
populations in this region (Che et al., 2013).

Figure 3 shows the spatial distributions of AOD and Alpha separately for each of the
four seasons. Of the 50 CARSNET sites, 27 had AODs < 0.60 in spring and summer
compared with 32 in the fall and 30 in winter (Fig. 3a—d), and this shows that the aerosol
extinctions of China were generally larger in spring and summer compared with fall and
winter. Moreover, most of the sites with AODs < 0.60 were located in northern China.
In southern China, AODs < 0.40 occurred only at one site, Kunming, and then only in
fall and winter. Monthly average AODs > 0.60 were found in central and eastern China
all year around. The AODs in the Taklimakan desert region were > 0.60 in spring and
summer but < 0.60 in fall and winter, and this pattern can be explained by the frequent
dust storms in spring and summer and fewer dust events in fall and winter (Gong et al.,
2003; Eck et al., 2005). It was also found that the AODs were < 0.40 at the sites near
the boundary between China and Mongolia, and this was true throughout the year.
There also were more sites with low AODs, that is < 0.20, in fall (6 sites) and winter
(9 sites) compared with spring (2 sites) and summer (3 sites).
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The spatial distributions of Alpha for the four seasons are presented in Fig. 3f-i.
Eck et al. (2005) suggested that coarse mode aerosols were relatively more abundant
when Alpha was less than 0.80. In this study, there were 24, 10, 14, and 15 sites with
Alpha < 0.60 in spring, summer, fall, and winter season, respectively, and almost all
of these sites are located in north China. This reflects the presence of coarse dust
particles transported from semi-arid and arid regions of northwestern and northern
China. Alpha > 0.80 were found in central and east China from summer to winter and
in south China all year around, suggesting that the particle size distributions favored
the fine mode.

In spring, there were many sites with Alpha 0.80—1.00 in central China and 1.00—
1.20 in the Yangtze River delta region, and these values were obviously lower than
in the other seasons when they were typically > 1.20. These results reflect the trans-
port of large dust particles from northwest China to eastern China during the spring
(Chen et al., 2009). As for the Taklimakan desert region itself, Alphas were < 0.40 from
spring to fall and 0.40-0.60 in winter, and this implies the presence of coarse mode
aerosols throughout the year, with greater impacts of fine-particle pollution sources in
winter (Che et al., 2013). For southern China, including the stations at Nanning and Pa-
nyu, Alpha was > 1.20 all year, and this reflects the dominance of fine mode particles
caused by the chronic anthropogenic emissions in the region (Tan et al., 2009).

3.1.2 Aerosol optical properties in remote, rural, and urban regions of China

From Fig. 4a and b, one can see small AODs at the four remote sites of Akedala,
Lhasa, Mt. Waliguan, and Shangri-La. Indeed, the AODs at these sites were 0.11—
0.18, with an arithmetic mean of 0.14 + 0.04. The Angstrom exponent varied from 0.59
at Mt. Waliguan to 1.29 at Shangri-La and averaged 0.97 £ 0.29. These results are
generally representative of the aerosol optical properties at background regions in the
interior of Asia. Che et al. (2011) reported that the AOD at 500 nm at Mt. Waliguan
averaged ~ 0.14 from September 2009 to August 2010, and this is similar to the long-
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term measurements reported here (AOD = 0.14 +0.06 at 440 nm and Angstrom expo-
nent =0.59 + 0.21 from March 2009—April 2012).

The AODs for eleven rural stations in desert regions varied from 0.23 to 0.61 and
averaged 0.34 £0.12. Although some stations, such as Ejina, Jiuquan, Dunhuang, and
Mingin, near desert regions are known to be frequently affected by springtime dust
storms, the average AODs were not as large as one might expect. In fact, the AODs
at most of these sites were < 0.40 except for Tazhong (AOD = 0.53 + 0.28) and Hotan
(AOD = 0.61 £0.22). These two stations are located in Taklimakan desert region, one
of the world’s largest sources for desert dust (Zhang et al., 1997; Che et al., 2013). The
Alphas over the rural desert stations varied from 0.22—0.80 and averaged 0.55 +0.19,
and these values reflect the light extinction properties of coarse dust particles.

The four rural stations located on the Chinese Loess Plateau (CLP) showed ranges
in the AODs and Alphas of 0.37-0.46 and 0.79-0.89, respectively, and means of
0.42 £ 0.05 and 0.82 £ 0.05. These values are consistent with the results reported by
Bi et al. (2011) who studied aerosol optical properties at SACOL rural site on the CLP
and reported AODs and Alphas of ~ 0.35 and ~ 0.92 respectively. The average AODs
and Alphas at the CLP stations, 0.34 +£0.12 for AOD and 0.55 + 0.19 for Alpha, were
higher than those over the desert regions. This shows that the aerosol loadings over
the Loess Plateau were greater compared with the desert regions and that there were
relatively more fine particles. The numbers of persons living in and around the CLP
sites are larger than those at the desert stations, and as a result more anthropogenic
aerosols likely occurred over the CLP. In fact, earlier studies have shown that both an-
thropogenic emissions and dust storms do affect the aerosol populations of the CLP.
(Alfaro et al., 2003; Che et al., 2009c).

The AODs at ten rural sites in central and eastern China show obviously higher AODs
compared with stations located near the deserts or CLP. The average AOD and Alpha
for the rural sites were 0.54 +£0.18 and 1.19+0.12, respectively. The AODs also varied
over a large range, from 0.26 to 0.78, and the Alphas at all these sites were > 1.00 and
varied from 1.2 to 1.38, suggesting a dominance of fine particles. The sites in eastern
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China are strongly influenced by anthropogenic emissions because even though their
populations are relatively small, the sites are downwind of mega-cities. For example,
the sites at Shangdianzi and Gucheng are near Beijing while Dongtan and Lin’an are
near Shanghai (Che et al., 2009b).

The AODs for the urban CARSNET sites showed a range 0.4—1.00 with an average
0.74 £ 0.18 while Alpha ranged from 0.52—-1.50 and averaged 1.05+0.23. The large
AOD and Alpha > 1.00 indicates the aerosol populations were predominantly com-
posed of fine mode particles. However, the average Alpha for urban sites was lower
than that of rural sites at eastern China, and this is probably due to the presence of
fugitive dust. Chen et al. (2010), for instance, pointed out that fugitive dusts from trans-
portation, building construction, and burning garbage are a major component of the
aerosol in metropolitan areas of China.

Figure 5 shows the seasonal variations in AOD (a—d) and Alpha (e—h) at the
CARSNET remote, rural, and urban sites. In general, the AODs were lower at all three
types of sites in fall and winter compared with spring and summer. The combined
AODs in spring and summer were factors of 1.57, 1.62, 1.29, 1.18, and 1.14 to com-
bined AODs in fall and winter at remote, rural, and urban sites, respectively. However,
the Alphas in fall and winter were factors of 1.27, 1.28, 1.11, 1.10, and 1.09 to spring
and summer seasons. These comparisons show that the effects of dust particles on
AOD and Alpha were more apparent at the remote and rural desert sites compared
with the rural and urban sites.

3.2 Temporal variations in AOD and Alpha
3.2.1 Monthly average AODs and variations in Alpha at remote sites

The AODs at Akedala in northwest China showed high monthly means (> 0.20) from
February to April, and this was presumably a consequence of the transport of mineral
dust from the nearby Gobi, sandy lands, and deserts as well as the deserts in eastern
Kazakhstan. The AODs were lower from August to October when there was more pre-
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cipitation in the region and the winds were weaker. The AOD at Akedala was > 0.20 in
June and July, and this can be attributed to the transport of pollutants from countries
in eastern Europe, western Russia, and eastern Kazakhstan, which are all upwind (Qu
et al., 2008). The AODs increased from October to December, and that was probably
a result of the local burning of coal for cooking and heating.

The AODs in spring and summer were high and low in fall and winter at Lhasa and
Mt. Waliguan, which are both on the Tibetan Plateau. Monthly average AODs at these
two sites exceeded 0.15 in spring and 0.10 in summer, and they were < 0.10 in fall
and winter. The AODs reported here for Lhasa are slightly larger than those in a study
by Cong et al. (2009), and this could be caused by year-to-year differences in the
strengths and numbers of dust storms as well as local contributions from anthropogenic
activities. The CARSNET Lhasa site is located in the city itself, while Nam Co station
of AERONET is 125km north to Lhasa city, where there are no impacts from local
anthropogenic activities (Cong et al., 2009). The AODs at Mt. Waliguan (0.14 + 0.06)
were slightly larger than those at Shangri-La or Lhasa where the mean AOD values
were 0.11+0.05 and 0.11+0.03, respectively. The AODs at Shangri-La in southwestern
China also showed two seasonal peaks; that is, the AODs were > 0.10 during March to
May and again from July to September while in other periods, the AODs were < 0.10.
These small AODs at Shangri-La also show that even the maximum aerosol loadings
in this region are very low compared with other regions in China.

In general, the monthly average Alphas at Akedala and Shangri-La and were larger
than those that at Mt. Waliguan and Lhasa, and this indicates that the aerosol particles
tend to be smaller at the latter two sites. This is likely due to the fact that Mt. Waliguan
is located on the northwestern margin of Qinghai-Tibet plateau and therefore subject
to the transport of dust from desert regions in western China and middle Asia (Che
et al., 2011; Gong et al., 2003). Lhasa also can be affected by mineral aerosol from
deserts in western China and local dust uplifted from Tibetan Plateau. The monthly
averages for Alpha at Akedala, Mt. Waliguan and Lhasa were lower in spring than other
seasons: the minima at these three sites occurred in March, with values of 0.90 +0.68,

12729

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jadeq uoissnasiq | Jaded uoissnosiq

ACPD

15, 12715-12776, 2015

Ground-based
aerosol climatology
of China

H. Che et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12715/2015/acpd-15-12715-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12715/2015/acpd-15-12715-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

0.25+0.14, and 0.53 £ 0.12, respectively. These low springtime Alphas suggest that
coarse particles from dust events were prevalent at these three sites. In summer and
fall, the Alphas were larger than in spring, with a maximum of 0.96 £ 0.38 in July at
Waliguan and 1.22 + 0.35 in August at Lahsa. At Shangri-La and Akedala, the Alphas
were > 0.80 throughout the year, and therefore, fine mode particles were relatively
abundant at these two sites.

3.2.2 Variations in monthly AODs and Alphas at the rural desert sites

Most of the eleven rural CARSNET sites near the desert regions showed large AODs
in spring and summer and low AODs in autumn and winter, and this is evidence that
the aerosol populations at these sites were affected by springtime dust events. In sum-
mer, the impacts from dust events weakened while anthropogenic emissions from cen-
tral and western China evidently contributed to the aerosol loadings over these re-
gions (Che et al., 2009c). In autumn and winter, dust storms are rare because low
temperatures restrict convection even though incursions of cold air can bring strong
winds. Hotan and Tazhong, the two rural sites located in Taklimakan desert, showed
AOD > 0.40 from February to October. The monthly-averaged AODs were the lowest
in November, 0.31 £0.12 at Hotan and 0.22 £ 0.16 at Tazhong. The four rural sites
in desert regions of northwestern China each showed maximum AODs in April; these
were 0.39+0.30 at Ejina, 0.48+0.27 at Minqin, 0.55+0.41 at Dunhuang, and 0.55+0.40
at Juguan. The minima occurred in fall or winter, with values of 0.14+0.08, 0.20+0.09,
0.17 £ 0.04 in November at Ejina, Dunhuang, Jiuquan, respectively, and 0.26 £ 0.18 in
January at Mingin.

The four rural sites in the interior of Inner Mongolia showed generally similar vari-
ations in the AODs; that is, maxima in June of 0.44 +£0.39, 0.39 + 0.30, 0.49 + 0.43,
0.45+0.26 at Wulate, Xilinhot, Zhurihe, and Zhangbei, respectively. Minima in the AODs
occurred in November at Ulate and Xilinhot with averages of 0.19+0.09 and 0.16+0.09,
respectively, while the minima at Zhurihe (0.11 £0.05) and Zhangbei (0.18 £0.12) were
in January. The low AODs in winter and autumn occurred when the ground surface
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was often frozen or covered by snow — conditions that would prevent the production of
windblown dust.

Monthly average Alphas at most of the rural desert sites, including Ejina, Zhangbei,
Jiuquan, Dunhuang, Tazhong and Hotan, showed low values (< 0.80) all year; and this
indicates the coarse particles were the dominant aerosol components. As for other
sites (Zhurihe, Hami, Xilinhot, Wulate, and Minqin), the Alphas were < 0.80 in March
and April when dust events were common. The two sites in the Taklimakan showed low
Alphas (< 0.20) for more than six months (February to October), and therefore large
dust particles affected these sites more than the others. In December and January,
the Alphas at most of the CARSNET rural desert sites were higher compared with the
other types of sites, and this was likely due to presence of fine particles from coal and
biomass burning as both used extensively for domestic heating (Eck et al., 2005).

3.2.3 Variations in monthly average AODs and Alphas at the rural sites on the
Loess Plateau

The monthly average AODs at the four sites on the Loess Plateau showed different
temporal trends. At Dongsheng, the AOD was > 0.40 in spring and summer, and the
monthly maximum (0.71 +£0.44) occurred in June; and that was probably caused by the
hygroscopic growth of particles in combination with gas-particle conversion processes
(Eck et al., 2005). At Yan’an, the AOD varied smoothly around 0.35 from January to
October, and it was < 0.30 in November and December. At Mt. Gaolan the AODs in
spring and winter were higher than in summer and autumn while at Yulin, the AODs
were > 0.30 from January to September. The seasonal variability in the aerosol at Yulin
was likely caused by a mixture of dust and local anthropogenic emissions (Alfaro et al.,
2003).

The Alphas for the four sites on the CLP showed obvious seasonality, with Alpha <
0.70 from March to May but higher values (~ 0.85) in August. This is another indication
that aerosol particles at these sites are affected both by dust events and anthropogenic
activities (Fig. 11).
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3.2.4 \Variations in the monthly average AODs and Alphas at rural sites in
central and eastern China

The rural CARSNET sites in central and eastern China can be divided into three groups
(1) Tongyu and Mt. Longfeng located in northeastern China, (2) Shangdianzi, Gucheng,
Huimin, Yushe and Mt. Tai in the North China Plain; and (3) Changde, Lin’an, and Dong-
tan in the middle and lower reaches of the Yangtze River. The AODs at Mt. Longfeng
and Tongyu in northeast China and Mt. Tai in north China were ~ 0.3, which is lower
compared with the rural stations in central and eastern China (Fig. 12). The AODs at
Shangdianzi — the background site for the Beijing—Tianjin—Hebei (Jing—Jin—Ji) region
was a factor of 1.6 (~ 0.48) greater than at the three sites just discussed, indicating
higher aerosol loadings in this region.

The AODs at Huimin, Gucheng and Yushe in the North China Plain ranged from
0.58-0.71 as a result of the heavy pollution aerosol loadings there. This region of north
China is industrially developed, and biomass burning is also common, especially in
June and from September to October (Eck et al., 2010). For Dongtan, Changde, and
Lin’an, the sites in the Yangtze River region of southern China, the AODs were 0.59—
0.78, and these were higher than in the North China Plain. Mt. Longfeng and Tongyu
in northeastern China showed AODs > 0.35 during April to June, and the springtime
values were obviously higher compared with the other months.

In June, the AODs for the North China Plain and Yangtze River delta station (Shang-
dianzi, Mt. Tai, Gucheng, Huimin, Lin’an, Dontan) were quite high, most likely as a re-
sult of the burning of the straw (Logan et al., 2013). Indeed, the AODs at Gucheng,
a site surrounded by farmlands, were higher in September than in the prior month or
the two following months; and this is likely because peasants typically burn straw from
agricultural fields in September. Similarly, the AODs at Tongyu were as high as 0.34 in
October, and this also may have been due to the burning of biomass in nearby farm-
lands.
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Shangdianzi and Mt. Tai showed similar monthly variations in AODs: they increased
from January (0.20-0.30) to June (0.60—-0.70) and then decreased through December
(0.20-0.30). Gucheng and Huimin are located near farmlands, and the changes in
monthly average AOD were not as obvious as at Shangdianzi and Mt. Tai where there
are fewer local anthropogeinic activites (Hanel et al., 2012). Nevertheless, in general,
the temporal variations were similar for the four sites on the North China Plan. The
AOD at Yushe was < 0.40 from October to December, probably due to the influx of
cold air in fall and winter which flushes polluted air from region. The monthly variations
at Lin’an, Dongtan, and Changde, in middle and lower Yangtze River region, were
different from the rural sites of northern China. The AOD of Changde was > 0.70 from
January—March and in September but < 0.60 in the other months, and this is consistent
with what has been reported for other urban areas in the middle section of the Yangtze
River (Gong et al., 2014). The AOD at Lin’an was < 0.70 only in July and November—
December; the maximum monthly average was 0.96 £+ 0.32 in June, and the minimum
(0.58+0.34) was in July. At Dontan, the AODs were < 0.45 from September to October
and ~ 0.80 in Feburary and August.

In general, the Alphas at the rural sites in central and eastern China were relatively
low from March to May compared with other months, and that reflects the influence
of coarse particles. Alpha at Tongyu, Mt. Longfeng, Shangdianzi, Gucheng, Huimin,
Lin’an, and Dongtan was > 0.90 throughout the year. Three of these sites have monthly
average Alphas > 0.80 from summer through winter, but in spring they are < 0.80 at
Yushe (March and April), Changde (April), and Mt. Tai (April and May). Thus, we con-
clude that fine mode particles were relatively abundant at the rural sites in central and
eastern China, and that was most likely due to anthropogenic emissions (e.g. coal com-
bustion, biomass burning, gas-particle conversion). The high relative abundance of fine
particles was notably different from the rural sites in other regions of China, including
the nearby desert and CLP sites, where there were more coarse-mode particles.

From June to September, which is the biomass burning season at the rural sites
of Tongyu, Shangdianzi, Mt. Tai, Gucheng, Huimin, Lin’an, and Dongtan, the Alpha
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values were clearly larger than those in May. Alpha also was higher in September than
in October at several other sites, including Shangzianzi Huimin, and Yushe, and this,
too, is more than likely related to the emissions of fine PM from biomass burning.

3.2.5 Variations in the monthly average AODs and Alphas at the urban stations

Of the four urban sites in northwestern China, Urumgi and Lanzhou showed the same
seasonal trends; that is, high AODs in winter and low values in summer, and this is
different from the trends at the other two urban sites, Yinchuan and Xi’an. This is be-
cause large quantities of coal are burned for heating in both Urumgi and Lanzhou in
winter, and that is a major source of PM at those sites (Li et al., 2005; Quan et al.,
2009). The effects of coal combustion at Urumgqi can be seen in the seasonality in the
AODs - they were much higher (> 0.65) from December to February compared with
June to September, when they were < 0.30. The low AODs in the warmer months were
not only due to the smaller amount of coal burned but also because increased precipi-
tation and stronger convection in the warmer months reduced the PM loadings at both
sites (Liu et al., 2004).

The AODs at Yinchuan varied smoothly between 0.40-0.70 with high monthly-
averaged AODs, that is > 0.60, in March (0.67 +£0.30) and August (0.64 +£0.16).
Xi'an was similar to Yinchuan and showed high monthly-averaged AODs in February
(1.07+0.42) and March (1.02+0.32) and also in August (1.17+0.43). The seasonal pat-
terns at Yinchuan and Xi’an presumably reflect the effects of the dust storms in spring
and the hygroscopic growth of particles in August due to the summertime increase in
humidity (Su et al., 2014).

Of the five urban CARSNET sites located in north China, Beijing, Tianjin and
Zhengzhou showed high AODs throughout the year around, and high AODs from June
to August were a common characteristic at the other two sites (Dalian and Datong)
as well; this reflects the hygroscopic growth of fine particles and the conversion of
gases to particles over a broad area (Eck et al., 2005). At Beijing and Tianjin the AODs
were greater than 0.50 with respective maximum monthly means of 1.10 £ 0.48 and
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1.00+£0.57 in June. At Zhengzhou the monthly average AODs were > 1.00 in February
and from June to August. These very high AODs reflected the anthropogenic pertur-
bations to the atmosphere. The combined AODs for Beijing and Tianjin, both located
in Jing—Jin—Ji region of north China, were 0.74 £ 0.15 in autumn and 0.72 £ 0.12 and
winter.

Dalian, a coastal city on the Liaodong Peninsula, has experienced rapid economic
development in recent decades. The AODs at Dalian showed monthly variations similar
to those at Beijing and Tianjin, but the magnitude of the AODs at Dalian were substan-
tially lower, with an annual mean 0.54 + 0.12. This indicates that the particle loadings
in Dalian are less than in the Chinese mega-cities, and one likely contributing factor is
the influx of relatively clean maritime air at the coastal site. On the other hand, Dalian
is an important harbor, and therefore emissions from shipping also could contribute to
the aerosol loadings at this site (Zhang et al., 2015). The AODs at Dalian were high in
spring, and like many of the rural sites above, this is probably due to the influx of dust
in spring.

Four urban CARSNET sites, Shenyang, Anshan, Benxi, and Fushun, are located in
northeastern China, a heavily industrialized region, and the AODs at these sites were
as high as those at the urban sites in north China. We also found that the AODs at the
northeastern sites were high in spring and summer, especially from June to August.
The AODs were typically > 0.60 at Shenyang, Anshan, and Benxi from April to August,
and this reflects the heavy aerosol loadings in this region. These results are consistent
with the findings of Xia et al. (2007) who reported that the average AOD (500 nm) in the
center of Liaoning Province was 0.63 + 0.46 during spring and summer. In February,
the AODs we measured at Shenyang, Anshan, and Benxi were > 0.60, and these high
values were likely caused by the combustion of coal for domestic heating (Zhao et al.,
2013Db).

There are four urban CARSNET sites (Hefei, Nanjing, Pudong, Hangzhou) in the
Yangtze River delta region, which is one of the most economically developed areas in
all of China. Monthly mean AODs were generally > 0.50 at all four of these sites, indi-
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cating a regional veil of pollution, and this result is in agreement with previous observa-
tions made by Wang et al. (2012) and Xiao et al. (2011). Monthly average AODs > 1.00
were observed from June to August, and these values are about a factor of two higher
than the minimum monthly AODs. Furthermore, the AODs in June were higher than
those in May at each of the four sites, and the high loadings were likely caused by the
burning of agricultural crop residues (Cheng et al., 2014). The AOD at Pudong was
lower than that at Hefei, Nanjing, or Hangzhou: the monthly means at Pudong were
~ 0.70 during September to January. These low values are more than likely because
Pudong is located near the coast, and polluted air can be replaced by cleaner air from
the East Sea (Pan et al., 2010).

Panyu and Nanning, two urban sites in southern China, show temporal patterns dif-
ferent from the Yangtze River delta sites. AODs were high (> 0.80) at the two sites
during two periods, first from March to April and second from September to October,
and during both of these periods, biomass burning is frequent with high relative hu-
midity (Andreae et al., 2008; Tan et al., 2009). Interestingly, the AODs were low, from
0.46-0.66, in June and July at both sites, and these were roughly half of the monthly
maximum AODs, which were found in March with ~ 1.20 for both sites. This could be
due to relative abundance of rain in the late spring and early summer and the resulting
removal of PM by wet deposition as well as changes in emissions (Tan et al., 2009).

The variations in AODs at Chengdu and Kunming, two urban sites in southwestern
China, differed from each other. The AODs at Chengdu were > 0.50 throughout the
year and > 1.00 from December to April, with a maximum monthly mean of 1.30 +£ 0.40
in March. Clearly, the aerosol loadings at Chengdu were very heavy, and this is consis-
tent with previous measurements. Indeed, high aerosol loadings in the Sichuan Basin
have been attributed to unremitting anthropogenic emissions coupled with the physical
trapping of pollutants in the basin (Luo et al., 2001; Li et al., 2003; Liu et al., 2014). In
comparison, the AODs at Kunming were low (< 0.30) from October to February, which
is the dry season. High AODs (> 0.40) at Kunming were found from March to Septem-
ber, which are in the wet season when the hygroscopic growth of the particles would
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be expected. The AODs at both Chengdu and Kunming were high in March and August
compared with other periods, probably due to the effects of seasonal biomass burning.

Except for Nanning and Kunming in southern China, almost all of the urban sites
showed lower Angstrom exponents from March to May compared with other periods,
but the patterns varied somewhat among sites (Fig. 15). At the urban sites in northwest,
north, and northeast China (except for Dalian and Tianjin — two coastal sites), Alphas
were < 0.80 from March to April, but again there were some variations among sites. In
contrast, the Alphas for the sites in southern China were generally > 0.80 during this
period even though they were lower than in other months. This pattern is evidence that
coarse particles, especially mineral dust, have a greater effect on the northern urban
sites than the southern ones.

These coarse particles include not only natural dust transported from the deserts in
north and northwest China but also fugitive dusts. Indeed, large quantities of fugitive
dust have been produced in some urban areas as a result of increased vehicular traffic
and a boom in building construction (Fan et al., 2009). Preparations of agricultural
fields for the planting of crops also cause the emission of mineral aerosol in spring,
and this material can be transported to urban areas (Mei et al., 2004). From June to
August, a great majority of the Alphas were > 1.00, indicating that fine mode aerosols
were dominant at this time of year. Many of these fine particles were likely produced
by gas-particle conversion reactions, and numerous studies which have shown that the
volatile organic compounds are converted into secondary organic aerosols in summer
as a result of conditions favorable for photochemical reactions (Shao et al., 2009). The
high humidity in summer also leads to the hydroscopic growth of fine PM (Eck et al.,
2010), and these processes undoubtedly affected the Alphas at some of the urban
CARSNET sites.

The effects of biomass burning on the Alpha values for the urban CARSNET sites
are not as apparent as at the rural sites in central and eastern China. Nevertheless, at
some of urban sites, including Beijing, Hefei, Nanjing, Pudong, Hangzhou, and Panyu,
the Alphas were high in June and from September to October, and this may be related
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to the emissions of fine particles from biomass burning. However, because the aerosol
sources in these urban sites are complex and not well understood, more studies are
needed to investigate this possibility.

3.3 Comparisons of urban stations with rural stations

Rapid urbanization in parts of China has perturbed the atmosphere and caused a vari-
ety of problems, including visibility impairment and air pollution, etc. (Che et al., 2007).
CARSNET operates two pairs of sites with both urban sites and rural stations. From
Figs. 12 and 14, one can see that both the AODs and the Alphas at Beijing and it’s
paired rural site Shangdianzi showed very consistent temporal variations although the
AOD at Shangdianzi was of course, much lower than that at Beijing. The Alpha at Bei-
jing was lower than that Shangdianzi, which shows that the particles in the urban area
were larger than those at the rural site. This can be explained by the greater production
of fugitive dusts in the urban region (Fan et al., 2009) and the settling out of larger
particles during transport to the rural site. Transportation, construction activities, bare
surfaces all cause the emission of fugitive dust particles in Beijing and other large cities
(Chen et al., 2010). On the other hand, the surfaces Shangdianzi are more heavily veg-
etated, and this tends to suppress the production of PM in the area.

The AODs and Alphas at the urban Lanzhou site were both higher than at the rural
site at Mt. Gaolan (Figs. 14 and 10), which is about 600 m higher than the urban site
— this was true throughout the year. The AODs at Lazhou varied in the same way as
at Mt. Gaolan from April to September, but they differed from October to April, and this
decoupling probably results from changes in the surface boundary layer. From April
to September, the boundary layer at both sites is normally deep, and this promotes
similar variations in the aerosol populations at the two sites. From September to April,
however, convection tends to be weak and the boundary layer at Lanzhou is lower than
at Mt. Gaolan. The aerosol particles are then mainly concentrated in the shallower
boundary layer, and that is why the AODs at the two sites become uncoupled from
September to April.
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In contrast to the AODs, the Alpha values varied coherently at Lanzhou and
Mt. Gaolan (Figs. 15 and 11), and this is likely because this parameter is not concentra-
tion dependent. That is, the aerosol size variations at both sites are similar throughout
the year even though the Alpha at Lanzhou was > 1.00 and < 1.00 at Mt. Gaolan. The
Alpha values show that while the particles were mainly fine mode at both sites, they
were even smaller at Lanzhou, and this difference in particle size can be explained
by types of sources for the PM. Mt. Gaolan is located on the CLP where there is lit-
tle vegetative cover, and large dust particles can be raised from local and regional
sources. In Lanzhou, there is an abundance of anthropogenic sources for fine parti-
cles, and the production of secondary aerosol particles also contributes to fine PM and
Alphas > 1.00 (Wang et al., 2010).

3.4 Long-term variations of AODs over China

The variations in annual AODs for the twelve CARSNET sites that were in operation
for the entire study period, that is from 2002 to 2013, are shown in Fig. 16. These
include five urban sites (Urumqi, Lanzhou, Beijing, Tianjin, and Datong), four rural
desert sites (Tazhong, Ejina, Dunhuang, and Xilinhot), and three regional background
sites (Mt. Longfeng, Shangdianzi, and Lin’an), and as a group, they can be considered
a reasonable representation of how conditions have changed in China. As shown in
Fig. 16, most of these sites showed overall decreases in AODs from 2006 to 2011;
the one exception was Tazhong, which is in the central of the Taklimakan Desert. The
decrease was not continuous, however as the AODs apparently increased from 2012
at some sites, including Urumgi, Ejina, Dunhuang, Tianjin, Beijing, Mt. Longfeng, and
Shangdianzi.

The composited average AODs for these twelve sites was highest in 2003, and there
was a slight decrease from 2006 to 2009 followed by an increase from 2009 to 2013
(Fig. 17a). From Fig. 17b, which shows the departure of the AODs from the average,
we can see that AODs in 2003, 2006, and 2012 were 0.03—0.08 larger than the 12yr
average. Moreover, the composite AOD increased ~ 0.03 from 2009 to 2013, and this
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suggests that aerosol loadings in China may have increased in recent years. ldentifying
the reasons for any increase in aerosol loading would be critically important of course,
and one obvious possibility is that that has been an increase in emissions (Street et al.,
2001; Lei et al., 2011).

Increasing aerosol emissions obviously would tend to increase the AODs over most
of China, but another possible reason for the trends in AODs is changes in the phys-
ical environment, especially the intensity of the East Asian monsoon. In fact, aerosol
loads over China are strongly influenced by the Asian monsoonal flow and the asso-
ciated precipitation (Yoon et al., 2010). There is also some evidence that the numbers
of windy days and the wind speeds in China have decreased in recent decades (Jiang
et al., 2010; Fu et al., 2011), and both of these changes would favor the buildup of an-
thropogenic emissions in the near-surface air sampled for CARSNET. Indeed, recent
studies have shown that a weakening of the monsoonal circulation in recent decades
may have led to an increase in aerosol loadings over many parts of China (Liu et al.,
2011; Chin, 2012; Zhu et al., 2012). As an example of this, 2003 was regarded as
a “weak” year in terms of the Asian monsoon. The composite AOD for the twelve
CARSNET sites for that year showed a departure from the average of about +0.08,
and this could reflect the weakness of the monsoon, and therefore, changes in climate
also affect the ambient aerosol.

While strong winds can dissipate anthropogenic aerosols in eastern China region,
they also can transport mineral dust from desert regions in northern and northwestern
China. Figure 16 shows that the rural desert sites such as Ejina, Dunhuang, Xilinhot
in northwest and north China had larger AODs in 2006 compared with 2007, and this
may be related to the stronger winds and hence greater production of dust in 2006.
However, much of the preceding discussion is still speculative, and more studies and
observations will be needed to test these ideas in the future.
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4 Summary and conclusions

In this study, data collected from the CARSNET network from 2002 to 2013 were used
to characterize the aerosol optical properties over a large area of China. The AODs
generally increased from north to south, and very low AODs (< 0.20) were found only
in remote regions, including the Tibetan Plateau and parts of northwestern China.
Large AODs (> 0.60) mainly occurred in central and eastern China where heavy in-
dustrial and other anthropogenic emissions led to high aerosol loadings. AOD levels
of 0.20—0.40 were observed in semi-arid and arid regions as well as at some regional
background areas in north and northeast China.

Large Alphas (> 1.20), which are caused by large proportions of fine particles, were
observed at the sites in the southern reaches of the Yangtze River and at the clean sites
in northeastern China. In the desert regions of northwest China and industrial region
of northeast China, the Alpha values were significantly lower (< 0.80) compared with
those in the central and eastern regions, such as the North China Plain, Guanzhong
Plain, or Sichuan Basin.

For most sites in north China, the aerosol columnar extinctions were larger in spring
and summer than in fall and winter. About half of the sites had Alpha < 0.60 in spring,
and this was due to large dust particles transported from semi-arid and arid regions in
northwest and north China. Alpha > 0.80 also occurred in central and east China region
from summer to winter and in south China all year round, suggesting that fine-mode
particles were the main components of the aerosol populations in those areas.

The AODs at the remote sites ranged from 0.11 to 0.18, and averaged 0.14 + 0.04
while the Angstrom exponents at those sites varied from 0.59-1.29 with an average
of 0.97 £0.29. In comparison, the AODs at rural desert stations varied from 0.23 to
0.61 (average 0.34 £0.12). The AODs and Alphas at the rural stations on the Loess
Plateau were 0.37 to 0.46 and 0.79 to 0.89, respectively and the corresponding means
were 0.42 +0.05 and 0.82 +£0.05. The AODs at rural sites in central and eastern China
showed the much higher AODs compared with the rural sites close to deserts or located
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on the CLP. The average AOD at rural sites of East China was 0.54 + 0.18 while the
average Alpha was 1.19+0.12. The AODs at this region varied over a large range, from
0.26 to 0.78, and the Alphas at all of these sites were larger than 1.00, ranging from
1.02 to 1.38, and suggesting the dominance of fine particles.

The monthly average AODs at the urban stations ranged from 0.40 to 1.00 with an
average of 0.74+0.18, and the range for the Alphas was 0.52—-1.50 with average 1.05+
0.23; these large Alphas indicate that the aerosols were predominately fine mode. The
AODs were lower in remote, rural, and urban sites in fall and winter compared with
spring and summer. However, the Alphas in fall and winter were larger than in the
spring and summer seasons.

Monthly-averaged AODs and Alphas show different patterns at the remote, rural and
urban sites, and this reflects the spatial and temporal heterogeneity of the aerosol.
The most important factors driving the temporal variations in aerosol optical properties
are the natural dust events and anthropogenic activites. In eastern China, the aeosol
optical properties are affected by both natural and anthropogenic mineral dust from
March to May, and burning of biomass and the formation of second aerosol particles
contribute to the high AODs from June through October at most rural and urban sites.
The aerosol optical properties in winter season are strongly affected by the burning of
coal for heating, especially in north China.

A comparison of AODs and Alphas between pairs of urban and rural stations in
Beijing and Lanzhou showed that seasonal variations in the vertical distribution of the
aerosol cause changes significant in the aerosol optical properties. A comparison of the
data for the Lanzhou—Mt. Gaolan paired sites indicated that the depth of the boundary
was an important determinant of the seasonal variations of PM with height.

The annual variations in the AODs at the 12 CARSNET long-term (2002 to 2013)
observation sites show a decreasing trend from 2006 to 2009 but an increase of ~ 0.03
from 2009 to 2013. This suggests the possibility that the aerosol loadings in China have
reversed a decreasing trend and increased in recent years. However, the year-to-year
variability in AODs is affected by changes in the strength of the East Asian monsoon as
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well as variations in emissions, and the interpretation of long-term records of aerosol
optical properties needs to take both of these factors — and possibly others — into
account.

Although this work is based on the longest and most extensive set of ground-based
observations of aerosol optical properties made in China to date, it is just a first step
towards understanding what controls the aerosol populations. More detailed work is
needed in future, and we have developed a set of recommendations for continued
monitoring efforts. First, CARSNET should continue collaborating with other interna-
tional networks, including AERONET, PHOTONS, RIMA, SKYNET, etc. to ensure con-
sistency in calibration protocols as well as cloud-screening and data retrieval process-
ing procedures. Second, the network should be expanded and the studies extended in
time to obtain more detailed information on the aerosol optical properties over China.
Instrument and site maintenance should be top priorities as these efforts would im-
prove data quality and minimize gaps in the data. Third, in addition to AOD and Alpha,
other key parameters such as single scattering albedo, size distributions and the op-
tical properties of fine mode particles should be measured. The results of our current
project are potentially valuable for inter-comparisons with measurements made with
satellites as well as for assimilation into and validation of aerosol models. Furthermore,
the results are not only relevant for China but also for East Asia, and therefore, the
data used to prepare the figures for this paper have been made available as Appendix
tables.
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Table A1. Site information for the 50 CARSNET sites used in this study.

No. Site Name Long. Lat. Alt.  Site information Obs. days
Remote sites (4 sites)
1 Akedala 4712  87.97 562.0 55km west of Fuhai county, Xinjiang province, and 250—-300 km southeast of Kazakestan. 464
2 Lhasa 29.67 91.13 3663.0 Inthe center of Lhasa city, Qinghai-Xizang Plateau. 830
3 Mt. Waliguan  36.28 100.92 3810.0 In the east edge of Qinghai-Xizang Plateau, Qinghai Province, Global GAW station 470
4 Shangri-La 28.02 99.73 3583.0 12km northeast of Shangri-La county (Diging area, Yunnan province, China) 701
Rural sites near the northern and northwestern deserts of China (11 sites)
5 Dunhuang 40.15 94.68 1139.0 1.5km northeast of Dunhuang city, Gansu province; near Kumutage Desert of China 2370
6 Ejina 4195 101.07 940.5 West oflner-Mongolia Province, near Mongolia and Badanijilin desert 2250
7 Hami 42.82 93,52 737.0 500km east from Urumugi,In Hami county, nearby the Gobi desert, Xinjiang Province 685
8 Hotan 37.13  79.93 1374.7 Sourth edge of Takilamakan Desert, 1000 km south from Urumugi, Xinjiang Province 612
9 Jiuquan 39.77 98.48 1477.3 5km north of Jiuquan City, Gansu Province, nearby the Badanijilin Desert 412
10 Mingin 38.63 103.08 1367.0 In Mingin county, east to Tenggeli desert and north to Badanjilin Desert, Gansu Province 1435
11 Tazhong 39.00 83.67 1099.4 Inthe middle of Takilamakan Desert, Xinjiang Province 1984
12 Ulate 4157 108.52 1288.0 Northwest ofinner-Mongolia, butln grass desertification region 712
13 Xilinhot 4395 116.12 1003.0 5km southeast of Xilinhot City,Inner-Mongolia Province, and near Hunshandake sand-land 2228
14 Zhangbei 4115 11470 1093.4 40km north of Zhangjiakou City Hebei Province, and near Hunshandake sand-land 219
15 Zhurihe 4240 112,90 1152.0 Inthe middle oflnner mongolia Province, and nearby Hunshandake sand-land 365
Rural sites on or near the Chinese Loess Plateau (4 sites)
16 Dongsheng 39.83 109.98 1460.5 In the center of Erdos city,Innermogolia province. 234
17 Mt Gaolan 36.00 103.85 2161.6 5km north from Lanzhou city,Gansu province. 766
18  Yanan 36.60 109.50 958.5 2km northeast of Yan'an city, Shaanxi Provice 218
19 VYulin 38.43 109.20 1135.0 10km north of Yulin city, Shaanxi province 451
Rural sites in eastern China (10 sites)
20  Changde 29.17 111,70  565.0 18km northwest from Changde city, Hunan province. 210
21 Dongtan 31.52 121.96 10.0  In the Chongmin Island, 30 km east of Shanghai city 374
22 Gucheng 39.13 115.80 45.2  Within area of rapid urbanization,38 km southwest of Baoding city, Hebei province. 750
23 Huimin 37.48 117.58 11.7 100 km Northeast of Jinan City, Shandong Province 851
24 Linan 30.30 119.73 138.6 150km northeast of Shanghai, and 50 km west of Hangzhou city, Zhejiang province 1029
25 Mt Longfeng 44.73 127.60 330.5 In Wuchang county, 175km northeast of Harbin city, Heilongjiang Province 1357
26 Mt Tai 36.25 117.10 1591.0 At summit of Mt. Tai, middle of northern China Plain,Shandong Province 173
27 Shangdianzi 40.65 117.12  293.0 In Miyun county, 150 km northeast to Beijing city. 2042
28  Tongyu 44.42 12287 151.0 In Tonyu county, west of Jilin Province 738
29  Yushe 37.07 112,98 1041.5 1.5km east of Yushe county, Shanxi Province 1045
Urban sites (21 sites)
30 Anshan 41.08 123.00 23.0 In the center of Anshan city, Liaoning province. 230
31 Beijing 39.80 11647  31.3 Inthe southeast of Beijing center at city margin 1594
32 Benxi 41.32 123.78 183.0 In the center of Benxi city, Liaoning province. 376
33  Chengdu 30.65 104.03 496.0 In the center of Chengdu city, Sichuan province. 212
34  Dalian 38.90 121.63 91.5 Southeast of Dalian center at city margin, Liaoning Province 763
35 Datong 40.10 113.33 1067.3 9km of Datong Cinty, but within area of rapid urbanization, Shanxi Province 2269
36  Fushu 41.88 123.95 80.0 In the center of Fushun city, Liaoning province. 242
387  Hangzhou 30.23 120.17 42.0 Inthe center of Hangzhou city, Zhengjiang province. 365
38  Hefei 31.98 116.38 92.0 In the center of Hefei city, Anhui province. 293
39 Kunming 25.01 102.65 1889.0 Inthe west region of Kunming city, Yunnan province 301
40  Lanzhou 36.05 103.88 1517.3 In the center of Lanzhou city, Gansu province. 2157
41 Nanjing 32.05 11877  99.3 Inthe center of Nanjing city, Jiangsu province 128
42 Nanning 2282 108.35 172.0 In Nanning city, Guangxi province 390
43 Panyu 23 113.35 145.0 In Panyu district of Guangzhou city, Guangdong Province 142
44 Pudong 31.22 12155 14.0  In Pudong district of Shanghai city 317
45  Shenyang 41.77 123.50 60.0 In the center of Shenyang city, Liaoning province. 477
46 Tianjin 39.10 117.17 3.3 In the center of Tianjin City. 1452
47 Urumgi 43.78 87.62 935.0 Inthe center of Urumugi city, Xijiang province 1624
48  Xian 34.43 108.97 363.0 20km north of center of Xian city, but within Jing Riverindustrial District, Shaanxi province 569
49  Yinchuan 38.48 106.22 1111.5 Inthe center of Yinchuan city, Ningxia province. 273
50  Zhengzhou 34.78 113.68 99.0 In the center of Zhengzhou city, Henan province. 915
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Table A2. Data for Figs. 2 and 3.

No. Name AOD Alpha

Annual  Spring Summer  Fall Winter Annual Spring Summer  Fall Winter
1 Akedala 0.20 0.21 0.23 0.15 0.22 1.13 0.92 112 113 1.33
2 Anshan 0.70 0.77 0.82 0.62 0.58 0.79 0.83 0.85 0.96 0.96
3 Beijing 0.76 0.83 0.92 0.63 0.65 1.01 0.85 1.15 1.08 0.97
4 Benxi 0.85 0.82 1.03 0.65 1.03 0.52 0.62 0.61 0.76 0.59
5 Changde 0.59 0.63 0.44 0.61 0.69 1.18 0.89 131 135 1.18
6 Chengdu 0.98 1.08 0.99 0.68 1.16 1.09 0.96 117 114 1.09
7 Dalian 0.54 0.64 0.68 0.50 0.40 113 1.12 124 127 0.98
8 Datong 0.51 0.49 0.57 0.44 0.52 0.84 0.68 0.93 0.89 0.87
9 Dongsheng 0.46 0.50 0.61 0.38 0.34 0.79 0.56 1.03 0.78 0.79
10  Dongtan 0.62 0.62 0.67 0.49 0.69 113 1.08 124 1.1 1.1
11 Dunhuang 0.32 0.48 0.32 0.21 0.28 0.46 0.29 040 055 0.59
12 Ejina 0.25 0.36 0.27 0.18 0.18 0.57 0.37 0.56 0.68 0.67
13 Fushu 0.49 0.49 0.55 0.47 0.44 0.84 0.85 0.93 0.94 0.94
14 Gucheng 0.70 0.73 0.72 0.69 0.68 1.24 1.1 1.28 1.31 1.27
15 Hami 0.25 0.31 0.24 0.20 0.26 0.62 0.54 0.71  0.57 0.66
16  Hangzhou 1.01 1.07 0.88 1.02 1.07 1.24 1.17 124 1.31 1.24
17 Hefei 0.83 0.89 0.82 0.77 0.85 1.19 0.99 123 1.29 1.26
18 Hotan 0.61 0.75 0.75 0.37 0.51 0.22 0.09 0.10 0.30 0.48
19 Huimin 0.71 0.74 0.79 0.66 0.65 114 0.96 125 1.27 1.09
20  Jiuquan 0.31 0.43 0.29 0.21 0.30 0.50 0.39 0.48 0.49 0.65
21 Jurih 0.24 0.29 0.36 0.18 0.14 0.80 0.57 0.83 0.80 1.01
22 Kunming 0.41 0.53 0.57 0.35 0.18 1.24 1.33 0.98 1.19 1.48
23  Lanzhou 0.80 0.79 0.59 0.80 1.01 0.92 0.64 0.98 1.06 0.98
24  Lhasa 0.1 0.16 0.12 0.09 0.09 0.89 0.67 1.01 1.10 0.78
25 Linan 0.78 0.80 0.75 0.79 0.77 1.27 1.10 132 1.39 1.29
26  Mingin 0.39 0.46 0.44 0.35 0.29 0.54 0.37 0.51 0.58 0.68
27 Mt Gaolan 0.46 0.55 0.41 043 0.46 0.78 0.59 0.86 0.85 0.83
28  Mt. Longfeng 0.34 0.40 0.34 0.29 0.31 1.38 1.832 144 1.42 1.35
29 Mt Tai 0.33 0.36 051 0.29 0.17 1.05 0.74 1.16 1.14 1.18
30 Mt Waliguan 0.14 0.21 0.17 0.09 0.09 0.59 0.34 0.75 0.72 0.54
31 Nanjing 0.89 0.90 124 0.69 0.73 1.24 1.03 132 1.35 1.28
32  Nanning 0.82 0.99 0.73 0.82 0.74 1.50 1.45 141 158 1.57
33  Panyu 0.78 0.96 0.53 0.81 0.81 1.36 1.37 1.30 1.42 1.35
34  Pudong 0.80 0.89 0.99 0.64 0.68 1.26 1.12 1.27 134 1.30
35  Shangdianzi 0.48 0.55 0.63 0.42 0.33 1.1 0.96 120 117 1.10
36  Shangri-La 0.11 0.13 0.15 0.09 0.06 1.26 1.16 128 1.39 1.19
37  Shenyang 0.76 0.80 0.86 0.59 0.79 0.88 0.90 0.98 1.05 0.84
38 Tazhong 0.54 0.81 0.66 0.34 0.33 0.29 0.10 0.15 0.38 0.51
39  Tianjin 0.74 0.78 0.89 0.67 0.64 1.08 0.92 117 1.16 1.07
40  Tongyu 0.26 0.33 0.32 0.23 0.16 1.35 1.14 120 1.26 1.79
41 Ulate 0.28 0.34 0.36 0.21 0.23 0.75 0.64 0.86 0.73 0.77
42 Urumgi 0.47 0.48 0.27 0.39 0.73 0.96 0.81 0.94 1.01 1.08
43  Xi'an 0.90 0.89 0.98 0.83 0.90 0.89 0.70 1.02 0.94 0.92
44 Xilinhot 0.26 0.32 0.33 0.19 0.19 0.79 0.75 0.88 0.79 0.75
45  Yanan 0.37 0.38 0.41 0.37 0.34 0.89 0.63 1.01 1.04 0.87
46  Yinchuan 0.52 0.56 0.53 0.49 0.50 0.87 0.66 0.98 0.90 0.93
47 VYulin 0.38 041 0.50 0.27 0.34 0.82 0.60 0.93 0.96 0.79
48  Yushe 0.58 0.57 0.77 0.49 0.48 1.02 0.79 119 1.09 1.04
49  Zhangbei 0.30 0.33 0.36 0.30 0.24 0.56 0.50 0.64 0.58 0.52
50  Zhengzhou 0.94 0.94 1.08 0.87 0.87 1.10 0.85 123 1.20 1.10
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Table A3. Data of Figs. 5-15: AOD.

Site AOD Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 Akedala Mean 0.16 0.28 0.24 021 0.17 020 033 0.15 0.16 0.12 0.16 0.20
SD 0.15 0.19 0.15 0.09 0.06 0.12 0.29 0.07 0.14 0.06 0.16 0.09

2  Lhasa Mean 0.08 0.12 0.15 0.18 0.14 0.13 0.12 0.11 0.10 0.08 0.08 0.08
SD 0.02 0.09 005 0.08 0.06 0.05 0.06 0.03 0.03 0.03 0.02 0.02

3 Mt Waliguan Mean 0.09 0.13 024 023 0.18 0.18 0.19 0.16 0.12 0.10 0.06 0.05
SD 0.07 0.08 0.19 0.16 0.10 0.09 0.06 0.06 0.06 0.04 0.03 0.04

4  Shangri-La Mean 0.06 0.07 0.17 0.13 0.10 0.08 0.17 0.19 0.14 0.08 0.07 0.05
SD 0.03 0.03 009 008 007 0.03 0.11 0.02 0.05 0.04 0.03 0.02

5 Ejina Mean 0.18 0.21 0.34 039 035 029 026 027 023 0.16 0.14 0.16
SD 0.10 0.15 026 030 031 029 0.19 024 022 0.16 0.08 0.10

6 Zhurihe Mean 0.11 0.17 0.17 027 042 049 034 027 0.22 0.18 0.13 0.13
SD 0.05 0.14 006 0.15 027 043 0.18 0.18 020 0.14 0.12 0.10

7  Hami Mean 027 029 035 030 028 034 0.19 0.18 0.18 021 022 0.23
SD 017 0.14 020 021 0.15 030 0.11 0.09 009 0.12 0.09 0.11

8  Xilinhot Mean 0.22 0.18 0.26 0.33 0.39 039 032 028 023 0.18 0.16 0.18
SD 017 008 0.18 022 026 0.30 023 020 0.19 0.12 0.09 0.14

9  Wulate Mean 0.23 0.24 0.30 0.33 0.39 044 035 028 024 021 019 0.21
sD 014 0.12 0.18 0.18 026 0.39 024 020 0.15 0.13 0.09 0.14

10 Zhangbei Mean 0.18 0.20 025 0.32 041 045 027 035 032 0.27 0.33
SD 0.12 0.14 0.13 0.12 021 0.26 0.13 029 021 0.15 0.41

11 Jiuguan Mean 028 0.39 0.36 055 0.36 0.33 027 028 024 023 017 024
SD 011 026 022 040 023 0.19 0.09 0.15 0.10 0.11 0.04 0.13

12 Dunhuang Mean 026 0.33 048 055 041 035 034 025 023 021 020 0.25
SD 017 020 033 041 024 022 023 0.19 0.12 0.11 0.09 0.14

13 Mingin Mean 0.26 0.35 048 048 043 043 045 044 039 036 029 027
SD 0.18 0.23 031 027 022 025 026 023 0.18 0.14 0.13 0.14

14 Tazhong Mean 0.30 044 0.75 091 077 073 064 061 051 030 022 0.26
SD 023 024 040 046 0.37 033 032 029 026 0.16 0.16 0.17

15 Hotan Mean 045 0.71 071 074 081 072 072 081 060 043 031 0.37
SD 027 042 043 045 048 043 048 039 036 028 0.12 0.10

16 Dongsheng  Mean 029 041 047 055 047 072 055 056 052 0.36 026 0.31
SD 015 022 035 024 022 044 028 029 032 0.19 0.08 0.15

17 Yulin Mean 0.33 042 039 045 039 049 049 054 037 021 023 0.26
SD 027 026 028 026 0.15 029 028 029 027 0.14 020 0.18

18 Yan’an Mean 0.38 0.38 0.35 043 038 044 039 039 046 039 025 0.26
SD 024 024 0.16 024 0.17 027 0.18 020 035 026 0.11 0.12

19 Mt Gaolan Mean 045 0.55 058 059 049 042 040 041 046 045 0.38 0.38
SD 021 024 028 026 022 017 019 0.18 020 0.14 0.12 0.21

20 Yushe Mean 053 052 052 062 055 069 075 0.86 0.71 0.39 0.37 0.40
SD 039 034 032 034 032 042 037 042 046 026 0.30 0.33

21 Changde Mean 0.82 0.73 0.82 0.58 049 045 040 047 070 056 057 0.51
SD 035 026 047 023 024 024 021 022 037 044 024 0.30

22 Mt Longfeng Mean 0.32 0.31 0.32 046 041 042 0.30 030 027 032 029 0.30
SD 022 022 024 029 021 029 023 023 025 026 020 0.21

23 Mt Tai Mean 0.15 0.28 0.28 0.37 042 0.58 0.51 043 - 0.15 0.16 0.09
SD 014 020 024 023 0.19 0.34 0.31 0.22 - 0.08 0.19 0.05

24 Dongtan Mean 0.64 0.83 0.70 0.64 051 067 058 078 040 044 062 0.59
SD 037 043 032 022 019 050 045 039 021 023 030 0.27

25 Shangdianzi Mean 0.32 0.37 049 057 058 072 056 0.60 0.51 043 0.34 0.31
SD 035 039 045 043 039 059 051 045 045 041 035 0.30
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Table A3. Continued.

Site AOD Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
26 Huimin Mean 0.64 072 072 081 071 090 078 070 068 0.69 062 0.61
SD 032 032 036 029 029 031 031 033 037 039 032 0.35
27 Gucheng Mean 066 0.77 065 0.77 0.76 081 076 059 0.79 0.64 0.62 0.63
SD 045 047 045 045 048 053 046 034 046 048 045 0.38
28 Lin'an Mean 0.83 0.84 081 0.81 0.78 0.96 058 072 090 0.82 065 0.65
SD 0.33 030 029 031 029 0.32 0.34 032 034 035 029 0.29
29 Tongyu Mean 0.18 0.13 021 035 044 044 032 020 0.17 0.36 0.15 0.18
SD 0.16 0.06 0.19 033 044 042 026 0.14 0.14 0.34 0.13 0.18
30 Urumqi Mean 0.71 085 063 044 035 027 028 026 030 0.35 053 0.65
SD 0.37 040 031 020 021 0.13 0.14 0.10 0.13 0.15 0.28 0.37
31 Datong Mean 0.55 0.50 0.44 051 053 053 057 061 052 040 042 0.50
SD 032 031 025 026 032 037 041 037 033 022 020 027
32  Yinchuan Mean 056 0.42 0.68 047 052 048 047 064 047 043 056 0.51
SD 028 024 030 0.17 0.17 022 022 0.16 0.19 0.14 027 024
33 Dalian Mean 0.36 044 055 0.63 0.60 0.67 074 062 055 0.51 043 0.41
SD 025 032 037 036 024 0.34 041 029 042 0.36 0.33 0.33
34 Tianjin Mean 060 075 075 0.79 0.81 100 084 082 0.70 0.68 0.62 0.56
SD 0.46 049 049 045 044 057 049 049 044 048 039 0.37
35 Beijing Mean 069 069 081 0.86 081 1.10 083 0.83 064 0.63 0.63 0.58
SD 0.51 047 058 049 050 048 054 049 051 053 046 045
36 Naning Mean 0.77 072 120 1.02 0.75 060 067 091 079 1.04 063 0.74
SD 024 022 033 040 029 030 039 052 034 051 028 027
37 Lanzhou Mean 1.03 0.88 0.88 0.81 0.68 0.56 059 063 068 0.78 093 1.13
SD 031 030 037 029 023 0.16 022 023 022 021 030 0.34
38 Xian Mean 0.86 1.07 1.02 0.81 0.83 081 097 1.17 0.86 0.83 0.80 0.77
SD 049 042 032 031 034 034 034 043 0.38 041 0.39 0.33
39 Zhengzhou Mean 0.87 1.04 1.00 091 0.90 108 100 1.14 097 0.91 074 0.70
SD 0.52 047 044 045 051 049 040 045 050 046 040 042
40 Chengdu Mean 1.09 124 130 1.07 087 088 089 120 074 050 079 1.16
SD 038 049 040 039 037 030 051 038 033 0.19 029 0.36
41 Hangzhou Mean 1.08 1.15 123 1.03 0.94 1.02 078 084 1.02 1.08 0.95 0.98
SD 050 039 047 055 034 068 069 048 048 055 044 0.38
42 Pudong Mean 0.50 0.90 0.67 097 1.04 126 090 0.81 0.63 0.69 0.60 0.65
SD 027 035 034 031 059 061 053 055 040 0.34 0.30 0.37
43 Hefei Mean 0.81 089 1.03 0.71 092 1.15 072 059 0.75 0.76 0.80
SD 022 026 028 025 021 0.18 0.34 024 025 0.18 0.40
44 Kuming Mean 020 0.19 062 048 049 045 046 078 065 0.25 0.15 0.16
SD 0.09 0.09 028 029 026 027 027 042 048 0.17 0.08 0.15
45 Panyu Mean 0.77 1.08 1.22 098 067 060 046 053 091 086 066 0.58
SD 025 028 036 032 026 018 035 0.34 042 041 025 0.30
46 Nanjing Mean 073 072 1.01 0.84 085 098 1.19 155 0.64 0.60 0.82 0.73
SD 026 046 068 0.18 042 021 048 049 0.17 031 024 029
47 Shenyang Mean 1.07 071 0.78 0.89 090 1.01 066 0.61 054 062 0.51
SD 0.40 043 034 033 050 051 043 042 040 0.39 0.32
48 Anshan Mean 056 0.75 044 0.78 1.08 080 092 0.72 0.77 051 057 043
SD 028 041 0.17 036 043 041 037 040 042 031 039 0.14
49 Benxi Mean 1.03 081 075 091 112 113 0.84 082 067 0.46
SD 0.32 034 028 041 042 037 034 050 0.36 0.07
50 Fushun Mean 0.60 0.26 0.49 050 041 066 059 045 040 0.55 048
SD 042 0.13 021 031 022 041 044 039 0.18 0.33 0.25
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Table A4. Data of Figs. 5-15: Alpha.

Site Alpha Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 Akedala Mean 145 123 090 1.00 088 096 1.18 124 102 120 119 132
SD 0.39 037 067 031 026 028 024 022 035 044 046 0.39

2 Lhasa Mean 0.80 062 053 073 0.76 0.85 0.94 122 1.16 1.07 1.08 0.92
SD 032 025 020 024 023 027 032 035 025 026 022 027

3 Mt. Waliguan Mean 0.61 0.36 025 035 040 056 0.96 0.74 065 077 0.75 0.65
SD 0.33 023 0.14 022 033 026 038 032 024 027 028 0.33

4 Shangri-La Mean 1.16 122 120 1.19 1.09 127 149 1.08 134 150 1.33 1.20
SD 036 0.33 037 033 041 039 027 029 0.39 044 041 044

5 Ejina Mean 0.73 056 035 035 039 049 058 061 068 064 073 0.72
SD 0.37 034 027 025 026 029 032 032 034 029 033 0.37

6  Zhurihe Mean 1.08 0.80 048 042 080 087 087 073 075 070 094 1.15
SD 0.28 040 0.19 030 045 035 035 051 036 0.38 044 0.30

7  Hami Mean 086 051 039 050 072 0.68 0.75 0.71 0.71 0.55 045 0.62
SD 025 024 027 037 045 035 030 029 0.34 028 028 025

8  Xilinhot Mean 069 0.74 0.73 0.75 0.78 0.86 0.88 0.89 089 0.76 0.73 0.82
Sb 0.35 048 048 044 040 042 0.39 041 044 046 042 0.35

9  Wulate Mean 0.86 062 053 048 092 0.89 0.88 081 074 071 074 0.84
SD 0.36 027 028 024 044 045 047 042 042 031 037 0.36

10 Zhangbei Mean 0.56 048 048 039 062 0.76 0.62 0.54 066 0.50 0.53
SD 020 0.19 0.17 0.15 025 0.19 022 0.33 0.31 0.28 0.22

11 Jiuguan Mean 067 059 040 031 046 051 047 046 0.37 047 0.65 0.68
SD 025 039 024 029 030 033 026 025 0.12 0.18 0.17 0.24

12 Dunhuang Mean 0.65 047 027 026 033 036 0.38 046 050 051 0.65 0.65
SD 027 030 021 022 023 023 030 028 029 024 028 0.33

13 Mingin Mean 0.84 054 036 035 039 044 057 053 057 057 0.61 0.66
SD 036 031 025 021 026 023 0.30 025 0.35 0.32 041 040

14 Tazhong Mean 0.61 036 0.12 0.10 0.10 0.11 0.15 0.17 021 0.36 0.56 0.57
SD 032 029 008 006 007 007 009 0.11 0.09 0.19 0.27 0.34

15 Hotan Mean 0.66 0.18 0.13 0.07 0.06 0.07 0.15 0.08 0.11 020 0.39 0.59
SD 0.26 0.13 0.14 0.07 0.06 0.07 0.13 0.06 0.07 0.10 0.16 0.20

16 Dongsheng Mean 0.87 069 050 044 074 091 098 121 088 073 0.72 0.81
SD 020 027 027 033 030 029 028 039 035 030 029 025

17 Yulin Mean 0.98 059 059 067 054 064 092 125 102 093 093 0.80
SD 037 022 031 032 026 036 035 023 033 029 027 0.30

18 Yan'an Mean 1.04 065 0.63 060 065 1.05 097 1.01 1.14 097 1.01 0.91
SD 021 028 023 028 027 024 035 0.15 025 025 0.23 0.29

19 Mt. Gaolan Mean 0.94 077 064 057 056 0.84 0.88 087 079 091 086 0.77
SD 0.31 031 030 028 030 040 038 031 029 0.26 036 0.32

20 Yushe Mean 1.05 1.04 078 076 082 111 120 125 120 1.04 1.02 1.01
SD 0.27 027 031 034 034 029 023 026 030 0.26 026 0.34

21 Changde Mean 136 126 096 079 093 128 127 138 140 130 136 0.93
SD 0.12 020 039 025 029 0.11 027 030 0.16 024 020 0.23

22 Mt Longfeng Mean 135 137 1.38 133 126 1.39 149 143 142 142 142 132
SD 028 034 036 036 0.38 030 029 026 0.33 0.35 029 0.29

23 Mt Tai Mean 1.14 106 1.00 079 042 130 1.14 1.03 098 1.02 1.34
SD 041 035 034 035 0.07 0.13 0.17 0.12 0.22 023 0.37

24 Dongtan Mean 121 099 103 100 119 121 120 129 105 109 120 1.12
SD 024 034 026 026 024 028 041 023 031 028 028 0.32

25 Shangdianzi Mean 1.11 1.11 1.00 092 096 1.17 119 125 120 1.18 1.14 1.08
SD 029 031 035 036 040 029 026 026 026 0.26 0.31 0.34

12758

Jaded uoissnosiq

Jadeq uoissnosigq | Jaded uoissnosiq

Jaded uoissnosiq

ACPD

15, 12715-12776, 2015

Ground-based
aerosol climatology
of China

H. Che et al.

Title Page

Abstract Introduction

ables

Conclusi

Close

20
@
@
(0]
=
>
o
0]
(7]

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

| FulSoreen/Esc |
| Printerfriendly Version |
| interacive Discussion |

[


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12715/2015/acpd-15-12715-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12715/2015/acpd-15-12715-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table A4. Continued.

Site Alpha Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
26 Huimin Mean 1.16 1.09 097 096 095 119 125 132 133 122 126 1.03
SD 020 028 031 032 035 021 0.16 0.17 026 022 0.15 0.32
27 Gucheng Mean 136 123 1.10 1.16 1.06 122 127 134 126 132 135 122
SD 026 0.30 037 034 032 031 024 030 034 027 026 040
28 Lin'an Mean 127 130 1.13 097 1.18 124 126 144 139 138 140 1.29
SD 0.26 028 027 032 030 033 043 030 025 028 021 0.33
29 Tongyu Mean 192 190 134 104 105 121 127 113 108 126 144 155
sD 0.66 055 039 038 039 032 033 029 0.37 042 047 0.64
30 Urumqi Mean 1.08 1.02 091 074 078 085 1.05 092 091 099 113 1.15
SD 023 023 033 037 039 031 032 029 029 025 024 0.28
31 Datong Mean 091 0.80 068 063 072 0.86 0.94 0.99 0.98 0.84 0.86 0.90
SD 019 025 028 032 034 033 025 025 027 025 024 022
32 Yinchuan Mean 1.04 0.74 056 058 085 094 1.02 0.99 078 099 093 1.00
SD 0.18 029 024 020 0.34 024 026 0.17 020 0.16 020 0.22
33 Dalian Mean 095 096 094 1.04 111 121 125 126 124 131 126 1.04
sD 0.27 033 030 037 035 027 022 031 035 023 0.22 0.31
34 Tianjin Mean 1.07 1.06 093 088 096 1.15 114 124 118 1.13 117 1.08
SD 030 0.28 030 033 034 025 025 026 0.30 028 0.32 0.33
35 Beijing Mean 098 0.94 087 079 089 114 110 121 111 110 1.04 0.99
SD 0.34 039 034 037 033 025 029 028 026 027 032 032
36 Naning Mean 162 1.64 150 143 142 122 137 166 163 152 159 145
SD 0.14 0.14 027 030 030 025 056 026 040 027 0.14 0.18
37 Lanzhou Mean 1.03 0.86 065 058 070 092 1.02 1.01 1.03 1.04 1.11 1.05
sD 022 031 032 029 027 026 023 022 0.19 0.19 023 0.22
38 Xian Mean 097 0.88 073 059 079 0.88 1.03 1.15 099 1.00 0.83 0.91
sD 030 032 036 033 036 039 035 029 0.32 032 028 027
39 Zhengzhou Mean 1.15 1.15 0.82 082 091 118 125 126 124 125 112 0.99
SD 026 026 034 032 034 025 021 023 025 027 032 0.36
40 Chengdu Mean 1.11 1.04 093 098 097 111 119 121 105 111 124 1.10
SD 020 0.16 032 035 028 022 020 0.14 025 028 0.16 0.17
41 Hangzhou Mean 134 130 121 109 122 127 118 129 133 138 122 1.08
SD 0.14 021 022 020 028 020 023 0.19 023 0.15 027 0.38
42 Pudong Mean 1.37 127 1.04 114 119 123 131 128 124 141 138 1.26
SD 024 022 030 025 032 023 029 023 052 017 0.14 0.31
43 Hefei Mean 130 122 094 089 114 119 114 135 138 137 1.13
SD 022 026 028 025 021 0.18 034 024 025 0.18 0.40
44 Kuming Mean 155 169 152 132 114 098 090 1.06 100 132 124 121
SD 029 0.19 0.17 0.18 027 0.36 047 023 043 0.16 024 0.25
45  Panyu Mean 135 137 142 130 139 149 114 126 145 148 132 134
SD 0.05 0.04 0.12 021 0.8 0.13 034 026 0.19 0.11 0.11 0.17
46 Nanjing Mean 129 1.18 1.09 101 099 127 135 134 134 137 134 136
SD 0.17 0.33 023 0.17 038 0.09 0.14 020 0.13 0.14 0.10 0.16
47 Shenyang Mean 048 084 079 069 087 0.73 094 105 1.11 1.16 1.07
SD 0.17 045 031 028 025 027 026 023 029 0.18 0.17
48 Anshan Mean 072 0.95 083 059 029 075 0.79 066 1.09 106 0.88 0.87
SD 0.51 026 024 023 0.15 030 0.18 0.32 0.20 0.23 0.31 0.23
49 Benxi Mean 0.64 042 059 041 053 039 049 072 055 0.51
SD 0.14 026 022 0.14 026 021 021 035 023 0.15
50 Fushun Mean 0.95 1.03 020 084 077 052 1.01 0.81 095 103 1.07
SD 022 0.14 027 036 032 069 026 026 026 025 0.17
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Figure 3. Seasonally stratified spatial distributions of AOD (a: spring; b: summer; ¢: fall; and d:
winter) and Alpha (e: spring; f: summer; g: fall; and h: winter) based on CARSNET measure-

ments.
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Figure 8. Monthly-averaged AODs at rural desert sites.
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Figure 17. Temporal variations of AODs from 2002 to 2013 based on 12 long-term sites.
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