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Abstract. Long-term measurements of aerosol optical depths
(AODs) at 440 nm and Angstrdm exponents (AE) between
440 and 870 nm made for CARSNET were compiled into a
climatology of aerosol optical properties 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 AE 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 back-
ground areas in northern and northeastern China. AEs were
> 1.20 over the southern reaches of the Yangtze River and at
clean sites in northeastern China. In the northwestern deserts
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and industrial parts of northeast China, AEs 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 northern and eastern China. The AODs show decreasing
trends from 2006 to 2009 but increased ~ 0.03 per year from
2009 to 2013.

1 Introduction

Aerosol particles are important for global and regional cli-
mate because particulate matter (PM) can scatter or ab-
sorb solar radiation, depending on the particles’ composition,
size, etc. (Charlson et al., 1992) and cause either large-scale
cooling or warming (Hansen et al., 1997). Despite the numer-
ous studies that have been conducted in recent years, aerosol
optical properties are still one of the largest sources of uncer-
tainty in current assessments and predictions of global cli-
matic change (IPCC, 2013, 2007; Hansen et al., 2000; Ra-
manathan et al., 2001).

Satellite monitoring and ground-based observations are
two important ways for monitoring the Earth’s aerosol prop-
erties long-term (Holben et al., 2001). Ground-based mea-
surement 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 sun photome-
ter based AERONET federated network (Holben et al., 1998)
composed of national, regional and global networks such as
PHOTONS (Goloub et al., 2007), AEROCAN (Bokoye et al.,
2001), RIMA (Prats et al., 2011) among many individual and
institutional contributions, the PREDE-based sky radiometer
network (SKYNET, Kim et al., 2004; Uchiyama et al., 2005),
the WMO GAW PFR Network (Wehrli, 2002), and others.

Information on aerosol optical properties obtained from
these networks contribute to our understanding of the Earth’s
systems because it can be used to (1) characterize the am-
bient aerosol, (2) address larger questions concerning envi-
ronmental pollution, (3) validate satellite retrievals and nu-
merical modeling algorithms, and (4) investigate 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).
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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 proper-
ties, and studies have been conducted in northern China,
northeast China, the Tibetan Plateau, northwest desert region
and eastern coast region of China, etc. (Wang and Qiu, 1988;
Li and Lu, 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 out at different times with different instru-
ments, and more often than not, used different calibration
procedures, calculation algorithms, and so forth. This lack of
standardization has made it difficult to characterize regional
and temporal variations in aerosol optical properties. Accord-
ingly, Qiu (1998) and Qin et al. (2010) proposed methods
to retrieve AOD based on surface-based broadband solar ra-
diation and horizontal visibility observation data. Long-term
measurements of AODs and their distributions were retrieved
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. Sev-
eral SKYNET sites including Dunhuang, Yinchuan, Beijing,
Qingdao, and Hefei in northern China were established from
1997 (Kim et al., 2004). At present, SKYNET has expanded
to 10 sites in China, and a series of studies on optical proper-
ties and radiative forcing over different regions in China has
been undertaken for that program (Kim et al., 2005; Che et
al., 2008, 2014; Liu et al., 2011; Wang et al., 2014). Another
network, the Chinese Sun Hazemeter Network (CSHNET)
includes 24 stations established in 2004 to measure aerosol
optical properties and their spatial and temporal variations
throughout China. Hand-held sunphotometers have been
used for that program (Xin et al., 2007; Wang et al., 2011).
AERONET/PHOTONS established four sites in Beijing and
Yulin beginning in 2001, (Alfaro et al., 2003; Fan et al.,
2006; Che et al., 2009b), 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;
Z. Q. Li et al., 2007; Mi et al., 2007; B. Li et al., 2009;
Eck et al., 2010; Bi et al., 2011; Chen et al., 2012; Logan
et al., 2013a). However, observations at most of these sites
were only for field-campaigns (Cheng et al., 2006), and only
several sites have data records long enough to characterize
seasonal variations in aerosol optical properties (Chaudhry et
al., 2007; Yu et al., 2011; Zhu et al., 2014; Fan et al., 2015).
Indeed, the existing data are inadequate for a comprehensive
evaluation of aerosol properties in China (Eck et al., 2005).

CARSNET is a ground-based network for monitoring
aerosol optical properties, and it uses the same types of in-
struments as AERONET (Che et al., 2009c). CARSNET
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includes 20 sites located northern and northwestern 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 meteoro-
logical administrations, institutes, and universities through-
out 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; Zhou et al., 2012; Zhao et al.,
2013; Che et al., 2014, 20153, b; Lin et al., 2014; Xue et
al., 2014; Zhuang et al., 2014; Cheng et al., 2015; Wu et al.,
2015; Zhang et al., 2015).

The primary objective of this paper is to present a climatol-
ogy of aerosol optical properties developed from CARSNET
measurements made from 2002 to 2013. This study charac-
terizes the spatial and temporal variations of aerosol optical
properties using data from 50 CARSNET sites with at least
1 year of measurements. Remote, rural and urban regions of
China are all represented in the study. The contents of this ar-
ticle include the following: (1) a description of the sites, data
processing, and data quality control, (2) an evaluation of the
spatial characteristics of AOD and Angstrém 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 (AE) at all 50 sites, (4) a discussion of the long-
term (12 years) variations of AOD at 12 CARSNET sites. To
provide a record of CARSNET results, monthly and yearly
average AODs and AEs for the 50 CARSNET sites are pro-
vided as an Appendix. We hope this database will be used
for future investigations of aerosols, climate, and the atmo-
spheric environment of China.

2 Site description, instruments, and data
2.1 Site descriptions

As shown in Fig. 1 and described in detail in Appendix A,
Cimel sun photometers (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 the
Tibetan Plateau (> 3000 m above sea level, a.s.l.) and at re-
gional background site in northwest China, and all these sites
are far from anthropogenic influences. The 25 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 regions (11 sites), which are mainly affected by
dust aerosol particles with relatively small anthropogenic in-
fluences, (b) the Loess Plateau (4 sites) which are affected not
only by dust but also by more anthropogenic activities than
the nearby desert rural sites, (c) central and eastern China (10
sites) which are more strongly affected by anthropogenic ac-
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Figure 1. Locations of the 50 CARSNET sites in China.

tivities and are located near or surrounded by large cities, and
urban sites (21 sites) located in the centers or heavily popu-
lated 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 15 min (Hol-
ben et al., 1998). Because the network has been expanded
from the original 20 sites to 50 sites at present, several differ-
ent types of Cimel instruments have been used; these include
the following: (1) logical type at five normal wavelengths
of 440, 675, 870, 940, and 1020 nm and three polarization
bands at 870nm, (2) numerical type at five hormal wave-
lengths of 440, 675, 870, 940, and 1020 nm and three po-
larization bands at 870 nm, (3) numerical type at eight wave-
lengths of 340, 380, 440, 500, 675, 870, 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 cen-
timeters (Holben et al., 1998; Dubovik and King, 2000). 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 albedos were retrieved by using sky radi-
ance almucantar measurements and direct sun measurements
following the procedures described in Dubovik et al. (2000,
2006). The inter-comparison between AERONET results and
CARSNET ones show good consistencies. There are already
some retrieval results about SSA and size distributions for
some CARSNET sites for the research of urban pollution
events (Che et al., 2014; Wu et al., 2015; Cheng et al., 2015).
For all sites data processing, it is conducting to date.

Five CARSNET master quality sunphotometers were
calibrated using the Langley method at the either the
Izafia, Spain (28.31°N, 16.50°W, 2391.0ma.s.l.) or the
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Mauna Loa, USA (19.54°N, 55.58°W, 3397.0ma.s.l.)
global observatories which are the master calibration sites
for PHOTONS (also RIMA) and AERONET. These refer-
ence instruments were typically re-calibrated at 1zafia 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 instru-
ments at least once a year following the AERONET calibra-
tion protocol (Che et al., 2009c).

The requirements for inter-comparison calibration pro-
tocol for the CARSNET field instruments were as
follows: (a) only raw data collected from 02:00 to
06:00 a.m. (GMT +08:00) on clean and clear days were
used; (b) the AODs at 500 nm (the master instruments have
nine wavelengths at 340, 380, 440, 500, 670, 870, 940,
1020, and 1640 nm. Thus the masters could be used for the
inter-calibration of all types of Cimel field instruments of
CARSNET.) on calibration days had to be less than 0.20 and
without major fluctuations; (c) the time intervals 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. Af-
ter the calibration with the master instruments, however, the
daily average AODs differed by < 1.5 % relative to the mas-
ter measurements (Che et al., 2009c¢). According to Holben et
al. (1998), yearly calibrations of the field instruments ensured
the accuracy of the CARSNET measurements, and therefore,
the AODs from the 50 CARSNET stations were of high qual-
ity and reliable.

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 Electron-
ique, S.A.S., by ~ 3-5% at infrared wavelengths (1020 and
870nm) and +£3% at visible wavelengths (440, 500, and
675nm). Similar to Holben et al. (1998), sphere calibrations
of all CARSNET field instruments were done annually to en-
sure the accuracy of the sky irradiance measurements.

2.3 Data processing and quality control

The AODs were calculated using the ASTPWin software
provided by the manufacturer of the sunphotometers. This
software can provide Level 1.0 AOD (raw results with-
out cloud screening), Level 1.5 AOD (cloud-screened AOD
based on the work of Smirnov et al., 2000) and Angstrém Ex-
ponents (AE) between 440 to 870 nm. For the present study,
all AOD data were computed by interpolation of the inter-
calibration coefficients. The interpolation was performed for
daily averages based on the annual inter-calibration coeffi-
cients. 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 val-
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Figure 2. Spatial distributions of (a) AOD at 440nm and (b) AE
between 440 and 870 nm based on CARSNET measurements.

idated although the procedure tested favorably using exper-
imental data obtained under different geographical and op-
tical 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 ex-
ample, some exceptionally large AOD points were caused
by the clouds, and this was determined after checking 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 av-
erages of the AODs were calculated at each wavelength as
were the Angstrém exponents between 440 and 870 nm.
Che et al. (2009c) validated AODs from CARSNET-
CAMS stations through comparisons with data from the
AERONET stations in Beijing. A comparison between the
AODs calculated by ASTPWin procedure versus 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
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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 Zhe-
jiang Forest University site and the other the Lin’an re-
gional CARSNET background site (Pan et al., 2010). 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 AE

The spatial distribution of AOD at 440 nm (Fig. 2a) and AE
between 440 and 870nm (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 m a.s.l. and at Akedala in a remote region of north-
western 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 central 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 regions of northern China and some regional background
sites such as Mt. Tai — the background 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
AE in China also shows clear variability, for example large
AE (> 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. On the other hand, there is
very high AOD in the southern China sites, whereas in the
northeastern sites AOD is smaller. This indicates very ab-
sorbing particles in the former respect to the latter. The in-
vestigation (not shown here) showed that the SSA of urban
area in Yangtze River region is obviously lower than the sub-
urban ones which suggests the absorbing particles in urban
areas are more than suburban clean ones. In the desert regions
of northwestern China and industrial region of northeastern
China, the AE values were considerably lower (< 0.80) than
those of central and eastern regions such as North China

www.atmos-chem-phys.net/15/7619/2015/

7623

Plain, Guanzhong Plain and Sichuan Basin (AE > 0.80). The
AE values were ~ 0.60-0.80 in arid regions of northern
China. In particular, the AEs were typically < 0.40 in the
Taklimakan Desert region (e.g., Tazhong and Hotan) which
suggests that large mineral dust particles were major com-
ponents of the aerosol populations in this region (Che et al.,
2013).

Figure 3 shows the spatial distributions of AOD and AE
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. The AOD is
larger than 0.60 all year round, which is mainly due to the lo-
cal emissions. Nanning is the capital city of Guangxi Zhuang
Autonomous Region of China with more than 7 million peo-
ple and 1 million vehicles there. Moreover, it belongs to the
geophysical characteristics of the basin. The high AOD could
be related to this special geographical characteristic, which is
against pollution diffusion. Monthly average AODs > 0.60
were found in central and eastern China all year round. The
AOD:s 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).

The spatial distributions of AE for the four seasons are
presented in Fig. 3f-i. Eck et al. (2005) suggested that coarse
mode aerosols were relatively more abundant when AE was
less than 0.80. In this study, there were 24, 10, 14, and 15
sites with AE < 0.60 in spring, summer, fall, and winter sea-
son, respectively, and almost all of these sites are located in
northern China. This reflects the presence of coarse dust par-
ticles transported from semi-arid and arid regions of north-
western and northern China (Zhang et al., 2012). AE > 0.80
were found in central and east China from summer to winter
and in south China all year round, suggesting that the particle
size distributions favored the fine mode.

In spring, there were many sites with AE 0.80-1.00 in cen-
tral China and 1.00-1.20 in the Yangtze River Delta region,
and these values were obviously lower than in the other sea-
sons when they were typically > 1.20. These results reflect
the transport of large dust particles from northwest China to
eastern China during the spring (Chen et al., 2009). As for
the Taklimakan Desert region itself, AEs 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

Atmos. Chem. Phys., 15, 7619-7652, 2015



7624 H. Che et al.: Ground-based aerosol climatology of China

(b) Summer-AOD

L 50

| (a) Spring-AOD

Tongyu MtLongfeng

40

30-{ 304
021004 @ Nain
@ 041006
20 0610 08

0210 0.4
@ 041006
20| 0610 0.8

0810 12 08 o 12

T T
80 90

T T
80 90

(c) Fall-AQD

| (d) Winter-AOD

40

* 01002

02 to 0.4 02 to 0.4

@ 041006 @ 041006
20+ 06 to 08 20 061008
08 to 1.2 08 to 1.2 O
T T T T T T T
80 90 80 90 100 110 120

504 (9) Summer-AE

@
3

Tongyu MtLopgfeng

g
40 <, 40-

30

O 06108
08101

20 ¢ 112

- 1202

80 90

s04 (i) Winter-AE

Akegh

50
B——
40

40

30- 304

20- 204

Figure 3. Seasonally stratified spatial distributions of AOD at 440 nm (a spring; b summer; c fall; and d winter) and AE between 440 and
870 nm (e spring; f summer; g fall; and h winter) based on CARSNET measurements.

greater impacts of fine-particle pollution sources in winter 3.1.2 Aerosol optical properties in remote, rural, and

(Che et al., 2013). For southern China, including the stations urban regions of China

at Nanning and Panyu, AE was > 1.20 all year, and this re-

flects the dominance of fine mode particles caused by the From Fig. 4a and b, one can see small AODs at the four re-

chronic anthropogenic emissions in the region (Tan et al., mote sites of Akedala, Lhasa, Mt. Wa”guan, and Shangri-

2009). La. Indeed, the AODs at these sites were 0.11-0.18, with
an arithmetic mean of 0.14 4 0.04. The Angstrém exponent
varied from 0.59 at Mt. Waliguan to 1.29 at Shangri-La and

Atmos. Chem. Phys., 15, 7619-7652, 2015 www.atmos-chem-phys.net/15/7619/2015/



H. Che et al.: Ground-based aerosol climatology of China

1.2
@
1.0 T
.8
: L &=
§
g ° m—
< 1
4 ] .
‘| ==
0.0
Rural-l:  Rural-Il: Rural-Ill:
R
emote Desert  Loess Plateau E. China Urban
1.6
(b)
14
E I I
.
Q 12 I
g T
=} —
?L 1.0 —
€
g 8 v = 1
]
o
a6 1
IS
S
Z 4 l
o
2
2
0.0
Rural-l:  Rural-Il: Rural-Ill:
Remote Desert Loess Plateau E. China urban

Figure 4. (a) AODs at 440 nm and (b) AEs between 440 and 870 nm
at remote, rural, and urban regions of China.

averaged 0.97 +0.29. These results are generally representa-
tive 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 Septem-
ber 2009 to August 2010, and this is similar to the long-term
measurements reported here (AOD = 0.14 4+ 0.06 at 440 nm
and Angstrém exponent=0.5940.21 from March 2009-
April 2012).

The AODs for 11 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 spring-
time 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 4 0.22). These two stations are located in Tak-
limakan Desert region, one of the world’s largest sources for
desert dust (Zhang et al., 2003; Che et al., 2013). The AEs
over the rural desert stations varied from 0.22-0.80 and aver-
aged 0.5540.19, and these values reflect the light extinction
properties of coarse dust particles.
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The four rural stations located on the Chinese Loess
Plateau (CLP) showed ranges in the AODs and AEs 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 prop-
erties at SACOL (Semi-Arid Climate and Environment Ob-
servatory of Lanzhou University) rural site on the CLP and
reported AODs and AEs of ~ 0.35 and ~ 0.92, respectively.
The average AODs and AEs at the CLP stations were higher
than those over the desert regions (0.34 + 0.12 for AOD and
0.55+0.19 for AE). This shows that the aerosol loadings over
the Loess Plateau were greater compared with the desert re-
gions and that there were relatively more fine particles. The
numbers of persons living in and round the CLP sites are
larger than those at the desert stations, and as a result more
anthropogenic aerosols likely occurred over the CLP (Wang
et al., 2010; Liu et al., 2011). In fact, earlier studies have
shown that both anthropogenic emissions and dust storms do
affect the aerosol populations of the CLP (Alfaro et al., 2003;
Che et al., 2009b).

The AODs at 10 rural sites in central and eastern China
show obviously higher AODs compared with stations located
near the deserts or CLP. The average AOD and AE for the ru-
ral 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 AEs at all these sites were > 1.00 and varied from 1.02
to 1.38, suggesting a dominance of fine particles. The sites in
eastern China are strongly influenced by anthropogenic emis-
sions because even though their populations are relatively
small, the sites are downwind of megacities. For example,
the sites at Shangdianzi and Gucheng are near Beijing while
Dongtan and Lin’an are near Shanghai (Che et al., 2009a).

The AOD:s for the urban CARSNET sites showed a range
0.40-1.00 with an average 0.74+0.18 while AE ranged from
0.52-1.50 and averaged 1.05+0.23. The large AOD and
AE > 1.00 indicates the aerosol populations were predomi-
nantly composed of fine mode particles. However, the aver-
age AE for urban sites was lower than that of rural sites at
eastern China, and this is probably due to the presence of
fugitive dust. Fugitive dust refers to aerosol particles that are
lifted into the air either by man-made or natural activities in
urban open areas, which is typically the result from activi-
ties such as the physical movement of soil, vehicles traveling
over unpaved surfaces, heavy equipment operation, blasting,
and wind. Chen et al. (2010), for instance, pointed out that
fugitive dusts from transportation, 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 (Fig. 5a—d)
and AE (Fig. 5e-h) at the CARSNET remote, rural, and ur-
ban sites. In general, the AODs were lower at all three types
of sites in fall and winter compared with spring and sum-
mer. The combined AODs in spring and summer were fac-
tors of 1.57, 1.62, 1.29, 1.18, and 1.14 to combined AODs in
fall and winter at remote, rural, and urban sites, respectively.
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Figure 5. Seasonally averaged AODs at 440 nm (a—d) and AEs between 440 and 870 nm (e-h) at remote, rural, and urban regions of China.
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Figure 6. Monthly averaged AODs at 440 nm at remote sites. The
solid and dash horizontal hairlines indicate the annual averages for
the subgroup and the whole database, respectively.

However, the AEs in fall and winter were factors of 1.27,
1.28, 1.11, 1.10, and 1.09 for spring and summer seasons.
These comparisons show that the effects of dust particles on
AOD and AE were more apparent at the remote and rural
desert sites compared with the rural and urban sites.

3.2 Temporal variations in AOD and AE

3.2.1 Monthly average AODs and variations in AE at
remote sites

Figure 6 shows the monthly averaged AODs at 440 nm at re-
mote sites of CARSNET. 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 trans-
port of mineral dust from the nearby Gobi, sand lands, and
deserts as well as the deserts in eastern Kazakhstan. The
AODs were lower from August to October when there was
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more precipitation 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, which
needs to be proven in the future combined with the chemical
composition analysis.

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
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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 of 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 4+ 0.05 and
0.11 +0.03, respectively. The AODs at Shangri-La in south-
western 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.

Figure 7 shows the monthly averaged AEs between 440
and 870nm at remote sites of CARSNET. In general, the
monthly average AEs at Akedala and Shangri-La and were
larger than those that at Mt. Waliguan and Lhasa, and this in-
dicates that the aerosol particles tend to be smaller at the lat-
ter 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 lo-
cal dust uplifted from Tibetan Plateau. The monthly aver-
ages for AE 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, 0.25 4-0.14,
and 0.534-0.12, respectively. These low springtime AEs sug-
gest that coarse particles from dust events were prevalent at
these three sites. In summer and fall, the AEs 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 Lhasa. At Shangri-
La and Akedala, the AEs 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 AEs at the rural
desert sites

Most of the 11 rural CARSNET sites near the desert regions
showed large AODs in spring and summer and low AODs
in autumn and winter (Fig. 8), and this is evidence that the
aerosol populations at these sites were affected by spring-
time dust events. In summer, the impacts from dust events
weakened while anthropogenic emissions from central and
western China evidently contributed to the aerosol loadings
over these regions (Che et al., 2009a). In autumn and winter,
dust storms are rare because low temperatures restrict con-
vection even though incursions of cold air can bring strong
winds. Hotan and Tazhong, the two rural sites located in Tak-
limakan desert, showed AOD > 0.40 from February to Octo-
ber. The monthly averaged AODs were the lowest in Novem-
ber, 0.314+0.12 at Hotan and 0.22 +0.16 at Tazhong. The
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four rural sites in desert regions of northwestern China each
showed maximum AODs in April; these were 0.39 4 0.30
at Ejina, 0.48 +£0.27 at Minqin, 0.55+0.41 at Dunhuang,
and 0.55 + 0.40 at Jiuguan. 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 variations in the AODs; that is,
maxima in June of 0.44 +0.39, 0.39 £0.30, 0.49+0.43,
0.45 4+ 0.26 at Wulate, Xilinhot, Zhurihe, and Zhangbei, re-
spectively. Minima in the AODs occurred in November at
Ulate and Xilinhot with averages of 0.19 4+ 0.09 and 0.16 +
0.09, respectively, while the minima at Zhurihe (0.11+0.05)
and Zhangbei (0.18 4+-0.12) were in January. The low AODs
in winter and autumn occurred when the ground surface was
often frozen or covered by snow — conditions that would pre-
vent the production of windblown dust.

Monthly average AEs at most of the rural desert sites, in-
cluding Ejina, Zhangbei, Jiuguan, Dunhuang, Tazhong and
Hotan, showed low values (< 0.80) all year in Fig. 9; and this
indicates the coarse particles were the dominant aerosol com-
ponents. As for other sites (Zhurihe, Hami, Xilinhot, Wulate,
and Mingin), the AEs were < 0.80 in March and April when
dust events were common. The two sites in the Taklimakan
showed low AEs (< 0.20) for more than 6 months (February
to October), and therefore large dust particles affected these
sites more than the others. In December and January, the AEs
at most of the CARSNET rural desert sites were higher com-
pared 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 AEs at
the rural sites on the Loess Plateau

The monthly average AODs at the four sites on the Loess
Plateau showed different temporal trends (Fig. 10). At Dong-
sheng, 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 Novem-
ber 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 emis-
sions (Alfaro et al., 2003).

The AEs for the four sites on the CLP showed obvious
seasonality, with AE < 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).

www.atmos-chem-phys.net/15/7619/2015/



H. Cheetal.:

440 nm

Ground-based aerosol climatology of China

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

[

il

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

1.4
Ejina 12 Zhurihe
1.0
Es
Ty e o
<
4 1
L&D uuﬂmmam | ZEE] I
| M- TN
Jan Feb Mar Ap’ May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1.4
Hami 1.2 Xilinhot
1.0 4
E.8
P —— {2 i
& T
P RN TYNG
HININIRINISTSTRINInIN 'Z’HWH \H\Wﬁﬁ
T T T T T T T T T T T T 0.0 T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 14 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Wulate 121 Zhangbei
1.0 A
£ .81
_____ —_—, o 61 ____ {__ —_ ]
! T T3 T T R
. T T T ,—L ,—L
EE TR | | SR
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1.4
Jiuquan 12 Dunhuang
1.0
l : s l
_ - = _ NG _ i_ _i e
T T 1) 2. 7T 117
i uuuuau , i HDDDﬁ
T 0.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feh Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1.6
Mingin 1.4 Tazhong
1.2
1.0 l l
E
L LrgL L
a
L 1+
tibidbior—— 41 G AlRReLl
i el i
2
| AR Lk ‘ u N

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

7629

Figure 8. Monthly averaged AODs at 440 nm at rural desert sites. The solid and dash horizontal hairlines indicate the annual averages for
the subgroup and the whole database, respectively.
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Figure 10. Monthly averaged AODs at 440nm at rural Loess
Plateau sites. The solid and dash horizontal hairlines indicate the
annual averages for the subgroup and the whole database, respec-
tively.

3.2.4 Variations in the monthly average AODs and AEs
at rural sites in central and eastern China

Figure 12 shows the monthly averaged AODs at 440 nm at
rural central and eastern China sites of CARSNET. These
sites can be divided into three groups (1) Tongyu and
Mt. Longfeng located in northeastern China; (2) Shangdi-
anzi, Gucheng, Huimin, Yushe and Mt. Tai in the North
China Plain; and (3) Changde, Lin’an, and Dongtan in the
middle and lower reaches of the Yangtze River. The AODs at
Mt. Longfeng and Tongyu in northeast China and Mt. Tai
in northern China were ~ 0.30, 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
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1.6 (~ 0.48) greater than at the three sites just discussed, in-
dicating 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 northern
China is industrially developed, and biomass burning is also
common, especially in June and from September to Octo-
ber (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 northeast-
ern 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 (Shangdianzi, Mt. Tai, Gucheng, Huimin,
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Figure 12. Monthly averaged AODs at 440 nm at rural central and eastern China sites. The solid and dash horizontal hairlines indicate the

annual averages for the subgroup and the whole database, respectively.

Lin’an, Dontan) were quite high, most likely as a result of the
burning of the straw (Logan et al., 2013Db). Indeed, the AODs
at Gucheng, a site surrounded by farmlands, were higher in
September than in the prior month or the 2 following months;

Atmos. Chem. Phys., 15, 7619-7652, 2015

this is likely because peasants typically burn straw from agri-
cultural 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 farmlands.

www.atmos-chem-phys.net/15/7619/2015/



H. Che et al.: Ground-based aerosol climatology of China

7633

20 ——
Iong u
£15 l I I 1
c
s 1 [ 1
091.0 I N 4 | L
o
<
<
W s
0.0 T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Shangdianzi
£15
- I R S O B R A
&10 L
o
J
L 5
0.0 T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Gucheng
£15 l l i l
£ [ [r 1L
o
510 1l A=A
o
J
wl .5
0.0 T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Yushe
E15
c
<] - T l T T T
~
® 1.0 — I
o
<
<
L s
0.0 T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Dongtan
15
IS
c T T - T l T T T
R
clol.O* = S I I L
o
J
54
<
0.0 T T T T T T T T T T T T

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

2.0
Mt. Longfeng
asf TTITT 14
Eis l
o
~
®1.0 S I I I
o
<
<
% 54
0.0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Mt. Tai
gl.5 ] T
o T I T T
~
1.0 — — -
o
<
<
W s ﬂ
0.0 T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Huimin
' 11
S T T T T T L l L T
51.0 £ 5 I O
)
3
L 5
0.0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Lin‘an
gls 1 1 l 1 111
< [
R
olol.O' P S N ) N I )
o
<
W s
0.0 T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2.0
Changde
£1.5 4 I I T T
c
S LT - L
~
©01.0 S 5 S I
o
<
<
E 5
0.0 T T T T T T T T T T T T

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

Figure 13. Monthly averaged AEs between 440 and 870 nm at rural central and eastern China sites. The solid and dash horizontal hairlines
indicate the annual averages for the subgroup and the whole database, respectively.

Shangdianzi and Mt. Tai showed similar monthly vari-
ations 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 farm-
lands, and the changes in monthly average AOD were not as

www.atmos-chem-phys.net/15/7619/2015/

obvious as at Shangdianzi and Mt. Tai where there are fewer
local anthropogenic activities (Hanel et al., 2012). Never-
theless, 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
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Figure 14. Monthly averaged AODs at 440 nm at urban sites. The solid and dash horizontal hairlines indicate the annual averages for the

subgroup and the whole database, respectively.

influx of cold air in fall and winter which flushes polluted
air from region. The monthly variations at Lin’an, Dong-
tan, 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 con-
sistent with what has been reported for other urban areas in
the middle section of the Yangtze River (Gong et al., 2014).

Atmos. Chem. Phys., 15, 7619-7652, 2015

The AOD at Lin’an was < 0.70 only in July and November—
December; the maximum monthly average was 0.96 4+ 0.32
in June, and the minimum (0.58 +0.34) was in July. At Don-
tan, the AODs were < 0.45 from September to October and
~ 0.80 in February and August.

Figure 13 shows the monthly averaged AEs between
440 and 870nm at rural central and eastern China sites of
CARSNET. In general, the AEs at the rural sites in central
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and eastern China were relatively low from March to May
compared with other months, and that reflects the influence
of coarse particles. AE at Tongyu, Mt. Longfeng, Shangdi-
anzi, Gucheng, Huimin, Lin’an, and Dongtan was > 0.90
throughout the year. Three of these sites have monthly av-
erage AEs > 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 conclude 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 combustion, biomass
burning, gas—particle conversion). The high relative abun-
dance 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 AE values were
clearly larger than those in May. AE also was higher in
September than in October at several other sites, including
Shangdianzi Huimin, and Yushe, and this, too, is more than
likely related to the emissions of fine PM from biomass burn-
ing (Zha et al., 2013).

3.2.5 \Variations in the monthly average AODs and AEs
at the urban stations

Figure 14 shows the monthly averaged AODs at 440 nm at
urban sites of CARSNET. Of the four urban sites in north-
western China, Uriimgi and Lanzhou showed the same sea-
sonal 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 because large
quantities of coal are burned for heating in both Uriimgi 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 Uriimgi 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 be-
cause increased precipitation 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 (0.644-0.16). Xi’an was sim-
ilar 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 patterns 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 northern
China, Beijing, Tianjin and Zhengzhou showed high AODs
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throughout the year, 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 Tian-
jin the AODs were greater than 0.50 with respective maxi-
mum monthly means of 1.10+0.48 and 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 perturbations to the atmosphere.
The combined AODs for Beijing and Tianjin, both located
in Jing-=Jin-Ji region of northern China, were 0.74 +0.15 in
autumn and 0.72 + 0.12 and winter.

Dalian, a coastal city on the Liaodong Peninsula, has ex-
perienced 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 substantially lower, with an annual mean
0.54+0.12. This indicates that the particle loadings in Dalian
are less than in the Chinese megacities, and one likely con-
tributing factor is the influx of relatively clean maritime air at
the coastal site. On the other hand, Dalian is an important har-
bor, and therefore emissions from shipping also could con-
tribute 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 in-
dustrialized region, and the AODs at these sites were as high
as those at the urban sites in northern 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 load-
ings in this region. These results are consistent with the find-
ings 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 mea-
sured 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., 2013).

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, indicating a regional veil of pollution, and
this result is in agreement with previous observations made
by Wang et al. (2012) and Xiao et al. (2011). Monthly aver-
age AODs > 1.00 were observed from June to August, and
these values are about a factor of 2 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 load-
ings were likely caused by the burning of agricultural crop
residues (Cheng et al., 2014). The AOD at Pudong was lower
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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 different from the Yangtze River
Delta sites. AODs were high (> 0.80) at the two sites dur-
ing 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 humidity (An-
dreae 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 AQODs,
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 consistent with pre-
vious measurements. Indeed, high aerosol loadings in the
Sichuan Basin have been attributed to unremitting anthro-
pogenic emissions coupled with the physical trapping of pol-
lutants 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 September, which are in the wet season when the hygro-
scopic growth of the particles would be expected. The AODs
at both Chengdu and Kunming were high in March and Au-
gust compared with other periods, probably due to the effects
of seasonal biomass burning (Tao et al., 2013).

Figure 15 shows the monthly averaged AEs between 440
and 870nm at urban sites of CARSNET. Except for Nan-
ning and Kunming in southern China, almost all of the urban
sites showed lower Angstrém exponents from March to May
compared with other periods, but the patterns varied some-
what among sites (Fig. 15). At the urban sites in northwest,
north, and northeast China (except for Dalian and Tianjin—
two coastal sites), AEs were < 0.80 from March to April,
but again there were some variations among sites. In con-
trast, the AEs 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 trans-
ported from the deserts in northern and northwestern China
but also fugitive dusts. Indeed, large quantities of fugitive
dust have been produced in some urban areas as a result of in-
creased vehicular traffic and a boom in building construction
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(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 AEs 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 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 AEs at
some of the urban CARSNET sites.

The effects of biomass burning on the AE values for the ur-
ban CARSNET sites are not as apparent as at the rural sites in
central and eastern China. Nevertheless, at some of the urban
sites, including Beijing, Hefei, Nanjing, Pudong, Hangzhou,
and Panyu, the AEs were high in June and from September to
October; this may be related to the emissions of fine particles
from biomass burning (Zhuang et al., 2011; Qi et al., 2014).
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 atmo-
sphere and caused a variety of problems, including visibility
impairment and air pollution, etc. (Che et al., 2007). Among
CARSNET sites, there are Beijing and Lanzhou with both ur-
ban sites and rural stations. From Figs. 12 and 14, one can see
that both the AODs and the AEs at Beijing and its paired rural
site Shangdianzi showed very consistent temporal variations
although the AOD at Shangdianzi was of course, much lower
than that at Beijing. The AE at Beijing was lower than that
Shangdianzi (Figs. 13 and 15), 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; Zhang et al., 2013) and
the settling out of larger particles during transport to the ru-
ral 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 vegetated, and this
tends to suppress the production of PM in the area (Hénel et
al., 2012).

The AODs and AEs at the urban Lanzhou site were both
higher than at the rural site at Mt. Gaolan (Figs. 14 and 10 for
AOD, Figs. 15 and 11 for AE), 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
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Figure 15. Monthly averaged AEs between 440 and 870 nm at urban sites. The solid and dash horizontal hairlines indicate the annual

averages for the subgroup and the whole database, respectively.

boundary layer at both sites is normally deep, and this pro-
motes 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 concen-
trated in the shallower boundary layer, and that is why the
AODs at the two sites become uncoupled from September to
April.

www.atmos-chem-phys.net/15/7619/2015/

In contrast to the AODs, the AE values varied coherently at
Lanzhou and Mt. Gaolan (Figs. 15 and 11), and this is likely
because this parameter is not concentration dependent. That
is, the aerosol size variations at both sites are similar through-
out the year even though the AE at Lanzhou was > 1.00 and
< 1.00 at Mt. Gaolan. The AE 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
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Figure 16. Annually averaged AODs at 440 nm for the 12 long-term CARSNET sites.

is located on the CLP where there is little vegetative cover, aerosol particles also contributes to fine PM and AEs > 1.00
and large dust particles can be raised from local and regional (Wang et al., 2010).

sources. In Lanzhou, there is an abundance of anthropogenic

sources for fine particles, and the production of secondary
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Figure 17. Temporal variations of AODs at 440 nm from 2002 to
2013 based on 12 long-term sites.

3.4 Long-term variations of AODs over China

The variations in annual AODs for the 12 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 ur-
ban sites (Uriimqi, Lanzhou, Beijing, Tianjin, and Datong),
four rural desert sites (Tazhong, Ejina, Dunhuang, and Xil-
inhot), and three regional background sites (Mt. Longfeng,
Shangdianzi, and Lin’an), and as a group, they can be con-
sidered 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, how-
ever as the AODs apparently increased from 2012 at some
sites, including Uriimgi, Ejina, Dunhuang, Tianjin, Beijing,
Mt. Longfeng, and Shangdianzi.

The composited average AODs for these 12 sites was high-
est 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
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were 0.03-0.08 larger than the 12 year average. Moreover,
the composite AOD increased ~ 0.03 from 2009 to 2013,
and this suggests that aerosol loadings in China may have
increased in recent years. Identifying the reasons for any in-
crease in aerosol loading would be critically important of
course, and one obvious possibility is that there has been an
increase in emissions (Streets et al., 2001; Lei et al., 2011).

Increasing aerosol emissions obviously would tend to in-
crease the AODs over most of China, but another possible
reason for the trends in AODs is changes in the physical en-
vironment, especially the intensity of the East Asian mon-
soon. Recently, Pal and Devara (2012) found that both the
urbanization and the monsoon could influence the variabil-
ity of the aerosol burden obviously in India. In fact, aerosol
loads over China are also strongly influenced by the Asian
monsoonal flow and the associated 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 anthropogenic
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 12 CARSNET
sites for that year showed a departure from the average of
about +0.08, and this could reflect the weakness of the mon-
soon, and therefore, changes in climate also affect the ambi-
ent 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 northwestern and northern 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.

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 at
440 nm generally increased from north to south, and very
low AODs (< 0.20) were found only in remote regions, in-
cluding the Tibetan Plateau and parts of northwestern China.
Large AODs (> 0.60) mainly occurred in central and east-
ern China where heavy industrial 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
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some regional background areas in northern and northeastern
China.

Large AEs between 440 and 870 nm (> 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 northeastern China,
the AE 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 northern China, the aerosol columnar ex-
tinctions were larger in spring and summer than in fall and
winter. About half of the sites had AE < 0.60 in spring, and
this was due to large dust particles transported from semi-
arid and arid regions in northwestern and northern China. AE
> 0.80 also occurred in the central and east China regions
from summer to winter and in south China all year round,
suggesting that fine-mode particles were the main compo-
nents of the aerosol populations in those areas.

The AODs at the remote sites ranged from 0.11 to 0.18,
and averaged 0.14 4 0.04 while the Angstrém 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 AEs
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 on
the CLP. The average AOD at rural sites of East China was
0.54+0.18 while the average AE was 1.194-0.12. The AODs
at this region varied over a large range, from 0.26 to 0.78,
and the AEs at all of these sites were larger than 1.00, rang-
ing 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 AEs was 0.52-1.50 with average 1.05+ 0.23;
these large AEs 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 AEs in fall and winter were larger than in the
spring and summer seasons.

Monthly averaged AODs and AEs show different patterns
at the remote, rural and urban sites, and this reflects the spa-
tial and temporal heterogeneity of the aerosol. The most im-
portant factors driving the temporal variations in aerosol op-
tical properties are the natural dust events and anthropogenic
activities. In eastern China, the aerosol 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 af-
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fected by the burning of coal for heating, especially in north-
ern China.

A comparison of AODs and AEs between pairs of ur-
ban 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 impor-
tant 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 decreas-
ing 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 in-
creased in recent years. However, the year-to-year variability
in AODs is affected by changes in the strength of the East
Asian monsoon as well as variations in emissions, and the
interpretation of long-term records of aerosol optical proper-
ties needs to take both of these factors — and possibly others
— into account.

Although this work is based on the longest and most ex-
tensive set of ground-based observations of aerosol optical
properties made in China to date, it is just a first step to-
wards understanding what controls the aerosol populations.
More detailed work is needed in the future, and we have
developed a set of recommendations for continued moni-
toring efforts. First, CARSNET should continue collaborat-
ing with other international networks, including AERONET,
PHOTONS, RIMA, SKYNET, etc. to ensure consistency in
calibration protocols as well as cloud-screening and data re-
trieval processing 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 prior-
ities as these efforts would improve data quality and mini-
mize gaps in the data. Third, in addition to AOD and AE,
other key parameters such as single scattering albedo, size
distributions and the optical properties of fine mode parti-
cles should be measured. The results of our current project
are potentially valuable for inter-comparisons with measure-
ments 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 an Appendix.
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Appendix A

Table Al. Site information for the 50 CARSNET sites used in this study.
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No. Site Name Long. Lat. Alt.  Site information Obs. days
Remote sites (4 sites)
1 Akedala 47.12 87.97 562.0 55km west of Fuhai county, Xinjiang province, and 250-300 km 464
southeast of Kazakhstan.
2 Lhasa 29.67  91.13 3663.0 In the center of Lhasa city, Tibetan Plateau. 830
3 Mt Waliguan  36.28 100.92 3810.0 On the east edge of Qinghai—Xizang Plateau, Qinghai province, 470
Global GAW station
4 Shangri-La 28.02 99.73 3583.0 12 km northeast of Shangri-La county (Diging area, Yunnan province, 701
China)
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 the Kumu- 2370
tage Desert of China
6 Ejina 4195 101.07 9405 West of Inner Mongolia province, near Mongolia and the Badanjilin 2250
Desert
7  Hami 42.82 93.52 737.0 500 km east of Uriimgi, in Hami county, nearby the Gobi Desert, Xin- 685
jiang province
8 Hotan 37.13 79.93 1374.7 South edge of the Taklimakan Desert, 1000 km south from Uriimqi, 612
Xinjiang province
9 Jiuguan 39.77 98.48 1477.3 5km north of Jiuguan city, Gansu province, nearby the Badanjilin 412
Desert
10  Mingin 38.63 103.08 1367.0 In Mingin county, east of the Tenggeli Desert and north of the Badan- 1435
jilin Desert, Gansu province
11  Tazhong 39.00 83.67 1099.4 In the middle of Taklimakan Desert, Xinjiang province 1984
12 Ulate 4157 108,52 1288.0 Northwest of Inner Mongolia, but in grass desertification region 712
13 Xilinhot 4395 116.12 1003.0 5km southeast of Xilinhot city, Inner Mongolia province, and near 2228
Hunshandake sand land
14 Zhangbei 4115 11470 1093.4 40km north of Zhangjiakou city Hebei province, and near Hunshan- 219
dake sand land
15  Zhurihe 4240 11290 1152.0 In the middle of Inner Mongolia province, and nearby Hunshandake 365
sand land
Rural sites on or near the Chinese Loess Plateau (4 sites)
16  Dongsheng 39.83 109.98 1460.5 In the center of Ordos city, Inner Mongolia province 234
17 Mt Gaolan 36.00 103.85 2161.6 5km north from Lanzhou city, Gansu province. 766
18 Yan’an 36.60 10950  958.5 2km northeast of Yan’an city, Shaanxi province 218
19  ‘vulin 3843 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 18 km northwest from Changde city, Hunan province 210
21  Dongtan 3152 121.96 10.0 Inthe Chongming 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, 750
Hebei province.
23 Huimin 3748 117.53 11.7 100 km Northeast of Jin’an city, Shandong province 851
24 Lin’an 30.30 119.73 138.6 150 km northeast of Shanghai, and 50 km west of Hangzhou city, Zhe- 1029
jiang province
25 Mt Longfeng 44.73 127.60 330.5 In Wuchang county, 175km northeast of Harbin city, Heilongjiang 1357
province
26 Mt Tai 36.25 117.10 1591.0 At the summit of Mt. Tai, middle of North China Plain, Shandong 173
province
27  Shangdianzi 40.65 117.12 293.0  In Miyun county, 150 km northeast of Beijing city 2042
28 Tongyu 4442 122.87 151.0 In Tongyu county, west of Jilin province 738
29  Yushe 37.07 11298 10415 1.5km east of Yushe county, Shanxi province 1045
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Table Al. Continued.
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No. Site Name Long. Lat. Alt.  Site information Obs. days
Urban sites (21 sites)
30 Anshan 41.08 123.00 23.0 In the center of Anshan city, Liaoning province. 230
31 Beijing 39.80 116.47 31.3 Inthe southeast of Beijing’s center at the city margin 1594
32 Benxi 4132 123.78 183.0 In the center of Benxi city, Liaoning province. 376
33 Chengdu 30.65 104.03  496.0 Inthe center of Chengdu city, Sichuan province. 212
34 Dalian 38.90 121.63 91.5 Southeast of Dalian center at the city margin, Liaoning province 763
35 Datong 40.10 113.33 1067.3 9km of Datong city, but within an area of rapid urbanization, Shanxi 2269
province
36  Fushu 41.88 123.95 80.0 In the center of Fushun city, Liaoning province. 242
37 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 In the west region of Kunming city, Yunnan province 301
40 Lanzhou 36.05 103.88 1517.3 Inthe center of Lanzhou city, Gansu province. 2157
41 Nanjing 32.05 118.77 99.3 In the center of Nanjing city, Jiangsu province 128
42 Nanning 22.82 108.35 172.0  In Nanning city, Guangxi province 390
43 Panyu 23 11335 145.0 InPanyu 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 12350 60.0 In the center of Shenyang city, Liaoning province. 477
46  Tianjin 39.10 117.17 3.3 Inthe center of Tianjin city. 1452
47 Uriimqi 43.78 87.62 935.0 In the center of Uriimgi city, Xijiang province 1624
48 Xi’an 3443 108.97 363.0 20 km north of center of Xi’an city, but within Jing River industrial 569
district, Shaanxi province
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. 2-3.

No. Name AOD at 440 nm AE between 440 and 870 nm

Annual  Spring Summer  Fall Winter Annual  Spring Summer  Fall Winter

1 Akedala 0.20 0.21 0.23 0.5 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 0.85 115 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 1.13 1.12 124 127 0.98
8 Datong 0.51 0.49 057 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 1.13 1.08 124 111 111
11 Dunhuang 0.32 0.48 032 021 0.28 0.46 0.29 0.40 0.5 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 1.24 111 1.28 131 1.27
15 Hami 0.25 0.31 0.24 0.20 0.26 0.62 0.54 0.71 057 0.66
16  Hangzhou 1.01 1.07 0.88 1.02 1.07 1.24 1.17 124 131 1.24
17  Hefei 0.83 0.89 082 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 1.14 0.96 125 127 1.09
20 Jiugquan 0.31 0.43 029 021 0.30 0.50 0.39 0.48 0.49 0.65
21 Kunming 0.41 0.53 0.57 0.35 0.18 1.24 1.33 098 1.19 1.48
22 Lanzhou 0.80 0.79 0.59 0.80 1.01 0.92 0.64 0.98 1.06 0.98
23 Lhasa 0.11 0.16 0.12 0.09 0.09 0.89 0.67 1.01 110 0.78
24  Lin’an 0.78 0.80 0.75 0.79 0.77 1.27 1.10 132 1.39 1.29
25 Mingin 0.39 0.46 0.44 0.35 0.29 0.54 0.37 0.51 0.58 0.68
26  Mt. Gaolan 0.46 0.55 0.41 043 0.46 0.78 0.59 0.86 0.85 0.83
27  Mt. Longfeng 0.34 0.40 0.34 0.29 0.31 1.38 1.32 144 142 1.35
28 Mt Tai 0.33 0.36 051 0.29 0.17 1.05 0.74 116 1.14 1.18
29 Mt Waliguan 0.14 0.21 0.17 0.09 0.09 0.59 0.34 0.75 0.72 0.54
30 Nanjing 0.89 0.90 1.24 0.69 0.73 1.24 1.03 132 135 1.28
31 Nanning 0.82 0.99 0.73 0.82 0.74 1.50 1.45 141 158 1.57
32 Panyu 0.78 0.96 053 081 0.81 1.36 1.37 130 142 1.35
33 Pudong 0.80 0.89 0.99 0.64 0.68 1.26 1.12 127 134 1.30
34  Shangdianzi 0.48 0.55 0.63 0.42 0.33 111 0.96 1.20 117 1.10
35 Shangri-La 0.11 0.13 0.15 0.09 0.06 1.26 1.16 128 1.39 1.19
36  Shenyang 0.76 0.80 0.86 0.59 0.79 0.88 0.90 0.98 1.05 0.84
37 Tazhong 0.54 0.81 0.66 0.34 0.33 0.29 0.10 0.15 0.38 0.51
38  Tianjin 0.74 0.78 0.89 0.67 0.64 1.08 0.92 117 1.16 1.07
39 Tongyu 0.26 0.33 0.32 0.23 0.16 1.35 1.14 1.20 1.26 1.79
40 Ulate 0.28 0.34 036 0.21 0.23 0.75 0.64 0.86 0.73 0.77
41 Urumgi 0.47 0.48 0.27 0.39 0.73 0.96 0.81 094 101 1.08
42 Xi'an 0.90 0.89 0.98 0.83 0.90 0.89 0.70 1.02 094 0.92
43 Xilinhot 0.26 0.32 0.33 0.19 0.19 0.79 0.75 0.88 0.79 0.75
44 Yanan 0.37 0.38 0.41 0.37 0.34 0.89 0.63 1.01 104 0.87
45  Yinchuan 0.52 0.56 0.53 0.49 0.50 0.87 0.66 0.98 0.90 0.93
46 Yulin 0.38 0.41 0.50 0.27 0.34 0.82 0.60 0.93 0.96 0.79
47  Yushe 0.58 0.57 0.77 049 0.48 1.02 0.79 119 1.09 1.04
48  Zhangbei 0.30 0.33 0.36 0.30 0.24 0.56 0.50 0.64 0.58 0.52
49  Zhengzhou 0.94 0.94 1.08 0.87 0.87 1.10 0.85 123 120 1.10
50  Zhurihe 0.24 0.29 0.36 0.18 0.14 0.80 0.57 0.83 0.80 1.01
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Table A3. Data of Figs. 6-15: AOD at 440 nm.

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

1 Akedala Mean 0.16 028 024 021 017 020 033 015 016 0.12 0.16 0.20
Stdev 0.15 019 0415 0.09 005 012 029 007 014 0.06 0.16 0.09

5 Lhasa Mean 0.08 012 015 0.18 014 013 012 011 0.10 0.08 0.08 0.08

Stdev 0.02 0.09 005 008 0.06 005 006 0.03 0.03 003 002 0.02
Mean 0.09 013 024 023 018 018 019 016 0.12 010 0.06 0.05
Stdev 0.07 0.08 019 016 010 0.09 0.06 0.06 0.06 0.04 0.03 0.04
Mean 0.06 0.07 017 013 010 008 017 019 0.14 0.08 0.07 0.05

3 Mt Waliguan

4 Shangri-la g0l 003 003 009 008 007 003 011 002 005 004 003 002
5 Ejina Mean 018 021 034 039 035 029 026 027 023 016 014 0.16
Stdev 010 015 026 030 031 029 019 024 022 016 008 0.10
6 Zhurihe Mean 011 017 017 027 042 049 034 027 022 018 013 0.13
Stdev 005 014 006 015 027 043 018 018 020 014 012 0.10
b Mean 027 029 035 030 028 034 019 018 018 021 022 023
Stdev 017 014 020 021 015 030 011 009 009 012 009 011
6 xilinhot Mean 022 018 026 033 039 039 032 028 023 018 016 0.18
Stdev 017 008 018 022 026 030 023 020 019 012 009 0.14
o Wulate Mean 023 024 030 033 039 044 035 028 024 021 019 021
Stdev 014 012 018 018 026 039 024 020 015 013 009 0.14
10 Zhangbei Mean 018 020 025 032 041 045 027 035 032 027 0.33
Stdev 012 014 013 012 021 026 013 029 021 0.5 0.41
. Mean 028 039 036 055 036 033 027 028 024 023 017 024

11 Jiuguan

Stdev 011 026 022 040 023 019 009 015 010 0.11 0.04 0.3
Mean 026 033 048 055 041 035 034 025 023 021 020 0.25
Stdev 0.17 020 0.33 041 024 022 023 019 012 011 0.09 0.14
Mean 0.26 035 048 048 043 043 045 044 039 036 029 0.27

12 Dunhuang

13 Mingin Stdev 018 023 031 027 022 025 026 023 018 014 013 0.14
14 Tazhong Mean 030 044 075 091 077 073 064 061 051 030 022 026

Stdev 023 024 040 046 037 033 032 029 026 016 016 017
5 Hotan Mean 045 071 071 074 081 072 072 08l 060 043 031 037

Stdev 027 042 043 045 048 043 048 039 036 028 012 0.10
Mean 0.29 041 047 055 047 072 055 05 052 036 026 031
Stdev 015 022 035 024 022 044 028 029 032 019 0.08 0.15
Mean 033 042 039 045 039 049 049 054 037 021 023 0.26

16 Dongsheng

17 Vulin Stdev 027 026 028 026 015 029 028 029 027 014 020 0.18
8 Vavan Mean 038 038 035 043 038 044 039 039 046 039 025 026
Stdev 024 024 016 024 017 027 018 020 035 026 011 012
19 MtGaolay ~Mean 045 055 058 059 049 042 040 041 046 045 038 038
Stdev 021 024 028 026 022 017 019 018 020 014 012 021
0 Yushe Mean 053 052 052 062 055 069 075 086 071 039 037 040
Stdev 039 034 032 034 032 042 037 042 046 026 030 0.33
Mean 082 073 082 058 049 045 040 047 070 056 057 051
21  Changde

Stdev 035 026 047 023 024 024 021 022 037 044 024 030
Mean 032 031 032 046 041 042 030 030 027 032 029 0.30

22 Mtlongfeng i 022 022 024 029 021 029 023 023 025 026 020 021

23 Mt Tai Mean 0.15 028 028 037 042 058 051 043 - 015 0.16 0.09
' Stdev 0.14 020 024 023 019 034 031 0.22 - 008 019 0.05
Mean 0.64 083 070 064 051 067 058 078 040 044 0.62 059

24 Dongtan

Stdev 037 043 032 022 019 050 045 039 021 023 030 0.27
Mean 032 037 049 057 058 072 05 060 051 043 034 031
Stdev 035 039 045 043 039 059 051 045 045 041 035 0.30
Mean 064 072 072 081 071 09 078 070 0.68 069 0.62 0.61

25 Shangdianzi

26 Huimin Stdev 032 032 036 029 029 031 031 033 037 039 032 035
27 Gucheng Mean 0.66 077 065 077 076 081 076 059 079 064 062 0.63

Stdev 045 047 045 045 048 053 046 034 046 048 045 038
28 Livan Mean 083 084 081 081 078 096 058 072 090 082 065 0.65

Stdev 033 030 029 031 029 032 034 032 034 035 029 029
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Table A3. Continued.

Site AOD Jan  Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
29 Tongyu Mean 018 013 021 035 044 044 032 020 017 036 015 0.18
Stdev 0.16 0.06 019 033 044 042 026 014 014 034 013 0.18
30 Urimg Mean 071 085 063 044 035 027 028 026 030 035 053 0.65
Stdev 037 040 031 020 021 013 014 010 013 015 028 0.37
31 Datong Mean 055 050 044 051 053 053 057 061 052 040 042 050
Stdev 032 031 025 026 032 037 041 037 033 022 020 0.27
32 Vinchuan Mean 056 042 068 047 052 048 047 064 047 043 056 051
Stdev 028 024 030 017 017 022 022 016 019 014 027 024
33 Dalian Mean 036 044 055 063 060 067 074 062 055 051 043 041
Stdev 025 032 037 036 024 034 041 029 042 036 033 033
34 Tianjin Mean 060 075 075 079 081 100 084 082 070 068 0.62 0.56
Stdev 046 049 049 045 044 057 049 049 044 048 039 037
35 Beijing Mean 069 069 081 086 081 110 083 083 064 063 063 058
Stdev 051 047 058 049 050 048 054 049 051 053 046 045
36 Naning Mean 0.77 072 120 102 075 060 067 091 079 104 063 0.74
Stdev 024 022 033 040 029 030 039 052 034 051 028 027
37 Lanzhou Mean 1.03 088 088 081 068 056 059 063 068 078 093 113
Stdev. 031 030 037 029 023 016 022 023 022 021 030 034
38 Xi'an Mean 086 1.07 102 081 083 081 097 117 086 083 080 0.77
Stdev 049 042 032 031 034 034 034 043 038 041 039 033
39 Zhengzhou Mean 087 104 100 091 09 108 100 114 097 091 074 0.70
Stdev 052 047 044 045 051 049 040 045 050 046 040 042
40  Chengdu Mean 1.09 124 130 107 087 088 089 120 074 050 0.79 116
Stdev 038 049 040 039 037 030 051 038 033 019 029 0.36
41 Hangzhou Mean 108 115 123 103 094 102 078 084 102 1.08 095 0.98
Stdev 050 039 047 055 034 068 0.69 048 048 055 044 0.38
42 Pudong Mean 050 090 067 097 104 126 09 081 063 069 060 0.65
Stdev 027 035 034 031 059 061 053 055 040 034 030 0.37
43 Hefei Mean 081 089 103 071 092 115 072 059 075 0.76 0.80
Stdev 022 026 028 025 021 018 034 024 025 018 040
44 Kuming Mean 020 019 062 048 049 045 046 078 065 025 0.15 0.16
Stdev 0.09 0.09 028 029 026 027 027 042 048 017 0.08 0.15
45 Panyu Mean 077 108 122 098 067 060 046 053 091 086 066 0.58
Stdev 025 028 036 032 026 018 035 034 042 041 025 0.30
46 Nanjing Mean 073 072 101 084 08 098 119 155 064 060 082 0.73
Stdev 0.26 046 068 018 042 021 048 049 017 031 024 029
47 shenyang Mean 107 071 078 089 09 1.01 066 061 054 062 0.51
Stdev 040 043 034 033 050 051 043 042 040 039 0.32
48 Anshan Mean 056 075 044 078 108 080 092 072 077 051 057 043
Stdev 028 041 017 036 043 041 037 040 042 031 039 014
49  Benxi Mean 103 081 075 091 112 113 084 082 0.67 0.46
Stdev 032 034 028 041 042 037 034 050 036 0.07
50 Fushun Mean 0.60 0.26 049 050 041 066 059 045 040 055 048
Stdev 042 0.13 021 031 022 041 044 039 018 033 025
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Table A4. Data of Figs. 6-15: AE between 440 and 870 nm.

Site AEg40_s70nm Jan  Feb  Mar  Apr May Jun Jul Aug Sep Oct Nov Dec

1 Akedala Mean 145 123 090 100 088 09 118 124 102 120 119 132
Stdev 039 037 067 031 026 028 024 022 035 044 046 0.39

> Lhasa Mean 080 0.62 053 073 076 085 094 122 116 1.07 108 0.92
Stdev 032 025 020 024 023 027 032 035 025 026 022 0.27

3 MtWwaliguan Mean 061 036 025 035 040 056 09 074 065 077 0.75 0.65
Stdev 033 023 014 022 033 026 038 032 024 027 028 0.33

4 Shangri-La Mean 116 122 120 119 109 127 149 108 134 150 133 120
Stdev 036 033 037 033 041 039 027 029 039 044 041 044

5 Ejina Mean 073 056 035 035 039 049 058 061 068 064 073 0.72
Stdev 037 034 027 025 026 029 032 032 034 029 033 0.37

6  Zhurihe Mean 108 080 048 042 080 087 087 073 075 070 094 115
Stdev 028 040 019 030 045 035 035 051 036 038 044 0.30

7 Hami Mean 086 051 039 050 072 068 075 071 071 055 045 0.62
Stdev 025 024 027 037 045 035 030 029 034 028 028 025

8 Xilinhot Mean 069 074 073 075 078 086 088 089 089 076 073 0.82
Stdev 035 048 048 044 040 042 039 041 044 046 042 035

9 Wulate Mean 086 062 053 048 092 089 088 081 074 071 074 084
Stdev 036 0.27 028 024 044 045 047 042 042 031 037 0.36

10 Zhangbei Mean 056 048 048 039 0.62 076 062 054 0.66 050 0.53
Stdev 020 019 017 0415 025 019 022 033 031 0.28 0.22

11 Jiuguan Mean 067 059 040 031 046 051 047 046 037 047 065 0.68
Stdev 025 039 024 029 030 033 026 025 012 018 017 0.24

12 Dunhuang Mean 0.65 047 027 026 033 036 038 046 050 051 0.65 0.65
Stdev 027 030 021 022 023 023 030 028 029 024 0.28 0.33

13 Mingin Mean 084 054 036 035 039 044 057 053 057 057 061 0.66
Stdev 036 031 025 021 026 023 030 025 035 032 041 040

14 Tazhong Mean 061 036 012 010 010 011 015 017 021 036 056 0.57
Stdev 032 0.29 008 0.06 0.07 007 009 011 0.09 019 0.27 0.34

15 Hotan Mean 0.66 0.18 0.13 0.07 006 007 015 0.08 011 020 0.39 0.59
Stdev 0.26 0.13 014 0.07 0.06 007 013 0.06 0.07 010 0.16 0.20

16 Dongsheng Mean 087 0.69 050 044 074 091 098 121 0.88 073 072 081
Stdev 020 027 027 033 030 029 028 039 035 030 029 0.25

17 yulin Mean 098 059 059 067 054 064 092 125 1.02 093 0093 0.80
Stdev 037 022 031 032 026 036 035 023 033 029 027 0.30

18 Yan'an Mean 104 065 063 060 065 105 097 101 114 097 101 091
Stdev 021 028 023 028 027 024 035 015 025 025 0.23 0.29

19 Mt Gaolan Mean 094 077 064 057 056 084 088 087 079 091 086 0.77
Stdev 031 031 030 028 030 040 038 031 029 026 036 0.32

20 Yushe Mean 105 104 078 076 082 111 120 125 120 104 102 101
Stdev 027 027 031 034 034 029 023 026 030 026 026 034

21 Changde Mean 136 126 09 079 093 128 127 138 140 130 136 0.93
Stdev 012 020 039 025 029 011 027 030 016 024 0.20 0.23

22 Mt Longfeng Mean 135 137 138 133 126 139 149 143 142 142 142 132
Stdev 028 034 036 036 038 030 029 026 033 035 029 0.29

23 Mt Tai Mean 114 106 100 079 042 130 114 103 098 102 134
Stdev 041 035 034 035 007 013 017 0122 0.22 023 0.37

24 Dongtan Mean 121 099 103 100 119 121 120 129 105 1.09 120 112
Stdev 024 034 026 026 024 028 041 023 031 028 028 0.32

25 Shangdianzi Mean 111 111 100 092 09 117 119 125 120 118 114 108
Stdev 029 031 03 036 040 029 026 026 026 026 031 034

26 Huimin Mean 116 109 097 09 09 119 125 132 133 122 126 103
Stdev 020 028 031 032 03 021 016 017 026 022 015 0.32

27 Gucheng Mean 136 123 110 116 106 122 127 134 126 132 135 122
Stdev 026 030 037 034 032 031 024 030 034 027 026 040

28 Lin‘an Mean 127 130 113 097 118 124 126 144 139 138 140 129
Stdev 026 028 027 032 030 033 043 030 025 028 021 0.33
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Table A4. Continued.

Site AEg40_s70nm Jan  Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec
29 Tongyu Mean 192 190 134 104 105 121 127 113 108 126 144 155
Stdev 066 055 039 038 039 032 033 029 037 042 047 0.64
30 Orimg Mean 1.08 102 091 074 078 085 105 092 091 099 113 115
Stdev 023 023 033 037 039 031 032 029 029 025 024 0.28
31 Datong Mean 091 080 068 063 072 086 094 099 098 0.84 0.86 0.90
Stdev 019 025 028 032 034 033 025 025 027 025 024 0.22
32 Vinchuan Mean 1.04 074 056 058 085 094 102 0.99 078 099 0.93 1.00
Stdev 018 029 024 020 034 024 026 017 020 0.16 0.20 0.22
33 Dalian Mean 095 09 094 104 111 121 125 126 124 131 126 104
Stdev 0.27 033 030 037 035 027 022 031 035 023 022 031
34 Tianjin Mean 107 106 093 088 09 115 114 124 118 113 117 108
Stdev 030 028 030 033 034 025 025 026 030 028 032 0.33
35  Beijing Mean 098 094 087 079 08 114 110 121 111 110 104 0.99
Stdev 034 039 034 037 033 025 029 028 026 027 032 032
36 Naning Mean 162 164 150 143 142 122 137 166 163 152 159 145
Stdev 014 014 027 030 030 025 056 026 040 027 014 0.8
37 Lanzhou Mean 103 086 065 058 070 092 102 101 103 104 111 105
Stdev 022 031 032 029 027 026 023 022 019 019 023 0.22
38 Xi'an Mean 097 08 073 059 079 088 103 115 0.99 100 0.83 091
Stdev 030 032 036 033 036 039 035 029 032 032 028 027
39 Zhengzhou Mean 115 115 082 082 091 118 125 126 124 125 112 0.99
Stdev 026 026 034 032 034 025 021 023 025 027 032 0.36
40  Chengdu Mean 111 104 093 098 097 111 119 121 105 111 124 110
Stdev 020 016 032 035 028 022 020 014 025 028 0.16 0.17
41 Hangzhou Mean 134 130 121 109 122 127 118 129 133 138 122 108
Stdev 014 021 022 020 028 020 023 019 023 015 0.27 0.38
42 Pudong Mean 137 127 104 114 119 123 131 128 124 141 138 126
Stdev 024 022 030 025 032 023 029 023 052 017 014 0.31
43 Hefei Mean 130 122 094 089 114 119 114 135 138 137 113
Stdev 022 026 028 025 021 018 034 024 025 018 0.40
44 Kuming Mean 155 169 152 132 114 098 090 106 100 132 124 121
Stdev 029 019 017 018 027 036 047 023 043 016 024 025
45 Panyu Mean 135 137 142 130 139 149 114 126 145 148 132 134
Stdev 005 004 012 021 018 013 034 026 019 011 011 017
46 Nanjing Mean 129 118 109 101 099 127 135 134 134 137 134 136
Stdev 0.17 033 023 017 038 009 014 020 0.13 014 0.10 0.16
47 shenyang Mean 048 084 079 069 087 073 094 105 111 116 1.07
Stdev 017 045 031 028 025 027 026 023 029 018 0.17
48 Anshan Mean 072 095 083 059 029 075 079 066 109 106 0.88 0.87
Stdev 051 026 024 023 015 030 018 032 020 023 031 0.23
49  Benxi Mean 064 042 059 041 053 039 049 072 055 0.51
Stdev 014 026 022 014 026 021 021 035 0.23 015
50 Eushun Mean 095 103 020 084 077 052 101 081 09 1.03 1.07
Stdev 022 0.14 027 036 032 069 026 026 026 025 0.17
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