Z.Q.L,H. Xu, K. T. Li, D. H. Li, Y. S. Xig, L. Li, Y. ZHANG, X. F. Gu, W. ZHao, Q. J. TiaN,
R. R. Deng, X. L. Su, B. HuaNng, Y. L. Qiao, W. Y. Cu, Y. Hy, C. L. Gong, Y. Q. WANG,
X. F. WANG, J. P. WaNG, W. B. Du, Z. Q. PaN, Z. Z. Li, anD D. Bu

SONET provides the first comprehensive climatology of optical, physical, chemical

composition, and radiative characteristics of atmospheric columnar aerosols over

China based on long-term ground-based remote sensing measurements.

etary atmosphere and plays a key role in Earth’s

energy balance and global climate change. With
complex composition, aerosol also has large temporal
and spatial variations, making itself the biggest
uncertainty source in global climate change assess-
ment (IPCC 2013). On one hand, aerosol changes
the radiation balance of the Earth-atmosphere
system by scattering and absorbing sunlight. On
the other hand, aerosol acts as cloud condensation
nuclei, interacting with clouds and affecting cloud
radiative properties. Moreover, absorptive aerosols
make the aerosol-cloud-radiation interaction more
complicated and yield inhibition or amplification of
precipitation (Rosenfeld et al. 2001). In addition, aero-
sol has an important impact on air quality. In many
developing countries, particulate matter (mainly

A erosol is an important component of the plan-
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fine aerosol) is the most important air pollutant. The
high-concentration emissions due to anthropogenic
activities, having caused a significant increase of haze
events, are remarkably affecting public health and
traffic safety.

China is one of the most polluted regions in the
world with high aerosol loading, following measure-
ments of Chinese Sun Hazemeter Network (CSHNET;
Xin et al. 2007) and China Aerosol Remote Sensing
Network (CARSNET; Che et al. 2009). Complex
aerosol components resulting from industrial ac-
tivities, traffic, biomass burning, and natural sources
exist simultaneously over the country. Although the
international Aerosol Robotic Network (AERONET)
and Sky Radiometer Network (SKYNET; Nakajima
et al. 2007) have taken observations in China, sup-
porting many studies on aerosol properties (e.g.,
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Kim et al. 2004; Li et al. 2007; Eck et al. 2010), the
observation sites are still very rare and distrib-
uted unevenly (e.g., mainly around the Beijing area)
over this vast region. Moreover, many China local
researchers, usually encountering difficulties on
operational measurement, maintenance, calibration,
inversion, and quality control, are still very limited in
acquiring high-quality and comprehensive scientific
data. Therefore, there is an important lack of climato-
logical knowledge on the total columnar atmospheric
aerosols over China, especially the coincident optical,
physical, chemical, and radiative properties.

The Sun-Sky Radiometer Observation Network
(SONET; www.sonet.ac.cn) is a ground-based
Cimel radiometer network with the extension of
multiwavelength polarization measurement capabil-
ity to provide long-term columnar atmospheric aero-
sol properties over China. In this paper, an overview
of SONET infrastructure and data products is briefly
introduced and then a climatology study is presented,
focusing on aerosol optical, physical, chemical, and
radiative properties obtained from 16 long-term
SONET sites over China.

INFRASTRUCTURE. The multiwavelength
polarized sun-sky radiometer CE318-DP manufac-
tured by Cimel Electronique in France is employed
by SONET. The CE318-DP is an automatic instru-
ment for long-term continuous observation in the

field. The CE318-DP owns radiance and polarization
measurements with nine wavelengths (see Table 1) for
aerosol and water vapor observations.

The 16 SONET automatic sites (Fig. 1) are
located in typical regions of China, including urban,
rural, desert, coastal, basin, mountain, and plateau
areas. The sites are also routinely maintained by
site managers following AERONET instrument
check suggestions—for example, examining the
battery voltage, verifying the instrument horizontal
mounting status, and cleaning the contaminated
collimator. For each site, instrument calibration is
carried out once a year to ensure the data quality.
Table 2 presents the basic information of the 16 sites
classified by four typical climate zones.

DATA PRODUCT. Products and data levels. More
than 20 kinds of aerosol parameter products (Table 3)
can be obtained from SONET measurements, which
are classified into four major categories (optical,
physical, chemical, and radiative properties). Most of
these data products are described in the AERONET
documentations (e.g., Holben et al. 1998; Dubovik
and King 2000; Dubovik et al. 2006). Except for
standard AERONET products, the chemical com-
ponent fractions of columnar aerosol, the additional
products of SONET, are derived on the basis of the
retrieved optical and physical parameters following
recent studies (e.g., Schuster et al. 2005; Ganguly et al.

FWHM = full width at half maximum.

TasLE |. Wavelengths, bandwidths, and polarization of the sun-sky radiometer CE318-DP.

Bands (nm) 340 380 440 500 675 870 936 1,020 1,640
FWHM (nm) 2 4 10 10 10 10 10 10 25
Polarization (yes/no) Yes Yes Yes Yes Yes Yes No Yes Yes
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2009; Wang et al. 2013). Five aerosol components—
black carbon (BC), brown carbon (BrC), coarse-mode
component (CM), fine-mode scattering component
(FS), and aerosol water (AW)—are estimated from
SONET measurements (Li et al. 2013). The CM
component can be further inferred as sea salt (SS) at
coastal and island sites or mineral dust (DU) at inland
sites. It is also noted that there are new polarized
parameters (i.e., —F ) de-

rived from SONET’s addi-

necessary instrumental corrections and extinction
modifications applied. Level 1.5 is based on level 1.0 but
cloud screened by automatic procedures. Level 2.0 has
the additional application of pre- and postcalibration
coefficients and expert checking. Inversion products
[from single-scattering albedo (SSA) to nonspherical
percent (NS%) in Table 3] are graded into two levels
(1.5and 2.0), following the AERONET criteria (Holben

tional multiwavelength po-
larization measurements,
which might be useful for
further analysis, for exam-
ple, identification of aerosol
shape (Huang et al. 2015).
The aerosol optical depth
(AOD)-related products [in-
cluding AOD, Angstrém ex-
ponent (AE), and fine-mode
fraction (FMF)] are graded
into three levels (1.0, 1.5,
and 2.0). These level defini-
tions follow the AERONET
data level protocols (version
2). Briefly, level 1.0 refers
to raw data calculated
from direct-sun measure-

30°N-

80°E 90°E 110°E

Fic. I. Map of 16 long-term SONET sites.

100°E

ments and AOD calibra-
tion coefficients, with all

TasLE 2. Basic information on the 16 SONET sites. Climate classification refers to Peel et al. (2007).
Climate Site Location Alt (m) Start time Aerosol characteristics
Sanya 18.3°N, 109.4°E 29 Aug 2014 Maritime + urban
Tropical
Haikou 20.0°N, 110.3°E 22 Mar 2014 Maritime + urban
Guangzhou 23.1°N, 113.4°E 28 Nov 201 | Maritime + urban/PRD region
Zhoushan 29.9°N, 122.1°E 29 Jan 2012 Maritime + urban
Shanghai 31.3°N, 121.5°E 84 Mar 2013 Maritime + urban/YRD region
Hefei 31.9°N, 117.2°E 36 Jan 2013 Urban/YRD region
Temperate
Nanjing 32.1°N, 119.0°E 52 Jan 2013 Urban/YRD region
Chengdu 40.6°N, 104.0°E 510 May 2013 Urban (basin)
Songshan 34.5°N, 113.1°E 475 Nov 2013 Urban + dust
Xi'an 34.2°N, 108.9°E 389 May 2012 Urban + dust
Beijing 40.0°N, 1 16.3°E 59 Mar 2010 Urban/Beijing—Tianjin—Hebei region
Continental
Harbin 45.7°N, 126.6°E 223 Dec 2013 Urban
Mingin 38.8°N, 100.3°E 1,589 Feb 2012 Dust
D Zhangye 38.6°N, 103.0°E 1,364 Jul 2012 Dust
r
Y Kashi 39.5°N, 75.9°E 1,320 Jun 2013 Dust
Lhasa 29.6°N,91.2°E 3,678 Sep 2013 Background
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etal. 2006). The qualities of chemical components and
radiative parameters depend on the data levels of opti-
cal and physical data products.

Measurement calibration. To ensure the data quality,
SONET established a routine calibration scheme, con-
sisting of laboratory and field calibration approaches.
AOD-related measurements are calibrated every year
in the field (Ling Mountain site, ~1,600 m MSL), via
intercomparison with a master instrument. The master
instrument is regularly calibrated at AERONET/
Photométrie pour le Traitement Opérationnel de
Normalisation Satellitaire (PHOTONS) Izafia Obser-
vatory by Langley plot approach with high precision
[visible/near-infrared (VIS/NIR) bands: ~0.25%-0.5%,
ultraviolet (UV) bands: ~0.5%-2%; Holben et al. 1998].

For the calibration of sky radiance measurements,
the SONET approach differs from that of AERONET
(i-e., absolute integrating sphere method). Because of
difficulties in regular maintenance of high-precision
absolute calibration of the integrating sphere, the sky
radiance is calibrated by using a vicarious/transfer
calibration method (Li et al. 2008). The resulting

radiance uncertainty is estimated to be about 3%-5%.
For sky polarization calibration, a laboratory
polarization box (PolBox) is used to generate
reference light with a specific degree of linear polar-
ization (DoLP). The polarization calibration coeffi-
cient is obtained by comparing CE318-DP measure-
ments with PolBox reference values (Li et al. 2018).

Data quality assessment. The accuracies of SONET
products are assessed based on a joint SONET-
AERONET dataset during the Distributed
Regional Aerosol Gridded Observational Network
(DRAGON)-Korea-United States Air Quality Study
(KORUS-AQ) 2016 campaign (Holben et al. 2018).
The observation and calibration are conducted by
SONET at six sites (Harbin, Nanjing, Hefei, Shanghai,
Zhoushan, and Xingtai), but AOD and inversions
are produced in parallel by SONET and AERONET,
respectively. Therefore, the differences of two network
products can reflect the performance of SONET.

As for AOD comparison (Table 4), it can be seen
that the record number of SONET level 1.0 AODs is
slightly larger than AERONET, but that of SONET

TABLE 3. SONET aerosol products, definitions, and units.
Products Description Unit
AOD (1) Aerosol optical depth (340, 380, 440, 500, 675, 870, 1,020, and 1,640 nm) —
AE Angstrém exponent (440-870 nm) —
FMF Fine-mode fraction of aerosol optical depth (500 nm) —
SSA (A) Single-scattering albedo (440, 675, 870, and 1,020 nm) —
F,, D) Scattering phase function (440, 675,870, and 1,020 nm) —
—FII(A) Polarization phase function (440, 675, 870, and 1,020 nm) —
g(\) Asymmetry factor (440, 675, 870, and 1,020 nm) —
S @) Lidar ratio (440, 675,870, and 1,020 nm) —
dV/dinr VPSD with 22 bins for radius from 0.05 to 15.0 yum um? ym™
n () Refractive index (real part) (440, 675,870, and 1,020 nm) —
k (A) Refractive index (imaginary part) (440, 675, 870,and 1,020 nm) —
I Effective radius (total, fine, and coarse modes) um
v Volume concentration (total, fine, and coarse modes) pm? pm™
NS (%) Percentage of nonspherical particles —
RF Shortwave aerosol radiative forcing (0.3-2.8 ym) at TOA or BOA W m™
RFE Shortwave aerosol radiative forcing efficiency [i.e., RF normalized by AOD (550 nm)] W m™
AW (%) Percentage of mass concentration of water uptake of aerosols —
FS (%) Percgntage of mass c.oncentra.tion of fine-mode scattering components (e.g., sulfate, nitrate .
and light non-absorbing organic matters)
CM (%) Percentage of mass concentration of coarse-mode components (dust or sea salt) —
BrC (%) Percentage of mass concentration of brown carbon components —
BC (%) Percentage of mass concentration of black carbon components —
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level 1.5 AODs is smaller than AERONET. The
common record ratios of AOD products are above
95%, indicating quite comparable scientific data
acquisition capability of both SONET and AERONET.

In Table 5, it is shown that the average AOD differ-
ence (0.002 +0.001) between SONET and AERONET
is much smaller than the AERONET AOD uncer-
tainty. The AERONET AOD is the most accurate
measurement of the total columnar aerosol optical
properties, whose accuracy relies on calibration,
algorithm, and instrument performance. According
to Holben et al. (1998), by transferring high moun-
tain calibration (e.g., at Mauna Loa Observatory in
Hawaii) to field CE318 instruments, the absolute AOD
uncertainty can be less than about 0.01-0.02 (slightly
larger at UV and NIR bands). Here, the AOD differ-
ence (0.002 + 0.001) reflects mainly the processing
code (algorithm) difference between two networks,
while the calibration difference is minimized in
SONET by employing master instruments directly
calibrated by AERONET/PHOTONS. The average
difference on SSA is slightly large, while differences
of all other parameters are less than or close to the
AERONET nominal uncertainties. This suggests
that not only are the two networks comparable, but
the accuracies of both networks are also quite high.

AEROSOL CLIMATOLOGY OVER CHINA.
From Fig. 2 (the multiyear AOD time series at

SONET sites), it can be seen that aerosol loadings
over China are highly variable in spatial and temporal
distribution. Moreover, aerosol properties are
complex, so comprehensive parameters, describing
aerosol from different aspects, are needed to provide
a complete description of aerosols. In this paper, we
select the most representative SONET products (see
Tables 6 and 7) to analyze China aerosol characteris-
tics, including 1) optical parameters (AOD, AE, FMF,
and SSA), 2) physical parameters [volume particle
size distribution (VPSD)], 3) chemical composition
parameters [BC%, BrC%, CM%, FS%, AW%, and
total mass concentration (TMC)], and 4) radiative
parameters [radiative forcing (RF) and radiative
forcing efficiency (RFE) at top of atmosphere (TOA)
and bottom of atmosphere (BOA), respectively].
Moreover, we utilize level 2.0 products in all cases,
except that we employed level 1.5 inversion data
instead of level 2.0 at the Lhasa site, where very low
aerosol loading prohibits gathering enough inversion
records even in the month scale. As a compensation,
however, we applied all remaining level 2.0 criteria
(only expect for AOD > 0.4 threshold) for the Lhasa
site to ensure the inversion data quality.

Optical properties. SPATIAL VARIATION. In a map of
China, the Heihe-Tengchong Line (Hu 1935), a
nearly 45° diagonal straight line from northeast to
southwest China, separates the country into two

TABLE 4. Statistics on record numbers of SONET and AERONET AOD data at six sites (May and
Jun 2016).

Data level AERONET SONET Common counts Common record ratio
Level 1.0 6,199 6,245 6,013 96.3%

Level 1.5 2,805 2,769 2,679 95.5%

TasLE 5. Comparison of SONET and AERONET aerosol products over six sites (May and Jun 2016).
Parameters Diff (avg and std dev) from AERONET AERONET uncertainty
AOD 0.002 + 0.001 0.01-0.02*
AE 0.01 £0.02 —
FMF 0.002 £ 0.03 0.1
SSA 0.02 + 0.04 0.03¢

0.007 £ 0.04 0.04¢

18% + 46% 40%¢
dVidinr 1.5% +26% (0.1 <r<7 um) 25%c (0.1 <r <7 pum)
18% + 85% (r < 0. pmand r>7 pym) 25%—100% (r < 0.1 um and r > 7 ym)

2 Holben et al. (1998).
® O’Neill et al. (2001).
¢ Dubovik et al. (2000).
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distinct geographical areas, not only in population-
density aspect but also in the economic and ecological
meanings. According to multiyear SONET obser-
vation products, the spatial distribution of aerosol
optical properties also roughly follows this pattern.
As shown in Figs. 3a-c, low aerosol loading
appears in the western region of China, where it is
less populated and mainly affected by natural dust.
At Mingin and Zhangye, the multiyear average AODs
(500 nm) are the lowest (<0.3). Meanwhile, their aver-
age AEs (440-870 nm) and FMFs (500 nm) are also
low (less than 0.7 and 0.5, respectively). The Kashi
site, which is also in the western region but close to
the Taklimakan Desert, is often affected by dust,
where AOD is obviously higher (0.56), while AE and
FMEF are the lowest among all sites. The Lhasa site

(3,600 m MSL) in the Tibetan Plateau is the cleanest
site (AOD < 0.1) with FMF about 0.55. In contrast,
AOD in the central and eastern regions, especially in
densely populated eastern China, is generally higher
than western areas. The AE and FMF are mostly
larger than 1.1 and 0.7, respectively, which implies
dominant fine particles. The Chengdu site, located
in the populated Sichuan basin, shows the largest
AOD (0.93) and FMF (0.81) among all sites. In the
northeastern plain, AOD at Harbin is relatively low
(0.38), with a higher proportion of fine particles (FMF
close to 0.8). In tropical areas, AOD at Sanya is moder-
ate (0.42) but FMF is as low as only 0.66, indicating
the probable influence of sea salt.
SSA represents light absorption fraction among
total light extinction of aerosols. The multiyear
average SSA (675 nm) of
SONET sites is between

2 sanya 0.84 and 0.95 (see Fig. 3d).
; e The strongest absorption
.| Haikou (low SSA) presents at Bei-
ol jing and Harbin (~0.91),
i Glaangali indicating a high content
ol it . it 4 S e A of absorbing aerosols (e.g.,
d BrC and BC). Lhasa shows
ol ShaRgR e L DT T DT T also low SSA, but as men-
1] tioned above, this value is
ol — in doubt (level 1.5) because
1| it suffers from much larger
O Nanjing uncertainty. The weakest
L S Y U S S aerosol absorption (SSA
e T T ~ 0.95) appears at coastal
1 Haikou and Zhoushan (af-
O—Songehan fected by maritime aero-
1 sols) and northwestern
I Mingin and Zhangye (af-
! fected by dust aerosols).
O Beng T The two former sites are
; /- similar to Hawaii’s Lanai
| Harbin site (SSA ~ 0.97), and the
ol two latter sites are compa-
| M rable to the Solar Village
O g site in Saudi Arabia (SSA ~
| ove 0.96; Dubovik et al. 2002).
Ol e T e T Overall, SSA in China is
| Kashi

1l about 0.93 on average,
) RSSURHRRNUURS SRS RNUUIS AU SR SRS AR IRt AR while slightly higher at
1) coastal (e.g., Zhoushan
o S P S SO and Haikou) and dust sites
553555335535 5533553585§53555358 (e Zhangyeand Mingin)
g S g 2 2 ) © than continental sites (e.g.,
N [ N ~ ~ 8 8

FiG. 2. Multiyear monthly average AOD (500 nm) at SONET sites.
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and Harbin).



SEASONAL VARIATIONS. The multiyear
seasonal average AOD (500 nm) and
monthly average AE (440-870 nm) are
shown in Fig. 4. These results reveal
several seasonal variation patterns:

1) Western and arid regions: Both
seasonal trends of AOD and AE
at Mingin and Zhangye (about
250-km distance apart) are very
similar. Because of frequent dust
invasion in spring, AOD is the
highest from March to May, and
AE correspondingly reaches the
lowest value. At Kashi, dust influ-
ence seems to be much stronger
(e.g., AOD in spring is almost twice
as much as those at Mingin and
Zhangye). At Lhasa, AOD is very
low but increases slightly in spring.

2) Tropical region: Both AOD and
AE in spring are higher than other
seasons at Sanya and Haikou. In
summer, AOD drops to a low level
when AE decreases, which suggests
the prevalence of maritime aerosols
during June-August.

3) Central and eastern regions:
AOD in the Yangtze River delta
(YRD) region (Hefei, Nanjing,
Shanghai, and Zhoushan) shows a
similar seasonal pattern, and the
nearer the ocean is, the smaller
the AOD is. At Hefei, Nanjing,
and Shanghai, AE also illustrates
a similar seasonal pattern, that
is, relatively large from July to
September. In the Pearl River
delta (PRD) region (Guangzhou
site), AOD is higher in spring and
autumn, and AE is slightly low
in summer. At Chengdu, AOD
is notably high in all seasons,
especially in winter. AE is also
high (up to 1.48) all the year,
especially in summer. At Beijing
and Songshan, the highest AOD
appears in summer while the low-
est is in winter. At Xi’an, AE is
relatively low in spring, indicating
dust impacts. At Harbin, AOD is
less than 0.5 in all seasons, and
AE keeps stable and very high
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throughout the year, suggesting less
influence of coarse aerosols.

Figure 5 shows the multiyear

seasonal average spectral SSA and
monthly average FMF.

1)

2)

3)

Western and arid regions: At Kashi,
dust events frequently occur, and
thus the spectral SSA presents
an obvious dust feature (i.e., SSA
grows with the increase of wave-
lengths from 440 to 675 nm).
However, this increment is reduced
in winter. Meanwhile, FMF is the
lowest in spring, and then jumps
highly in December, indicating
enhanced anthropogenic influ-
ences. At Mingqin, there are similar
dust patterns but the SSA feature
is relatively weak, while those at
Zhangye (especially the SSA fea-
ture) are significantly disturbed.
Tropical region: At Sanya and
Haikou, SSA is lower in spring
and winter, which might be caused
by the increase of tourism-related
human activities. Meanwhile,
FMF is as high as 0.8-0.9 during
March and April and the lowest
(~0.5) in summer.

Central and eastern regions: For the
weakly absorbing type, both FMF
and SSA at Nanjing and Hefei in-
crease in summer, suggesting a joint
increase of fine-mode particles and
adecrease of aerosol absorption. At
Shanghai and Zhoushan, SSA in
summer and autumn are close and
relatively low in winter and spring,
while FMF is stable all year. For the
mixed absorbing type, at Xi’an,
SSA presents a clear dust feature in
spring accompanying low FMF. At
Beijing, the SSA is relatively low in
spring together with smaller FMF,
indicating absorption related to
dust, while SSA is the lowest in
winter with a small jump of FMF,
suggesting absorbing fine particles.
Overall, at these sites, SSA and
FMF exhibit a mixed absorbing fea-
ture, that is, absorbing fine aerosols
combined with dust particles.



Physical properties. SPATIAL VARIATION. Figure 6 shows
the multiyear average VPSD at SONET sites.

1) Western and arid regions: At Mingin, Zhangye,
and Kashi, VPSD presents a large coarse mode
that shows dominant mineral dust. At Lhasa,
although the coarse mode is not comparable with

other sites, it is still significantly higher than that
of fine mode. The peak volumes of coarse-mode
VPSD at these four sites are 0.07, 0.07, 0.20, and
0.03 ym’ ym™2, respectively, but those of fine-
mode VPSD are always less than 0.02 ym® ym™.

2)

Tropical region: At Sanya and Haikou, the coarse

aerosol concentrations are relatively lower. The
shapes of VPSD are similar to each other, with
volume peak values of fine and coarse modes less

than 0.05 and 0.03 ym® ym, respectively.

relatively weak anthropogenic and natural
aerosol sources. At Xi’an and Beijing, although
VPSD embodies features of dust influence (i.e.,
considerable coarse mode), the larger fine mode
(~0.05 pm?® pm™?) illustrates a typical densely
populated site feature.

SEASONAL VARIATIONS. The multiyear monthly average
VPSD is shown in Fig. 7. For dust-dominated-type
sites (Minqin, Zhangye, and Kashi), the coarse-mode
volume is extremely high in spring while fine-mode
volume is very low, and there is no significant change
throughout the year (Xie et al. 2015; Xu et al. 2014).
For tropical-type sites (Sanya and Haikou), both
fine- and coarse-mode volumes are obviously low in
summer, which might be caused by frequent scaveng-
ing and less emissions with decreased tourism activi-

3) Central and eastern regions: VPSD shows sig-  ties during this season. For central and eastern sites
nificant fine mode at five densely populated (e.g., Hefei and Shanghai), the coarse-mode volume
sites (Guangzhou, Hefei, Shanghai, Nanjing, and  illustrates a decreasing trend in late summer related
Chengdu), with the maximum volume peak of to monsoon scavenging, while both volume and
fine mode up to 0.09 ym?* ym= (Chengdu). At peak radius of fine modes show a counterbalancing
Harbin and Zhoushan, all fine- and coarse-mode  increase in roughly the same time window. This can
VPSDs are not high (<0.05 ym?® ym™?), suggesting  be explained by the fact that impacts of hygroscopic
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growth are mainly related to fine-mode aerosols (Li
et al. 2014). In addition, the volume of coarse mode
increases clearly in spring at northern and central
densely populated sites (e.g., Xi’an, Beijing, and
Songshan).

Chemical properties. SPATIAL VARIATION. The spatial
distribution of five aerosol components is shown
in Fig. 8. The BC and BrC mass concentrations at
urban sites are generally higher than those at desert
or coastal sites. For example, the sum of BC and BrC
at Beijing (17 mg m™) is significantly higher than that
at arid sites (e.g., only 1-2 mg m at Kashi). The CM
component (DU or SS) mainly from natural sources
has evident spatial distribution variation. The CM
concentrations at arid sites (e.g., Kashi, Minqin, and
Zhangye) can exceed 600 mg m™~, much larger than
those at Chengdu, Nanjing, and Hefei, which are

Mingin Xi'an

Songshan

far from desert dust sources. The FS concentrations
at large cities (e.g., Shanghai and Guangzhou) are
basically higher than arid regions, and those at the
coastal sites (e.g., Haikou) are also at a high level. AW
content in aerosol is highly related to air humidity.
The AW content at coastal sites can reach 120 mgm™,
while that at arid regions is extremely low (3.5 mg m™
at Lhasa).

SEASONAL VARIATIONS. Figure 9 shows the seasonal
variations of aerosol component mass fractions and
TMC at SONET sites. The average TMC of all sites is
about 490 mg m™ and shows very large site differences
together with component fractions:

1) Tropical and coastal regions: Sanya, Haikou,

and Guangzhou are mainly affected by maritime
monsoon climate and have similar seasonal

Beijing

MAM JIA

MAM JJA SON DJF

Zhangye

SON

90°E 100°E

AOD (500 nm) W AE (440-870nm) —=— 20

SON  DJF : DJF

110°E 120°E 130°E

110°E 120°E 130°E

MAM JJA DJF 100°E

SON

Haikou

Chengdu Guangzhou

MAM JJA

SON DJF

MAM JJA

MAM JJA SON DJF MAM DJF

SON DJF

FiG. 4. Multiyear seasonal average AOD (500 nm) and monthly average AE (440-870 nm) at SONET sites. Seasons
are spring [Mar-May (MAM)], summer [Jun-Aug (JJA)], autumn (Sep—Nov (SON)], and winter [Dec-Feb (DJF)].
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characteristics. In spring, FS and CM (mainly SS)  3)
contribute up to 62% of TMC, and BC and BrC
contents are relatively low. At Guangzhou, BC
and BrC fractions are slightly higher in winter than
other seasons, in accordance with Tao et al. (2014).
Aerosol components at Zhoushan and Shanghai
sites also show a similar seasonal pattern.

Central and eastern regions: The seasonal patterns
at Hefei, Nanjing, and Chengdu are similar. The
CM component is responsible for 54% of TMC
in summer, lower than other seasons, while the
strong atmospheric convection and frequent
precipitation in summer result in an increase of
AW components. The seasonal variations at Xi’an,
Beijing, Songshan, and Harbin are comparable.
In spring, the CM fractions generally exceed
60%-80% because of significant dust influences
(Zhang et al. 2002; Liu et al. 2015). The anthropo-
genic components (e.g., FS, BC, and BrC) present
an obvious increase in winter, due to additional
emissions of coal combustion and atmosphere
stagnation (Li et al. 2015).

Mingin Xi'an Songshan

Western and arid regions: Because of dry conti-
nental climate, aerosols at Mingin, Zhangye, and
Kashi are similarly dominated (about 89%-96%)
by CM components (mainly dust) throughout
the year (Xu et al. 2014). There is no noticeable
seasonal variation of components at Lhasa. CM
dominates aerosol through the year, and TMC
in spring (153 mg m™) is much higher than other
seasons (only 95 mg m).

Radiative properties. Atmospheric aerosols have direct
influences on the Earth radiation budget through ab-
sorption and scattering of solar lights and further affect
the energy balance of the Earth-atmospheric system
accordingly (Sena et al. 2013). The aerosol direct RF is
defined as the difference between the net flux with aero-
sol and that without aerosol (Babu et al. 2002; Adesina
etal. 2014). The RFE (in units of Wm™7._ ) is defined

550

as the rate at which the atmosphere is forced per unit
of aerosol optical depth at 550 nm (Garcia et al. 2011).

The daily average aerosol shortwave (0.3-2.8 ym)
RF and RFE under clear-sky conditions is an important
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FiG. 5. Multiyear seasonal average spectral SSA (440, 675, 870, and 1,020 nm) and monthly average FMF (500 nm)
at SONET sites. In each subfigure, the left and right y axes represent SSA and FMF, respectively. Bottom and
top x axes are the seasons and months of the year.
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reference for climate change assessment (Garcia et al.
2011). The daily average aerosol parameters (AOD,

Sanya are lower (in absolute value) than those at
Haikou, respectively.

SSA, g, and AE) at 440, 675, 870, and 1,020 nm and 2) Western and arid regions: RF and RFE at the
columnar water vapor content from SONET, as well Kashi, Zhangye, and Mingqin sites are very close,
as Moderate Resolution Imaging Spectroradiometer both at TOA and BOA. The Lhasa site has the low-
(MODIS) surface albedo product, are employed to est radiative forcing effects among all sites, only
calculate aerosol RF and RFE at SONET sites by -1.22 Wm™ (RF,,) and -1.39 W m™ (RF ).
using the Santa Barbara (Discrete Ordinate Radia- 3) Central and eastern regions: The anthropogenic
tive Transfer model) DISORT Atmospheric Radiative aerosols have significant influences on the radia-
Transfer (SBDART) code. In the calculation, the day- tive parameters at these sites. The levels of RF
time average aerosol products are used as alternatives clearly increase due to intensive human activities.
of the daily average aerosol parameters. At Beijing, the RF_, is -17.99 W m~and RF,,
From Fig. 10, it is clear that multiyear averages is —45.95 W m?, the highest values of all urban-
of daily average RF and RFE at all sites are negative, type sites, but the RFE at the Beijing site is not
indicating radiative cooling effects, both at TOA the highest. In contrast, the RF, . and RFE
and BOA. at Shanghai are the lowest of all urban sites, but
the RF, , and RFE,, are very high, suggesting
1) Tropical region: RF, , at Sanya and Haikou are strong cooling efficiency on the ground level.
-30.25 and -30.64 W m™, respectively, with Opverall, the RFE of densely populated region sites
a very small difference. While at TOA, RF are systematically higher than other regions in
(-3.98 Wm™) and RFE_, (-6.14 W m™ 7 ") at China.
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CONCLUSIONS. The SONET data are analyzed
to carry out a comprehensive climatology study on
total columnar aerosol properties over China. The
results suggest that aerosols in China are complex
and highly varied both in temporal and geographi-
cal scales. In the eastern region of China, the aerosol
loading is high and anthropogenic influence is
obvious, which accordingly results in significant
radiative cooling effects both in top and bottom of the
atmosphere. Major characteristics of total columnar
aerosols at SONET sites include the following:

1) AOD is low in west China but high in east
China. Lhasa is the cleanest site in SONET. AOD,
together with AE and FMF, are rather high in
the central and eastern zones. As for SSA, the
strongest absorption occurs at Beijing, while the
weakest absorption appears at Haikou. Because of
dust impacts, the aerosol volume at western sites
shows remarkable dominance of the coarse mode
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in spring, even all year. The highest fine-mode
volume concentration occurs in Chengdu. As to
temporal variations, AOD and AE at Lhasa and
Zhoushan are stable in all seasons. In the tropi-
cal region (Sanya and Haikou), AOD, AE, and
FMF are higher in spring, followed by a drop in
summer when maritime aerosol is prevailing. In
central and eastern China, FMF and SSA indicate
plenty of fine particles and strong absorption,
implying significant anthropogenic influences
(e.g., winter heating, straw burning, and indus-
trial emission).

2) The multiyear average TMC of all sites is about
490 mg m™ with significant regional variations.
The component fractions also show considerable
spatial and seasonal variations. The western sites
have the highest TMC consisting of a dominant
dust component, while AW measurements
are extremely low. In the tropical and coastal
regions, aerosol TMC is relatively low and mainly
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composed of AW, SS, and FS. Aerosols in the
central region present a transitional composition
pattern, mostly featuring a significant dust con-
tribution with varying AW fraction related to air
humidity. Lhasa has the lowest TMC among all
sites, with a majority of dust in mass. In terms
of seasonal variation, most urban sites in central
and eastern China show a generally higher level of
carbonaceous components (sum of BC and BrC)
in winter than in other seasons, most probably
related to the increase of energy consumption in
the heating season, especially coal burning.

For along time, it was a big challenge to implement
and maintain continuous comprehensive observation
of total columnar atmospheric aerosols in China.
SONET observation can contribute to deepening the
understanding of aerosol properties over vast areas of
China and improve knowledge of aerosols regarding
climate change and air quality.
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