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Ground and satellite remote sensingmeasurements have revealed heavy aerosol loading in China;
however, aerosol optical properties and direct radiative forcing in Northeast China – important in
climate modeling and remote sensing – have not been widely studied. We studied four years of
continuous sun photometer measurements at Tongyu, a typical semi-arid rural site in Northeast
China, to better understand column-integrated aerosol optical properties and direct radiative
forcing. The annual average aerosol optical depth (AOD) at 500 nm was 0.20 ± 0.26; the
Ångström exponent (AE) between 440 and 870 nm was 1.37 ± 0.64; and the single scattering
albedo (SSA) at 440 nmwas 0.91± 0.05. The AOD at this rural site was a quarter of that observed
in the polluted North China Plain and Yangtze River Delta regions. Anthropogenic fine-mode
particles were the dominant contributor to AOD. The AOD and AE showed generally opposite
seasonal variation patterns. Relatively higher AOD values in summer (0.26 ± 0.27) and spring
(0.24 ± 0.30) were likely related to long-range transportation of anthropogenic aerosols from
southern industrial regions in summer, and the increased contribution of dust events in spring.
TheminimumAOD (0.16± 0.22) was concurrentwith themaximumAE (1.75± 0.76), observed
in winter. On average, the absorption AOD (AAOD) at 440 nm and its absorption Ångström
exponent (AAE) between 440 and 870 nm were 0.06 ± 0.03 and 1.04 ± 0.43, respectively. The
mean AAE was considerably higher than 1 in autumn and winter, indicating that brown carbon
from biomass burning contributed greatly to aerosol absorption. The AAE was lower than 1 in
summer and spring, related to the coating of black carbon particles. Large negative aerosol direct
radiative forcing was estimated at the bottom of the atmosphere, with relatively lower values
estimated at the top of the atmosphere; themeanswere−26.28 and−9.42Wm−2, respectively.
This resulted in a strong cooling effect on the surface, but warming in the atmosphere, potentially
impacting the regional climate.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

More than one third of China is covered by arid and semi-
arid areas (Fu and An, 2002). The land–atmosphere processes
ail.iap.ac.cn (R. Zhang).
in these regions play an important role in global and regional
climate systems, like the East Asian Monsoon circulation (Liu
et al., 2008). Changes in climate and climate variability impact
the water and energy cycles in these regions (Huang et al.,
2008). As a climatic and ecological transitional zone, investiga-
tion of semi-arid areas is key to understanding aridification,
due to its high sensitivity and vulnerability (Fu andWen, 2002).
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Fig. 1. Spatial distribution of themeanMODIS (aboardNASA'sAqua satellite) AOD
at 550 nm fromMarch 2010 to February 2014. The clusters of the 3-day backward
trajectories ended at Tongyu (500 m above ground level) are overlaid.
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To further investigate land–atmosphere processes and climate
change in semi-arid regions, and the role of human activities,
the Tongyu observation station (44.56°N, 122.92°E, 151 m
abovemean sea level) was established in the northwest part of
Jilin Province, China.

Aerosol is a potential climate change agent, but with a low
level of scientific understanding because of the highly spatial
and temporal variability in its physical/chemical properties and
large uncertainties in its radiative forcing (IPCC, 2013). Dust
aerosols from arid and semi-arid regions are the main sources
of dust in Asia, and significantly impact regional climate via
direct radiative forcing, indirect and semi-direct effects on
cloud generation, evolution and dissipation (Huang et al., 2006,
2010). Short-term observation of near-surface PM2.5 particles,
including their chemical composition and optical properties,
has been conducted at Tongyu during spring (Zhang et al.,
2008, 2012a; Ho et al., 2011; Shen et al., 2011;Wu et al., 2012).
Results from these previous studies clearly indicated that, even
in the dusty season, anthropogenic aerosol components such as
water-soluble ions, black carbon (BC), and organic carbon
accounted for a large portion of aerosol loading. This mixture of
natural dust and anthropogenic aerosols had a complex impact
on radiation and regional climate change (Che et al., 2009a).
Extensive long-term observations of physical/optical parame-
ters including aerosol optical depth (AOD), particle size and
absorption have been rarely reported in the literature.

Ground-based remote sensing by sun photometry has been
validated as a goodmethod to study column-integrated aerosol
optical properties in the atmosphere (Dubovik et al., 2000).
Such datasets arewidely used to study aerosol radiative forcing
and its climate effect (e.g., Xia et al., 2007a, 2007b; Che et al.,
2014), and to validate satellite remote sensing (e.g., Hsu et al.,
1999; Remer et al., 2002; Bréon et al., 2011; Xie et al., 2011) and
chemical model simulation results (e.g., Chin et al., 2002;
Matthias, 2008; Han et al., 2012). Regional and global networks,
such as the China Aerosol Remote Sensing Network (CARSNET)
(Che et al., 2009b), and the Aerosol Robotic Network (AERONET)
(Holben et al., 1998), have been established in recent decades.
The aerosol optical properties revealed by these networks have
been intensively reported over certain regions in China, such as
the North China Plain (Xia et al., 2007a; Li et al., 2007; Zhu et al.,
2014), eastern China (Xia et al., 2007b; Pan et al., 2010) and
western desert regions (Xia et al., 2004; Che et al., 2009a).
However, similar studies are very limited in Northeast China,
especially in the climatically important semi-arid region. Aerosol
optical properties, and related radiative effects in a suburban
region, northeastern China (Liaozhong), were studied by Xia
et al. (2007c) using sun photometer observations over three
months. The spatiotemporal variation of AOD and the Ångström
exponent (AE) was described by Wang et al. (2010) with four
years of sunphotometermeasurements at a regional background
site in Northeast China (Longfengshan); Zhao et al. (2013) also
used sun photometer measurements at four stations over urban
and industrial regions of Northeast China to conduct similar
studies. However, only selected optical parameters, such as AOD,
have been analyzed in this region; detailed analysis of aerosol
size and absorption, which have decisive impact on radiative
forcing, has not taken place.

In this study, the column-integrated aerosol optical
properties at Tongyu are investigated based on four years of
sun photometer remote sensingmeasurements. The optical and
microphysical properties including the AOD, single scattering
albedo (SSA), absorption AOD (AAOD), and volume size
distribution, are analyzed in detail. The aerosol direct radiative
forcing (ADRF) is also discussed. This work is intended to give a
sense of the columnar aerosol optical properties in a typical
semi-arid region in Northeast China, and provide essential
parameters to increase the accuracy of climate simulations in
this sensitive region.

2. Measurements and methods

2.1. Site description

The Tongyu observation station, a typical semi-arid site in
Northeastern China, is a reference site of the Coordinated
Energy andWater Cycle Observation Project (CEOP), part of the
Global Energy and Water Cycle Exchanges Project (GEWEX).
The Tongyu station lies in a degraded grassland area, with very
few anthropogenic emission sources (Cheng et al., 2010; Wu
et al., 2012). Routine meteorological and water vapor flux
measurements have been conducted since October 2002.
Long-term continuous observations of aerosol optical param-
eters began in March 2010, including measurements of
near-surface aerosol absorption and scattering coefficients, as
well as column-integrated parameters.

From the cluster analysis of the 3-day backward trajectories
(HYSPLITModel, Draxler and Rolph, 2013) ended at the Tongyu
observation station (500 m above ground level) during the
period fromMarch 2010 to February 2014 (Fig. 1), roughly 20%
of airmasses arriving at Tongyu came from the heavily polluted
south. This region includes the Jing-Jin-Ji area, where the
fine-particle pollution was severe. Furthermore, airflows from
the west likely transported dust aerosols in spring.

2.2. Measurements

As a regional background site of the China Aerosol Remote
Sensing Network (CARSNET), continuous measurements using
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a ground-based sun photometer (CE318, Cimel Electronique,
France) were conducted at the Tongyu observation station
fromMarch 2010. The sun photometer was situated on the roof
of the observation station, ~4 m above the ground. The sun
photometer measured direct solar radiance across nine
channels from the near-infrared through to the ultraviolet at
1640, 1020, 870, 675, 500, 440, 380, 340 and 940nmwith a 1.2°
full field-of-view (Holben et al., 1998). Measurements on the
first eight channels were used to retrieve the AOD, with those
at 940 nm used to retrieve precipitable water (PW) in the
atmosphere. Sky radiances from almucantar scenarios at 440,
675, 870 and 1020 nm were used to retrieve the column-
integrated aerosol optical and microphysical parameters such
as SSA, refractive index (RI) and volume size distribution
(Dubovik and King, 2000; Dubovik et al., 2006).

The sun photometer was calibrated once per year. An inter-
comparison calibrationwas carried out at the Chinese Academy
of Meteorological Science (CAMS) using the method described
by Che et al. (2009b). The sphere calibration was performed
by using the CARSNET sphere that was described in detail in
Tao et al. (2014).
Fig. 2. Monthly variation of AOD at 500 nm, AE between 440 and 870 nm, and
the integrated-column PW retrieved from the direct solar radiance measure-
ments by the CE318 sun photometer at Tongyu observation station fromMarch
2010 to February 2014.
2.3. Retrieval methods

AOD was derived using the ASTPwin software provided by
the sunphotometermanufacturer. Cloud-screening procedures
suggested by Smirnov et al. (2000) were applied to eliminate
cloud contamination. AOD retrieved from this software agrees
well with those of AERONET/PHOTONS based on inter-
comparison measurements (Che et al., 2009b). The total
uncertainty associated with the AOD is 0.01–0.02 (Eck et al.,
1999; Che et al., 2009b). The retrieval algorithm for column-
integrated optical properties and radiative forcing of aerosols
was similar to that used by AERONET (Che et al., 2014).
Column-integrated SSA, RI and size distribution were also
retrieved. Note that only the SSA andRI of almucantar retrievals
with AOD at 440 nm (AOD440) N 0.4were retained in this study,
to avoid the large inversion errors from the limited information
content when AOD440 b 0.4 (Dubovik and King, 2000). The
retrieval accuracy of SSA is expected to be 0.03 in the high AOD
cases. The retrieval errors of aerosol size distribution are b10%
in the radius of ~0.7 μmand increase up to 35%with decreasing
radius to ~0.1 μm. The uncertainties in retrieved size distribu-
tion are relatively large for small particles with radius less than
0.1 μm and particles larger than 0.7 μm (Dubovik et al., 2000;
Dubovik and King, 2000; Dubovik et al., 2002).

According to the retrieved parameters, including size
distribution, RI and the fraction of spherical particles, the ADRF
and its efficiency (i.e., radiative forcing normalized to one unit of
AOD)were calculated using a radiative transfer module, as used
in the AERONET inversion code (García et al., 2012). The surface
albedo, required for calculating the ADRF, was obtained from
the 8-day Moderate Resolution Imaging Spectroradiometer
(MODIS) land products (MCD43B3, downloaded from ftp://
e4ft101.cr.usgs.gov/MOTA/MCD43B3.005). Note that instanta-
neous ADRF for solar zenith angles of 50–80° is presented in this
study.

Four years of data were recorded by the sun photometer,
from March 2010 through February 2014, and analyzed in this
study. Data were quality controlled by manually excluding
extreme outliers through comparison to weather records and
near-surface measurements.

3. Results and discussion

3.1. Aerosol optical depth

Averaged over the four-year measurement period at the
Tongyu observation station, themeanAODat 500 nm(AOD500)
was 0.20 ± 0.26. The mean AOD at Tongyu was much lower
than those measured at urban and suburban regions in China.
For instance, the annual mean AOD500 in Beijing was approx-
imately 0.88 (Xia et al., 2007a). The annual mean AOD500 from
September 2004 through September 2005 at Xianghe, a
suburban site about 70 km east of Beijing, was 0.82 (Li et al.,
2007). Pan et al. (2010) showed that the annual mean AOD500

was generally greater than ~0.40 over the Yangtze River Delta
region, based on more than one year's measurements at five
sites in the region. It was even lower than those at some
regional background sites, such as Xinglong (a background
site in the North China Plain) where the multi-year average
of AOD440 was reported as 0.28 (Zhu et al., 2014), and
Longfengshan (a background site in Northeast China) where
the annual mean AOD440 was in the range 0.27–0.39 (Wang
et al., 2010). The low AOD implies a regional background
characteristicwithminimal local human activities. However, the
mean AOD at Tongyu was considerably higher than that at the
Waliguan observation station, one of the World Meteorological
Organization-Global AtmosphericWatch (WMO-GAW)baseline
sites, where an average AOD500 of 0.14 was reported (Che et al.,
2011). Themean AOD500 at Tongyu is approximately double the
reported values for background continental air masses
(~0.1–0.15) (Halthore et al., 1992; Bergin et al., 2000).

AOD showed a pronounced seasonal variation, with maxi-
mum values in spring and summer (AOD500 ~ 0.33 in May and
June), and minima in late autumn and winter (AOD500 ~ 0.12 to
0.13 in November through January) (Fig. 2 and Table 1). Similar
seasonal variation was observed at many other sites over North
China, including Beijing (Eck et al., 2005, 2010; Xia et al., 2006),
Xianghe (Li et al., 2007), Shangdianzi (Che et al., 2009c) and
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Table 1
Seasonal average AOD at 440, 500, 675, 870, and 1020 nm, AE between 440 and 870 nm, and PW at Tongyu observation station from March 2010 to February 2014.
Spring: March, April and May; Summer: June, July and August; Autumn: September, October and November; and Winter: December, January and February. N is the
number of samples.

Season N AOD440 AOD500 AOD675 AOD870 AOD1020 AE440–870 PW (cm)

Spring 8199 0.28 ± 0.31 0.24 ± 0.30 0.19 ± 0.27 0.15 ± 0.26 0.14 ± 0.26 1.17 ± 0.48 0.43 ± 0.45
Summer 5265 0.29 ± 0.30 0.26 ± 0.27 0.18 ± 0.21 0.14 ± 0.16 0.11 ± 0.14 1.17 ± 0.37 2.35 ± 0.85
Autumn 8576 0.20 ± 0.26 0.18 ± 0.23 0.13 ± 0.17 0.09 ± 0.13 0.12 ± 0.18 1.24 ± 0.54 0.83 ± 0.67
Winter 10,100 0.19 ± 0.23 0.16 ± 0.22 0.12 ± 0.18 0.08 ± 0.17 0.08 ± 0.16 1.75 ± 0.76 0.12 ± 0.11
Whole 32,140 0.23 ± 0.28 0.20 ± 0.26 0.15 ± 0.21 0.11 ± 0.19 0.11 ± 0.19 1.37 ± 0.64 0.75 ± 0.93

Fig. 3. Seasonal average of aerosol volume size distributions.
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Xinglong (Zhu et al., 2014) in the North China Plain, and
Longfengshan (Wang et al., 2010) in Northeast China. Kim et al.
(2007) also demonstrated a similar seasonal variation of AOD
over eastern Asia, determined from multi-year MODIS, LIDAR,
and AERONET radiometer measurements. The seasonal pattern
was also observed in the trans-Himalayan region where
airborne dust particles contributed greatly to the higher AOD
in spring (Ningombam et al., 2014a). Arid and semi-arid region
in East Asia is one of the main sources of eolian dust aerosols in
the atmospherewhich have great impact on regional and global
climates (Choobari et al., 2014). Dust events mostly occurred in
spring over East Asia including our study area (Wu et al., 2011).
Thus, a higher AOD in spring at this semi-arid site was generally
associated with the occasional long-range transportation of
dust aerosols upwind from dust source regions, or local dust
emissions. The higher AOD in summer was associated with
anthropogenic aerosols from stagnant synoptic meteorological
patterns, secondary aerosol formation under higher tempera-
tures, increased human activities such as biomass burning,
and hygroscopic growth of aerosols due to enhanced relative
humidity (the highest PW in summer as shown in Fig. 2).
Long-range transportation of anthropogenic aerosols from
southern industrial regions also played an important role
(Fig. 1 and Fig. S1 in supplementary file). Higher AODs in
October (AOD500 ~ 0.26) and February (AOD500 ~ 0.25) were
also observed, perhaps due to the increased anthropogenic
emissions from surrounding areas. In situ aethalometer mea-
surements at Tongyu revealed a high BC concentration in
October, attributed to increased fuel and biomass burning
during harvest (Cheng et al., 2010). The minimum AOD in
November through January was representative of the back-
ground continental air masses.

The AE of the spectral AOD, an indication of the aerosol size,
was calculated by linear regression of AOD against wavelength
on a logarithmic scale for all AODs at wavelengths in the range
of 440 nm to 870 nm. The annual mean AE440–870 was 1.37 ±
0.64 at Tongyu, indicating the dominant contribution of
fine-mode particles to aerosol light extinction. The AE also
showed a distinct seasonal variation, generally opposite to that
of AOD, with higher values during winter and autumn
compared to spring and summer. The low AE in spring
correlated with occasional dust events in the semi-arid region,
which transported or locally produced coarse-mode dust
particles. The minimum monthly mean AE440–870 at Tongyu
was 1.05 in April, suggesting that even during the peak dust
month, fine-mode particles dominated the AOD. The AE440–870
was lower in summer and early autumn (from June through
October), with a mean value in the range of ~1.0 to 1.3.
Considering the relatively rare appearance of coarse dust
particles during these months, the low AE indicates the
occurrence of large size accumulation fine-mode particles,
which may have resulted from hygroscopic growth in a humid
environment. The mean AE440–870 exceeded 1.6 during winter,
with a maximum of 1.83 in January, suggesting combustion-
produced aerosols which are predominately fine-mode parti-
cles accounted mostly for AOD, which is further supported by
the analysis of AE and particle size in the next section.
3.2. Aerosol size distribution

The overall mean volume size distribution is shown in Fig. 3
(gray linewith vertical error bars). As is typical, the distribution
was bimodal, with a fine-mode peak at ~0.15 μm and a coarse-
mode peak at ~4 μm. The retrieved size distributions were
averaged by season and showed obvious variation (Fig. 3).
Generally, the retrieved total volume concentration was
highest in spring (0.088 ± 0.109), followed by summer
(0.082 ± 0.072) and autumn (0.066 ± 0.075), and lowest in
winter (0.051± 0.056).Moreover, coarse-mode particles were
more abundant in spring, while fine-mode particles weremore
abundant in summer. The highest fine-mode concentration
resulted in the highest AOD in summer. An interesting feature
in summer was that the fine-mode effective radius was the
largest, indicating coagulation or hygroscopic growth of fine-
mode particles, leading to enhanced scattering by aerosols. The
contribution of fine- and coarse-mode particles to the total
AOD was estimated based on the size distribution retrievals.
The AOD440 attributable to fine-mode particles accounted for
82%, 92%, 86% and 89% in spring, summer, autumn and winter,
respectively, further suggesting the dominant contribution of
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fine-mode particles to AOD at Tongyu, revealed by the high AE
values.

Although AE is a good indication of particle size, themixture
of coarse- and fine-mode particlesmakes it ambiguous in some
cases. For instance, a fine-mode particle distribution skewed
toward larger radii leads to an AE similar to that of a mixture of
coarse-mode and smaller fine-mode particles (Gobbi et al.,
2007). The relationship between the fine-mode fraction
of AOD675 (FMF675) and AE440–870 is shown in Fig. 4a. When
FMF675 b ~0.6, there was a positive correlation between FMF
andAE, so AEwas a good indicator of aerosol size in these cases.
However, AE varied widely (~0.0–2.0) for FMF675 N ~0.6,
indicating that AE was not always related to aerosol size and
FMF. This is mostly due to the very large variation of the fine
mode radius, as shown in Fig. 4b. There were many cases with
fine mode radii larger than 0.2 μm when FMF675 N 0.6,
indicating that coagulation and hydroscopic growth of aerosols
resulted in larger FMF but relatively lower AE. This feature was
more obvious in summer, i.e. the rainy season with enhanced
humidity.

According to the relationship shown in Fig. 4a, the linear
decrease of FMF675 with decreasing AE440–870 was more
significant when FMF675 was lower than ~0.6. Therefore, the
variation of aerosol size distribution with AOD in two different
situations is discussed: one with FMF675 N 0.6, representing a
fine-mode-dominated situation; and another with FMF675 b 0.6,
representing a coarse-mode-dominated situation. The average
volume size distributions of seven increased AOD bins in the
predominantly fine-mode AOD cases (FMF675 N 0.6) are shown
in Fig. 5a. The volume concentration of the fine mode increased
with AOD. Moreover, an obvious increase in the fine-mode
radius was observed, similar to those measured at other sites
such as Beijing and Anmyon Island, South Korea (Eck et al.,
2005). This tendency is likely due to aerosol coagulation or
hygroscopic growth. The peak fine-mode radius was relatively
smaller than that in Beijing. For example, the peak fine-mode
radius in Beijing was ~0.17 μm for an AOD440 of 0.68–0.70 (Eck
et al., 2005), while it was ~0.14 μm at Tongyu. The smaller fine-
mode radius at Tongyu is likely related to its semi-arid
environment that suppresses hygroscopic growth. The volume
size distributions of coarse-mode-dominated cases are shown in
Fig. 5b. The volume concentration increased with AOD, further
suggesting a major contribution of coarse-mode particles in
Fig. 4. Scatter-plots of FMF675 against (a) AE440–87
these cases. As a result, the AE decreased gradually from ~1.0 to
0.5. The volume median radius of coarse-mode particles was
~2 μm in high AOD cases (e.g., AOD440 N 0.7), close to those
observed at Beijing and Anmyon Island. This implies a common
coarse size characteristic of East Asian dust particles. The
fine-mode size associated with the predominantly coarse mode
AOD cases showed little dynamic change.

3.3. Single scattering albedo

The average SSA, calculated from 391 almucantar scan
retrievals of the four years of measurements for the cases with
AOD440 N 0.4 was 0.91 ± 0.04 at 440 nm, slightly lower than
those at Xianghe and Xinglong in the North China Plain where
themean SSA at 440nm(SSA440)was ~0.92 (Li et al., 2007; Zhu
et al., 2014). Seasonal variation calculated from the limited
dataset shows that the mean SSA440 was highest in winter
(0.920 ± 0.031, 38 retrievals), followed by summer (0.918 ±
0.044, 109 retrievals) and autumn (0.915 ± 0.033, 125
retrievals), and lowest in spring (0.903 ± 0.043, 119 re-
trievals). Frequent dust releases likely contributed to the
lowest SSA440 in spring. Dust particles are commonly consid-
ered having strong absorption in the range of ultraviolet to
short visible light because of the existence of hematite (Fialho
et al., 2006 and references therein). It can be approved by the
seasonal variation of SSA in the predominantly finemode cases
with FMF675 N 0.6. Having excluded the effects of coarse dust
particles, the mean SSA440 in the predominantly fine mode
cases was still highest in winter (0.921 ± 0.037, 34 retrievals),
and lowest in autumn (0.917 ± 0.033, 118 retrievals).
However, the mean SSA440 in spring increased to 0.920 ±
0.034 when 39 coarse-mode retrievals were eliminated. The
homologous change in SSA at the other wavelengths was
negligible, even in spring, which suggests that the coarse dust
particles mainly impacted the SSA at shorter wavelengths
(i.e., less than 440 nm). The SSA at longer wavelengths was
dominated by fine anthropogenic aerosols, such as BC.

The variation of SSA as a function of AOD is shown in Fig. 6.
Themean SSAwas calculated in different AODbins, the same as
those described in Subsection 3.2. Predominantly fine- or
coarse-mode AOD cases were separated using a critical FMF675
larger or less than 0.6. In the fine-mode-dominated cases
(FMF675 N 0.6), the SSA440 increased with increasing AOD440,
0 and (b) as a function of fine-mode radius.



Fig. 5. Aerosol volume size distributions at different AOD440 bins in (a) predominantly fine-mode AOD cases with FMF675 N 0.6, and (b) predominantly coarse-mode
cases with FMF675 b 0.6.
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with a minimum of ~0.90 in the lowest AOD bin (mean
AOD440 ~ 0.48), and maximum of ~0.96 in the highest AOD
bin (mean AOD440 ~ 2.07). Increases in SSA with AOD were
also observed in the predominantly coarse-mode cases
(FMF675 b 0.6), but were less significant at shorter wavelengths
(less than 440 nm). The lower SSA440 was related to the
stronger absorption by dust at this wavelength. The relation-
ship between SSA and AOD at Tongyu suggests that aerosol
scattering increasedmore than absorption as AOD increased, in
both the predominantly fine-mode cases (mainly induced by
anthropogenic pollution) and the coarse-mode cases (mainly
dominated by dust events).

Spectral SSA and volume size distributions for AOD440 N 0.4
were averaged over nine FMF675 bins with ranges of 0–0.2,
0.2–0.3, 0.3–0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 0.7–0.8, 0.8–0.9, and
0.9–1.0, as shown in Fig. 7. For the predominantly coarse-mode
AOD cases (FMF675 = 0.12, 0.25, and 0.36), the SSA generally
increased with increasing wavelength, suggesting a stronger
wavelength dependence of aerosol absorption compared to
scattering (Fig. 7a). A high percentage of coarse-mode particles
increased the scattering efficiency at longwavelengths, resulting
in weak scattering wavelength dependence (e.g., AE440–870 b

0.7). Meanwhile, coarse aerosols havemuch stronger absorption
at shorter wavelengths (in the ultraviolet) due to iron oxides in
Fig. 6. Variation of SSA as a function of AOD440 at four wavelengths when AOD4

(b) predominantly coarse-mode cases with FMF675 b 0.6.
dust particles, leading to high absorption wavelength depen-
dence in the ultraviolet to near-infrared spectrum range (Fialho
et al., 2006; Wu et al., 2012). For approximately equal
contributions of fine- and coarse-mode particles to the AOD at
675 nm (FMF675 = 0.46, and 0.55), the SSA varied less with
wavelength, indicating a comparable wavelength dependence of
scattering and absorption. The mean AE440–870 was close to 1 in
these cases, suggesting a similar absorption Ångström exponent
with value near 1which implies a dominant contribution of BC to
particle absorption (Bergstrom et al., 2007). Decreasing SSAwith
increasing wavelength was observed in the predominantly
fine-mode AOD cases (FMF675 N 0.6) due to the dramatic
decrease in scattering efficiency at long wavelengths.

3.4. Absorption aerosol optical depth

The AAOD, as the absorption part of AOD, was calculated
from AOD multiplied by (1 − SSA) for the cases with
AOD440 N 0.4. The mean value of AAOD at 440 nm (AAOD440)
was highest in autumn (0.061 ± 0.023) and lowest in summer
(0.055 ± 0.030), with an overall mean of 0.06 ± 0.03. Higher
AAOD440 was also observed in spring (0.061 ± 0.037), influ-
enced by the coarse dust particles mentioned in Subsection 3.3.
Excluding the predominantly coarse-mode cases (FMF675 b 0.6),
40 N 0.4 in the (a) predominantly fine-mode cases with FMF675 N 0.6 and



Fig. 7. Almucantar retrievals of (a) spectral SSA and (b) volume size distribution averaged over different FMF675 bins when AOD440 N 0.4.
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the mean AAOD440 in spring decreased to 0.050 ± 0.027, the
lowest among the four seasons. Although the AODwas higher in
summer (see Subsection 3.1), the lower AAOD suggests that the
aerosol scattering accounted greatly for the higher AOD in
summer. By contrast, the effect of the absorbing particles onAOD
increased in autumn resulting in the highest AAOD, likely related
to increased fuel and biomass burning during harvest
(Cheng et al., 2010).

Analogous to AE, the absorption Ångström exponent (AAE)
was calculated by replacing AOD with AAOD. The mean
AAE440–870 at Tongyu was 1.04 ± 0.43, close to the widely
adopted value (~1) for BC particles emitted by coal combustion
and vehicle exhausts (Bergstrom et al, 2007; Li et al., 2010;
Zhang et al., 2012b). The seasonalmeanAAE440–870was highest
in winter (1.36 ± 0.27) and lowest in summer (0.82 ±0.31).
The means for autumn and spring were 1.20 ± 0.29 and
0.96 ± 0.54, respectively. The AAE440–870 was higher than 1 in
winter and autumn, suggesting that absorption species other
than BC have notable impact on aerosol absorption. Having
excluded the rare dust cases in winter and autumn, the
AAE440–870 was still significantly higher than 1, with means of
1.39 ± 0.23 and 1.19 ± 0.29, respectively. This indicates that
components such as brown carbon (BrC), which have a larger
AAE (Andreae and Gelencsér, 2006) contributed considerably
Fig. 8. Variation of (a) ADRF and (b) its efficiency at the BOA and TOA as a function of
deviation of the corresponding variable.
to aerosol absorption. Human activities related to biomass
burning in autumn and winter, such as straw burning after
harvest and residential heating, are important sources of BrC. In
addition tomeasurement and retrieval uncertainties, the lower
AAE440–870 in spring and summermay be related to the coating
of BC particles by other components, which can lead to an AAE
lower than 1 (Bergstrom et al., 2007; Gyawali et al., 2009).
Without intense local emission close to the remote site of
Tongyu, long-range transportation is likely the major source of
anthropogenic aerosols in summer and spring. These bring
aged and well-coated BC particles resulting in lower AAE.

3.5. Aerosol direct radiative forcing

Because of the increase in light scattering and absorption
induced by aerosol particles, the absolute value of the negative
ADRF gradually increased with increasing AOD, both at the
bottomof the atmosphere (BOA) and the top of the atmosphere
(TOA) (Fig. 8a). Themean ADRF at the BOA varied from around
−20Wm−2 (AOD440 b 0.2) to about−150Wm−2 (AOD440 N

1.5). The mean ADRF at the TOA ranged from close to zero to
−70 W m−2. Similar results over an urban region in northern
China were reported by Xia et al. (2007a). Large variation of
ADRF was also observed in similar AOD cases (shown by the
AOD at 550 nm. The horizontal and vertical error bars represent one standard
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large standard deviation of ADRF in each AOD bin in Fig. 8a),
suggesting that aerosol properties greatly impact radiation, in
addition to aerosol loading. The ADRF efficiency is reflected in
the effect of aerosol properties on radiation, expressed as
the ADRF normalized by AOD550. Although large deviations
existed in the ADRF efficiency when AOD was low, the mean
ADRF efficiency (i.e., the absolute value of the negative ADRF
efficiency) at the BOA had a significantly decreasing trend as
AOD increased, from roughly −240 W m−2 in the lowest
AOD cases to around −90 W m−2 in the highest AOD cases
(Fig. 8b). The ADRF efficiency at the TOA varied less
with increasing AOD, from −16 W m−2 to −50 W m−2.
The decrease in ADRF efficiency at the BOA may relate to
increases in SSA (i.e., decreasing aerosol absorption) as AOD
increased, as mentioned in Subsection 3.3. Greater absorption
induces larger ADRF efficiency at the BOA (García et al.,
2012). Convergence of the difference between ADRF efficien-
cy at the BOA and TOA with increasing AOD also corroborates
the decrease in aerosol absorbing efficiency in the atmo-
sphere as AOD increased.

The mean ADRF, averaged over the retrievals with
AOD440 N 0.4, was −75.17 ± 29.70 W m−2 at the BOA and
−29.56 ± 19.24 W m−2 at the TOA. These values can only
represent the pollution conditions at Tongyu where the overall
mean AOD440 was 0.23. Correspondingly, the mean ADRF
efficiency was −139.26 ± 41.57 W m−2 and −49.94 ±
21.81 W m−2 at the BOA and TOA, respectively. The ADRF
efficiency (absolute value) at the BOA is lower than that over
the polluted North China Plain where the ADRF efficiency
generally exceeded−150Wm−2 (Che et al., 2014), suggesting
higher SSA (i.e., lower absorption ability) at Tongyu.
Compared to the ADRF efficiency at the BOA during typical
dust events (~−90 to−110Wm−2 reported in Obregόn et al.,
2015), the value at Tongyu is relatively higher suggesting that
more anthropogenic absorption aerosols existed in the
atmosphere over the research region. Because of the large
uncertainties in retrieved optical properties in low AOD cases
(i.e., AOD440 b 0.4), it was assumed that the optical properties
in the cases with AOD440 N 0.4 were representative of the
general characteristics of atmospheric aerosol at Tongyu and
estimated the mean ADRF over all the almucantar scan
retrievals by multiplying the mean ADRF efficiency by the
overall mean AOD550. As a result, the overall mean ADRF at the
BOA and TOA was −26.28 and −9.42 W m−2 respectively,
suggesting a cooling effect of aerosol in this semi-arid
region. The difference between ADRFs at the TOA and BOA
reflects the ADRF in the atmosphere due to aerosol absorption.
The mean ADRF in the atmosphere was ~17 W m−2 at
Tongyu, high enough to cause heating of the atmosphere and
possibly impacting atmospheric stability and the water cycle
(Ramanathan et al., 2001; Ningombam et al., 2014b). Analo-
gously, the seasonal ADRFs were estimated, and determined to
have means of −30.52,−34.19,−22.44, and −18.94 Wm−2

in spring, summer, autumn, and winter, respectively, at
the BOA; and −9.60, −12.81, −8.03, and −8.78 W m−2,
respectively, at the TOA. The lower-level cooling and higher-
level heating effect may further have likely impact on the
regional climate, e.g. weakening the East Asian monsoon
circulation. Thus, it is important to have long-termmonitoring
of aerosols and their radiative properties in the typical
semi-arid region.
4. Summary and conclusions

Column-integrated aerosol optical properties at the Tongyu
observation station, a rural site located in the climate-sensitive
semi-arid region of Northeast China, were analyzed based on
the retrievals of four years of sun photometer measurements
from March 2010 to April 2014. The overall average AOD500

was 0.20 ± 0.26, approximately a quarter of that observed in
the polluted North China Plain and the Yangtze Delta Region.
The AOD showed a significant seasonal variation, with higher
mean values in summer and spring. The AE440–870 was 1.37 ±
0.64 averaged over the whole period, suggesting a dominant
contribution of fine-mode particles to the AOD. The AE had a
generally opposite seasonal variation pattern. Higher AOD but
lower AE in summer might relate to increased transport of
anthropogenic aerosol from southern areas, accompanied by
hygroscopic particle growth; in spring this could be induced by
an increased contribution of coarse dust particles.

Separate relationships between AE and FMF illustrated the
different effects of particle sizes on AE. The particle sizes were
enhanced by increases in coarse-mode particles, which induced
a decrease of AE with decreasing FMF. However, hygroscopic
growth resulted in the breakdown of the relationship between
AE and FMF. The coarse mode increased significantly as
AOD increased, in the predominantly coarse dust cases
(FMF675 b 0.6). These mainly occurred in spring, resulting in a
markedly decreased AE. In the fine-mode-dominated cases
(FMF675 N 0.6), the finemode increasedmore significantlywith
increasing AOD accompanied by the increase in fine-mode
sizes.

The SSA440 averaged over the retrievals with AOD440 N 0.4
was 0.91± 0.05. This parameter also displayed seasonal cycles,
with lower values in spring and autumn andmaxima inwinter.
Dust particles in spring played an important role in aerosol
absorption at 440 nm. Increases in SSA were observed as AOD
increased, indicating that the aerosol scattering increased
more than absorption in the increasing AOD cases. Because of
the increased scattering efficiency, as well as the decreased
absorption efficiency of dust at long wavelengths, the SSA
increased with wavelength in the coarse-mode-dominated
cases. The SSA decreased with increased wavelength in the
fine-mode-dominated cases, suggesting a strong spectral
dependence of scattering compared to absorption.

The AAOD440 was highest in autumn and lowest in
summer, with an overall mean of 0.06 ± 0.03. The mean
AAE440–870 at Tongyu was 1.04 ± 0.43. It was significantly
higher than 1 in winter and autumn, suggesting that
BrC contributed considerably to aerosol absorption. The
AAE440–870 was lower than 1 in summer and spring, related
to the coating of BC particles.

A cooling effect of aerosol was found at Tongyu, with a
mean ADRF of−26.28 W m−2 at the BOA, and −9.42 W m−2

at the TOA. The negative ADRF showed a gradual increase as
AOD increased because of the increased aerosol loading in the
atmosphere. However, regardless of aerosol loading at the BOA,
the ADRF efficiency decreased as AOD increased, suggesting a
decreased aerosol absorbing ability. Larger negative ADRF at
the BOA and lower ADRF at the TOA may result in a strong
cooling effect at the surface, but heating in the body of the
atmosphere. This could further impact the regional climate
which needs continued work.
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