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Aerosol plays a key role in determining radiative balance, regional climate and human health.
Severe air pollutionoverNortheast China in recent years urgesmore comprehensive studies to
figure out the adverse effects caused by excessive aerosols. In this study, column aerosol
measurements over urban Harbin, a metropolis located at the highest latitude in Northeast
China, during May 2016 to March 2017 were conducted using a CIMEL sun-photometer to
analyze local aerosol properties and its variation from different aspects. According to the
observations, aerosol optical depth at 440 nm (AOD440) ranges from 0.07 up to 1.54, and the
large variability in both AOD440 and Angstrom Exponent (AE440–870) indicates the frequent
change of aerosol types due of different emission sources. Coarse mode particles dominated
Harbin during the studying period because of the long-range transported dust and probably
the suspended snow crystals in winter. As the wavelength increases, relatively consistent
decrease trends of single scattering albedo (SSA) and asymmetry factor (ASY)were observed in
spring, autumn, andwinter, indicating the presence of absorbing polluted aerosols.Mixed type
(MIX) aerosol dominated the study regionwith a total percentage of 34%, and biomass burning
and urban industry (BB/UI), clean continental (CC), and desert dust (DD) aerosolswere found to
be 31%, 27%, and 8%, respectively. The current work fills up the optical characteristics of
aerosols in Harbin, andwill contribute to the in-depth understanding of local aerosol variation
and regional climate change over Northeast China.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Aerosol is one of the most important constituents of atmo-
sphere. It contributes significantly to climate change due to its
influence on atmospheric chemical reactions and impact on
cloud formation, earth radiation budget, and plant growth rate
(Dubovik et al., 2000; Tanre et al., 2001). Episodic studies show
that overexposure to high concentration of polluted aerosols
hit.edu.cn (Yuan Yuan).

o-Environmental Science
will lead to forced-breathing and increased mortality (Bai et al.,
2016; Jiang et al., 2017; Zou et al., 2017). Different from trace
greenhouse gases, it is more difficult to investigate the
environmental effect of aerosol due to multiple reasons (Shi,
2007). Aerosol consists of various substances with different size
distributions, particle shapes, and chemical compositions, and
thus has different optical properties, whichmay cause contrary
climate effects (Haywood et al., 2003; Takemura et al., 2002).
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Fig. 1 – The geographical position of the studying area, and
the CE-318 sun-photometer.
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Aerosol particles are emitted by abundant sources and have a
transient life period, which adds the complexities and uncer-
tainties in aerosol studies (Mao, 2016; Smirnov et al., 2003;Wang
et al., 2017). Therefore, large scale and high temporal resolution
measurements of aerosol are necessary to understand their
environmental impact. Ground-based sun-photometer is a
fundamental measurement characterizing aerosol microphys-
ical and optical properties at high quality levels due to its wide
angular and spectral measurements of solar and sky radiation
(Garcia et al., 2012; Russell et al., 2004; Xia et al., 2016). The
observations are widely used to characterize local aerosol
optical properties, to evaluate satellite aerosol products, and
to understand aerosol-cloud-radiation interactions (Xia et al.,
2016, 2007).

Many studies on aerosol optical properties have been made
in North China Plain, Yangtze Delta region and western regions
(Xia et al., 2007, 2013). However, compared with the mentioned
regions above, more attention should be paid to Northeast
China region, the heavy industry base of China. Extensive
industrialization and half-year-long heating period expose the
cities to intense hazes events, especially in winter (Yu et al.,
2016; Zhang et al., 2016). And PM2.5 concentrations exceed
limits frequently (Chen et al., 2017; Kuang et al., 2016). Hence,
there is an urge demand that continuous measurement should
be implemented in this heavily polluted region to assess aerosol
impact on regional environment and climate over Northeast
China (Li et al., 2015; Zhu et al., 2014). Although aerosol optical
properties over Northeast China have been studied by previous
researchers, little focushasbeenpaid toHarbin, thenorthern-most
metropolis. Thiswork attempts to performa comprehensive study
of local aerosol properties at Harbin. And to the best of our
knowledge, it is the first time that both aerosol optical and
microphysical properties at Harbin has been studied.

In this study, data from nine-month observation at urban
Harbin were used to analyze local aerosol microphysical and
optical properties, as well as the variation of aerosol types. In
the section “Materials and methods,” a brief description of the
regional characteristics, instruments, data analysis methods,
and related dataset is given. In the “Results and discussion”
section, we describe a comprehensive analysis of local aerosol
properties, such as aerosol optical depth (AOD), angstrom
exponent (AE), water vapor (WV), volume size distribution
(VSD), single scattering albedo (SSA), and asymmetry factor
(ASY), together with aerosol type changes. Also, a case study of
urban haze was analyzed using space-borne Lidar measure-
ment and the HYSPLIT back trajectory method. At last, we
present a concise conclusion.
1. Materials and methods

1.1. Site description

Harbin (125.4°E–130.1°E, 44.0°N–46.4°N) has a total urban area of
10,200 km2 and a population of 5.5 million. It is located at the
highest inhabited latitude and records the lowest temperature
as a provincial capital andmetropolis in China (Fig. 1). Harbin is
subject to continental monsoon climate. Summer (July–August)
is characterized by hot, damp and rainy weather while winter
(October–March) is cold, and dry.
Local meteorological parameters such as rainfall, tempera-
ture, relative humidity, and wind speed were obtained from
the China Meteorological Administration. The distribution of
monthlymean total rainfall is shown in Fig. 2a. The distribution
shows that precipitation mainly concentrated during May–
October, with a peak of 150 mm in June, while snow falls in
November to March with negligible rainfall. The total rainfall
duringMay 2016 toMarch 2017 is 397.5 mm,which ismuch less
than those over south China region. The monthly mean of
ambient temperature and relative humidity (RH) is plotted in
Fig. 2b and c. The temperature reaches nearly 30 °C in summer
(July–August), thereafter gradually decreases towards January,
with the lowest temperature at −20 °C, and then it goes up
by degrees from February. A bi-model distribution of RH is
observed, with two-peak value around 90% in July and
December, while RH values in May and October are relatively
low with an average monthly RH less than 60%. Monthly
variation of wind speed is illustrated in Fig. 2d, and the change
is relative small, where a maximum monthly wind speed is
observed (17 m/s) in May. The present study focuses on three
seasons: spring (May–June), autumn (September–October) and
winter (November–March).

1.2. Measurement

The instrument used in this study is a CE318 sun-photometer
(CIMEL, France). The automatic sun-photometer provides two
kinds of basic measurements: direct sun and diffuse sky
radiance observations. There are eight spectral bands inside the
sensors, with 1.2° full field of view, between 0.34 and 1.64 μm.
More details of the instrument can be found in several earlier
works (Dubovik et al., 2000, 2002; Smirnov et al., 2003). AOD, AE,
andWVwere threemain outputs of the sun-photometer, which
could be accurately calculated. Particle size distribution and
refractive index are retrieved using eight spectral AODs, then
aerosol optical properties like SSA andASY are calculated based
on the above parameters. Detailed inversion scheme is pre-
sented in Appendix part.
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Fig. 2 – The climatological distribution of (a) total rainfall, (b) air temperature (in °C), (c) relative humidity (in %), and (d) wind
speed (in m/sec) describes as box plots during the period from May 2016 to March 2017 over urban Harbin. In each box, the
central line is the median and the lower and upper limits are the first and the third quartiles, respectively. The lines extending
vertically from the box indicate the spread of the distribution with the length being 1.5 times the difference between the first
and the third quartiles. The asterisk symbols indicate the geometric means.
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Fig. 3 – Daily variation of (a) aerosol optical depth at 440 nm,
(b) Ångström exponent at 440–870 nm, and (c) columnarwater
vapor (in cm) over urban Harbin during the study period.
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2. Results and discussion

2.1. Temporal variation of local aerosols

AOD is corresponding to the atmospheric column aerosol load,
while AE is representative of the aerosol size. The temporal
variation of daily mean AOD440, AE440–870, and WV is presented
in Fig. 3.On the overall scale, local AOD440 ranges from0.07up to
1.54. Low AOD440 (<0.1) is regarded as clean background air
conditions, while high AOD440 (>0.5, or even >1.0) represents
the severe aerosol burden in the atmosphere due to the
influence of transport dust or anthropogenic pollutants (Xin
et al., 2007). The large daily variability in both AOD440 and
AE440–870 indicates the frequent change of aerosol types over
urban Harbin because of different emission sources. The
seasonal statistics of AOD440, AE440–870 and WV (in cm) over
urban Harbin during the study period are presented in Table 1.
Daily mean AOD440 at Harbin is 0.42 ± 0.29, which is familiar
with the annual mean AOD440 0.42 ± 0.32 at Kunming (Zhu
et al., 2016) and 0.44 ± 0.30 at Urumqi (Li et al., 2017). And the
annualmeanAOD is lower thanmanyurbanareasof China, like
the Yangtze Delta region, the North China Plain and central
China (Li et al., 2007; Xia et al., 2016, 2007).
Seasonal mean AOD440, AE440–870, and WV (in cm) during
spring are respectively 0.40 ± 0.27, 1.41 ± 0.38, and 1.64 ±
0.46 cm, while they are respectively 0.43 ± 0.26, 1.85 ± 0.96,
and 1.07 ± 0.19 cm during autumn and 0.42 ± 0.32, 1.13 ± 0.28,



Table 1 – Seasonal variability of AOD440, AE440–870 andWV
(in cm) over urban Harbin during the studying period.

Season AOD440 AE440–870 WV(cm)

Spring(May-Jun) 0.40 ± 0.27 1.41 ± 0.38 1.64 ± 0.46
Autumn(Sep-Oct) 0.43 ± 0.26 1.85 ± 0.96 1.07 ± 0.37
Winter(Nov-Feb) 0.42 ± 0.32 1.13 ± 0.28 0.46 ± 0.19
Total 0.42 ± 0.29 1.18 ± 0.34 0.97 ± 0.79

AOD440: aerosol optical depth at 440 nm;AE440–870: angstromexponent
between 440 nm and 870 nm; WV: water vapor (in cm).
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Fig. 4 – Seasonal variation of volume size distribution over
urban Harbin during May 2016 to March 2017.
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and 0.46 ± 0.19 during winter. During spring (May–June),
seasonal mean AOD440 is the lowest with the highest WV and
moderate AE440–870, indicating that the particle size is larger
than that in autumn, and it is likely related to the mixing
of transported dust from west and anthropogenic pollutants
(Zhu et al., 2014, 2016). Highest AOD440 as well as AE440–870 is
observed in autumn and implies that aerosols during this
period is characterized by fine mode particles, which is due to
the transported aerosol loads from the south, local industrial
emission and automobile exhaust, which is similar to other
metropolis in China (Yu et al., 2009b; Zhang and Mao, 2015).
Winter is more prone to static weather, and the frequency of
severepollution ismuchhigher than other seasons (Wanget al.,
2016). AE440–870 values are stable near 1.2 in winter, which
means the dominance of fine mode particles over this region
(Xia et al., 2016). Similar to North China Plain, winter at Harbin
is even more cold and dry, which does not favor for the aerosol
hygroscopic growth. Lowest seasonal mean AE440–870 is
observed in winter because of relative high wind speed
(Fig. 2d), and it would result in the mixing state of transported
dust and local anthropogenic emissions.

2.2. Volume size distribution (VSD)

Columnar aerosol size distribution is a key parameter
determining the aerosol optical properties, which is closely
related to AE and its variations (Yu et al., 2009b). In general,
the fine mode particles are mainly related to anthropogenic
activities, such as fuel combustion and vehicle exhaust, while
the coarse mode particles are inclined to be composed of local
suspended dust by strong wind or emitted from building
construction and long range transported dust from desert
(Cheng et al., 2015).

Fig. 4 shows the seasonal mean of aerosol volume size
distribution over urban Harbin. The aerosol volume size
distributions are found to be bimodal logarithm normal struc-
ture with the fine mode radius <0.6 μm and coarse mode
radius >0.6 μm. The volume concentration of fine mode particle
reaches peak at radius 0.19 μmduring spring and winter, and at
radius 0.25 μm during autumn. The coarse mode showed the
maxima peak at radius 2.9 μm, 5.1 μm, and 4.0–8.0 μm during
spring, autumn, and winter respectively. The increase of both
fine and coarse mode radius during autumn may be attributed
to the hygroscopic growth of particles because of the relatively
high rainfall and high RH condition during the late monsoon
season (September and October). The coarse mode particles are
obviously dominant over urban Harbin during spring, and this is
mostly due to the presence of transport dust particles, where a
familiar seasonalmean volume size distribution during spring is
observed in SACOL and Beijing site (Che et al., 2014; Li and
Zhang, 2012; Yuet al., 2016). Due to its geographical environment
characterized of flat terrain andprevailingwind and sand,which
is familiar to the west site, SACOL (Che et al., 2014; Li and Zhang,
2012; Yu et al., 2016), Harbin has often been affected by the
transported dust during the studying period. The coarse mode
particles also dominate duringwinter and shows ahigher coarse
mode radius, which indicates the long range transported dust
aerosols and probably the presence of suspended snow crystals,
and this increase could also be found inwinter SACOL (Che et al.,
2014; Li and Zhang, 2012). The volume concentration of fine
modes is slightly larger during winter compared to other
seasons, suggesting the abundance of anthropogenic emissions
like soot particles due to heating and the existence of coagula-
tion of aerosols under the often occurring weather conditions
which are harmful to the diffusion of pollutants (Patel et al.,
2017).

2.3. Single scattering albedo (SSA)

SSA is defined as the ratio of scattering to total extinction of
solar radiation and is one of the most important aerosol
properties in acquiring the absorption and scattering charac-
teristics of suspended particles (Patel et al., 2017). Weakly
absorbing particles, like sulfate, has high SSA440 values (>0.95),
while strongly absorbing aerosols, like soot or black carbon,
has low values (<0.85). SSA for moderately absorbing and
slightly absorbing aerosols is in the range of 0.85–0.90 and
0.90–0.95, respectively. Additionally, the spectral variation of
SSA tells detailed information about the dominant aerosol
types (e.g., black carbon, dust, and sulfate) and can be used in
aerosol type identification together with AE or fine-mode
fraction (Cheng et al., 2015; Patel et al., 2017).

SSA at four wavelength (440, 675, 870 and 1020 nm) over
urban Harbin is retrieved during our study period to further
understand local aerosol variations. The seasonal mean
spectral variation is presented in Fig. 5. Total mean SSA at
440 nm is 0.93 ± 0.09, showing aerosols over urban Harbin is
of slightly absorbing nature. And it is slightly higher than the
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Fig. 5 – Seasonal variation of single scattering albedo over
urban Harbin during May 2016 to March 2017.
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Fig. 6 – Seasonal spectral variation of asymmetry factor over
urban Harbin during May 2016 to March 2017.

54 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 7 4 ( 2 0 1 8 ) 5 0 – 5 7
urban observations in Shanghai (0.91), Xianghe (0.90), and
Tongyu (0.91) (Che et al., 2014; Cheng et al., 2015; Zhang et al.,
2013). SSA440 in the present study region varies a lot and is
partly ascribed to the substantial change of aerosol types.
Seasonal mean SSA440 during spring, autumn, and winter are
0.92 ± 0.04, 0.90 ± 0.12, and 0.93 ± 0.09, respectively. Lower
SSA440 in autumn is likely due to large amount of strongly
absorbing aerosols from crop residue burning and the accumu-
lation of soot particles from coal emission under static and
steady weather at the beginning of the heating period (Wang
et al., 2016). Higher SSA440 in spring ismainly contributed to the
influence of long range transport dust. Considering the large
amount of precipitation and occasionally high RH in spring,
high humidity may enhance the conversion rate of SO2 to
sulfate and promote the photochemistry converting NO2 to
ammonium (Xia et al., 2016; Zhang et al., 2012, 2013),whichmay
also lead to the relative high SSA440 in spring.

Spectral variation in SSA differs slightly during different
seasons, and this variation lies on the relative proportions of
absorbing and scattering components in the atmosphere (Xia
et al., 2016). A relatively consistent decrease trend of SSA as
the wavelength increases during spring, autumn, and winter
indicates the presence of absorbing polluted aerosols. Familiar
spectral variation of SSA is found in some regions in China and
India during autumn and winter (Patel et al., 2017; Xia et al.,
2016).

2.4. ASY

ASY represents the angular distribution of light scattering by
atmospheric particles, which plays a key role on controlling
aerosol radiative forcing and modifying regional climate (Li
et al., 2015; Yu et al., 2009a). ASY is defined as the cosine
weighted average of the scattering phase function, and it
depends entirely on the physical and chemical properties of
aerosol particles, e.g., shape, size and component. The range of
ASY varies from −1 to +1, where −1 value represents absolutely
backscattered light, 0 value shows a symmetric scattering,
and +1 represents entirely forward scattered light (Patel et al.,
2017).
Seasonal mean spectral variation of ASY is shown in Fig. 6.
ASY during autumn decreases with increase in wavelength, and
shows a relatively strong wavelength dependence, indicating the
abundance of absorbing polluted aerosols. However, during
spring and winter, ASY varies little in the near infrared region,
and it can be attributed to the influence of transported coarse
mode dust particles. This result is similar to the observation
obtained at Beijing, SACOL, Noto, and Shirahama site during the
dusty days (Che et al., 2014; Yu et al., 2009b). Seasonal mean
ASY440 during spring, autumn, and winter are 0.68 ± 0.02, 0.71 ±
0.06, and 0.70 ± 0.05, respectively. Weather condition during
autumn and winter over Harbin is characterized of dry and cold
with little rainfall and relative low RH (<80%) compared to spring,
and the seasonal mean AE440–870 values are both larger than 1.0,
indicating that the suspended aerosols are mostly fine mode dry
aerosol particles. The seasonal mean ASY value during autumn
and winter of 0.71 and 0.70 fits well with the conclusions of
D'Almeida et al. (1991), who suggested the ASY value of nearly
0.72 represents the fine-mode dry aerosol particles (D'Almeida
et al., 1991).

2.5. Discrimination of aerosol types

Aerosol type can be determined by using the information on the
spectral variation of optical and physical properties of aerosols.
The mostly common and widely used technique for identifying
aerosol types is the combined use of AOD and AE, which are
associated with the aerosol loading and aerosol size, respec-
tively (Pace et al., 2006; Patel et al., 2017). Fig. 7a shows the
scatter plot of the daily mean value of AOD440 and AE440–870. A
wide distribution of AE440–870 values for low-to-high AOD440

indicates large variability in aerosol properties and it also
suggests a mixing state of different aerosol types in the
atmosphere over urban Harbin. Before identifying the aerosol
types, some threshold values should be taken to quantify the
contribution of major aerosol types. More concretely, clean
continental aerosols (CC) representing the back conditions over
urban Harbin are considered as AOD440 < 0.2, while long range
transported desert dust aerosols (DD) are for AOD440 > 0.4 and
AE440–870 < 0.8. Cases corresponding to transported biomass
burning aerosols or thick urban/industrial plumes (BB/UI) are
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Fig. 7 – (a) Scatter plot of AOD440 versus AE440–870 with daily average data identifying dominant aerosol types over Harbin during
the study period. (b–d) Seasonal mean Ångström exponent difference as a function of AE440–870 to and AOD440 (color scale) over
Harbin for spring, autumn, and winter respectively. The black lines indicate the fixed fine mode radius and the blue lines the
fixed fine mode fraction. AOD: aerosol optical depth; AE: angstrom exponent.
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for AOD440 > 0.4 and AE440–870 > 1.0, while cases that do not
belong to anyof the above categories are regarded asmixed type
aerosols (MIX). Table 2 gives the total and seasonal contribution
of these four aerosol types over Harbin during our studying
period. The dominant aerosol type over Harbin is found to be
the MIX (34%) with maximum in winter (36%), while BB/UI is
found to be the second most contributor (31%). The high
contribution of both MIX and BB/UI aerosols suggests that
Harbin is strongly affected by a large number of anthropogenic
aerosols due to local and transported pollutants (e.g., the
agricultural crop-residue burning, automobile exhaust, soot
Table 2 – Percentage of contribution of different aerosol
type to the total.

Season CC MIX DD BB/UI

Spring 28% 34% 10% 26%
Autumn 22% 26% 13% 39%
Winter 29% 36% 5% 30%
Total 27% 34% 8% 31%

CC: continental aerosol; MIX: mixed type aerosol; DD: desert dust
aerosol; BB/UI: biomass burning/urban industry aerosol.
particles ofheating). DDaerosols also account for a considerable
proportion with relative high percentage in spring (10%) and
autumn (13%), rendering Harbin sometimes suffers moderate
dust aerosols. It is observed that CC aerosols account for a
considerable proportion (27%), indicating that the air quality
over Harbin (low aerosol load with AOD440 < 0.2) is much better
than that of most cities in south China (Xia et al., 2016). The
results abovemostly depend on the threshold set and itmay be
strongly modifying the contribution when the threshold value
changes (Patel et al., 2017).

A simple graphical method proposed by Gobbi et al. (2007)
(Gobbi et al., 2007) is used in the present study to distinguish
aerosol growth fromcloudcontamination and to classify aerosol
properties based on the measurements of sun photometer over
urban Harbin. The two variables used by this graphical scheme
are AE440 and the difference of AE (ΔAE) in two individual
spectral bands,where the finemode radii and finemode fraction
(FMF) are used as grid parameters. A large variation is observed
during spring, autumn and winter (Fig. 7b–d), indicating
significant variation in the dominant particle sizes (Patel et al.,
2017). Negative difference of AE suggests the dominance of fine
mode particles, while positive value relates to larger fraction of
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coarse mode particles under a bimodal size distribution (Zhu
et al., 2016). A high value of AOD440 (>0.7) occurred during spring
relates to fine mode aerosols with FMF > 90% and ΔAE < −0.4,
indicating the vast presence of anthropogenic aerosols, while a
lowvalue of AOD440 (<0.3) is observedwith FMF ranging from50%
to 90% and ΔAE from −0.4 to 0.4, rendering the roughly equal
presence of both fine and coarse mode aerosols. Cases with
moderate AOD440 (0.3–0.7) are more inclined to small FMF (<50%)
and positive ΔAE values, which suggest the influence of long
range transported dust aerosols from west. Same variations of
AE440 and ΔAE could be found during autumn and winter. In
general, the increase of AOD440 during autumn and winter is
associated with the extension of fine mode radii and FMF, and
this pattern is partly similar to that of Beijing, Shanghai, and
Nanjing (Cheng et al., 2015; Yuet al., 2016). Thehygroscopic or the
coagulation growth of aging fine particles may lead to the
increase of aerosol load. Overall, the fine mode aerosol size is
generally in the range of 0.1 μm to 0.15 μm, and the huge varia-
tion of FMF depicts that fine mode particles (mainly correspond-
ing to anthropogenic emissions) is of the most dominance.
3. Conclusions

The data from nine-month ground-based observation con-
ducted over urban Harbin duringMay 2016 to March 2017 were
utilized, for the first time, to analyze regional aerosol optical
properties, including AOD, AE, SSA, ASY, and VSD, and the
variation of aerosol types.

During our studying period, mean AOD440, AE440–870, andWV
(in cm) were 0.42 ± 0.29, 1.18 ± 0.34, and 0.97 ± 0.79 cm, respec-
tively, and the large variability in both AOD440 and AE440–870
indicates the frequent change of aerosol types over urban
Harbin. Total mean SSA at 440 nm is 0.93 ± 0.09, showing
aerosols over urban Harbin is of slightly absorbing nature, and
it is a little higher than the urban observations in Shanghai,
Xianghe, and Tongyu. Seasonal mean ASY440 during spring,
autumn, and winter are 0.68 ± 0.02, 0.71 ± 0.06, and 0.70 ± 0.05,
respectively. It is observed that ASY during autumn decreases
with increase in wavelength, while it varies little in the near
infrared region during winter, indicating the influence of
transported coarse mode dust particles. Aerosol volume size
distribution was found to be bimodal logarithm distribution
with a fine mode radius value of ~ 0.2 μm and coarse mode
radius of 3.0–8.0 μm, suggesting the relative equal influence of
both fine and coarse model aerosols over Harbin during the
whole studying period. Results from aerosol type discrimina-
tion indicated the dominance of MIX aerosol and also BB/UI
aerosol, while CC aerosols accounted for a considerable propor-
tion (27%), and it means a higher air quality at Harbin than
that at most of megacities in south China. And this study will
help to improve our understanding of local aerosol properties,
regional transport, and their climatic effects over Northeast
China Plain.
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