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a b s t r a c t
In-situ observations of aerosol optical properties were conducted in Jinan, an urban site, from December 2013 to
May 2014 and on Tuoji Island, a coastal site, from December 2014 to January 2015; both locations are located in
Shandong Province, Northern China. Aerosol optical properties, such as the scattering coefﬁcient (σsp), absorption coefﬁcient (σap) and single-scattering albedo (ω), were obtained using nephelometer and aethalometer.
The mean values (± standard deviation) for σsp at 550 nm and σap at 532 nm, were 204 ± 188 Mm−1 and
43 ± 33 Mm−1, respectively, in Jinan and 210 ± 246 Mm−1 and 8 ± 6 Mm−1 on Tuoji Island, respectively.
The average ω at 532 nm was 0.80 ± 0.09 in Jinan and 0.93 ± 0.04 on Tuoji Island. Pronounced diurnal cycles
were observed at both locations for σsp, σap and ω, but the diurnal cycles at the two locations exhibited distinct
properties for some of the aerosol optical parameters. The values of σsp and σap peaked between 0800 and 1100
local time (LT) due to trafﬁc emissions and low wind speeds at both locations. And a unimodal ω diurnal cycle,
which peaked between 1000 and 1400 LT, was observed in the spring in Jinan. This spring diurnal pattern was
mainly related to secondary aerosol formation and aging processes. The high σsp and σap values in Jinan winter
were accompanied by calm winds (b 2 m/s) from 0° to 90°, while the high σsp and σap values on Tuoji Island
were observed during the period of stronger wind speeds (N2 m/s) from 180° to 270°. This indicates that local
emissions were a key source of strongly absorbing and scattering aerosols in Jinan during heating period, whereas, high σsp and σap values on Tuoji Island were mainly inﬂuenced by middle- and long-distance transport from
Shandong Province and the Jing-Jin-Ji region. Additionally, middle- and long-distance regional transport from direction at 180° to 270° occasionally enhanced the σsp and σap values in the spring at Jinan after heating period.
The σsp values in Jinan and Tuoji Island both exhibited relatively profound correlation with the accumulationmode particle number concentrations.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
It is generally accepted that atmospheric aerosol particles are among
the most variable components of the Earth's atmosphere and that they
can signiﬁcantly affect the Earth's energy budget (Forster et al., 2010;
Haywood and Shine, 1997; IPCC, 2013; Ma et al., 2011). Not only can
they directly scatter and absorb incoming and outgoing solar and
terrestrial radiation, but they can indirectly enhance cloud reﬂectivity
by acting as cloud condensation nuclei (Kaufman et al., 2002; IPCC,
2013; Penner et al., 2004). Furthermore, aerosols have been shown to
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alter regional precipitation patterns (Menon et al., 2002) and reduce
visibility (Che et al., 2007; Jia, 2011; Zhu et al., 2015).
With the unprecedented economic growth, population expansion
and urbanization over the past two decades, China has become one of
the world's most polluted regions (Li et al., 2007; Duncan et al., 2003),
particularly regions in Northern China (Cao et al., 2012; Zhang et al.,
2013). Aerosol optical properties in Northern China have been extensively researched (Che et al., 2007; Cheng et al., 2008; He et al., 2009).
For example, Jing et al. (2015) in an urban site Beijing and Yan et al.
(2008) in a rural site Shangdianzi analyzed diurnal cycles and seasonal
variations of aerosol optical properties based on long-term measurement, both observing aerosol scattering coefﬁcients and absorption
coefﬁcients had a similar diurnal cycle with a maximum at night and a
minimum in the afternoon while ω presented an opposite diurnal
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variation and the seasonal variations with highest scattering coefﬁcients
in autumn. Some works have focused on the relationship between
optical properties and trace gases (Li et al., 2007) or chemical composition (Tao et al., 2016; Li et al., 2013). It was found that mobile sources
signiﬁcantly inﬂuence aerosol optical properties and that (NH4)2SO4
and NH4NO3 were the dominant contributors to the total extinction
(σext, the sum of σsp and σap) under dry conditions. Deeply, aimed at investigating some special events, many measurements were conducted.
Jung et al. (2009) and Garland et al. (2009) both investigated the aerosol
optical properties during Campaign of Air Quality Research in Beijing
2006 (CAREBeijing-2006) and found low wind speeds from south
exacerbated haze episodes in Beijing. Additionally, Ma et al. (2011)
reported that the maximum σsp and σap occurred under southerly
winds due to the pollutants transport from southern polluted areas
through investigating aerosol optical and physical properties at a
town Wuqing; Yu et al. (2013) found the average aerosol optical
depth coupled with the lowest Ǻngström exponent during dust
episodes was largest among the three different pollution episodes
(ﬁre work, biomass burning and dust episodes) that occurred in
Beijing. And also in Beijing, Che et al. (2007) obtained the ω values
at 500 nm for clean, haze, and dust days were 0.88, 0.86, and 0.93 respectively, which indicated that haze aerosols had more absorption
ability than mineral aerosols on the dusty day.
Numerous aerosol optical properties studies conducted in Northern
China have focused on the Beijing-Tianjin-Hebei (Jing-Jin-Ji) region,
while little attention has been given to the Shandong Province, which
is the other severely polluted region in Northern China and has been already included in the Chinese national plan for regional air pollution
control (Cheng et al., 2011; Wang and Hao, 2012). Many analyses
from the Jing-Jin-Ji region have been carried out based on measurement
at one single site, but measurement of aerosol optical properties in different sites, especially one urban site and one background site, were
rarely reported. It has been demonstrated that aerosol can signiﬁcantly
alter the earth's radiation budget; however, the degree and direction of
inﬂuence varies by location and aerosol optical depth and composition,
which makes estimating aerosol forcing difﬁculty (Dubovik et al., 2002;
Shi et al., 2013). It is necessary have adequate information on aerosol
temporal and spatial distributions, chemical composition, and their associated properties across the globe to decrease uncertainty in radiative
balance estimates (Pilinis et al., 1995; Ramaswamy et al., 2001; Lyamani
et al., 2010). By obtaining measurements from one urban and one
coastal site, we discussed and compared their seasonal and diurnal
characteristics, wind dependency of σsp, σap and ω. Therefore results

obtained from our study are of special importance for all researchers
interested in investigating the role of aerosols prevalent over this
region on regional-scale radiative forcing and their possible global
impacts.
Previous studies in Shandong Province have mainly focused on
chemical components of aerosols pollution (Liu et al., 2016; Gu et al.,
2014; Zhang et al., 2014; Yang et al., 2012; Gao et al., 2011; Cheng et
al., 2011). Shandong Province emits the largest amount of air pollutant
(SO2, NOx and PM) in the country and in the world, which are important
precursors for the scattering aerosol species such as sulphate and nitrate
(Zhang et al., 2009). Furthermore, it has been demonstrated that longrange aerosol transport from the Shandong Province could play an important role for the haze episode in the Jing-Jin-Ji region (Kong et al.,
2010; Jung et al., 2009). Therefore, investigating aerosol optical properties in Shandong Province is also beneﬁcial for better understanding regional pollution in Northern China.
In this paper, we present the aerosol optical properties (e.g., scattering coefﬁcients, absorption coefﬁcients and single-scattering albedo)
measured at the urban site of Jinan from 1 December 2013 to 30 May
2014 (winter: December 2013 to February 2014; spring: March to
May 2014) and the coastal site of Tuoji Island from 9 December 2014
to 12 January 2015. Distinct characteristics between the urban site and
coastal site are discussed and the diurnal characteristics and wind dependency of these optical parameters are analyzed.
2. Measurement
2.1. Field site
The city of Jinan (36.67° N, 117° 02′ 01″ 117.05° E) is situated in the
north-central Shandong Province (Fig. 1). The measurement site was located on the rooftop of the teaching building at Shandong University,
which is approximately 20 m above ground. The instruments were
installed in a temperature controlled room, which was maintained at
21 °C. The sample air was collected by a stainless steel tube with a diameter of about 1.9 cm located 5 m above ground level.
The coastal site of Tuoji Island (38.19° N, 120.74° E) is located on the
eastern coastal part of the Shandong Province (Fig. 1). Measurements
were obtained at the Tuoji Island station, which is one of the regional
Global Atmosphere Watch stations in China. The instruments were
installed in an air-conditioned room on the third ﬂoor, and the sample
ﬂow passed through stainless steel tubing (1.9 cm, 5 m) on the rooftop,
located 4 m above ground level.

Fig. 1. Map showing the study area (a) the aerosol optical depth in China during 1985–2014 years (http://www.radi.cas.cn/dtxw/rdxw/125xmp2/201608/t20160829_4656117.html) and
(b) the location of our sampling sites (an orange circle: Jinan; an orange triangle: Tuoji Island).
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2.2. Instrumentation
Aerosol total scattering coefﬁcients (σsp) were measured by a highsensitivity, total-scatter integrating nephelometer at 450, 550 and
700 nm (Model 3563, TSI, USA). This instrument was equipped with
an inlet with two temperature sensors, one relative humidity sensor,
and a pressure sensor, and a halogen lamp as the light source. When
the ambient air was drawn into chamber, the instrument measured
scattered light at the wavelength of 450, 550 and 700 nm using three
photomultiplier tubes at 5-minute intervals. The nephelometer was
calibrated every 3 months, with ﬁltered air (low-span gas) and CO2
(high-span gas) gas as described in the instrument's manual. The
zero signal was measured hourly. In the case of relative humidity
(RH) b 50%, the scattering coefﬁcient has a slight dependence on RH.
However, when RH exceeds 80%, there exists a sharp correlation increase between the scattering coefﬁcient and RH (Anderson and
Ogren, 1998; Xu et al., 2002). In this study, the RH measured within
the nephelometer chamber was maintained below 50% RH, therefore,
the light scattering measurements were considered to be dry.
The mass concentrations of black carbon were obtained with
an aethalometer (Model AE21, Magee Scientiﬁc, USA). The ﬁlter
continuously drew the air samples through the inlet port on the quartz
ﬁbre ﬁlter, where the aethalometer performed optical attenuation measurement at 370 and 880 nm. Since black carbon is regarded as the sole
absorbent of sun light at 880 nm (Hansen et al., 1984; Xu et al., 2012;
Tiwari et al., 2015). So the results which recorded at 880 nm wavelength
in the present study were exclusively used to determine BC concentration (Xu et al., 2012). The data of black carbon mass concentrations
were provided in unit of μg/m3. The aethalometer was placed in air-conditioned rooms which were mentioned in Section 2.1, and RH of the
rooms was maintained between 40 and 50%. The ﬂow rate of the
aethalometer was maintained at 5 L/min.
Particles size distribution data (5 nm–10 μm) were measured with
a high-resolution aerosol spectrometer (WPS model1000XP; MSP
Corporation, USA). This instrument comprised of a differential mobility
analyzer (DMA), a condensation particle counter (CPC) and a laser particle spectrometer (LPS). The particle number concentration between 5
and 500 nm was measured by DMA and CPC, and the LPS determined
the particle concentration in the 350–10,000 nm ranges. Additional
details on the operational and calibration methods can be found in
Gao et al. (2007).
Meteorological parameters such as wind speed, wind direction, RH
and temperature were obtained from an automatic weather station
(CAWS600, China Huayun Group) in Jinan and a portable automatic
weather station (NK4500, Kestrel, USA) on Tuoji Island. A portion of
temperature data on Tuoji Island is missing due to the instrument error.
2.3. Data processing
The single-scattering albedo (ω), at a given wavelength λ is determined by the following:
ωðλÞ ¼

σ sp ðλÞ
σ ap ðλÞ þ σ sp ðλÞ

ð1Þ
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where σap (λ) is the particle absorption coefﬁcient, and σsp (λ) is the
particle scattering coefﬁcient. In our work, we calculated the hourly ω
values from Eq. (1) by using the σsp at 532 nm obtained with the nephelometer and the σap at 532 nm gained with the aethalometer. The σap
at 532 nm was calculated by the following:
σ ap ¼ 8:28  ½BC  þ 2:23 R2 ¼ 0:92

ð2Þ

where [BC] is the mass concentration of BC (μg/m3), and the value 8.28
is the conversion factor in m2/g (Hansen, 2005). This equation has been
previously utilized by He et al. (2009) in the urban site in Beijing and
Tiwari et al. (2015) in the urban city Delhi. Considering the three
urban sites are typical cities in Asia, Especially, Beijing and Jinan are
both inland cities in Northern China and they both are severely polluted
area, so we also use this equation to calculate the absorption coefﬁcient
at a wavelength of 532 nm.
The σsp at 532 nm was calculated using the following equation:

ås ðλ1 =λ2 Þ ¼ −



log σ s;λ1 =σ s;λ2

ð3Þ

logðλ1 =λ2 Þ

with the inputs, ås = ås (550/700) σsp,λ1 = σsp,550 and with λ1 =
550 nm and λ2 = 532 nm (Garland et al., 2008).
3. Results and discussion
3.1. Overview of aerosol optical properties
3.1.1. Overview
The measured aerosol optical properties in Jinan and Tuoji Island are
summarised in Table 1. There existed some seasonal differences in the
aerosol optical properties in Jinan. During the winter campaign, the average σsp (550 nm) was 315 ± 208 Mm−1, which ranged between 47
and 1074 Mm−1, whereas the average scattering coefﬁcient was
119 ± 89 Mm−1 in the spring campaign, which exhibited a narrower
range of 18 to 428 Mm−1. The aerosol absorption coefﬁcient exhibited
a similar seasonal variation. The average aerosol absorption coefﬁcient
was larger in the winter (63 ± 44 Mm− 1) than in the spring (30 ±
13 Mm−1), indicating larger near-surface aerosol loading during the
winter than in spring (Lyamani et al., 2010). The winter mean aerosol
scattering coefﬁcient was 2.6 times larger than average values observed
in the spring and the winter mean aerosol absorption coefﬁcient was
greater than measurements obtained in spring by a factor of 2.1. This reveals that the loading of scattering aerosols was more enhanced than
absorbing aerosols in the winter. Furthermore, the standard deviations
of σsp and σap during the winter were larger than springtime measurements, which indicates signiﬁcant day-to-day aerosol scattering and absorption coefﬁcients variability during the winter (Lyamani et al., 2010).
This is discussed in greater details in Section 3.2. The average ω at the
wavelength of 532 nm in Jinan was 0.84 ± 0.05 and 0.77 ± 0.09 in winter and spring, respectively. The higher ω (532 nm) values observed
during the winter indicate an increased fraction of scattering particles
during this time.

Table 1
Summary of seasonal average aerosol optical properties (mean, standard deviation and range of σsp, σap and ω) in Jinan and Tuoji Island.
Site

Jinan

Tuoji Island

Mean
Parameters

λ

σsp (Mm−1)

450
550
700
532
532

σap (Mm−1)
ω

nm
nm
nm
nm
nm

Std

Range

Winter

Spring

Winter

Spring

Winter

Spring

Mean
Winter

Std
Winter

Range
Winter

432
315
210
63
0.84

166
119
77
30
0.77

280
208
141
44
0.05

120
89
60
13
0.09

58–1462
47–1074
33–717
11–214
0.64–0.92

25–582
18–428
12–290
11–65
0.53–1.05

304
210
126
8
0.93

350
246
148
6
0.04

22–1336
16–942
11–572
3–24
0.85–0.98
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On Tuoji Island, the average value of σsp (550 nm) was 210 ±
246 Mm−1, which was lower than that in Jinan (315 ± 208 Mm−1) during winter. Interestingly, the σap was substantially low, with an average
of 8 ± 6 Mm−1, which demonstrated the low concentration of absorbing particles. Tuoji Island is surrounded by the sea, has no large-scale industries, and only a small number of vehicles, which resulted in a
particularly low σap value. The average ω value of 0.93 further conﬁrmed that the particle type in this region is dominated by scattering
particles.

3.1.2. Comparison with other sites
The campaign-averaged σsp (550 nm) and σap (532 nm) in Jinan
during December 2013–May 2014 were 204 ± 188 Mm−1 and 43 ±
33 Mm−1, respectively (Table 2). Compared with other urban sites in
Northern China, these values were lower than measurements obtained
in Beijing (He et al., 2009; Wu et al., 2014) and in Xi'an (Zhu et al., 2015).
However, the mean values in Jinan were larger than the values from
many urban areas in southern China, e.g., Guangzhou (Garland et al.,
2008), Nanjing (Zhuang et al., 2014), and Hong Kong (Gao et al.,
2015). In addition, the mean values of σsp and σap were higher than in
other cities outside of China, such as Granada in Spain (Lyamani et al.,
2010) and Atlanta in the United States (Greenwald et al., 2007).
The mean σsp values on Tuoji Island were lower than those in most
urban cities in northern China but higher than those in urban and
rural sites in southern China. However, the σap values measured on
Tuoji Island were nearly the lowest among these sites in Table 2.

Compared to the other campaigns (particularly those in China) listed
in Table 2, the ω values observed in Jinan were the lowest, indicating the
percent of darker (i.e., more absorbing) aerosols and a higher relative
abundance of light-absorbing carbon and combustion aerosols (Ma et
al., 2011; Lyamani et al., 2010). The ω values obtained on Tuoji Island
were fairly great compared to the other measurement sites.

3.2. Diurnal cycles
The diurnal variations of σsp (550 nm), σap (532 nm), ω, wind speed
and temperature averaged over all data available in Jinan during winter
and spring and on Tuoji Island in winter are exhibited Fig. 2. The diurnal
patterns of σsp and σap in Jinan were similar in winter and spring, with
two maxima and minima within a day (Fig. 2a and b). The values of σsp
and σap reached a maximum in the morning between 0800 and 1100 LT.
During this period, the rapid increase of scattering and absorbing aerosol was likely due to the increased emissions from trafﬁc during the
morning rush hours. This was exacerbated by the low boundary layer
that facilitated particle accumulation near the surface (Navas-Guzmán
et al., 2007) and therefore resulted in greater σsp and σap. After this period, both σsp and σap slowly decreased and the lowest values were observed in the afternoon around 1500 to 1600 LT. This phenomenon can
be attributed to the gradual increase in solar heating, convective activity
and decreased anthropogenic emissions. Furthermore, the gradually increasing wind speeds (Fig. 2a and b) during this period accelerated the
diffusion of aerosols in the atmosphere (He et al., 2009).

Table 2
Aerosol particle scattering coefﬁcients, absorption coefﬁcients and single-scattering albedo values observed in this study and as reported for other selected campaigns (arithm. mean ± std.
dev.).
Site

Type

Period

σsp (Mm−1)

σap (Mm−1)

ω

Instrumentation

Reference

Jinan, China

Urban

2013.12–2014.5

Coastal

2014.12.6–2015.1.12

Beijing, China

Urban

2009.6–2010.5

Beijing, China

Urban

2005.1–2006.12

Xi'an, China

Urban

2012.8–10

Guangzhou, China

Urban

2006.7

Nanjing, China

Urban

2011.1.18–4.18

0.80 ± 0.09
(532 nm)
0.93 ± 0.04
(532 nm)
0.82 ± 0.09
(525 nm)
0.8 ± 0.09
(525 nm)
0.88 ± 0.09
(532 nm)
0.86 ± 0.07
(532 nm)
/

Hong Kong, China

Urban

2010.10–12

Wuqing, China

Rural

2009.3.6–4.5

SDZ, China

Rural

2003.09–2005.01

Yulin, China

Rural

2001.3.30–5.1

Granada, Spain

Urban

2005.12–2007.11

Atlanta, US

Urban

2004.8

43 ± 33
(532 nm)
8±6
(532 nm)
64 ± 62
(525 nm)
56 ± 49
(532 nm)
31 ± 28
(532 nm)
34.3 ± 26.3
(532 nm)
4.1 ± 2.2
(550 nm)
39.91 ± 19.16
(532 nm)
47 ± 38
(637 nm)
17.54 ± 13.44
(525 nm)
6 ± 11
(565 nm)
21 ± 10
(670 nm)
6.7 ± 4.8
(567 nm)

AE21a
Nephelometerb
AE21a
Nephelometerb
AE31c
Nephelometerd
AE16e
Nephelometerf
Photoacoustic
Extinctiometersg
PASh
Nephelometerb
AE31c
Nephelometeri
AE31c
Nephelometerb
MAAPj
Nephelometerb
AE31c
Nephelometerf
PSAPk
Nephelometerl
MAAPm
Nephelometerb
PSAPk
Nephelometerl

Our work

Tuoji Island, China

204 ± 188
(550 nm)
210 ± 246
(550 nm)
360 ± 405
(525 nm)
288 ± 281
(525 nm)
270 ± 201
(532 nm)
151 ± 103
(550 nm)
170.9 ± 105.8
(550 nm)
201.96 ± 105.82
(532 nm)
280 ± 253
(550 nm)
174.6 ± 189.1
(525 nm)
158 ± 193
(530 nm)
60 ± 30
(550 nm)
71 ± 36
(550 nm)

a

Aethalometer (Model AE21, Magee Scientiﬁc Co., USA).
Integrating Nephelometer (Model 3563, TSI, Inc., Shoreview, MN USA).
Aethalometer (Model AE31, Magee Scientiﬁc Co., USA).
d
Integrating Nephelometer (Aurora-1000, Ecotech Pty Ltd., Australia).
e
Aethalometer (Model AE16, Magee Scientiﬁc Co., USA).
f
Integrating Nephelometer (Model M9003, Ecotech, Australia).
g
Photoacoustic Extinctiometers (PAX, Boulder, CO, USA).
h
Photoacoustic Spectrometer (PAS, Desert Research Institute).
i
Integrating Polar Nephelometer (NGN-3A, OPTEC Inc., USA).
j
Multi-angle Absorption Photometer (MAAP, Model 5012, Thermo, Inc., Waltham, MA, USA).
k
Particle Soot Absorption Photometer (PSAP, Radiance Research, Seattle, WA).
l
Radiance Research Nephelometer.
m
Multi-angle Absorption Photometer (MAAP, Thermo ESM Andersen Instruments, Erlangen, Germany).
b
c

0.82 ± 0.07
(532 nm)
0.82 ± 0.05
(532 nm)
0.88 ± 0.05
0.95 ± 0.05
(532 nm)
0.68 ± 0.07
(670 nm)
0.89 ± 0.06

Our work
Wu et al. (2014)
He et al. (2009)
Zhu et al. (2015)
Garland et al. (2008)
Zhuang et al. (2014)
Gao et al. (2015)
Ma et al. (2011)
Yan et al. (2008)
Xu et al. (2004)
Lyamani et al. (2010)
Greenwald et al. (2007)
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Fig. 2. The average diurnal cycle of σsp, σap, ω, wind speed and temperature: (a) winter in Jinan; (b) spring in Jinan; (c) winter on Tuoji Island.

In the evening, the values increased and reached their secondary
peaks around 1900 to 2100 LT. The increase in σsp and σap late in the
evening was due to the evening trafﬁc peak and a decrease in both the
boundary layer height and wind speed. After 2300 LT, the values of
σsp and σap gradually decreased and the second minimum was reached
at night between 0400 and 0500 LT.
The ω diurnal pattern in the spring exhibited one maximum that occurred between 1000 and 1400 LT (Fig. 2b). It has been previously
shown that an increase in temperature and light intensity enhanced
the light-scattering potential of aerosols through secondary aerosol formation and aging processes (Wiedensohler et al., 2009; Wu et al., 1990;
Yan et al., 2008), which may explain the ω peak in the afternoon. There
was not a discernible ω diurnal pattern during the winter months due to
the cool temperature and weak solar heating.
The diurnal cycle on Tuoji Island was similar to that observed in
Jinan, with two maxima and two minima (maxima: 0800 to 1000 LT
and 1600 to 1800 LT; minima: 1200 to 1400 LT and 2100 to 2300 LT),
but the peaks were less prominent (Fig. 2c). This pattern reﬂects the increase in the number of motor vehicles observed during the peak trafﬁc
times. Similar to vehicular trafﬁc, there is increased sailing between the
island and mainland between 0800 to 0900 LT and 1400 to 1700 LT,
which likely contributed to the variation in the optical properties.
As can be seen from the graph in Fig. 2c, ω values were frequently
above 0.9, and scattering particles were dominant on the island. When
the absorption coefﬁcient and scattering coefﬁcient concurrently
reached a maximum, ω values exhibited a decreasing trend, which suggests that trafﬁc sources contributed more to the absorption coefﬁcient
than to the scattering coefﬁcient.
3.3. Relationship with wind direction and wind speed
To understand the function of wind direction on σsp and σap, we
combined σsp and σap with the wind direction in a rose plot. Fig. 3

shows the wind direction frequency and the mean σsp and σap. We
also determined wind speeds that were typically observed during period of high σsp and σap values for the major wind directions, which are
exhibited in Fig. 4.
In Jinan, the winds most frequently were from the northeast and
southwest in the winter, while the dominant wind direction was from
the southwest in Tuoji Island during the winter (Fig. 3). The σsp and
σap values observed in Jinan during winds from 225° to 270° were mostly low, while the high σsp (N800 Mm−1) and σap (N 180 Mm−1)values
were mostly observed under winds from 0° to 90° (Fig. 3a and b). The
high σsp and σap values from 0° to 90° were always accompanied by
calm winds (0 to 2 m/s) (Fig. 4a). This indicates that local sources
from the region between 0° to 90° largely inﬂuence the σsp and σap
values (Gao et al., 2011; Cheng et al., 2011). In the winter on the Tuoji
Island, a majority of σsp and σap values were clustered in the region
from 180° to 270° (Fig. 3e and f). The region with high σsp values
(N 800 Mm− 1) at intermediate and high wind speeds (N2 m/s) comprises above 80% of the total high σsp value, in which the σsp high values
accompanied by high wind speed (N4 m/s) taking up 30% of the total
high σsp value. And the high σap values (30 to 40 Mm−1) from this region occurred when the wind speed totally exceeded 2 m/s (Fig. 4c).
This indicates that regional middle- and long-distance transport from
Shandong Province likely produced the high σsp and σap values on the
Tuoji Island (Zhang et al., 2016; Feng et al., 2007). Noticeably, when
the winds were from 270° to 315° at high wind speed (N 4 m/s, long-distance transport), the σsp values were always high (N800 Mm−1) (Fig. 3e
and f). Thus, even though the wind from 270° to 315° occupied only a
small region, long-distance transport from Jing-Jin-Ji region can have a
signiﬁcant effect on σsp values on Tuoji Island (Zhang et al., 2016;
Feng et al., 2007). Furthermore when the wind came from 45° to 90°
at high speed (N 4 m/s), the σap values were very low (b 10 Mm− 1),
which suggests that the regional transport from 45° to 90° provided a
clean air mass (marine air mass) that enhanced the diffusion of
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Fig. 3. Frequency plot of total σap and σsp in Jinan and Tuoji Island as a function of wind direction. Each bar of the frequency plot represents 10°. The magnitude of the bars indicates the
wind direction frequency, and the colour of the bars shows the value of σap and σsp for a given wind direction (1-h means).

Fig. 4. The percentage of wind speed in the directions with high σsp and σap values: (a) winter in Jinan, (b) spring in Jinan and (c) winter on Tuoji Island.
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pollutants (Feng et al., 2007). The differences in the aerosol optical
properties between the winter of Jinan and Tuoji Island can be explained by two main reasons: First, most of the large-scale industries,
such as heat-engine plants and the power station, are located in the
northeast Jinan, which could lead to abundant emissions of aerosols
during the winter heating period. Therefore, when the wind came
from 0° to 90° at low wind speeds (0 to 2 m/s), the σap and σsp values
were levated, which corresponded period of severe air pollution. Secondly, there are no large-scale industries on Tuoji Island. From our analyses, it can be concluded that the high σsp and σap values measured on
Tuoji Island were mainly due to the inﬂuence of regional middle- and
long-distance transport from Shandong Province and Jing-Jin-Ji region.
During the spring portion of the Jinan campaign (Fig. 3c and d), the
σsp and σap values were still dominantly concentrated in the directions
from 0° to 90° and 180° to 270°, with the wind from 180° to 270° accounting for a greater portion. The high σsp (N400 Mm− 1) and σap
(N60 Mm−1) values observed in spring were less than those
(σsp N 800 Mm− 1 and σap N 180 Mm− 1) in winter. The high σsp and
σap values occurred during wind from 0° to 90° with low wind speeds
(0 to 2 m/s), which is indicative of local emissions (Fig. 4b). The time
at which the high σsp and σap values occurred was close to the end
but still within the period of heating. High σsp values were also occasionally measured when the wind came from 180° to 270° at intermediate wind speeds (2 to 4 m/s) after the heating period, which indicates
that middle- and long-distance regional transport from this direction
also had a certain effect on air pollution in spring.
3.4. Relationship with particle concentration and size distribution
The σsp as a function of the particle number concentration in different modes in Jinan and Tuoji Island is displayed in Figs. 5 and 6. We classiﬁed particle with diameters of 5 to 20 nm as nucleation mode, 20 to
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100 nm as Aiken mode and 100 to 1000 nm as accumulation mode
(Yuan et al., 2014). The relationship between σsp and different modes
particle number concentration in Jinan is similar with that on Tuoji Island (Figs. 5 and 6). The σsp clearly correlated with the number concentration of accumulation mode particles (Jinan: R2 = 0.40; Tuoji Island:
R2 = 0.64), indicating that aerosol particles in the accumulation mode
have the highest scattering efﬁciency at the measured wavelengths
(Figs. 5 and 6) (Aaltonen et al., 2006). No clear relationship was found
between σsp and the particle number concentrations with the other
modes, including nucleation mode, Aiken mode and total particles.
4. Conclusions
In this study, we investigated aerosol optical properties in the urban
area of Jinan from December 2013 to May 2014 (winter: December
2013 to February 2014; spring: March to May 2014) and the coastal
site of Tuoji Island from 9 December 2014 to 12 January 2015. The average σsp (550 nm) and σap (532 nm) in Jinan from the full measurement
period were 204 ± 188 Mm−1 and 43 ± 33 Mm−1, respectively, and
the average σsp and σap values on Tuoji Island during the winter measurement were 210 ± 246 Mm−1 and 8 ± 6 Mm−1, respectively.
Pronounced and distinctive diurnal cycles of the aerosol optical parameters were found between Jinan and Tuoji Island. The σsp and σap
exhibited the greatest values between 0800 LT and 1100 LT in the morning and around 1900 to 2100 LT in the evening in Jinan winter, which
was mainly affected by a result of the coupling of increasing trafﬁc emission and with low wind speed. A unimodal diurnal pattern of ω was observed, which peaked between 1000 and 1400 LT in Jinan in the spring.
This diurnal pattern was mainly related to secondary aerosol formation
and aging processes.
The wind speed and direction strongly affected the aerosol optical
properties at both locations. The high σsp and σap values in Jinan were

Fig. 5. Relationship between σsp at 550 nm and (a) nucleation mode, (b) Aiken mode, (c) accumulation mode and (d) total particle number concentration in Jinan.
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Fig. 6. Relationship between σsp at 550 nm and (a) nucleation mode, (b) Aiken mode, (c) accumulation mode and (d) total particle number concentration on Tuoji Island.

accompanied by calm winds (0 to 2 m/s) from 0° to 90°, while the high
σsp and σap values on Tuoji Island were observed with high wind speed
(N2 m/s) from 180° to 270°. This indicated that local emissions during
heating period in Jinan winter were a key factor affecting high σsp and
σap values, while the high σsp and σap values on Tuoji Island were mainly a result of regional middle- and long-distance transport from Shandong Province and Jing-Jin-Ji region. It was also found middle- and
long-distance regional transport from 180° to 270° occasionally had a
notable effect on aerosol optical properties after heating period in the
springtime in Jinan.
The σsp values measured at both Jinan and Tuoji Island exhibited a
profound correlation with the number concentration of accumulation
mode particles, whereas, no clear relationship could be found between
σsp and the particle number concentrations of the other modes (e.g., nucleation mode, Aiken mode and total particles).
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