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 One year on-line observation of BC was conducted in Western Taiwan Strait in China.
 Originations and transport pathways of BC were investigated with CPF, PSCF and CWT.
 Impacts of synoptic circulations on BC from different source sectors were analyzed.
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Black carbon (BC) plays a vital role in atmospheric environment and climate change. Temporal variations
and transport pathways of BC in Xiamen, China with the impacts of synoptic circulation were investigated in 2014 with Aethalometer. Annual mean BC concentration was 4270 ng m3. BC exhibited clear
diurnal (seasonal) variations, with the maximum of 6182 (4755) ng m3 at 6:00 (in spring) and minimum
of 2847 (3774) ng m3 at 13:00 (in summer). Conditional probability function analysis indicated that high
BC concentrations were associated with northwesterly winds with low wind speed. Air masses originating from the East China Sea and passing along with East China Coast had the highest BC concentrations. Potential source contribution function and concentration weighted trajectory analysis suggested
that major sources for BC included the surrounding region, southwestern Fujian and eastern Guangdong
to the southwest, Hubei, Hunan and Jiangxi to the northwest, the East China Sea and the South China Sea.
Of the nine synoptic circulation patterns, three cyclone-related patterns were associated with low BC
concentrations and small biomass burning (BCbb) contributions. Of the six anticyclone-related patterns,
the three cold-high circulations around winter were associated with moderate BC concentrations and
large BCbb contributions. The two cold-high patterns in spring and autumn were associated with high BC
concentrations and small BCbb contributions, while the warm-high pattern was associated with moderate
BC concentration and small BCbb contribution. The ﬁndings provide insights into the transport mechanisms of BC with the impacts of synoptic pattern in China.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
As an important component of atmospheric particulate matters,
black carbon (BC) is throughout the Earth system (Bond et al.,
2013). BC is emitted in variety of combustion-related processes of
carbonaceous matters including fossil fuels, biofuels and biomass.
Belonging to light-absorbing compounds, BC plays a vital role in the
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Earth’s climate system since it can absorb solar radiation, affect
cloud processes, and alter the melting of snow and ice cover
(Ramanathan and Carmichael, 2008; Bond et al., 2013; Booth and
Bellouin, 2015; Gustafsson and Ramanathan, 2016; Liu et al.,
2019). BC can also change weather condition, affect pollution
development and even contribute to extreme weather (Ding et al.,
2013, 2016; Fan et al., 2015; Peng et al., 2016; Miao et al., 2019). In
addition, BC inﬂuences air quality and atmospheric visibility
(Bastien et al., 2015; Deng et al., 2016). Furthermore, BC is harmful
to human health since it is mainly concentrated in the Aitken and
accumulation mode and can adsorb many hazardous materials
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(Janssen et al., 2011; Nichols et al., 2013). Therefore, observations of
BC with high temporal and spatial resolution are essential to
improve our understanding on spatiotemporal distributions,
transport characteristics and inﬂuencing mechanisms of BC and
update our knowledge on its impacts on global environment and
climate change.
BC largely contributed to air pollution, weather modiﬁcation
and climate change in China, which is with the largest emission of
BC in the world (Zhuang et al., 2010; Wang et al., 2012; Andersson
et al., 2015; Huang et al., 2016). During the past decade, ﬁeld studies
on temporal variations in BC concentration with high temporal
resolution have been conducted in various regions in China
including the Beijing-Tianjin-Hebei region (BTH) in North China,
the Guanzhong Plain in Northwest China, the Yangtze River Delta
region (YRD) in East China and the Pearl River Delta region (PRD) in
South China (Cao et al., 2009; Wu et al., 2013; Zhuang et al., 2014;
Shen et al., 2015; Liu et al., 2018). Cao et al. (2009) conducted twoyear BC measurements with Aethalometer to examine temporal
variations in BC in Xi’an in the Guangzhong Plain, and revealed a
clear inverse relationship between BC and wind speed. Shallower
mixed layer depths were also found during BC episodes. Wu et al.
(2013) reported BC concentrations by Aethalometer and their variations on Yongxing Island in the South China Sea and at ﬁve continental sites in the PRD region in both rainy and dry seasons. Liu
et al. (2018) measured BC concentration in Beijing during winter
and analyzed the sources of BC during pollution episodes and clean
days by Aethalometer. They found that BC was highly correlated
with PM2.5 (particulate matters with aerodynamic diameter < 2.5 mm), and its concentration ranged from 0.17 mg m3 in
clean days to 35.33 mg m3 in haze days. The widespread presence
and large variability of BC call for BC observations with high
spatiotemporal resolution. In addition to spatiotemporal variations
in BC concentration, ﬁeld study on regional originations and
transport pathways of BC in China is becoming a hot issue in recent
years (Cheng et al., 2006; Cheng et al., 2010; Guo et al., 2015; Wang
et al., 2015). However, there is a lack of continuous study on BC in
the Western Taiwan Strait region (WTS) in Southeast China, which
is associated with better air quality comparing with other developed regions such as BTH, YRD and PRD because of the weaker
emission and stronger diffusion. BC concentrations over background and remote regions with better air quality have been previously investigated. BC concentrations with their diurnal
variations was analyzed at the Shangdianzi Global Atmosphere
Watch (GAW) regional station (Yan et al., 2008). Continuous measurements of BC concentration were performed at the background
site Prelia in Lithuania to characterize the BC distribution over the
East Baltic region (Bycenkiene et al., 2011). Zhu et al. (2016)

conducted BC measurements at Mt. Muztagh in the Western Tibetan Plateau to determine its seasonal variation, transport, and
potential contribution source areas. Although with better air
quality, WTS may be affected by air pollutants transported from the
polluted regions under the impact of East Asian monsoon (Chen
et al., 2013; Yan et al., 2016; Qiu et al., 2019). Therefore, it is
essential to study on characteristics and regional transport of BC
over WTS.
In the present study, continuous observations of BC in Xiamen in
WTS were conducted. The objectives of this study are to characterize temporal variations in BC concentration and estimate the
regional originations and potential transport pathways of BC. In
particular, the impacts of synoptic circulation on BC emitted from
different source sectors. The ﬁndings will improve our understanding on BC and its inﬂuencing mechanism in relatively clean
region and provide scientiﬁc support to control BC pollution.
2. Methodologies
2.1. Observation site
With a population of ~4 million, Xiamen in Southeast China’s
coast (Fig. 1) is one of the ﬁve special economic zones in China. Qiu
et al. (2019) found that in 2014 the prevailing wind in Xiamen was
southeasterly in spring, southeasterly and southwesterly in summer, and northeasterly in autumn and winter. According to 2014
Report on the State of the Environment in China (available at http://
www.mee.gov.cn/hjzl/zghjzkgb/lnzghjzkgb), in 2014, air quality in
Xiamen ranked the eighth among the 74 large cities in China. According to the spatial distribution of BC emission (Li et al., 2017),
Xiamen does not belong to the “hot spot” region. However, BC
emitted from the “hot spot” regions such as YRD to the north and
PRD to the southwest would transport to Xiamen under certain
synoptic patterns.
The observation site is located at the Institute of Urban Environment, Chinese Academy of Sciences (118 030 E, 24 360 N) in
Xiamen (Du et al., 2013; Deng et al., 2016). The site is ~15 km
northwest from the downtown Xiamen. There is no big industrial
sources within 10 km radius around the site. Only several roads and
construction sites are around the site. The observation instruments
were installed on the roof of a building with a height of ~8 m.
2.2. Instruments and measurements
One-year on-line observation of BC was carried out from Jan. 1 to
Dec. 31 in 2014 by means of Aethalometer (AE31, Magee Scientiﬁc)
with a PM2.5 cut-off inlet. Using continuous ﬁltration through a

Fig. 1. (a) Location of Xiamen in China, with the spatial distribution of BC emission. The BC emission data are from the MIX inventory for 2010 (Li et al., 2017). Frame 1, Frame 2 and
Frame 3 represent BTH, YRD and PRD, respectively. (b) Location of the observation site in Xiamen.
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quartz ﬁlter, Aethalometer estimates absorbance of light from LED
lamps (Hansen et al., 1984). The Aethalometer measured light
absorbance at seven wavelengths (370, 470, 520, 590, 660, 880 and
950 nm) at a ﬂow rate of 5 L min1 and with a temporal resolution
of 5 min. BC mass concentration was derived based on the light
attenuation. BC measured at 880 nm is used to represent “true”
ambient BC, since BC is the principal absorber of light at 880 nm
and other light-absorbing organic compounds have negligible absorption (Ganguly et al., 2005). Although ﬁlter-based light absorption technique adopted in the AE31 Aethalometer has been
widely used, it suffers from uncertainties in measurements of BC
loading, which arises from shadowing effects and multiple scattering effects (Bond et al., 1999; Weingartner et al., 2003). Therefore, methods derived by Virkkula et al. (2007) were employed to
correct BC concentration.
Mass concentration of PM2.5 was synchronously measured by a
Tapered Element Oscillating Microbalance (TEOM) sampler
(RP1400, Thermo Fisher Scientiﬁc). Meteorological parameters,
including wind speed/direction, temperature, pressure and precipitation, were automatically observed using the automatic
weather station (MAWS301, Vaisala). Additionally, hourly convective planetary boundary layer height (PBLH) for 9:00e17:00 each
day were estimated with the meteorological sounding data (http://
www.weather.uwyo.edu/upperair/sounding.html) with the EPA
AERMET model (Simpson et al., 2007) (Fig. S1).


PSCFij ¼ mij nij

To identify the possible predominant directions of local sources
relative to surface wind directions, the conditional probability
function (CPF) (Ashbaugh et al., 1985) was calculated by using BC
concentrations coupled with wind speed/direction. The CPF is
deﬁned as:

CPFDq ¼ mDq =nDq

(1)

where mDq is the number of occurrences from wind sector Dq
where the concentration exceeds the threshold criterion and nDq is
the total number of occurrence from the same wind sector. In this
analysis, a threshold criterion of the upper 25% was chosen for BC
concentrations (Lupu and Maenhaut, 2002; Bari and Kindzierski,
2017).
Origins and long-range transport of air masses arriving at Xiamen were investigated by three-dimensional backward trajectories
with the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Stein et al., 2015). 120 h backward trajectories
reaching 500 m were modeled every hour. The input meteorological data of the model were from the Global Data Assimilation
System (GDAS) reanalysis dataset with a spatial resolution of 1
(latitude)  1 (longitude) and a temporal resolution of 6 h (available at ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1). The outputs
of the model were hourly trajectory endpoints indicating the
geographical location and the height of the air parcel. The backward
trajectories were used to trace the outﬂow regimes for air masses
and to identify the potential origins to the observation site. Cluster
analysis was then implemented to obtain trajectory clusters.
Potential source contribution function (PSCF) model was
applied to identify the predominant source distributions for longrange transporting BC with the obtained hourly backward trajectories. PSCF is a widely used method to identify regional sources
based on the HYSPLIT model (Hopke et al., 1995; Bari et al., 2015;
Sun et al., 2017). The zone of concern is divided into i  j small equal
grid cells. The PSCF value for the ijth cell is deﬁned as follows:

(2)

where nij is the total number of endpoints that fall in the ijth cell
and mij is the number of endpoints for ijth cell that are associated
with BC concentrations higher than an arbitrarily threshold criteria.
Cells with high PSCF values are associated with the arrival of air
masses with BC concentrations higher than the threshold. Therefore, these cells are the regions with high potential contributions to
BC. In this analysis, the upper 25% of all the hourly concentration
data was treated as the threshold (Lupu and Maenhaut, 2002; Bari
and Kindzierski, 2017). The PSCF values were calculated over a
geographical domain (10 e55 N and 80 e140 E) composing
10800 cells of 0.5 (latitude)  0.5 (longitude).
Since cells can have the same PSCF value when concentrations
are either slightly or much higher than the threshold, it is difﬁcult
for the PSCF model to distinguish moderate sources from strong
ones. Therefore, the concentration-weighted trajectory (CWT)
model was also performed to identify the originations and longrange transport of BC. In the CWT method, each cell is assigned a
weighted concentration by averaging the sample concentrations
that have associated trajectories that crossed the cell as follows
(Hsu et al., 2003):

1
Cij ¼ PM

M
X

l¼1 tijl l¼1

2.3. Origination and transport pathways analysis

3

Cl tijl

(3)

where Cij is the average weighted concentration in the ijth cell, M is
the total number of trajectories, Cl is the BC concentration observed
on arrival of trajectory l, and tijl is the number of trajectory end
points in the ijth cell associated with the Cl sample. In general, a
high value for Cij implies that air parcels traveling over the ijth cell
would be associated with high concentrations at the receptor site.
The PSCF and CWT values were multiplied with an arbitrary
weighting function wij to minimize the uncertainty in cells with
small nij values (Polissar et al., 1999). wij was deﬁned as follows:
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(4)

where nave was the average value of the endpoints per each cell.
2.4. Classiﬁcation of synoptic circulation patterns
Synoptic circulations determine weather conditions such as
wind speed/direction, precipitation, temperature and relative humidity. Therefore, synoptic circulation is crucial for transport,
diffusion and deposition of air pollutants. Classiﬁcation of synoptic
circulations is often applied to categorize the impact of weather
conditions on air pollutants and investigate the direct linkages
between synoptic circulation and air quality (Zhang et al., 2012,
2013, 2016; Pope et al., 2015; Zheng et al., 2015; Bei et al., 2016; Liao
et al., 2017).
In this work, semi-objective method combining the subjective
and objective methods (Zhang et al., 2013) were applied to classify
synoptic-scale circulations during 2014. Zheng et al. (2013) found
that air quality in Xiamen was severely inﬂuenced by tropical cyclones. However, typhoons could not be identiﬁed well by the
objective method due to their small size. Therefore, before the
objective synoptic classiﬁcation, two synoptic patterns associated
with typhoon were subjectively classiﬁed by eyes: Typhoon I with
the distance of the storm center to Xiamen less than 600 km, and
Typhoon II with the distance of the storm center to Xiamen
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between 600 and 1000 km.
Then, CKMEANS (k-means by dissimilar seeds) was adopted as
the objective method, which is an optimization algorithm, based on
the k-means clustering method (Philipp et al., 2010). In the
CKMEANS classification, different from conventional k-means, a
modified method was used for producing the dissimilar seeds for kmeans clustering (Enke and Spekat, 1997). The objective classiﬁcation was accomplished by utilizing Cost733class-1.2, which was a
FORTRAN software package, including various methods for weather
and circulation type classification (Philipp et al., 2014). Subjected to
the objective recognition scheme, the 0000 UTC mean sea level
pressure (MSLP) of the ERA-Interim reanalysis data (Dee et al.,
2011) were used for the circulation typing calculation in this
study. The data were with a grid resolution of 0.75  0.75 ,
covering the area between 20 and 35 N in latitude and between
110 and 125 E in longitude.
3. Results and discussion
3.1. Overview of BC concentration
Fig. 2 presents the seasonal normalized frequency distributions
of hourly mean BC concentration, which all followed lognormal
patterns. Throughout the entire period, hourly mean mostly less
than 20000 ng m3. Over 70% and 94% of hourly BC concentrations
were less than 5000 ng m3 and 10000 ng m3, respectively. The
maximum frequency of hourly BC concentration is 21.2% occurring
in the range from 2000 to 3000 ng m3, followed by the frequency
17.0% in the range of 3000e4000 ng m3 and 16.6% in the range of
1000e2000 ng m3. On a seasonal basis, the maximum frequencies
of 22.6%, 21.1%, 22.2%, and 20.9% occurred at the ranges of
2000e3000 ng m3, 1000e2000 ng m3, 2000e3000 ng m3, and
2000e3000 ng m3 in spring, summer, autumn, and winter,
respectively. Percentage contribution of high hourly BC concentrations exceeding the annual mean were 43.1%, 34.8%, 41.6% and
34.4% in spring, summer, autumn and winter, respectively.
Compared with other seasons, it is obvious that summer was the
“BC trough” period with larger frequency of lower BC concentration
while smaller frequency of higher BC concentration.
Fig. 3 shows the temporal variations of daily mean values of BC
and PM2.5 concentrations, BC/PM2.5 fraction and meteorological
variables such as PBLH, RH, wind speed/direction, temperature,
pressure, and precipitation in Xiamen. Some observation data were

missing due to the instrument maintenance.
Daily mean BC concentrations ranged from 779 to 12748 ng m3,
and annual mean BC concentration was 4270 ± 1875 ng m3 with
>40% of the daily values exceeding the annual mean. The large
temporal variability is closely related to variations in emission
sources and meteorological conditions. The annual average BC/
PM2.5 fraction during 2014 was 11.9%, implying that BC was an
important component in PM2.5 in Xiamen. The contribution of BC to
PM2.5 in Xiamen was much higher than that in Shanghai (5.3%) (Zha
et al., 2014) and Xi’an (8.3%) (Cao et al., 2009) in China and Anantapur (4.6%) (Reddy et al., 2012) and Delhi (5.3%) (Tiwari et al., 2013)
in India, indicating the greater importance of light-absorbing
aerosols and the different characteristics of aerosol pollution in
the coastal city.
BC concentrations measured by Aethalometer in different locations around the world are summarized in Table 1. BC concentration in Xiamen was mostly comparable or lower than that
obtained in urban or suburban areas in China, such as Beijing (Liu
et al., 2018), Guangzhou (Wu et al., 2013), Dongguan (Wu et al.,
2013), Nanjing (Zhuang et al., 2014), Jiaxing (Shen et al., 2015),
Xianghe (Ran et al., 2016) and Xi’an (Cao et al., 2009). However, the
level was higher than that in most rural, coastal and background
areas in China, such as Shangdianzi (Yan et al., 2008), Tongyu
(Cheng et al., 2010) and Tibetan Plateau (Zhu et al., 2016). Moreover,
BC concentration in Xiamen was higher than that in the USA
(Watson and Chow, 2002), France (Healy et al., 2012), Italy
(Mousavi et al., 2019), UK (Reche et al., 2011), Lithuania (Bycenkiene
et al., 2011) and Athens (Kalogridis et al., 2018). Nevertheless, it was
lower than that in India (Tiwari et al., 2013; Joshi et al., 2016;
Vaishya et al., 2017) and Pakistan (Husain et al., 2007) in South Asia
that is one of the largest emission zones of BC in the world (Fig. 1).
3.2. Temporal variations in BC concentration
Monthly and diurnal variations in BC concentration were
depicted in Fig. 4. The high concentrations during the campaign
mainly occurred in 5:00e7:00 in August, while the low concentrations were mainly distributed in 12:00e16:00 in JuneeJuly. BC
concentration exhibited a pronounced diurnal pattern. Increasing
steadily before dawn, BC reached its peak at 6:00 in the early
morning with a value of 6182 ng m3. Then, it decreased gradually
and reached the diurnal minimum value of 2847 ng m3 at 13:00 in
the afternoon. The diurnal pattern of BC in Xiamen was similar with

Fig. 2. Frequency distributions of hourly mean BC concentration in Xiamen in 2014.
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Fig. 3. Time series of daily BC, PM2.5, BC/PM2.5 fraction, PBLH, RH, wind, temperature, pressure, and precipitation in Xiamen in 2014.

Table 1
Comparisons of BC concentrations measured with Aethalometer at different locations.
Observation site

Site type

Period

Concentration

Reference

Xiamen, China
Dongguan, China
Guangzhou, China

Urban
Suburban
Suburban
Suburban
Suburban
Suburban
Suburban
Suburban
Urban
Urban

Shanghai, China
Nanjing, China
Jiaxing, China
Xianghe, China
Guangzhou, China

Urban
Urban
Urban
Urban
Urban

Fresno, USA
Lahore, Pakistan
New Delhi, India
Gorakhpur, India
London, UK
Paris, France
Milan, Italy
Shangdianzi, China
Changping, China
Silinhot, China

Urban
Urban
Urban
Urban
Urban
Urban
Urban
Rural
Rural
Rural

Tongyu, China
Xinken, China
Hong Kong, China
Prelia, Lithuania
Tibetan Plateau, China

Rural
Rural
Coastal
Coastal
Background

4270 ng m3
4.86 mg m3
5.57 mg m3
7.68 mg m3
14.7 mg m3
5.47 mg m3
2655 ng m3
2763 ng m3
5.5 mg m3
5.31 mg m3
3.8 mg m3
3.3 mg m3
2.33 mg m3
4157 ng m3
5.1 mg m3
4.93 mg m3
8.86 mg m3
20.21 mg m3
1.17 mg m3
21.7 mg m3
6.7 mg m3
8e28 mg m3
1.9 mg m3
1.66 mg m3
1921 ng m3
2.12 mg m3
2.37 mg m3
2 mg m3
6.2 mg m3
2.52 mg m3
12.61 mg m3
2.4 mg m3
0.6 mg m3
133 ng m3

This study
Wu et al. (2013)
Wu et al. (2013)

Xi’an, China
Taicang, China
Athens, Greece
Bareggio, Italy
Pantnager, India
Beijing, China
Shanghai, China

2014
2008.5e6
2008.5e6
2008.12e2009.1
2003.9e2005.8
2005.5e6
2014.12e2015.3
2017e2018
2009e2012
2015.12e2016.2
2010
2011
2011.1e2012.1
2012
2013.9e11
2014.4e2015.3
2008.5e6
2008.12e2009.1
2000
2005.11e2006.1
2007
2013.8
2009
2010.1e2
2017e2018
2003.4e2005.1
2005.6e7
2005.4
2005.12
2008
2008.12e2009.1
2004.6e2005.5
2008e2009
2009.11e2010.9

that found in some other cities (Zhou et al., 2009; Zhuang et al.,
2014; Joshi et al., 2016). Such diurnal cycles reﬂect the combined

Cao et al. (2009)
Zhou et al. (2009)
Kalogridis et al. (2018)
Mousavi et al. (2019)
Joshi et al. (2016)
Liu et al. (2018)
Feng et al. (2014)
Zha et al. (2014)
Zhuang et al. (2014)
Shen et al. (2015)
Ran et al. (2016)
Wu et al. (2013)
Watson and Chow (2002)
Husain et al. (2007)
Tiwari et al. (2013)
Vaishya et al. (2017)
Reche et al. (2011)
Healy et al. (2012)
Mousavi et al. (2019)
Yan et al. (2008)
Zhou et al. (2009)
Niu and Zhang (2010)
Cheng et al., 2010
Wu et al. (2013)
Cheng et al. (2006)
Bycenkiene et al. (2011)
Zhu et al. (2016)

effect of the dial BC emission trends, variation in surface meteorology and the associated boundary layer dynamics (Srivastava
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Fig. 4. (a) Monthly and (b) diurnal variations in BC concentration in Xiamen in 2014.

et al., 2012; Tiwari et al., 2013; Zhuang et al., 2014). The early
morning peak was mainly resulted from entrainment of BC from
the nocturnal residual layer and morning anthropogenic activities
such as the elevated vehicle emissions during the trafﬁc rush hours.
After the morning peak, the boundary layer gradually developed
and surface temperature increased. As shown in Fig. S1a, the
boundary layer was much higher at 17:00 than that in 9:00 by a
factor of about three. This would enhance vertical/horizontal
diffusion of pollutants and lead to the steady decrease in BC concentration. From the late afternoon to night, due to the decrease in
boundary layer height and turbulent mixing, air pollutants
including BC were accumulated in the lower surface layer, leading
to relatively high BC concentration from midnight to early morning.
Additionally, the sea-land breeze circulation around the coastal
region might contribute to such diurnal variation. Land breeze from
the continent at night brought in BC-rich continental air, and
consequently improved the BC concentration. However, sea breeze
in the daytime brought in marine air, which was rather free from BC
since there were no sources of BC over the sea. This led to a
remarkable decrease in BC concentration and it remained low
during the sea-breeze regime (Babu and Moorthy, 2001).
The highest monthly mean BC concentration was recorded in
November (5179 ng m3) and the lowest was in February
(2806 ng m3). An evident variation on seasonal time scale in BC
concentration was found with the mean concentrations showing a
sequence
in
magnitude:
spring
(MarcheMay
4755 ng m3) > autumn
(SeptembereNovember
4466 ng m3) > winter (DecembereJanuary 4136 ng m3) > summer (JuneeAugust 3774 ng m3). The seasonal pattern of BC in
Xiamen, namely low in summer and high in spring, autumn and
winter, was similar to the state of other cities over China including
Xi’an (Cao et al., 2009), Nanjing (Zhuang et al., 2014), Hong Kong

(Cheng et al., 2006) and Tongyu (Cheng et al., 2010). Seasonal variations in BC concentration were also affected by both source
emissions and meteorological conditions. Coal burning is China’s
largest energy source. In summer, temperature is overall high
(Fig. 3), and therefore the energy consumption from coal burning is
lower than other seasons. According to Li et al. (2017), anthropogenic BC emission from fossil fuel in China was lower in summer
and higher in winter, which could lead to low BC loading in summer
while high BC loading in winter. The lowest BC level in February
might be due to the reduced emissions from trafﬁc exhausts and
domestic cooking or heating in local or the surrounding areas
during the long traditional Chinese Holiday-Spring Festival. Besides
anthropogenic emissions, meteorological parameters are important factors controlling the BC level. Meteorological conditions in
summer including higher temperature, more rainfall and larger
PBLH (Fig. 3 and Fig. S1b) are beneﬁcial to diffusion and scavenging
of air pollutants, contributing to the lower summertime BC concentration. Impacts of meteorological parameters including precipitation and wind on BC will be brieﬂy discussed in Section 2 in
the supplementary materials. Additionally, under the control of
summer monsoon, less air pollutants transporting from the
polluted areas in northern and eastern China also resulted in the
lower BC level. Impact of long-range transport on BC concentration
will be discussed in Section 3.3.
3.3. Sources and transport pathways in relation to high BC
concentrations
The CPF analysis result for BC concentration using the upper 25%
thresholds (5481 ng m3) is depicted in Fig. 5. For local (shortrange) point source contributions, the CPF plot of BC indicates
northwest, north and northeast as dominant directions. High BC
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Fig. 5. CPF plots for BC in Xiamen in 2014. ws represents wind speed (m s1).

concentrations were mainly affected by winds ranging from westsouthwest to north-northeast with higher values associated with
wind speeds lower than 2 m s1. BC concentration was highest with
winds from the northwest at low wind speed (<~1.5 m s1) and to a
lesser extent from the west and north-northeast at moderate wind
speed (<3 m s1). The BC plot suggests local sources such as the
trafﬁc emissions to the northwest of the site within a short
distance.
The long-range transport of air masses were identiﬁed with the
HYSPLIT model. Transport pathways with four clusters were further
obtained by the clustering analysis and the cluster-mean trajectories are depicted in Fig. 6. The ﬁrst cluster (C1) is the northeastern
coastal cluster originating from the East China Sea and passing
along with East China Coast region and some relative inland areas.
The second cluster (C2) is the southwestern marine cluster passing
through the South China Sea. The third cluster (C3) originating from
Mongolia and the fourth cluster (C4) originating from Siberia are
two long-range inland clusters passing through the heavily
polluted areas such as North China Plain and YRD. C1, C2, C3 and C4

7

contributed to 47.1%, 21.4%, 23.2% and 8.2% of the total air masses,
respectively. The northeastern coastal cluster C1 had the highest BC
concentration (4528 ± 3204 ng m3). BC concentration of marine
clusters passing through the South China Sea (C2) was
4077 ± 2736 ng m3, even higher than that of the inland cluster C4.
It was because of the strong inﬂuence of air pollution in the atmospheric boundary layer or near surface on the marine clusters C1
and C2 due to the weak vertical transport (Qiu et al., 2019). The
inland clusters C3 and C4, which passed through North China and
East China, were associated with BC concentrations of
4181 ± 2758 ng m3 and 3548 ± 2257 ng m3, respectively.
The PSCF and CWT analyses were further conducted to identify
potential sources and their contributions to the receptor sites by
combining the backward trajectories and corresponding hourly BC
concentration data. Spatial distribution of potential source regions
of BC in Xiamen is illustrated in Fig. 7a. Based on the PSCF maps,
many potential sources for BC with high PSCF values (PSCF>0.4)
were located in the surrounding regions and to the southwest of
Xiamen, including Longyan and Zhangzhou in Southwest Fujian
province, Guangzhou and Huizhou in East Guangdong province.
Signiﬁcant potential sources also distributed in the provinces
(Hubei, Hunan and Jiangxi) in east-central China on the northwest
terrestrial side of Xiamen, which belonged to the major zone of BC
emission in China. It indicates that long-range sources signiﬁcantly
contributed to BC in Xiamen. East China Sea to the east and South
China Sea to the southwest were also identiﬁed as the potential
source regions likely due to the trailing effect (Lee et al., 2014; Feng
et al., 2015; Zhang et al., 2017) and the heavy commercial shipping
trafﬁc in the coastal waters (Wang et al., 2016).
Fig. 7b shows the distribution of the weighted trajectory concentrations of BC obtained from the CWT analysis, which provides
information on the relative contributions of potential sources regions to BC concentration in Xiamen. The CWT results were similar
to the results found using the PSCF method. In addition to the
surrounding areas, exogenous sources of BC were mainly localized
to Anhui and Jiangxi provinces in east-central China to the northwest, the South China Sea to the southwest and the East China Sea
to the east, with high CWT values of >5000 ng m3. Central and
western China, including Shaanxi, Chongqing, Hubei and Henan
provinces, had CWT values of >3000 ng m3. Guangxi province in
China and Vietnam, Laos, Cambodia and Thailand in Southeast Asia
also contributed signiﬁcantly to BC concentration (with CWT values
of >2000 ng m3) in Xiamen.

3.4. Impacts of synoptic circulation on BC from different source
sectors

Fig. 6. Cluster-mean of the ﬁve-day backward trajectories at 500 m elevation in
Xiamen.

Based on the semi-objective method, synoptic-scale circulations
affecting Xiamen in 2014 were classified into nine prevailing circulation types (CTs). The composite MSLP maps along with the
occurrence frequencies for the nine predominant CTs are depicted
in Fig. 8. Meteorological parameters and weather conditions of the
nine CTs are summarized in Table 2. The occurrence frequency of
each CT for the four seasons are presented in Table S1. CT6 and CT4
occurred more frequently in spring. CT2 was predominant in
summer, followed by CT4. For autumn, the predominant patterns
were CT1 and CT5, while the major patterns were CT7, CT3 and CT5
for winter. According to the MSLP distributions, the nine CTs can be
further deﬁned as cyclone-related patterns and anticyclone-related
patterns. The former included CT2, CT8 and CT9, and the latter
included the other patterns.
To investigate the impacts of synoptic circulation on BC from
different source sectors, BC was divided into BC from combustion of
fossil fuel (BCff) and BC from biomass burning (BCbb).
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Fig. 7. (a) PSCF and (b) CWT (ng m3) maps for BC in Xiamen in 2014.

Concentrations of BCff and BCbb were calculated with the “Aethalometer model” (Sandradewi et al., 2008). The “Aethalometer
model” is brieﬂy described in Section 4 in the supplementary materials. Mean BC, BCff and BCbb concentrations with the BCbb
contribution to BC under the inﬂuence of each CT are presented in
Fig. 9.
CT8 (Typhoon I) and CT9 (Typhoon II) were two typical
Typhoon-related weather circulation patterns and mainly occurred
from late spring to early autumn, contributing 3.8% and 4.4% to all
days, respectively. In the pattern of CT8, Xiamen was right inﬂuenced by a moving tropical cyclone and the center of the cyclone
was over the South China Sea and to the south of Fujian province in
China. However, in CT9 Xiamen was on the periphery of a tropical
cyclone, and the center of the cyclone was over the north of
Philippines. Consequently, Xiamen was more likely affected by
spiral rain bands and stronger wind of the typhoon in CT8 and was
more frequently inﬂuenced by the downdraft in CT9 with less
precipitation and more stable conditions. As a result, CT8 was
associated with the lowest concentrations of BC (3119 ng m3), BCff
(2078 ng m3) and BCbb (1042 ng m3) due to the largest precipitation amount (19.5 mm) and higher wind speed (2.1 m s1).
Because of the smaller precipitation amount (0.9 mm) in CT9,
concentrations of BC, BCff and BCbb were 3584 ng m3, 2360 ng m3
and 1225 ng m3, respectively, higher than those in CT8. However,
the biomass burning contribution to BC in CT9 was 35.2%, which
was comparable with BCbb contribution (34.7%) in CT8. Another
cyclone-related synoptic pattern was CT2. CT2 mainly occurred in
summer and accounted for 13.0% of total days. Under the inﬂuence
of CT2, Xiamen was affected by southerly ﬂows introduced by lowpressure systems or tropical cyclone. Circulation characteristics of
CT2 were associated with a trough extended over South China or
the South China Sea with its axis oriented from west to east (Zhang
et al., 2013). The CT2-related meteorological conditions were low
wind speed (1.1 m s1), high temperature (27.4  C) and moderate
precipitation amount (4.2 mm). Since Xiamen was usually inﬂuenced by clean air masses from the South China Sea, CT2 was
associated with a relatively low BC concentration (3859 ng m3)
and the smallest biomass burning contribution (29.3%). In short,
under the inﬂuence of the three cyclone-related circulation patterns, Xiamen was associated with low BC concentrations
(3663 ng m3) and small biomass burning contributions (30.3%).
Circulation patterns CT7, CT3 and CT5 were typical anticyclone
synoptic patterns with cold-high system mainly occurring in

winter. Circulation characteristics of the three patterns were
determined by winter monsoon. CT7 accounted for 12.2% of the
total number of days. In CT7, the high-pressure system centered
over Northwest China and covered the central and eastern China,
which introduced cold dry outﬂow from mainland China. Xiamen
was affected by air masses from northeast, with the BC concentration of 4107 ng m3. Since the airﬂows in CT7 passed through the
regions with densely biomass burning, the BCbb/BC percentage
(38.8%) under the inﬂuence of CT7 was relatively high. CT3 when
continental cold high moved eastward and centered over North
China accounting for 6.7% of all days. In CT3, air mass blew over the
East China Sea and the Taiwan Strait and traveled along the
coastline of Southeast China. Under the inﬂuence of CT3, Xiamen
was in the bottom of anticyclone and affected by northeasterly cold
dry wind. As a result, BC concentration in Xiamen was 4132 ng m3,
with the largest biomass burning contribution (43.8%). CT5 with
the second largest contributions of 15.4% to all days was associated
with cold high centering over East China. Because of the impact of
CT5, weather condition in Xiamen would be sunny with increasing
temperature and northeasterly airﬂow. Average BC concentration in
CT5 was 4234 ng m3 with a relatively large biomass burning
contribution of 36.6%. Overall, the three cold-high circulations were
associated with moderate BC concentrations (4233 ng m3) and
large biomass burning contributions (36.5%).
Circulation pattern on the largest number of days was CT4,
which contributed for 16.3% of all days and mainly occurred in the
transitional seasons from late spring to early autumn. Under the
inﬂuence of CT4, Xiamen was controlled by the edge of warm high
system, which covered South China and Southeast China. CT4
usually introduced stable weather condition with the lowest mean
wind speed (0.9 m s1), high temperature (26.5  C) and relatively
large precipitation amount (6.0 mm). Moderate BC concentration
(4020 ng m3) was found to be associated with CT4. However, the
biomass burning contribution (31.0%) was small under CT4 since
the prevailing wind was southerly.
CT1 and CT6 were anticyclone circulations, which mainly
occurred in spring and autumn. CT1 when the continental cold high
centered over central and eastern China contributed 14.5% to all
days. In CT1, Xiamen was controlled by the cold high and affected
by easterly wind with low wind speed (1.1 m s1). BC concentration
under the CT1 pattern was the highest (5214 ng m3) with a
moderate biomass burning contribution (32.6%) due to the stable
weather conditions. CT6 with the center of high-pressure system
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Fig. 8. MSLP patterns and occurrence frequency (bottom number) for each circulation type in 2014.

over the sea accounted for 13.6% of the total number of days. Being
in front of the trough and behind the ridge, Xiamen was affected by
easterly wind with low wind speed in CT6. Under the inﬂuence of
CT6, Xiamen was associated with the second highest BC concentration 4559 ng m3 and a low BCbb/BC ratio of 30.4%. In a word,
with the impact of the two anticyclone circulation patterns, Xiamen
had high BC concentrations (4896 ng m3) and small biomass
burning contributions (29.6%).
4. Conclusions
In this study, we performed one-year continuous measurements
of BC aerosol with an Aethalometer in Xiamen in 2014. Temporal
variations and transport pathways of BC were analyzed. Impacts of
synoptic circulation on BC from different source sectors were also
investigated.
Annual mean BC concentration in Xiamen in 2014 was

4270 ± 1875 ng m3. BC exhibited a pronounced diurnal variation
with the maximum of 6182 ng m3 at 6:00 and minimum of
2847 ng m3 at 13:00. An evident seasonal variation existed with
the maximum of 4755 ng m3 in spring and minimum of
3774 ng m3 in summer. CPF analysis suggested that high BC concentrations were associated with northwesterly winds with low
wind speed and westerly and north-northeasterly winds with
moderate wind speed. Northerly wind with high wind speed and
east-northeasterly wind frequently led to large biomass burning
contribution.
Air masses originating from the East China Sea and passing
along with East China Coast region had the highest BC
(4528 ng m3) concentration. PSCF and CWT analysis showed that
the surrounding region, southwestern Fujian and eastern Guangdong to the southwest and Hubei, Hunan and Jiangxi to the
northwest were major sources of BC. The East China Sea and South
China Sea were also important source regions of BC.
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Table 2
Corresponding meteorological parameters and weather conditions of the nine circulation types.
Type

PWD

MWS (m/s)

PRC (mm)

MAT ( C)

MRH (%)

Weather Conditions

CT1

E

1.1

1.9

19.6

66

CT2

S

1.1

4.2

27.4

70

CT3

NE

2.2

0

11.7

50

CT4

S

0.9

6.0

26.5

72

CT5

NE

1.5

1.5

16.2

62

CT6

E

1.1

2.5

22.4

68

CT7

NE

1.8

1.2

14.1

60

CT8

Variable

2.1

18.5

27.6

66

CT9

Variable

1.5

0.9

28.6

59

(1)
(2)
(1)
(2)
(1)
(2)
(3)
(1)
(2)
(1)
(2)
(1)
(2)
(3)
(1)
(2)
(1)
(2)
(1)
(2)

Mainly in spring and autumn and Xiamen is controlled by continental cold high;
Affected by easterly wind with small wind speed.
Mainly in summer and Xiamen is controlled by low-pressure system;
Affected by southerly wind with more cloud and precipitation.
Mainly in winter;
Cold high is located in the north of China, and Xiamen is in the bottom of cold high;
Affected by northeasterly wind and weather is dry and cold.
Mainly in from late spring to early autumn;
Affected by the warm high with small wind speed.
Cold high is in East China;
Xiamen will be sunny with increasing air temperature
Mainly in spring and autumn;
Center of high pressure over the sea, Xiamen is in front of the trough and behind the ridge;
Cloudy and affected by easterly wind with small wind speed.
Mainly in winter;
High pressure in Northwest China, Xiamen is affected by air masses from northeast.
Mainly in summer and autumn and typhoon is within the range of less than 600 km;
With high wind speed and increasing cloudiness, precipitation is easy to occur.
Mainly in summer and spring and typhoon is within the range of 600e1000 km;
Weather condition is stable with little precipitation.

PWD: Prevailing Wind Direction; MWS: Mean Wind Speed; PRC: Precipitation; MAT: Mean Air Temperature; MRH: Mean Relative Humidity.

Fig. 9. Mean BC, BCff and BCbb concentrations (ng m3) and BCbb/BC fraction (%) during the nine circulation types in 2014.

Nine typical synoptic-scale circulation types affecting Xiamen
including three cyclone-related patterns and six anticyclonerelated patterns were identiﬁed with a semi-objective classiﬁcation method. The cyclone-related circulation patterns were associated with low BC concentrations (3663 ng m3) and small
biomass burning contributions (30.3%). Of the six anticyclonerelated patterns, the three cold-high circulations around winter

were associated with moderate BC concentrations (4233 ng m3)
and large biomass burning contributions (36.5%), while the two
cold-high patterns in spring and autumn were associated with high
BC concentrations (4896 ng m3) and small biomass burning contributions (29.6%). Besides, under the inﬂuence of the warm-high
pattern, Xiamen was moderate BC concentration (4020 ng m3)
and small biomass burning contribution (31.0%).
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