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Atmospheric mercury (Hg) species were determined at a suburban site near Shijiazhuang, China from May 2016
to January 2017 to ascertain their seasonal and diurnal patterns, to identify the relationship with other pa
rameters, and furthermore to elucidate their potential sources areas. The gaseous elemental Hg (GEM) con
centration (3.66 ± 2.62 ng m− 3) was about 2 times higher than the background level in the Northern
Hemisphere, and the fine particulate bound Hg (HgP2.5) concentration (92.4 ± 59.6 pg m− 3) was comparable to
those at urban sites, while the gaseous oxidized Hg (GOM) level was quite low (5.7 ± 5.6 pg m− 3). GEM and
HgP2.5 concentrations exhibit pronounced seasonal (January > May > October > August) and diurnal (nighttime
> daytime) patterns. In contrast, the seasonal and diurnal patterns of GOM were just opposite to those of GEM
and HgP2.5. The significant positive relationship among GEM, HgP, CO, SO2, and NO2 reveals that they have
similar anthropogenic sources. Interestingly, the size distributions of HgP in PM10 were observed to be unimodal
during the four study periods, and peaks were all located in the fine mode (0.7–2.1 μm), and fine HgP contributed
~70% (38.2–81.5%) of HgP10, indicating that the fine mode was the dominant size. The potential source
contribution function (PSCF) result suggests that GEM level at the sampling site was highly impacted by regional
sources rather than the long-range transport, and the potential source areas were predominantly located in
southern Hebei and western Shandong. The results of wind rose and cluster analyses were consistent with the
PSCF results.

1. Introduction
Mercury (Hg) is the only toxic heavy metal that exists naturally in gas
phase. Atmospheric Hg originated from a wide variety of natural and
anthropogenic sources (Pirrone et al., 2010). Major natural sources
include the re-emission of Hg from land and water surface, volcanoes,
forest fires, and rock weathering etc., while the dominant anthropogenic
sources include combustion of fossil fuels, artisanal and small-scale gold
mining, cement production, chlor-alkali chemical industries, and metal
production (AMAP/UNEP, 2019). Once emitted into the atmosphere, Hg
can undergo a series of complex physicochemical transformations and
finally deposited onto the land and water surfaces, where it can be

converted to methylmercury (MeHg), the most bioaccumulative and
toxic form of Hg. It is well known that Hg is a global bioaccumulative
neurotoxin that can pose a great threat to human health through food
chains, such as neurodegenerative diseases and cardiovascular disorders
(Houston, 2011; Ariya et al., 2015; AMAP/UNEP, 2019).
Atmospheric Hg is defined operationally as three species: gaseous
elemental Hg (GEM), gaseous oxidized Hg (GOM), and particulate
bound Hg (HgP) (Schroeder and Munthe, 1998; Landis et al., 2002).
Generally, the sum of GOM and HgP are referred to as reactive Hg (RM)
(Gustin et al., 2013, 2015, 2019). GEM is the dominant (generally
>90%) Hg species in the atmosphere and can be transported regionally
and even globally with an atmospheric lifetime of about 0.2–1.0 year

Peer review under responsibility of Turkish National Committee for Air Pollution Research and Control.
* Corresponding author. State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 18
Shuangqing Road, Beijing, 100085, China.
E-mail address: zhangxsh@rcees.ac.cn (X. Zhang).
1
Joint first authors Chunjie Wang and Fan Hui contributed equally to this work.
https://doi.org/10.1016/j.apr.2021.101253
Received 19 July 2021; Received in revised form 26 October 2021; Accepted 30 October 2021
Available online 2 November 2021
1309-1042/© 2021 Turkish National Committee for Air Pollution Research and Control. Production and hosting by Elsevier B.V. All rights reserved.

C. Wang et al.

Atmospheric Pollution Research 12 (2021) 101253

due to its high volatility and low water solubility (Jen et al., 2014;
Horowitz et al., 2017 and references therein). In theory, Hg can be
converted from one form to another via various photochemical oxida
tion or reduction reactions during the transport in the atmosphere (Ariya
et al., 2015). Although the actual molecular forms of GOM have not yet
been identified currently, they have been proposed to include HgCl2,
HgBr2, HgO, HgSO4, and Hg(NO2)2, etc. (Gustin et al., 2013, 2015,
2019; Lyman et al., 2020). RM can be effectively removed from the at
mosphere and deposit on the earth’s surface via deposition (Schroeder
and Munthe, 1998), resulting in a short residence time ranging from
hours to a few days in the atmosphere. Although RM generally accounts
for less than 10% of the total atmospheric Hg, the major Hg species in
precipitation are HgP and GOM (Ahn et al., 2011; Lyman et al., 2020).
Measurements of GEM in remote areas globally show that the back
ground GEM concentration in the Northern Hemisphere was around
1.3–1.7 ng m− 3, while it was about 0.8–1.3 ng m− 3 in the Southern
Hemisphere (Driscoll et al., 2013; Sprovieri et al., 2016; Slemr et al.,
2015, 2020; Howard et al., 2017). As a whole, human activities have
increased total atmospheric Hg concentrations by about 450% above
natural level (AMAP/UNEP, 2019).
The newest report demonstrates that the estimated global anthro
pogenic emissions of Hg to the atmosphere for 2015 were approximately
20% higher than they were in updated estimates for 2010, and nearly
half of the emissions occur in Asia followed by South America (18%) and
Sub-Saharan Africa (16%) (AMAP/UNEP, 2019). Due to rapid indus
trialization and urbanization in East Asia for the past decades, particu
larly in China, huge amount of Hg (~550 ton yr− 1) were emitted from
anthropogenic sources (Zhang et al., 2015; Wu et al., 2016, 2018).
However, although a large number measurements have been conducted
at metropolises and remote sites in China (Fu et al., 2011, 2012; Liu
et al., 2011, 2019; Xu et al., 2015; Hong et al., 2016 a,b; Duan et al.,
2017; Yin et al., 2018, 2020; Qin et al., 2019; Zhang et al., 2019; Wang
et al., 2020b, 2021a), there still exists a dearth of knowledge on the
characteristics and sources of atmospheric Hg in suburban areas. In
order to address this concern, accordingly, measurements of speciated
atmospheric Hg were conducted at a suburban site in the metropolis of
Shijiazhuang (Hebei province, China) from May 2016 to January 2017.
The objectives of this study are to: (1) identify the levels and ascertain
the temporal variations of GEM, GOM, and HgP; (2) identify the

relationships between atmospheric Hg and meteorological parameters;
and (3) explore the potential source regions of atmospheric Hg.
2. Materials and methods
2.1. Sampling site
Measurements were conducted at the Luancheng Agro-Ecosystem
Experimental Station (hereafter referred to as LAEES, locating in sub
urban area of the Shijiazhuang City, Hebei province, China) (Fig. 1),
which has been described in our previous studies (Gao et al., 2019,
2020; Wang et al., 2021b). In this study, four sampling campaigns were
conducted during May 2016–January 2017 to explore the temporal
variation of speciated atmospheric Hg. It should be noted that the
sampling site is about 25 km southeast of the center of Shijiazhuang City
and the surrounding areas within 5 km are rural without large point
sources (see Fig. S1).
2.2. Sampling and analysis of speciated atmospheric Hg
2.2.1. Measurement of GEM
In this study, GEM was manually collected using a gold trap
following a soda-lime trap and a Teflon filter pack, and then quantified
with a cold vapor atomic fluorescence spectrometry (CVAFS, Model III,
Brooks Rand, USA), as shown in previous studies (Baker et al., 2002; Ci
et al., 2016; Wang et al., 2020a,b,c). The sampling was conducted on the
rooftop of a container car (see Fig. 1), and the air inlet is about 2.5 m
(higher than the height of crops) above the ground level. Note that the
ambient air is delivered into a gold trap through a heated (~50 ◦ C)
Teflon tubing (OD: 1/4 inch, length: 2.0 m), and a Teflon prefilter (0.2
μm in pore size and 47 mm diameter) is placed after the soda-lime trap
(Teflon, 14 cm in length and 1 cm in inner diameter) to remove the
possible PM. The soda lime and Teflon folter were replaced every week
during the four campaigns. The monitoring in this study focused on the
slow temporal variation of GEM, such as seasonal and daily variations.
Consequently, only three GEM samples were collected each day, nor
mally starting at 9:00, 15:00 (representing daytime), and 21:00 (rep
resenting nighttime) (local time: UTC+8 h). Note that the sampling rate
is 1.0 L min− 1 and the sampling time is 2 h for each sample.

Fig. 1. Location of the sampling site (114.683◦ E, 37.883◦ N) and the scene pitcure.
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The Teflon tube and membrane bracket were acid-cleaned following
EPA method 1631E. The blanks for GEM taken every day were all lower
than 0.04 ng m− 3. The detection limit of this system was lower than 0.09
ng m− 3 based on 3 times of the standard deviation of blanks (n = 79). A
standard curve, generated by injecting different volumes of saturated Hg
vapor at a certain temperature using a gas-tight syringe, was analyzed
before analysis each day, and all r2 values of the standard curves were
>0.98. Note that the reported sample concentrations in this paper were
blank-corrected. Furthermore, a penetration test (connecting two gold
traps in series) of GEM was conducted to ensure the sampling quality,
and the results show that the percentage differential for the GEM
penetration test was lower than 3%, which meets the quality control
criteria (Jen et al., 2014). This indicates that the first gold trap can
effectively capture GEM with almost no penetration.

cleaned at 900 ◦ C for 3 h and then were stocked in clean petri-dishes
after cooling. Two days (begin at 9:00 at the first day and end at
09:00 the third day) PM samples were taken every two days with a flow
rate of 28.3 L min− 1 for each campaign. Field blank samples were
collected by placing nine unused pre-cleaned filters in the impactor for
two days without drawing air through the system. After that, all sam
pling filters and blank samples were stored in a refrigerator at − 20 ◦ C. In
total, 21 sets (including 4 sets of blanks) of samples (a total of 189 pieces
of filters) were collected during the four campaigns. The average blank
value obtained in this study was <5 pg Hg per filter (equivalent of
<0.07 pg m− 3 for a 2-day sample for each filter). The detection limit of
HgP10 (HgP in PM10) was also less than 1.5 pg m− 3 based on 3 times the
standard deviation of field blanks (n = 4). However, it must be noted
that HgP measured using the quartz filter method contain bias, and now
no HgP measurement system has been demonstrated to be free from
interferences and bias (Gustin et al., 2015). This is due to the facts that
GOM can adhere to filter material or to collected PM and HgP can
re-volatilize during collection, possibly via reduction of HgII compounds
to Hg0 (Gustin et al., 2015; Lyman et al., 2020 and references therein).

2.2.2. Sampling and analysis of GOM and fine HgP (HgP2.5)
The GOM and HgP2.5 were sampled using a manual system, which
has been described in previous studies (Landis et al., 2002; Wang et al.,
2016a, 2019, 2020b). The quartz denuders were cleaned, coated (using
saturated KCl), and conditioned prior to GOM sampling (Landis et al.,
2002). The sampling processes of GOM and HgP2.5 are as below: the
ambient air is drawn into the sampling train with the flow rate of 10 L
min− 1, and the GOM is collected onto the KCl-coated quartz denuder
while PM2.5 is collected on the quartz filter (47 mm diameter, What
man). In this study, the daytime (7:00–17:30, local time) and nighttime
(18:30–6:00, local time) GOM and HgP2.5 samples were collected each
day. After sampling, the denuder was thermally desorbed in a tube
furnace at 500 ◦ C for GOM, and the resulting thermally decomposed Hg0
in carrier gas (i.e. Hg-free air) was quantified using the
dual-amalgamation CVAFS method. However, it must be pointed out
that the KCl denuder measurements were generally lower than actual
values, and the degree of low bias in KCl denuder measurements de
pends on ambient physical and chemical conditions and can vary widely
(Gustint al., 2013, 2015, 2019; de Foy et al., 2016; Cheng et al., 2017; Bu
et al., 2018; Luippold et al., 2020; Lyman et al., 2016, 2020). The quartz
filters were thermally desorbed in a tube furnace using zero air to
900 ◦ C, and all Hg in the filter was converted to Hg0 in the air stream,
and then the Hg was transported into a gold trap, and finally the Hg
content in gold trap was quantified using the dual-amalgamation CVAFS
method (Fitzgerald and Gill, 1979).

2.3. Air pollutants and meteorological data
The continuous daily concentrations of gaseous pollutants (e.g., SO2,
NO2, and CO) and PM2.5 and PM10 were collected from the website of
https://www.aqistudy.cn/historydata/index.php, while the meteoro
logical parameters including the hourly relative humidity (RH), air
temperature, solar radiation (i.e., photosynthetically active radiation,
PAR), wind speed and direction were obtained from the LAEES. The
MODIS (Moderate-resolution Imaging Spectroradiometer) fire spots
data was downloaded from the Fire Information for Resource Manage
ment
System,
MODIS
(https://firms.modaps.eosdis.nasa.gov/d
ownload/, last access: April 29, 2021).
2.4. Potential sources contribution function (PSCF)
In present study, 72-h back trajectories of air masses were calculated
to describe transport pathways based on the gridded meteorological
data from the Global Data Assimilation System (ftp://arlftp.arlhq.noaa.
gov/pub/archives/gdas1/, last access: April 19, 2021). The starting
height that calculating the back trajectories was set to the average
planetary boundary layer (~490 m), as obtained from the NOAA
(https://ready.arl.noaa.gov/READYamet.php, last access: April 19,
2021). Furthermore, the cluster and PSCF analyses were performed
using the TrajStat software to obtain potential source regions based on
the back trajectories and the field measured atmospheric Hg data (Wang
et al., 2009). In this study, the GEM concentrations at the sampling site
were assigned to corresponding back trajectories, and then the mean
GEM concentration corresponding to each cluster can be calculated. For
the given gridded domain (100–125 ◦ E and 30–50 ◦ N with 0.5◦ × 0.5◦
resolution), the PSCF value for each grid cell can be calculated as Eq. (1).
/
PSCFij = Mij Nij
(1)

2.2.3. Quality assurance and quality control of GOM and HgP2.5
Before sampling, the KCl coated denuders and HgP quartz filters were
cleaned by pyrolysis at 500 ◦ C for 1 h and 900 ◦ C for 3 h respectively to
obtain low operational blanks. Quality assurance and quality control
were conducted using duplicates and field blanks. The mean relative
differences of duplicated RGM and HgP2.5 samples (n = 6) were 15 ±
10% and11 ± 7%, respectively. The field blanks were treated similarly
to the other samples but not sampling. The average field blanks of
denuder and quartz filter were 1.2 ± 0.6 and 0.8 ± 0.5 pg, respectively
(n = 6). Routine maintenance practices (e.g. filter changes) were
completed using particle free gloves and Teflon coated tweezers to
reduce the possibility of contamination. The method detection limits of
RGM and HgP2.5 were all less than 1.0 pg m− 3 based on 3 times the
standard deviation of the blanks for the whole dataset (n = 180). The
reported HgP2.5 and GOM concentrations were all field blank-corrected.
However, it must be noted that the atmospheric Hg concentrations
calculated using the Dumarey equation (Dumarey et al., 1979) in this
study are probably 8–10% lower than the actual atmospheric Hg con
centrations (de Krom et al., 2021).

where Nij represents the number of end points that fall in the ijth cell,
while Mij represents the number of endpoints for the same cell corre
sponding to GEM concentrations higher than the average value. The
PSCF values were multiplied by an empirical weight function (Wij, see
Eq. (2)) to reduce the effect of grid cells with small Nij values (Nave is the
average value of the endpoints per cell). However, cluster and PSCF
analyses just give a general indication of the source regions.

2.2.4. Size-fractioned HgP in PM10
Simultaneously, the size-fractionated particles were collected by an
Andersen sampler, and the particle cut-off diameters are 10.0, 9.0, 5.8,
4.7, 3.3, 2.1, 1.1, 0.7, and 0.4 μm, respectively. The particles were
collected on 81 mm diameter quartz filters (Whatman), which were pre-

Wij = {

3

1.0
0.7
0.4
0.2

Nij > 3Nave
3Nave > Nij > 1.5Nave
1.5Nave > Nij > Nave
Nave > Nij

(2)
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GEM, GOM, and HgP2.5 at the sampling site (Fig. 2). The mean GEM
concentration in winter (January) (5.68 ± 3.56 ng m− 3) was higher than
that in fall (October) (4.14 ± 3.15 ng m− 3), and both of them were
significantly higher than those in spring (May: 2.86 ± 0.86 ng m− 3) and
summer (August: 2.47 ± 0.54 ng m− 3) (t-test, p < 0.01). As for HgP2.5,
similar seasonal pattern can be found with the order of January (126.8
± 55.7 pg m− 3) > October (101.3 ± 60.7 pg m− 3) > May (87.1 ± 46.6
pg m− 3) >August (65.9 ± 50.2 pg m− 3) (Fig. 2). In contrast, the seasonal
pattern of GOM concentration was just opposite to those of GEM and
HgP2.5, but it was not significant (Fig. 2). Statistical results show that the
highest mean GOM concentration occurred in May (7.9 ± 7.7 pg m− 3),
followed by the August (5.5 ± 5.9 pg m− 3), January (4.9 ± 3.9 pg m− 3),
and October (4.7 ± 3.6 pg m− 3).
Fig. 3 shows the daily variation of speciated atmospheric Hg, air
pollutants (e.g., PM2.5, PM10, CO), and meteorological parameters (RH,
PAR, air temperature, and precipitation) during the whole study period.
One striking feature is that the GEM concentrations during May and
August varied little and majority of them were located between 2 and 4
ng m− 3. Moreover, the GEM concentration in daytime was generally
lower than that in corresponding nighttime during the sampling periods
in May and August. In contrast, there was a large range of GEM con
centrations in October (1.72–15.13 ng m− 3) and January (2.00–14.75
ng m− 3), and the diurnal pattern was inconspicuous. Another striking
feature is that the daytime GEM and HgP2.5 concentrations over the days
of 17–20 October 2016 were much higher than the nighttime values.
This is due to the facts that rotary tillage was carried out in the field
these days, which had a significant influence on the increase of GEM and
HgP levels. Although there was an exceptionally large range of GOM
concentration during each sampling period, the GOM concentration in
daytime was generally higher than that in corresponding nighttime
except those rainy days (see Fig. 3), indicating that solar radiation is one
of the important driving factors for the GOM. As for the HgP2.5 con
centration, most of the nighttime values were higher than the corre
sponding daytime values, while the occasional sudden dramatic increase
in HgP2.5 concentrations and a higher daytime value compared with
nighttime value indicate that the sampling site was polluted occasion
ally. Additionally, it is clear from Fig. 3 that the HgP2.5 and GOM con
centrations were generally low when it rains due to the wet deposition of
RM.

3. Results and discussion
3.1. Levels of speciated atmospheric Hg
As displayed in Fig. 2, the mean GEM concentration during the whole
study period was 3.66 ± 2.62 ng m− 3, which was about 2–5 times higher
than the average concentrations in the Southern and Northern Hemi
spheres (i.e., 0.8–1.7 ng m− 3, Slemr et al., 2015, 2020; Sprovieri et al.,
2016; Koenig et al., 2021). As shown in Table 1, the average GEM
concentration at this suburban site was comparable to those at urban
and suburban sites (e.g., Beijing, Shanghai, Ningbo, and Hefei), but
slightly lower than those observed at seriously polluted urban sites (e.g.,
Guiyang and Nanjing). However, compared to those at remote moun
tains, forest, and background sites in China, such as the Nam Co,
Qomolangma, Changbai, Shangri-La, Waliguan, and Ailaoshan (1.3–2.1
ng m− 3), the average GEM concentration at this site was significantly
higher (see Table 1). These results indicate that the sampling site was
polluted to some extent by anthropogenic sources.
As illustrated in Fig. 2, the interval of 25–75% of GOM values lie in a
narrow range of 2–7 pg m− 3 with a mean value of 5.7 ± 5.6 pg m− 3,
which was comparable to those observed at remote and background sites
(2.2–8.2 pg m− 3, e.g., the Changbai, Shangri-La, Waliguan, and
Ailaoshan), but significantly much lower than those measured at most of
urban and suburban sites (10–200 pg m− 3) (see Table 1). Interestingly,
the GOM concentration in Mt. Qomolangma (19.3–35.2 pg m− 3) were
significantly higher than that at this sampling site due to the naturally
oxidation of GEM as result of the high attitude of the Qomolangma
sampling site (4276 m) (Lin et al., 2019). In contrast, the distribution of
HgP2.5 was characterized by an exceptionally large range of 12.3–293.5
pg m− 3 with a mean value of 92.4 ± 59.6 pg m− 3, which was comparable
to those observed at an urban site in Beijing (Zhang et al., 2019; Wang
et al., 2021a), yet significantly higher than those in remote sites (see
Table 1). Overall, despite the GEM and HgP2.5 concentrations at this site
were comparable to those at urban sites, the GOM concentrations were
significantly lower than those at urban or suburban sites and even some
background or remote sites. These indicate that the direct emission of
GOM was less in peripheral regions, and the regional anthropogenic
emissions have little influence on the GOM level at the sampling site.
However, numerous outliers and large standard deviations of the three
atmospheric Hg species reflect the occasionally pollution events, and
which can be further confirmed by the fact that the mean GEM, GOM,
and HgP2.5 values were all higher than their corresponding median
values (see Fig. 2).

3.2.2. Relationship between atmospheric Hg and other parameters
Correlation analysis between atmospheric Hg and trace gases can be
used to explore the sources of atmospheric Hg to a certain extent. For
example, a strong correlation between GEM and CO has often been used
an indicator for regional transport because both of them have similar
sources and can be transported for a long distance due to their stability
in the atmosphere (Weiss-Penzias et al., 2006, 2007; Kim et al., 2009;
Zhang et al., 2015; Tang et al., 2018). As summarized in Table S1, the
GEM concentrations were significantly and positively correlated with

3.2. Temporal variation of atmospheric Hg and the relationship with other
parameters
3.2.1. Seasonal and diurnal variations of the three atmospheric Hg species
There was a significant seasonal pattern on the concentrations of

Fig. 2. Speciated atmospheric Hg concentrations during the four study periods.
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Table 1
Levels of speciated atmospheric Hg at the suburban site and other types of sites in China.
Sampling site

Classification

Sampling time

GEM (ng m− 3)

GOM (pg m− 3)

HgP2.5 (pg m− 3)

Reference

Luancheng
Beijing

Suburban
Urban
Urban
Suburban
Suburban
Urban
Urban
Urban
Urban
Urban
Urban
Urban
Remote
Mountain forest
Mountain forest
Remote mountain
Remote mountain
Remote mountain

May 2016–Jan 2017
Feb–Mar 2018
Sep 2015–Jul 2016
Jun–Dec 2014
Jun 2015–May 2016
Aug–Dec 2009
Sep–Nov 2008
Jan 2011–Feb 2012
Mar 2012–Feb 2013
Jul 2013–Jun 2014
Jul 2013–Jan 2014
Oct 2016–Oct 2017
Jan 2012–Oct 2014
Jul 2013–Jul 2014
May 2011–May 2012
Apr–Aug2016
Nov 2009–Nov 2010
Sep 2007–Sep 2008

3.66 ± 2.62
2.81 ± 0.90
4.70 ± 3.53
4.19 ± 9.13
2.77 ± 1.36
9.7 ± 10.2
6.2–7.4
5.5 ± 2.5
3.0–5.0
4.07 ± 1.91
3.26 ± 1.63
4.48 ± 2.32
1.33 ± 0.24
1.68 ± 0.47
2.09 ± 0.63
1.31–1.44
2.55 ± 0.73
1.98 ± 0.98

5.7 ± 5.6
10.7 ± 8.5
18.5 ± 22.3
21 ± 100
82.1 ± 115.4
35.7 ± 43.9
19–24
NAa
40–50
3.67 ± 5.11
197 ± 246
NA
NA
5.4 ± 6.4
2.2 ± 2.3
19.3–35.2
8.2 ± 7.9
7.4 ± 4.8

92.4 ± 59.6
60.6 ± 43.5
85.2 ± 95.3
197 ± 877
60.8 ± 67.4
368 ± 676
250–1330
1100 ± 570b
200–300
30 ± 100
659 ± 931
NA
NA
16.6 ± 15.2
31.3 ± 28.4
24.9–30.5
38.8 ± 31.3
19.4 ± 18.1

This study
Wang et al. (2021a)
Zhang et al. (2019)
Duan et al. (2017)
Qin et al. (2019)
Fu et al. (2011)
Liu et al. (2011)
Zhu et al. (2012, 2014)
Xu et al. (2015)
Hong et al. (2016a)
Hong et al. (2016b)
Yin et al. (2020)
Yin et al. (2018)
Liu et al. (2019)
Zhang et al. (2016)
Lin et al. (2019)
Zhang et al. (2015b)
Fu et al. (2012)

Shanghai
Guiyang
Nanjing, CN
Xiamen
Hefei
Ningbo
Lanzhou
Nam Co
Mt. Changbai
Mt. Ailaoshan
Mt. Qomolangma
Shangri-La
Waliguan
a

NA: no available data; bHgP in PM10.

Fig. 3. Daily variations of speciated atmospheric Hg and meteorological parameters during the whole study period.

CO concentrations (daytime: r = 0.643, p < 0.01; nighttime: r = 0.674,
p < 0.01). Moreover, the strong positive correlations between atmo
spheric Hg (i.e., GEM and HgP2.5) and air pollutants (i.e., NO2, SO2,
PM2.5, and PM10) suggest that coal combustion might be an important
source of GEM and HgP (Han et al., 2014). The significant positive
relationship among the five pollutants (i.e., CO, NO2, SO2, PM2.5, and
PM10) further corroborates the above results. Whereas, a weak negative
relationship was found between GEM and GOM, and similar negative
relationship can also be found between GEM and O3.
Additionally, GOM was significantly negatively correlated with RH
both in daytime and nighttime (Table S1 and Fig. 3), suggesting that wet
deposition is an important pathway for the removal of GOM. However, a
significantly positive correlation was observed between GOM and PAR
during the entire study period (daytime: r = 0.523, p < 0.01; nighttime:
r = 0.349, p < 0.01). Moreover, GOM was negatively correlated with
CO, NO2, SO2, PM2.5, and PM10 (see Table S1). The above results indi
cate that GOM probably dominantly originated from the photo-

oxidation of GEM in the atmosphere rather than the direct anthropo
genic emissions. The significant positive relationship between HgP2.5
and PM (including PM2.5 and PM10) are not surprising since atmospheric
mercury (e.g., GOM) can be adsorbed on the surface of PM, what’s more,
mercury can be a part of PM from the time it is released. As plotted in
Fig. 3, the higher PM concentrations, the higher HgP2.5 concentration
during the whole study period. Additionally, PM2.5 and PM10 were both
positively correlated with RH values (Table S1), indicating that high RH
can promote the generation of PM and even HgP. One possible expla
nation is the partition or conversion of PBM from GOM (Xiu et al., 2005,
2009). In comparison, the correlation coefficient between daytime
HgP2.5 and daytime RH was higher than that between nighttime HgP2.5
and nighttime RH. The super-strong positive relationship between air
quality index (AQI) and PM concentration (r = 0.98, p < 0.01) reflect
that the PM was the dominant controlling factor of air quality, which can
be found in our recent previous study conducted at the same sampling
site in this study (Wang et al., 2021b).
5
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3.3. Size distribution of HgP in PM10

at an urban site in Taiwan (~70% HgP in PM10 was concentrated on
PM2.5, Tsai et al., 2003), but were about 1.5–2.0 times higher than those
in Chinese marginal seas (Wang et al., 2016b, 2019, 2020b), reflecting
the serious pollution condition at the samling site. Another conspicuous
feature is that the average HgP2.1 concentrations (Fig S2) in each month
measured using the Andersen sampler were comparable to the average
HgP2.5 concentrations measured using the 47 mm Teflon filter holder
(see Section 3.2.1). The above results indicate that the fine HgP was the
dominant component during the whole study period.

3.3.1. Temporal variations of HgP in different size ranges
The concentrations and proportions of each size-fractioned HgP
during the whole study period are illustrated in Fig. 4. It could be found
that the seasonal pattern of HgP10 was consistent with that of HgP2.5 (see
Fig. 2 and S2). The highest mean HgP10 concentration was observed in
January (174.4 ± 54.5 pg m− 3), followed by October (135.5 ± 68.9 pg
m− 3), May (122.5 ± 25.3 pg m− 3), and August (97.2 ± 39.5 pg m− 3).
This pronounced seasonal pattern of HgP10 was in line with the results
obtained at many other urban or suburban sites, such as Beijing,
Shanghai, Guiyang, Nanjing, Detroit, and Seoul (Wang et al., 2006; Liu
et al., 2007, 2011; Kim et al., 2009, 2012; Zhu et al., 2014; Duan et al.,
2017). The higher concentrations and larger amplitudes of HgP10 con
centrations in cold months (January and October) compared with warm
months (May and August) (see Fig. 4 and S1) indicate that the sampling
site was polluted seriously in cold seasons. A striking feature is that the
HgP2.1 contributed about 65–80% to the HgP10 in majority sampling sets
during the whole study priod (see Fig. 4), while it is immediately
apparent that the seasonal variation of HgP2.1/HgP10 ratio is inconspic
uous. Statistical results show that the average ratio of HgP2.1/HgP10 in
May, August, October, and January were 75.1%, 70.0%, 67.6%, and
66.3%, respectively (Fig. S2), which were comparable to that observed

3.3.2. Size distribution of HgP during the four campaigns
It is clear from Fig. S3 that the HgP in each set is normally distributed
but tends to the side of fine particles. As illustrated in Fig. 5, although
the size distributions of HgP during the four sampling periods were all
observed to be unimodal and the peaks were all located in fine mode
during the whole study period, the positions of peaks were different
between cold and warm months. The peaks were all located in the range
of 0.7–1.1 μm during warm months, while they were all located in the
range of 1.1–2.1 μm during cold months (see Fig. 5). The above results
further reveal that a large proportion (see Fig. 4 and S3) of HgP was
concentrated on fine particles, which could be transported over a long
distance to remote areas. It is reasonable to conclude that the level and
size distribution of HgP in PM10 were influenced by wind direction and

Fig. 4. Mean concentrations of speciated atmospheric Hg during the four study periods.
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Fig. 5. Size distribution of HgP in PM10 during the four study periods.

Fig. 6. The likely emission source areas of GEM simulated by PSCF model during the four study periods. Note that the average GEM value in each period was used as
criteria. The black five-pointed star represents the sampling station.
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speed, sources of air masses, RH, and precipitation as demonstrated by
the above-mentioned correlation analysis (see Section 3.2.2) and
following PSCF and cluster analyses (see Section 3.4). In summary, the
HgP concentrations in fine particles were significantly higher than those
in coarse particles, and the fine mode was the dominant (~70%) size
during the whole study period. One important reason is that the sources
of the air masses dominantly originated from the polluted regions and
contained high levels of fine particles (see Section 3.4).

comes from the regional transport. It should be noted that the biomass
burning around the sampling site might also have certain influence on
the atmospheric Hg. As displayed in Fig. S5, there were many fire hot
spots in the North China during the warm months, and thus the
incomplete combustion of biomass could also aggravate the air pollu
tion. In comparison, there were few fire hotspots surrounding the
monitoring site during the October sampling period, indicating less in
fluence of biomass burning. However, there were extremely few fire
hotspots in January, suggesting the impact of biomass burning on at
mospheric Hg during this period is negligible (Fig. S5).
Furthermore, the seasonal variability of GEM can also be partly
explained by the differentiated wind patterns. Figure S6 shows the fre
quency distribution of wind speed segregated into 5–9 categories per
22.5◦ bins of wind direction during the four study periods. The pre
vailing wind direction was south during May (Fig. S6a). In contrast, it
was north during August (Fig. S6b). However, both southerly and
northerly winds represent the prevailing wind directions during October
and January (Fig. S6c, d). Additionally, it is clear from Fig. S6 that
majority of the high wind speeds locate in the prevailing wind direction,
indicating that GEM and fine HgP can be transported to the sampling site
from the upwind regions. The GEM roses for the sampling site during the
four periods are plotted in Fig. 7, which shows that most of the elevated
GEM concentrations also occurred in these prevailing directions. Similar
results could be found for HgP2.5 concentration (Fig. S7). Additionally, as
illustrated in Fig. 7, the frequency of wind from the 16 directions is more
evenly distribution in winter compared to other seasons. This may be
one of the reasons for most of the pollutants in winter came from the
peripheral regions of the sampling site (see Fig. 6). Overall, the results of
GEM and HgP2.5 pollution rose are in good accordance with the afore
mentioned PSCF results.

3.4. Identification of potential sources regions
3.4.1. PSCF and wind roses analyses
It is clear from Fig. 6 that southern Hebei and western Shandong
were the dominant potential source regions during the study period.
Note that the Shandong and Hebei provinces were the second and third
largest Hg emitters in China (Zhang et al., 2015; Wu et al., 2016, 2018),
and the anthropogenic emission of Hg in China can be found in Fig. S4
(Wu et al., 2016). Accordingly, the regional transport of anthropogenic
Hg emissions from polluted sites or regions might enhance the GEM
concentration at the sampling site. Another noticeable feature is that the
northeastern Henan and eastern Shanxi provinces were also the poten
tial contributor for elevated GEM level at the sampling site during the
study period (see Figs. 1 and 6). However, there was some difference in
spatial distribution of source areas among the four sampling periods. For
example, during May, the stronger potential source areas even stretched
to Jiangsu province (see Fig. 6a). During August, the potential source
areas are dominantly located in Tianjin, southern Beijing, southern
Hebei, and the border areas of Henan and Shandong provinces (see
Fig. 6b). However, the surrounding regions all have a great influence on
the GEM level at the monitoring site during October and January (see
Fig. 6c and d). Additionally, there were also a few stronger potential
source areas scattered in the northeastern Henan, eastern Shanxi, and
central regions of Inner Mongolia (Fig. 6). Based on the above analyses,
we can conclude that the elevated GEM concentration probably mainly

3.5. Cluster analysis
In order to better understand the synoptic air masses transport

Fig. 7. Wind roses for GEM during the four study periods: May (a), August (b), October(c), and January (d).
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patterns and gain a further insight to the influence of regional or longrange transport of air masses on the GEM concentrations at the sam
pling site, clustering analysis was conducted to identify the contribu
tions of each cluster by combining the real time GEM data. Note that the
trajectories arriving at the sampling site were grouped into 4–5 clusters
according to the characteristics of clusters (frequency of each cluster was
higher than 4%). Fig. 8 shows the back trajectories of all clusters and
summarizes the detailed statistical results. During the May sampling
period, cluster 2 was associated with the maximum frequency (45.6%)
and elevated GEM concentration (2.97 ± 0.85 ng m− 3), and it represents
air masses originating from the southeastern Shandong, and then

passing over western Shandong and southern Hebei at low elevations
before arriving at the sampling site (see Figs. 1 and 8a). Custer 1 was
associated with the highest GEM level (3.45 ± 0.55 ng m− 3) but the
minimum frequency (4.4%), and this is probably due to the facts that the
air masses in this cluster passed over the Shanxi and southern Hebei
provinces (polluted regions) at low elevations just before they arrived at
the sampling site. Whereas, clusters 3, 4, and 5 represent air masses
originating from Russia and Mongolia, and then passing over Inner
Mongolia and Shanxi at high elevations, and thus these three clusters
represent cold clean air masses traveling via fast flows over long dis
tances with the relatively low GEM levels (Fig. 8a).

Fig. 8. Cluster analysis (including the mean GEM concentration) of the back trajectories arriving at the sampling site during the four study periods. The low pressure
reflects that the trajectory height was high, and vice versa. Note that the basemap originated from the TrajStat software.
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As illustrated in Fig. 8b, the GEM concentrations associated with the
clusters 1 and 4 were all higher than those of the other three clusters
during the August sampling period. This is mainly due to the facts that
the air masses in clusters 1 and 4 originated from and passed over the
plain regions (e.g., eastern Hebei, Tianjin, and Shandong) always at
extremely low elevations (Fig. 8b). Moreover, the sum of frequencies of
the clusters 1 and 4 was approximately 60%, while the sum frequency of
clusters 2, 3, and 5 only contributed about 40% of the total back tra
jectories, indicating the GEM mainly originated from the eastern regions
of the sampling site. As displayed in Fig. 8c, it is clear that cluster 1 has
the lowest elevation and shortest back trajectory but the highest fre
quency (48.7%) and GEM concentration (4.49 ± 3.58 ng m− 3), which
was mainly attributed to the origins of these air masses. In contrast, the
frequencies and mean GEM concentrations of the air masses in clusters
2, 3, and 4 were all lower compared to those in cluster 1 due to the
Mongolia and Xinjiang origins of these air masses. Similar results can be
found in January (see Fig. 8d), for example, the air masses in cluster 4
(the shortest trajectory and most frequent transport sector) originated
and passed over southern Hebei province, and the elevated GEM con
centration indicates that sources in the southern Hebei have a great
influence on the atmospheric Hg levels. Overall, a striking common
characteristic during the four sampling periods is that the shortest
cluster was generally associated with the lowest elevation but the
highest GEM concentration and the maximum frequency. Additionally,
it could be found that the shorter clusters with a larger frequency in each
season all originated from or passed over Beijing-Tianjin-Hebei region
and Shandong province, classified as local or regional air masses, indi
cating slow-moving air masses. These indicate that the cluster analysis
results are in consistent with the aforementioned PSCF and GEM wind
rose analysis results.
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