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� Seasonal pattern of Hg indicated the
study region was polluted especially in
winter.
� Mean GEM value in Changdao was 1.7
times higher than that in the Northern
Hemisphere.
� Distinct GOM diurnal pattern implies
that solar radiation is the main driving
factor.
� HgP2.5 concentration in nighttime was
comparable to that in daytime.
� Size-distribution showed that more than
half of HgP existed in fine particles.
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Measurements of speciated atmospheric mercury (Hg) were conducted at the Changdao Island from October
2013 to July 2015 to characterize their seasonal and diurnal patterns, to identify the relationships between
atmospheric Hg and meteorological parameters as well as trace gases, and furthermore to verify the potential
sources of atmospheric Hg. There was a seasonal variation of gaseous elemental Hg (GEM) with the order of
winter (2.87 � 1.16 ng m 3), spring (2.58 � 0.84 ng m 3), summer (2.25 � 0.51 ng m 3), and fall (2.15 � 0.39
ng m 3). The mean GEM value (2.52 � 0.82 ng m 3) in the Changdao Island was about 1.7 times higher than that
in the Northern Hemisphere, indicating that the Changdao and peripheral regions were polluted to some extent.
Gaseous oxidized Hg (GOM) shows a clear seasonal variation with the highest value in summer (12.2 � 9.4 pg
m 3) and the lowest value in winter (4.6 � 4.2 pg m 3). Moreover, the mean GOM concentration was signifi
cantly higher in daytime (11.9 � 9.4 pg m 3) than in nighttime (6.3 � 4.8 pg m 3) mainly due to the influence of
solar radiation. In contrast, fine particulate Hg (HgP2.5) exhibited a distinct seasonal trend opposite to that of
GOM. There was no significant difference between daytime HgP2.5 concentration (25.6 � 23.9 pg m 3) and
nighttime concentration (30.4 � 31.2 pg m 3). The size distribution of HgP in PM10 was observed to be onemodal with the peak around the range of 1.1–2.1 μm in the winter, while it was bi-modal with a higher peak
in the range of 1.1–2.1 μm and a lower peak in the range of 4.8–5.9 μm in other seasons. Generally, more than
half of HgP was concentrated on fine particles (PM2.1). The temporal variation pattern of PM2.5/PM10 ratio was
similar to those of HgP2.1/HgP10 or HgP3.3/HgP10. This further supports that HgP is mainly concentrated in fine
particles. Correlation analysis shows that the GEM was positively correlated with SO2 and NO2. The average dry
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deposition flux of HgP10 was calculated to be 4.76 ng m 2 d 1 with a range of 0.86–13.46 ng m 2 d 1 based on all
the size-fractionated HgP over the Changdao Island. This indicates that the dry deposition of HgP is an important
part of atmospheric Hg deposition in coastal region because it happens all the time.

1. Introduction

in the atmosphere, yet industrial areas, burning oil wells, and volcanos
also emit halogen-containing gases.
Previous inventories suggested that Asia is the largest anthropogenic
source region in the world, while China has become the largest
anthropogenic source country in the Asia as the rapid industrial devel
opment and economic growth (Pacyna et al., 2010, 2016; AMAP/UNEP,
2013; Zhang et al., 2015a; Wu et al., 2016; Huang et al., 2017).
Therefore, studies on the atmospheric Hg in China are critical to the
understanding of Hg cycling on a global scale. In recent years, an
emerging challenge is to understand the pollution characteristics of at
mospheric Hg in coastal areas. Numerous measurements on speciated
atmospheric Hg in metropolises have been conducted over the past two
decades in China, such as Beijing, Shanghai, Changchun, Nanjing, Xia
men, Jinan, and Guiyang (Fang et al., 2001; Xiu et al., 2005; Wang et al.,
2006; Fu et al., 2011; Zhu et al., 2012, 2014; Zhang et al., 2013; Xu et al.,
2015; Li et al., 2017; Zhang et al., 2019). Yet there still exists a dearth of
long-term monitoring of speciated atmospheric Hg, particularly in
coastal regions of China.
To the best of our knowledge, few research has been done on the
speciated atmospheric Hg in coastal regions and Chinese marginal seas.
The temporal variation patterns of atmospheric Hg have not been
identified, especially in coastal regions of North China. Consequently,
long-term and consecutive measurements of atmospheric Hg in coastal
regions are particularly valuable. In this study, we selected the Chang
dao Island, near Penglai on the northeast coast of Shandong province,
China, to investigate speciated atmospheric Hg. We measured the GEM,
GOM, and size-fractionated HgP to characterize their seasonal and
diurnal patterns, to identify the relationships between atmospheric Hg
and meteorological parameters as well as trace gases, and furthermore
to verify the potential sources of atmospheric Hg using modeled back
trajectories. These results will give substantial new information to our
understanding of atmospheric Hg in the lower troposphere over coastal
regions of North China.

Mercury (Hg) is regarded as a global and highly toxic pollutant due
to its long-range transport and potential and potent neurotoxic effects on
human and wildlife (Mason et al., 2012; Driscoll et al., 2013). Anthro
pogenic Hg is transported globally by the atmosphere and oceans
(Swartzendruber et al., 2006; Selin, 2009; Sunderland et al., 2009;
Driscoll et al., 2013; AMAP/UNEP, 2013), resulting in a worldwide
contamination. Actually, the atmosphere provides an efficient platform
for chemical and physical transformation, influencing the residence time
of atmospheric Hg species around the globe (Ariya et al., 2015). In
recent decades, Attention on atmospheric Hg has been increasing due to
its significant influence on the global Hg cycle (Driscoll et al., 2013).
However, there is limited information on sources, levels, spa
tial temporal distribution, and fate of speciated atmospheric Hg in
coastal regions.
Atmospheric Hg can be devided into three forms: (1) gaseous
elemental Hg (GEM), (2) gaseous oxidized mercury (GOM), which
consists of some oxidized gaseous inorganic Hg(II) and Hg(I) species,
and (3) particulate bound Hg (HgP) (Schroeder and Munthe, 1998;
Landis et al., 2002). The three forms of atmospheric Hg have different
physical and chemical properties that affect their transportation, depo
sition, and toxicity. They can be released from anthropogenic sources
(mainly combustion processes) and a variety of natural sources and
processes (AMAP/UNEP, 2013). GEM is the dominant speciation,
generally accounting for >90% of the total atmospheric Hg. Addition
ally, GEM can stay in the atmosphere for a long period (0.2–1.0 yr) due
to its low water solubility and high vapor pressure. Thus, it can be
distributed regionally or globally as a result of the long-range transport
(Ariya et al., 2015; Horowitz et al., 2017).
On the contrary, the more reactive oxidized forms of atmospheric Hg
(“reactive atmospheric Hg”, operationally defined as the sum of GOM
and HgP; Gustin et al., 2013) is generally scavenged or deposited more
locally near emission sources either directly or following atmospheric
chemical conversions due to the high wet and dry deposition velocities.
Therefore, the GOM and HgP have short atmospheric residence times
(~days), and thus they are not involved in the long-range transport.
GOM concentration is likely to be highly variable and related to point
sources, meteorological conditions, and oxidant levels in the atmo
sphere, while HgP is associated with particulate matters. Moreover,
these particulate matters can further absorb the GOM and GEM to form
HgP. Oxidation of GEM to oxidized atmospheric Hg and subsequent
deposition are thought to be the key steps and major pathways to deliver
atmospheric Hg to ecosystems. Atmospherically-deposited Hg can be
subsequently methylated to methyl Hg in aquatic environments, and this
organic toxic form of Hg can then bioaccumulate in biota and humans
(Scheuhammer et al., 2007; Driscoll et al., 2013). Reactive atmospheric
Hg tends to affect the aquatic and terrestrial ecosystems through wet and
dry deposition due to high water solubility and deposition rate (Landis
et al., 2002; Selin, 2009). Therefore, reactive atmospheric Hg provides a
critical link between human emissions and ecosystem exposure. Despite
great progress have been made recently, there are still a number of
knowledge gaps, including the physical-chemical processes in coastal
marine boundary layer (MBL), and the relationships between the
meteorological parameters and these processes. Moreover, the mecha
nisms by which GEM is converted to reactive Hg in the atmosphere have
not been well understood (Gustin and Jaffe, 2010; Sprovieri et al.,
2010a), although numerous evidences support the role of halogen and
O3 radicals in GEM oxidation in some environments (Mao et al., 2016;
Ye et al., 2016). The seas and oceans are the primary source of halogens

2. Materials and methods
2.1. Study site
Fig. 1 shows the location of the sampling site in the Changdao Island.
There were no big factories and Hg pollution sources in Changdao Is
land, thus it was a representative rural region. It is approximately 14 km
to the north of the Penglai city and 70 km to the northwest of the Yantai
city. Note that the sampling site was located in the Changdao Meteo
rological Bureau, and there were no obstacles in the vicinity. However,
the Changdao Island is located in the downwind of East Asia. Therefore,
the Changdao Island offers an opportunity to study the speciation of
atmospheric Hg in coastal area but highly influenced by regional or
long-range transport of atmospheric Hg. In this study, eight sampling
campaigns were conducted from October 2013 to July 2015 as a part of
study on the cycling of Hg in coastal region of North China. While
meteorological parameters (i.e., photosynthetically available radiation
(PAR), wind speed, air temperature, precipitation, and relative humidity
(RH)) and trace gases (i.e., PM2.5, PM10, SO2, NO2, Ozone (O3), and CO)
were obtained from the Changdao Meteorological Bureau.
2.2. Experimental methods
2.2.1. GEM measurement
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
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nighttime (18:30–6:00) HgP2.5 and GOM samples were collected each
day. Simultaneously, an Andersen cascade impactor was used to collect
the size-fractionated HgP in PM10, the sample collection began at 10:00
a.m. and lasted for consecutive 2 days with a sampling rate of 28.3 L
min 1. The method detection limits of HgP2.5, and HgP10 were all less
than 1.0 pg m 3. Before sampling, the KCl coated denuders and HgP
quartz filters were pre-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 for GOM and HgP2.5 were conducted using duplicates
and field blanks. The mean relative differences of duplicated HgP2.5 and
GOM samples (n ¼ 6) were 13 � 6% and 10 � 7%, respectively. In order
to ascertain the collection efficiency of the denuder tube, we took
samples by connecting the two denuders in series. Results showed that
the Hg content in upper denuder represented about 15% of that in the
lower denuder, and the collection efficiency of denuder was approxi
mately 87% (n ¼ 6). It should be noted that GOM as discussed in this
paper are operationally defined as that stick to a KCl coated denuder.
The average field blank of denuders was 1.0 � 0.3 pg (n ¼ 6). The
method detection limit was calculated to be 0.9 pg m 3 for RGM based
on 3 times the standard deviation of the blanks. Moreover, the
KCl-coated denuder, Teflon coated glass inlet, and impactor plate were
replaced every week. Additionally, powder-free gloves were worn and
ultra-trace Hg clean techniques were applied during the whole study
period, and all the procedures were strictly quality-controlled to avoid
any possible contamination. The reported HgP and GOM concentrations
were field blank-corrected.

atomic fluorescence spectrometry (CVAFS, Model III, Brooks Rand, USA)
using the two-stage gold amalgamation method, as shown in previous
studies (Fitzgerald and Gill, 1979; Baker et al., 2002; Ci et al., 2016a, b).
The air inlet is 1.2 m above the ground level. The detailed sampling
procedures are the same as the Tekran® 2537 instrument. The ambient
air was delivered (1.0 L min 1 for 1 h) to a heated (~50 � C) Teflon
tubing (6.35 mm OD, 3.17 mm ID, and 2 m in length), a soda-lime trap,
and a Teflon filter (0.2 μm in pore size and 47 mm diameter) in
sequence, and then the GEM was collected on a gold trap. Note that the
soda-lime trap (two pieces of pre-cleaned fluffy quartz wool were placed
in the both ends of the soda-lime trap) and Teflon filter was used to
remove the possible water vapor and particle matters, respectively. The
soda lime and Teflon filter were changed twice a week during these
campaigns. The point is that there is no penetration on all gold traps.
The monitoring at Changdao Island focused on the determination of
slow changes of GEM, such as seasonal and daily variations. Conse
quently, only six samples were collected each day, normally starting at
6:00, 9:00, 12:00, 15:00, 18:00 (local time). Note that all the GEM values
mentioned hereafter referred to hourly means. The Teflon tube and
membrane bracket were acid-cleaned following EPA method 1631E. The
blanks for GEM taken every day were all lower than 0.03 ng m 3, which
comprises approximately 0.4–3.0% of the sample values. The detection
limit of this system was lower than 0.1 ng m 3 based on 3 times of the
standard deviation of blanks (n ¼ 177). A standard curve, generated by
injecting different volumes of saturated Hg vapor at a certain tempera
ture using a gas-tight syringe, was analyzed before analysis each day, the
r2 value of the standard curve was >0.99. The reported sample con
centrations in this paper were blank-corrected.

2.2.3. Back trajectory and potential source contribution function
Air-mass back trajectory was calculated using the TrajStat software
(Wang et al., 2009) and Hybrid Single-Particle Lagrangian Integrated
Trajectory model. In this study, we set the trajectory arrival height as
500 m to represent the approximate average height of MBL. The 72-h
back trajectory (UTCþ8:00) ended at the sampling site was computed
to describe the transport pathways. Furthermore, cluster analysis was
performed to obtain the synoptic transport pattern.
The potential source contribution function (PSCF) has been widely
used to generated a probably map of the areas around a receptor site.
From the HYSPLIT trajectory modeling results, the movement of air
mass can be described as segments and points. Traditionally, given a
gridded domain surrounding a receptor site, the PSCF for one grid cell

2.2.2. Sampling and analysis of atmospheric GOM and HgP
The GOM and HgP in PM2.5 (HgP2.5) were sampled using a manual
system (URG-3000M). The detailed sampling and analysis procedures
for GOM have been described in previous studies (Liu et al., 2011; Mao
and Talbot, 2012; Mao et al., 2012; Xu et al., 2015; Wang et al., 2016b,
2019). The sampling unit includes an insulated box, two quartz annular
denuders, two Teflon filter holders, and a pump. Note that (1) the
sampling flow rate was 10 Lmin1 (Landis et al., 2002) and the sampling
inlet was 1.2 m above the ground level (2) air inlet system and denuder
were all heated and kept at a constant temperature (~50 � C) during the
sampling periods. In this study, the daytime (6:30–18:00, local time) and

Fig. 1. Location of the sampling site (120.725 � E, 37.939 � N; about 60 m above the sea level) in the Changdao Island. Note that the satellite map (in the lower right
corner of this figure) was downloaded from the Google server, and we just marked the sampling site on it.
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(e.g., ijth) can be defined as follow: PSCFij ¼ Mij/Nij, the meanings of Nij
and Mij have been reported in previous studies (Fu et al., 2015; 2016;
Hong et al., 2016a). Note that the average GEM value was set the cri
terion for the Mij in this study. In order to reduce the effect of small
values of Nij, the PSCF values were multiplied by a weight function Wij
(Polissar et al., 2001). The weighting function (Wij) is defined as Eq. (1).

Wij ¼ f

1:0
0:7
0:4
0:2

Nij > 3Nave
3Nave > Nij > 1:5Nave
1:5Nave > Nij > Nave
Nave > Nij

as the South China Sea (SCS), East China Sea (ECS), Yellow Sea (YS), and
Bohai Sea (BS) (see Table 1). Recent observations at the coastal site
(Cape Verde Atmospheric Observatory) in North Atlantic Ocean showed
that the GEM level (1.19 � 0.13 ng m 3, Read et al., 2017) was much
lower than that in this study. The GEM level in Changdao was compa
rable to those at rural site (e.g., Shangri-La, Zhang et al., 2015b), coastal
sea areas (~2.0–2.8 ng m 3, Fu et al., 2010a; Ci et al., 2011; Lee et al.,
2016; Wang et al., 2020), and the North Pacific Ocean (2.5 ng m 3,
Laurier et al., 2003), while much lower than those observed at urban
sites in China, such as Nanjing, Guiyang, Beijing, Ningbo, Xiamen, and
Hefei (see Table 1). The above results suggested that Changdao and
peripheral regions were polluted to a certain extent during our study
period.
The mean GEM concentration in winter (2.87 � 1.16 ng m 3) was
significantly higher than those in summer (2.15 � 0.39 ng m 3) and fall
(2.25 � 0.51 ng m 3) (t-test, p < 0.01), while the mean GEM concen
tration in spring (2.58 � 0.84 ng m 3) was lower than that in winter.
This seasonal pattern was similar to numerous previous observations
generally with higher GEM value in cold seasons (winter and spring) and
relatively lower values in warm seasons (fall and summer) (Fu et al.,
2008a, 2010b; 2012; Sheu et al., 2010; Lan et al., 2012; Di�
eguez et al.,
2017). We found that more than 60% of the GEM values fell in the range
of 2.0–3.5 ng m 3 for all seasons, and the GEM concentration appeared
to be consistently elevated (generally > 1.8 ng m 3). This likely in
dicates a more pronounced impact of regional sources compared to
long-range transport. Since it is a background site and there were no
large anthropogenic Hg sources in proximity to the sampling site, we
postulated that anthropogenic Hg was transported from surrounding
regions to the site (the detailed discussion can be found in the Sect.
3.1.2).
The orders of the SD, amplitude, and coefficient of variation of GEM
concentration in the four seasons were all consistent with that of mean
GEM concentration. This suggested that there were more fluctuations in
GEM concentration during cold seasons. In addition, as shown in Figs. 2
and 3, the mean GEM values were slightly higher than the median values
for all seasons. However, the larger difference between the median and
mean concentrations in cold seasons compared to in warm seasons
suggested that there might be more pollution episodes with high GEM
concentrations in cold seasons. Another striking feature is that the GEM
concentrations in summer, especially in July of 2015, were also elevated
during our study period. We speculate that there are at least two reasons:
(1) the increase in electricity consumption and coal-fired generating

(1)

where Nave is the average value of the endpoints per cell. In this study,
the domain of interest extends from 100 � E to 140 � E and 30 � N to 50 � N,
which covers 3200 grid cells at 0.5� � 0.5� resolution. Although back
trajectory and PSCF analysis have been shown to be useful in spatially
identifying potential sources for pollutants (e.g., long-lived GEM), there
are still many limitations and uncertainties due to the trajectory innate
spatial uncertainty, meteorological parameters, and trailing effect etc.
€m and Magnusson, 2009; Cheng et al., 2015; Fu et al., 2015;
(Engstro
2016; Hong et al., 2016a). In this study, we did not evaluate the influ
ence of these factors on back trajectory and PSCF analysis. Note that the
PSCF analysis on the GOM and HgP was not implemented due to the low
sampling frequency and their high activities.
3. Results and discussion
3.1. GEM
3.1.1. Temporal variation of GEM
Fig. 2 shows the temporal variation of GEM during eight sampling
campaigns. The GEM concentration ranged from 1.03 to 7.61 ng m 3
with a mean value of 2.52 � 0.82 ng m 3, which was significantly higher
than the average values in the Northern Hemisphere (~1.3–1.7 ng m 3)
and Southern Hemisphere (~0.8–1.4 ng m 3) (Kim et al., 2005; Slemr
et al., 2011, 2015; AMAP/UNEP, 2013; Angot et al., 2014, 2016;
Sprovieri et al., 2010b, 2016; Mao et al., 2016). Moreover, it was slightly
higher than the previous observations at remote sites and areas in China
(e.g., Nam Co, Mt. Qomolangma, Ailaoshan, and Waliguan) (Table 1),
Europe (~1.0–1.9 ng m 3, Kock et al., 2005; Fu et al., 2016), and North
America (~1.1–2.0 ng m 3, Lan et al., 2012; Mao and Talbot, 2012;
Cheng et al., 2013a, b; Ren et al., 2014, 2016), also higher than those
measured in the MBL of the Adriatic Sea and Chinese marginal seas, such

Fig. 2. Temporal variation of GEM concentration during the eight sampling periods.
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Table 1
The GEM, HgP2.5, and GOM concentrations in this study and other literature.
Classification

Sampling time

GEM (ng m 3)

HgP2.5 (pg m 3)

GOM (pg m 3)

Reference

Changdao
BS and YS

Island
Sea
Sea

Huaniao Island, ECS
SCS
Nam Co
Nam Co
Lulin, Taiwan
Xiamen
Guiyang
Mt. Gongga
Mt. Changbai
Mt. Damei
Mt. Ailaoshan
Mt. Qomolangma
Waliguan
Miyun, Beijing
Haidian, Beijing
Shangri-La
Hefei (no-haze days)
Hefei (haze days)
Nanjing
Jiaxing
Ningbo
Pic du Midi Observatory
Seoul
Seoul
Chuncheon
Yongheung Island
Maryland
Weeks Bay
Detroit
Detroit
Ontario
Nova Scotia
Nova Scotia

Sea
Sea
lake
Rural
Rural
Coastal urban
Urban
Rural
Rural
Rural
Rural
Rural
Rural
Rural
Urban
Rural
Urban
Urban
Urban
Polluted
Urban
Rural site
Urban
Urban
Rural
Rural
Suburban
Coast
Urban
Rural
Remote area
Coastal urban
Coastal rural
Sea
Sea/Ocean
Ocean

2.52 � 0.82
2.03 � 0.72
2.09 � 1.58
1.61 � 0.32
2.20 � 0.58
2.25 � 1.03
1.52 � 0.32
0.95 � 0.37
1.33 � 0.24
1.73 � 0.61
3.50
9.72 � 10.2
3.98 � 1.62
3.58 � 1.78
3.3 � 1.4
2.09 � 0.63
1.42 � 0.37
1.98 � 0.98
3.22 � 1.74
4.70 � 3.53
2.55 � 0.73
3.95 � 1.93
4.74 � 1.62
7.9 � 7.0
NA
3.26 � 1.63
1.86 � 0.27
3.22 � 2.10
3.72 � 2.96
2.12 � 1.47
2.8 � 1.1
1.41 � 0.23
1.6 � 0.3
2.5 � 1.4
1.6 � 0.6
1.57 � 0.22
1.67 � 1.01
1.38 � 0.20
1.6 � 0.4
2.04 � 0.38
1.03 � 0.08

28.0 � 27.9
8.2 � 6.3
8.3 � 6.9
NA
NA
26 � 38
3.2 � 1.8
49.0 � 60.3
NAa
2.3 � 3.9
174.4
368 � 676
30.7b
77
130–180
31.3 � 28.4
25.6 � 19.1
19.4 � 18.1
98.2 � 112.7
85.2 � 95.3
38.8 � 31.3
23.3 � 90.8
60.2 � 131.4
1100 � 570c
310 � 95
659 � 931
14 � 10
23.9 � 19.6
13.4 � 12.0
3.7 � 5.7
10.9 � 11.2
8.6 � 56.8
2.7 � 3.4
18.1 � 61.0
6.1 � 5.5
4.42 � 3.67
2.3 � 3.1
3.5 � 4.5
4.5 � 8.0
3.0 � 2.5
0.67

9.3 � 8.2
2.5 � 1.7
4.3 � 2.5
NA
NA
8 � 10
6.1 � 5.8
0.85 � 2.91
NA
12.1 � 20.0
61.1
35.7 � 43.9
6.2
65
5.9–6.7
2.2 � 3.3
21.4 � 13.4
7.4 � 4.8
10.1 � 18.8
18.5 � 22.3
8.2 � 7.9
2.5 � 2.4
4.3 � 8.4
NA
NA
197 � 246
27 � 34
27.2 � 19.3
11.3 � 9.5
2.7 � 2.7
8.3 � 9.7
4.6 � 33.7
4.0 � 7.5
15.5 � 54.9
3.8 � 6.6
0.99 � 1.89
2.1 � 3.4
0.4 � 1.0
6.7 � 11.7
4.5 � 5.4
0.34

This study
Wang et al. (2016b)

ECS

2014–2015
2014 (Spring)
2014 (Fall)
2013 (Summer)
2013 (Fall)
2013–2014
2015
2014–2015
2012–2014
2006–2007
2012–2013
2009
2005–2006
2005–2006
2011–2013
2011–2012
2016
2007–2008
2008–2009
2015–2016
2009–2010
2013–2014
2013–2014
2011
2014–2015
2013–2014
2011–2012
2005–2006
2006–2009
2006–2009
2013–2014
2007–2015
2005–2006
2004
2004
2005–2006
2010–2011
2010–2011
2004
2004
2012–2013

Location
China

France
Korea

USA

Canada

Adriatic Sea
Okinawa Island
Amsterdam Island
a
b
c

Wang et al. (2016c)
Fu et al. (2018)
Wang et al. (2019)
de Foy et al. (2016)
Yin et al., 2018
Sheu et al. (2010)
Xu et al. (2015)
Fu et al. (2011)
Fu et al. (2008a), b
Wan et al., 2009a, b
Yu et al. (2015)
Zhang et al. (2016)
Lin et al. (2019)
Fu et al. (2012)
Zhang et al., 2013
Zhang et al. (2019)
Zhang et al. (2015b)
Hong et al., 2016a
Hong et al., 2016a
Zhu et al., 2012, 2014
Gao et al. (2016)
Hong et al. (2016b)
Fu et al. (2016)
Kim et al. (2009)
Han et al. (2014)
Han et al. (2014)
Lee et al. (2016)
Ren et al. (2016)
Engle et al. (2008)
Liu et al., 2010
Liu et al., 2010
Cheng et al., 2012
Cheng et al., 2014
Cheng et al., 2014
Sprovieri and Pirrone (2008)
Chand et al., 2008
Angot et al. (2014)

NA: no data available.
Total particulate Hg.
Particulate Hg in PM10.

Fig. 3. Box and whisker plots of the distributions of GEM (a), HgP2.5 (b), and RGM (c) concentrations during the four seasons.
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capacity in summer, and then large anthropogenic Hg would be released
into atmosphere and probably transported to the sampling site, and (2)
higher temperature and stronger solar radiation were conducive to the
emission of Hg0 from the surface seawater, and this process could in
crease the GEM concentration in atmosphere. There is no doubt that
other factors can also influence the seasonal variation of GEM, e.g.,
meteorological conditions, while these factors are most likely
interrelated.

3.1.2. Potential sources of GEM
The PSCF model can be used to identify the influence of the regional
or interregional sources. Fig. 4 shows the spatial distribution of potential
Hg emission source regions during the four seasons. One striking feature
is that the Shandong Peninsula and Liaodong Peninsula were the
dominant potential source areas during the whole study period. Another
noticeable feature is that the Korean Peninsula was also a major po
tential contributor for elevated GEM level in Changdao during the study
period except winter due to the less transport pathway of air masses
from the Korean Peninsula in winter (Fig. 4f). Moreover, we found that

Fig. 4. The locations of several provinces in eastern China (a). In order to better explain the sources of GEM in each season, a map originated from AMAP/UNEP
(2013) is used in this study to explore the potential regional sources of GEM (b). The likely emission source areas of GEM simulated by PSCF model (c: spring, d:
summer, e: fall, and f: winter).
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the western Shandong, Tianjin, and Hebei provinces were also the likely
potential source areas. Especially in summer, the contributing area ex
pands to the Yangtze River Delta and Japan (see Fig. 4d). Overall, the
Shandong province, mainly the part to the southwest of the Changdao
Island, might be the most important contributor. Therefore, the Shan
dong province might have significant impacts on the GEM distribution
pattern since there were large Hg emissions (Fig. 4b), which can be
confirmed by the following results.
Furthermore, the back trajectories arriving at Changdao were
grouped into five clusters for each season (Fig. 5) to characterize the
synoptic air transport patterns and facilitate the identification of po
tential Hg source regions. The cluster analysis in spring showed that
cluster 1 (31.9%) and cluster 4 (17.2%) represent air masses originating
from the southern YS and Shandong, respectively, and then passing over
Shandong; whereas, clusters 2, 3, and 5 represent air masses originating
from Russia and Mongolia, and then passing over Inner Mongolia and
Liaoning, and thus these three clusters represented cold clean air masses
traveling via fast flows over long distances. Similar results can be found
in fall (see Fig. 5), cluster 1 (32.0%) and cluster 2 (28.4%) represent air
masses originating from the northern YS and Shandong, respectively,
and these two clusters of back trajectories transported across Shandong
before arriving at Changdao, while other clusters (<40%) represent air
masses originating from Russia and then passing over Inner Mongolia
and Liaoning. The above results indicated that Shandong was the
dominated potential source area in spring and fall.
During the summer period, although the air masses of cluster 1
(37.5%) originated from the southern YS, they passed over the Shan
dong. While the air masses of cluster 2 (34.7%) originated from the
Korean Peninsula and passed over the YS (Fig. 5). Therefore, Shandong

and Korean Peninsula were the main potential source areas in summer.
However, during the winter sampling period, air masses of cluster 1 and
2, the most two frequent transport sector, originated and/or passed over
Beijing-Tianjin-Hebei (BTH) and Shandong provinces, while the other
three clusters all passed over Mongolia and Liaoning provinces (Fig. 5).
The most important feature is that the shorter clusters with a larger
frequency in each season all originated from or passed over Shandong
province, classified as local or regional air masses, indicating slowmoving air masses. Based on the above discussion, we could conclude
that: (1) the air masses mainly originated from or passed over the
Shandong and western Liaoning provinces, and (2) the Korean Peninsula
and BTH region were also nonnegligible source areas. In general, the
cluster analysis was consistent with the above PSCF analysis.
Meteorological conditions, especially wind direction and speed, can
also impact GEM concentration. The GEM roses for the monitoring site
during the four seasons are shown in Fig. 6. Southerly and southwesterly
winds represent the prevailing wind directions during spring, and the
elevated GEM concentrations were also occurred in these directions
(Fig. 6a), whereas the air masses from northeast to southeast directions
generally showed low GEM concentrations, and this is mainly because
these air masses originated from or passed over the YS (Figs. 1 and 6a).
Although the predominant wind directions in summer and fall were all
from the east (Fig. 6), there is a little difference in GEM concentration, i.
e., the mean GEM concentration in summer was slightly higher than that
in fall. This is probably due to the fact that more polluted air masses
originated from the Korean Peninsula in summer than in fall (see
Figs. 4–6). The above results further indicate that the Korean Peninsula
was likely an important potential Hg source region for Changdao Island
in summer. The northwest wind was more frequent in winter compared

Fig. 5. Clusters of 3-day back trajectories arriving at the sampling site simulated by HYSPLIT and TrajStat models. Note that the clusters of back trajectories created
by ourselves but based on layers generated from Google Maps.
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Fig. 6. Pollution roses for GEM during the four seasons (a): spring, (b): summer, (c): fall, and (d): winter.

to other seasons (Fig. 6), air flows from southwest to northeast directions
all exhibited elevated GEM concentrations due to the anthropogenic Hg
emissions in North China (Fig. 4b), which was probably responsible for
the elevated GEM concentrations in winter. It was obviously found that
the results of GEM pollution rose are in good accordance with the
aforementioned PSCF results and cluster analysis. The meteorological
conditions, regional emissions and the following transport played an
important role in regulating the seasonal variation of GEM in Changdao.

summer, the mean GOM concentration was significantly higher in
daytime (15.4 � 11.0 pg m 3) than in nighttime (8.9 � 6.0 pg m 3) (ttest, p < 0.01) probably due to the strong intensity of solar radiation in
daytime. The similar patterns can be found in other seasons. The sta
tistical results showed that the mean GOM concentration in daytime
during the entire study period varied from 1.7 to 57.6 pg m 3, with a
mean value of 11.9 � 9.4 pg m 3, which was significantly higher than
that in nighttime (6.3 � 4.8 pg m 3, with a range of 0.5–33.6 pg m 3) (ttest, p < 0.01). One distinct feature is that the variation trend of GOM in
nighttime was in line with that in daytime. Another striking feature is
that the daily variation of GOM was also significant and that there was
large difference in GOM concentration although the PAR values were
similar among the same season. The diurnal and daily variations of GOM
suggest that: (1) the solar radiation probably plays a momentous role in
the formation of GOM, i.e., photochemical reaction is possibly the main
process, and (2) the quick deposition (wet and dry) and adsorption of
GOM to particles are probably the two dominant processes for GOM
removal due to its unique characteristics. Additionally, continentalocean breeze and intrusion of GOM enriched air from high altitudes
also play an important role in the diurnal or daily variation of GOM
occasionally.
Furthermore, we divided the data set of daily average PAR value into
five subsets, and then the GOM concentrations in daytime and nighttime
for each subset were calculated (Fig. S1). We found that the daytime
GOM concentration was positively correlated with PAR (p < 0.01, r ¼
0.214). It is clear that the median and mean GOM values in daytime
increased with PAR value (Fig. S1a), indicating that solar radiation
played an important role in the GOM production. Additionally, although
there was no solar radiation in nighttime, the median and mean GOM
values in nighttime also increased with PAR value (Fig. S1b). Another

3.2. GOM and HgP2.5
3.2.1. Temporal variation of GOM and the relationship with meteorological
parameters
The seasonal variation of GOM is illustrated in Figs. 3c and 7. The
statistical results of GOM in this study and Chinese marginal seas are
summarized in Table 2. The mean GOM concentration was 9.3 � 8.2 pg
m 3, which was about 1.5–2.0 times higher than those measured in the
SCS, YS, and BS, but was comparable to that in ECS (Table 2). Moreover,
it was higher than those at background sites, areas, and seas, such as the
Mediterranean Sea (7.9 pg m 3, Sprovieri et al., 2003), Pacific Ocean
(3.1 � 11 pg m 3; Soerensen et al., 2010), Weeks Bay (Engle et al.,
2008), Adriatic Sea (Sprovieri and Pirrone, 2008), Chuncheon in South
Korea (Han et al., 2014), Nova Scotia (Cheng et al., 2013a; 2014), and
Ontario (Cheng et al., 2012) (Table 1). However, it was significantly
lower than those in urban or polluted areas, such as Guiyang, Xiamen,
Ningbo, and Seoul (Table 1).
The daily variations of GOM and other meteorological parameters
are shown in Fig. 7. A clear diurnal pattern of GOM is observed with
higher GOM concentration in daytime and lower value in nighttime
across the four seasons although it varied greatly. For example, in
8
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Fig. 7. Time series of RGM concentrations, along with RH, precipitation, wind speed, air temperature, and averaged PAR values from January 2014 to July 2015.

factor contributing to the high GOM concentrations in summer.
The highest mean GOM concentration occurred in summer with a
value of 12.6 � 7.9 pg m 3, which was slightly higher than that in
spring, but significantly higher than that in fall, while winter had the
lowest value (Fig. 3c). The larger standard deviation for GOM during the
four seasons reflects its greater instability compared to GEM. The sea
sonal pattern of GOM is opposite to that of GEM. This further suggested
that the GOM primarily originated from natural productions (e.g., in situ
photochemical production and transportation from open ocean and free
troposphere) rather than anthropogenic sources. However, it is well
established that the GOM concentration in free troposphere was higher
than that in the boundary layer. Numerous studies reported that some of
GOM originated from the middle and upper free troposphere (Swart
zendruber et al., 2006; Faïn et al., 2009; Holmes et al., 2009; Sheu et al.,
2010; Lyman and Jaffe, 2012; Timonen et al., 2013; Brooks et al., 2014;
Shah et al., 2016). However, it is difficult to differentiate the relative
contribution of in situ photochemical production vs. transfer from the
upper free troposphere to the lower troposphere.
The relationships between GOM and meteorological parameters
were explored to better understand the influence of these factors on
GOM. Results showed that the GOM concentrations were low when
there was a rain whether the rainfall quantity was large or small due to
the wet deposition. The negative relationship (daytime: p < 0.01, r ¼
0.291, nighttime: p ¼ 0.11, r ¼ 0.132) between GOM and RH indi
cated that elevated RH was conducive to the removal of GOM, especially
in the daytime. This is probably due to the fact that the amplitude of
GOM in daytime was larger than that in nighttime. The positive corre
lation between air temperature and GOM concentration (daytime: p <
0.01, r ¼ 0.285; nighttime: p < 0.01, r ¼ 0.375) suggested that higher air
temperature was favorable for the formation of GOM. Additionally,
correlation analysis showed that GOM concentrations in the daytime
had a significantly positive correlation with PAR values (p < 0.01, r ¼
0.206), further suggesting that the solar radiation was conducive to the

Table 2
The GOM concentrations (pg m 3) in Changdao Island and Chinese marginal
seas, including the BS, YS, ECS, and SCS.
Season

Changdao
Min

Max

Media

Mean

SD

N

Spring
Summer
Fall
Winter
Total data

2.2
2.1
0.5
0.6
0.5

38.8
57.6
47.4
30.0
57.6

8.0
9.8
6.9
3.4
7.1

10.1
12.2
8.3
4.6
9.3

7.3
9.4
7.9
4.2
8.2

83
106
45
64
298

Region
BS

Min
0.8

Max
15.4

Media
3.5

Mean
4.1

SD
3.2

N
19

YS

0.2

9.8

3.1

3.3

2.0

79

ECS
SCS
West
Pacific

NAa
0.3
NA

97
27.6
NA

NA
4.6
2.5

8
6.1
4.5

10
5.8
5.4

NA
58
238

a

This study

Wang et al.
(2016a,b)
Wang et al.
(2016a,b)
Fu et al. (2018)
Wang et al. (2019)
Chand et al., 2008

NA: no data available.

distinct feature is that the average GOM concentration in each subset
was much lower in nighttime than in corresponding daytime. This
further indicates that the PAR has a great indirectly influence on the
nighttime GOM concentration, i.e., the higher the GOM concentration
during daytime, the higher the GOM concentration during nighttime. In
addition, when the solar radiation was strong (daily PAR value > 100 W
m 2), the increase of the mean GOM concentrations in daytime were not
significant, and the mean GOM concentrations were about 1.3–2.3 times
higher than those with lower radiation level (daily PAR value < 100 W
m 2) (Fig. S1a). This suggests that solar radiation could be an important
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production of GOM. This also means that the photochemical oxidation
processes were more active in summer than in other seasons as the PAR
value and air temperature in summer were relatively larger or higher
compared to other seasons. However, the relationship between wind
speed and daytime GOM exhibits a significant negative correlation (p <
0.01, r ¼ 0.241), while the relationship between wind speed and
nighttime GOM exhibits a weak negative correlation (p ¼ 0.18, r ¼
0.121). This indicated that: (1) high wind speed might be beneficial for
the removal of GOM, and (2) wind speed played a more important role in
the removal of daytime GOM than that of nighttime GOM in Changdao
probably due to the lower GOM concentrations in nighttime. We
postulate that there are at least two reasons for the negative relationship
between GOM and wind speed: (1) high wind speed can accelerate the
deposition of GOM, and (2) higher wind speeds may create more waves
and then increase the RH, which is favorable for the removal of GOM.
The above results were in good agreement with the findings obtained at
the Appledore Island (Mao et al., 2012).

Table 3
The HgP2.5 concentrations (pg m 3) in Changdao Island and Chinese marginal
seas (the BS, YS, ECS, and SCS).
Season

3.2.2. Temporal variation of HgP2.5 and the relationship with GOM
The temporal variation of HgP2.5 during the study period is ploted in
Fig. 8. The comparisons of HgP2.5 concentrations between Changdao and
other sites or areas are given in Tables 1 and 3. As shown in Figs. 2, 7 and
8 and Tables 1–3, there was larger amplitude of HgP2.5 concentration
compared to GEM and GOM, with higher values in winter and lower
values in summer and fall. An important characteristic is that the HgP2.5
concentrations were also relatively low when it rains, especially in
summer (see Fig. 8). This is mainly because rainwash plays an important
role in the removal of HgP in the atmosphere. Although the HgP2.5
concentration in nighttime was higher than that in corresponding day
time, especially in cold seasons, there was no significant difference be
tween the daytime (25.6 � 23.9 pg m 3) and nighttime (30.4 � 31.2 pg
m 3) (t-test, p ¼ 0.127) during the whole study period. This diurnal
pattern was in line with the results of the previous studies conducted in
other regions (Mao and Talbot, 2012; Wang et al., 2016b).
The HgP2.5 concentrations over the entire study period varied from
3.2 to 195.8 pg m 3, with a mean value of 28.0 � 27.9 pg m 3, which
was significantly higher than those observed in open seas or lakes, such
as the BS, YS, ECS, SCS, Adriatic Sea, Amsterdam Island, and Okinawa
(Tables 1 and 3), also significantly higher than those measured in coastal
areas of North America, such as Ontario, Weeks Bay, and Nova Scotia,
even higher than those at rural and urban sites, such as the Pic du Midi
Observatory, Detroit, Chuncheon, and Seoul (Table 1), but much lower
than those at rural and urban sites in China, such as the Mt. Changbai,

Changdao

References

Min

Max

Media

Mean

SD

N

Spring
Summer
Fall
Winter
Total
data

4.54
3.20
3.96
4.44
3.20

117.25
44.01
27.72
195.84
195.84

30.66
10.54
13.16
50.80
16.64

34.43
12.63
14.08
55.40
27.99

21.72
7.98
5.23
38.73
27.86

75
114
37
65
291

Region

Min

Max

Media

Mean

SD

N

BS

7.12

31.37

14.87

16.06

7.70

15

YS

2.26

24.28

5.63

6.84

4.47

57

ECS

NAa

NA

2.4

3.0

2.5

238

SCS

1.2

8.3

2.6

3.2

1.8

39

a

This study

Wang et al.
(2016a,b)
Wang et al.
(2016a,b)
Chand et al.,
2008
Wang et al.
(2019)

NA: no data available.

Mt. Damei, Nam co, Shangri-La, Xiamen, Guiyang, Beijing, Hefei,
Ningbo, and Jiaxing (Table 1). The elevated HgP2.5 concentrations in this
study indicates that Changdao was polluted to some extent due to the
anthropogenic Hg emissions especially in winter and spring. Based on
the aforementioned prevailing wind direction in each season, it is logical
to speculate that the HgP2.5 in spring and winter mainly originated from
Shandong and BTH region.
Additionally, HgP2.5 generally exhibited a distinct seasonal trend
opposite to that of GOM, with the highest level in winter and the lowest
level in summer (Figs. 3b and 8). It has to be pointed out that although
the HgP2.5 concentrations in later spring (April 2015) were considerably
lower than those in early spring (Febury March 2014), they were all
obviously higher than those in summer and fall (Figs. 3b and 8). The
mean concentration of HgP2.5 in winter was 55.4 � 38.7 pg m 3 with an
exceptionally large range of 4.4–195.8 pg m 3, which was significantly
larger than those in other seasons (Table 3). In addition, we found that
the HgP2.5 concentrations were low and relatively constant in summer
and fall. The larger amplitude and higher HgP2.5 concentration in winter
and spring suggest that Changdao and surrounding regions suffered
more from primary anthropogenic emissions in cold seasons. This may
be at least partly explained by the difference in prevailing wind direction

Fig. 8. Temporal variation of HgP2.5 concentration.
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among different seasons and the regional or long-range transport pat
terns of anthropogenic Hg. Moreover, air temperature and RH may also
have influence on the gas-particle partitioning of atmospheric Hg. Pre
vious studies showed that the decrease in air temperature could promote
the transformation process of GEM and GOM to HgP (Rutter and Scha
uer, 2007; Selin et al., 2007). The similar seasonal pattern of HgP2.5 and
GEM indicates that part of HgP2.5 may have a source of regional or
long-range transport from North China as that of GEM.
The temporal variation of GOM/HgP2.5 ratio is illustrated in Fig. 9.
Results showed that the mean GOM/HgP2.5 ratio in the daytime was
significantly higher than that in the nighttime (t-test, p < 0.01). This is
closely related to the GOM and HgP2.5 concentrations during daytime
and nighttime. Another reason may be that the relatively higher RH and
lower air temperature are favorable for the transfer of GOM to HgP in
nighttime (Lee et al., 2016). The above results further suggested that a
portion of GOM originated from the in situ production during the day
time because there was no significant difference in HgP2.5 concentration
between daytime and nighttime especially in warm seasons (see Fig. 8)
as mentioned above. Moreover, we found that both the daytime and
nighttime GOM/HgP2.5 ratios in summer were generally higher than
those in winter (see Fig. 9). This clearly indicates that the easterly winds
in summer (Fig. 6b) were associated with elevated GOM/HgP2.5 ratios
and that the northwesterly winds in winter (Fig. 6d) indicative of
regional transport from China were associated with significantly low
GOM/HgP2.5 ratios. This is due to the facts that higher air temperature,
PAR values, Br, and BrO concentrations in warm seasons were conducive
to the oxidation of GEM to GOM (Laurier and Mason, 2007). In contrast,
lower GOM/HgP2.5 ratios in cold seasons were associated with lower air
temperature and PAR values, indicating relatively weak photochem
istry. However, it can be determined that Hg2þ adsorption/partitioning
strongly depends on the composition of the aerosol particles, RH, and air
temperature.

the fact that northwesterly flow in winter (Fig. 6d) combined with cold
temperature may advect abundant HgP of continental origins, largely in
fine particle size fractions, to Changdao. The pattern of the highest HgP
concentration in winter was in line with the results of many other studies
(Wang et al., 2006; Liu et al., 2007; Kim et al., 2009, 2012; Zhu et al.,
2014). In addition, results showed that HgP10 concentration in winter
was comparable to the previous measured HgP10 concentration in the
Zhoushan Islands (76.6 pg m 3), but higher than those in coastal areas
and Chinese marginal seas (Wang et al., 2016a, 2019). The large sea
sonal variability and elevated concentration of HgP10 further demon
strated that Changdao was polluted to some extent, especially in winter.
In this study, the average HgP10 concentration was somewhat higher
than that of HgP2.5 in each season (see Table 3 and Fig. 10a). As shown in
Fig. 10b, there was a large variation of HgP2.1/HgP10 ratio, the highest
HgP2.1/HgP10 ratio (78%) was observed in January 2014, while the
lowest two ratios (22%) were observed on January 25 (it was sleet) and
April 12 (it was light to moderate rain) of 2015 probably due to the wet
deposition. It is immediately apparent, however, that the seasonal
variation of HgP2.1/HgP10 ratio is not distinct. For example, there was
large difference in HgP2.1/HgP10 ratio in one season (January 2015) or
the same season in different years (June 2014 and July 2015). This is
because numerous factors (wind speed, precipitation, solar radiation,
and long-range transport etc.) combined to affect the concentrations of
particulate matters and HgP. Another important feature is that there was
no significant difference between the HgP2.1 concentration (22.9 � 20.0
pg m 3) and HgP2.5 concentration (28.0 � 27.9 pg m 3) during the
whole study period (t-test, p ¼ 0.27). This is consistent with our previous
result in the SCS. Furthermore, the temporal variation pattern of HgP2.1
was similar to that of HgP2.5 (see Figs. 8 and 10).
The concentrations of all size-fractionated HgP are summarized in
Table S1. The size distributions of HgP were observed to be one-modal in
winter with the peak around 0.7–1.1 μm (Fig. 11d). However, as shown
in Fig. 11, it was observed to be bi-modal with a higher peak in the range
of 0.7–1.1 μm and a lower peak in the range of 3.3–5.8 μm in other
seasons, although there was large difference in amplitude of HgP among
the three seasons. This indicates that a large proportion of HgP was
concentrated on fine particles, which can be verified by the following
specific data. The HgP2.1 contributed approximately 50% (22–72%),
45% (29–67%), 56% (46–66%) and 49% (24–78%) to the HgP10 for the
spring, summer, fall, and winter, respectively. Furthermore, the statis
tical result showed that the HgP3.3 accounted for 64%, 58%, 68%, and
62% of the HgP10 for the spring, summer, fall, and winter, respectively.

3.3. Size distribution of HgP in PM10 and its dry deposition flux
Nine size fractions were collected from <0.4 to 10 μm to evaluate the
dominant HgP fractions. The concentrations and proportions of each
particle size of HgP in MBL of Changdao are illustrated in Fig. 10.
Remarkably, the seasonal variation pattern of HgP10 was consistent with
that of HgP2.5. The average HgP10 concentration in winter was 78.9 pg
m 3, which was significantly higher than those in other seasons (spring:
46.4 pg m 3, summer: 23.0 pg m 3, and fall: 23.4 pg m 3). This is due to

Fig. 9. Temporal variation of RGM/HgP2.5 ratio during our study period.
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Fig. 10. Temporal variation of size-fractionated HgP concentrations and their proportions during the whole study period.

The above results suggest that majority of HgP resided in fine particles,
which could be transported over long distances to remote areas. This can
be partly explained by the following facts: (1) HgP is liable to associate
with fine particles, which have a stronger ability to bind with atmo
spheric Hg than coarse particulates (this might be caused by the larger
specific surface area of fine particulates), and (2) the air masses largely
originated from land (see Figs. 5 and 6), and they probably contained
high concentrations of fine particulate matters. The HgP3.3/HgP10 levels
in this study were comparable to that observed at Thompson Farm, their
findings showed that HgP was dominated (65%) by fine particles in
winter, while in spring and summer, HgP was distributed across the
coarse and fine fractions (40% each) (Feddersen et al., 2012). A previous
study conducted at an urban site in Taiwan showed that an average of
~70% HgP in PM10 was concentrated on PM2.5 (Tsai et al., 2003). It is
reasonable that the level and size distribution of HgP in PM10 were
influenced by wind direction and speed, trajectory of source air,

precipitation, and geographical environment.
Furthermore, the dry deposition flux of HgP10 is obtained by sum
ming the fluxes of all size-fractionated HgP in the same set. The dry
deposition flux of HgP was calculated using the following Equation: F ¼
P
CHgP � Vd, which has been reported in our previous studies (Wang
et al., 2016a, 2019). The average dry deposition flux of HgP10 was
estimated to be 4.78 ng m 2 d 1 with a range of 0.86–13.46 ng m 2 d 1
based on all the size-fractionated HgP in the Changdao Island (Table S2).
This value was higher than our previous measurements conducted in the
BS, YS, ECS, and SCS (Wang et al., 2016a, 2019). The larger dry depo
sition fluxes of HgP10 in this study suggest that the dry deposition fluxes
in coastal regions were higher than those in open seas and that it was an
important pathway for the removal of atmospheric HgP because it
happened all the time.
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Fig. 11. Size distribution of HgP (a: spring, b: summer, c: fall, and d: winter) in the MBL of the Changdao Island (the data shown are the mean and standard error).

3.4. Relationships between atmospheric Hg and trace gases

uncertainties on the atmospheric oxidants involved in the oxidation of
Hg0, previous studies suggest that reactive halogen species (e.g., Br and
BrO) are the dominant oxidants for the oxidation of Hg0 in the marine
environment (Holmes et al., 2010; Sprovieri et al., 2010a; Shah et al.,
2016; Ye et al., 2016).
Fig. S4 shows that the characteristic of seasonal variation of PM2.5 is
obvious. The PM2.5 concentrations were higher in winter and spring
than in fall and summer. As for the diurnal variation, the PM2.5 con
centration in daytime (38.8 � 24.3 μg m 3) was comparable to that in
the nighttime (35.4 � 21.7 μg m 3), and there was no significant dif
ference between them (t-test, p > 0.2). This is consistent with the diurnal
variation of HgP2.5, i.e., there was no significant difference in HgP2.5
concentration between daytime and nighttime as mentioned in the Sect.
3.2.2. The temporal variations of daily PM2.5 and PM10 are illustrated in
Fig. S5. We found that the trends of PM2.5 and PM10 are similar, but the
levels of PM2.5 and PM10 are higher in cold seasons than in warm sea
sons. Additionally, we found the temporal variation trend of HgP10 was
similar to those of PM2.5 and PM10, especially in winter (see Fig. 10 and
Fig. S5). Furthermore, the ratio of PM2.5 to PM10 (hereafter referred as
PM2.5/PM10) was analyzed to ascertain the distribution pattern of PM2.5
in PM10, and then to explore the relationship between the PM10 and
HgP10. One striking feature is that the PM2.5/PM10 ratios were generally
higher in winter and fall (generally > 65%) than in spring and summer
(generally > 50%), indicating that most of the particulate matters were
concentrated in fine particles. This is consistent with the temporal
variation patterns of HgP2.1/HgP10 or HgP3.3/HgP10 (see Fig. 10).
Another distinct characteristic is that the PM2.5/PM10 ratios were
generally lower in spring than in other seasons, and approximate half of
the particulate matters were concentrated in fine particles. This value is
slightly higher than that of the HgP2.1/HgP10, but was comparable to that
of HgP3.3/HgP10 (see Fig. 10 and Fig. S5), indicating that HgP is evenly
distributed in fine and coarse particles during the spring sampling period
(Fig. S5). In addition, the average PM2.5/PM10 ratios in fall and winter
were 60–70%, which was comparable to those of the HgP3.3/HgP10 ratios

In order to understand the daily variation of GEM, temporal varia
tions on trace gases (CO, SO2, and NO2) were examined. As shown in
Fig. S2, there was a pronounced seasonal pattern on the SO2 and NO2,
their concentrations in cold seasons (winter and spring) were signifi
cantly higher than those in warm seasons (fall and summer). Moreover,
the amplitudes of these two gases were distinctly lower in warm seasons
than in cold seasons, especially for the SO2. In addition, the temporal
variation of SO2 is similar to that of NO2. Generally, the seasonal vari
ation of GEM is similar to that of SO2 and NO2. The above results indi
cate that the emissions of SO2 and NO2 in cold seasons were larger than
those in warm seasons, and this is probably due to the burning of rela
tively larger amounts of fossil fuels for heating in cold seasons. Although
a distinct seasonal variation of CO was obvious, the highest CO level
occurred in fall. One possible reason may be the crop straw buring in the
North China Plain during the fall sampling period. Correlation analysis
showed that there was a positive relationship between GEM and SO2 (r
¼ 0.414, p < 0.001). Additionally, the NO2 was also significantly posi
tive with the GEM (r ¼ 0.322, p < 0.001). However, there was no sig
nificant correlationship between GEM and CO, including or excluding
the fall data.
The temporal variations of daytime and nighttime O3 concentrations
are illustrated in Fig. S3. We found that there was a large variability in
O3 concentration, ranging from 15.0 to 189.9 μg m 3 with a mean value
of 79.2 � 33.5 μg m 3. As shown in Fig. S3, the O3 level was obviously
lower in winter than in other seasons. This is due to the facts that the
PAR values and air temperature in winter were low. Moreover, we found
that the O3 concentration in daytime (81.4 � 33.5 μg m 3) was slightly
higher than that in the nighttime (77.1 � 33.7 μg m 3), but there was no
significant difference between daytime and nighttime. Interestingly, the
GOM concentrations in daytime was significantly higher than that in
nighttime as mentioned in sect. 3.2.1. This indicates that the PAR plays
an important role in the oxidation of Hg0. Although there are still many
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(see Fig. 10). This provides further support for the distribution that HgP
is mainly concentrated in fine particles during fall and winter.
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