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Abstract. Mercury (Hg) is a global toxic pollutant that can
be released into the atmosphere through anthropogenic and
natural sources. The uncertainties in the estimated emission
amounts are much larger from natural than anthropogenic
sources. A method was developed in the present study to
quantify the contributions of natural surface mercury emis-
sions to ambient gaseous elemental mercury (GEM) con-
centrations through application of positive matrix factoriza-
tion (PMF) analysis with temperature and NH3 as indicators
of GEM emissions from natural surfaces. GEM concentra-
tions were continuously monitored at a 2-hourly resolution
at a regional background site in the Yangtze River Delta in
eastern China during 2015–2018. Annual average GEM con-
centrations were in the range of 2.03–3.01 ng m−3, with a
strong decreasing trend at a rate of−0.32±0.07 ng m−3 yr−1

from 2015 to 2018, which was mostly caused by reduced
anthropogenic emissions since 2013. The estimated contri-
butions from natural surface emissions of mercury to the
ambient GEM concentrations were in the range of 1.00–
1.13 ng m−3 on annual average, with insignificant interan-

nual changes, but the relative contribution increased signif-
icantly from 41 % in 2015 to 57 % in 2018, gradually sur-
passing those from anthropogenic sources.

1 Introduction

Mercury has long been recognized as a toxic pollutant due
to its bioaccumulation and health effects (Driscoll et al.,
2013; Clarkson and Magos, 2006; Schroeder and Munthe,
1998; Horowitz et al., 2017; Fu et al., 2012; Wright et al.,
2018). Mercury in the atmosphere can be transported glob-
ally, mostly in the form of gaseous elemental mercury (GEM)
due to its long lifetime in air (Driscoll et al., 2013). Clar-
ifying sources and quantifying emissions from the major
sources of atmospheric mercury are critical for understand-
ing the biogeochemical cycle of mercury and developing
mercury reduction strategies. Mercury in the atmosphere is
released from both natural and anthropogenic sources. Nat-

Published by Copernicus Publications on behalf of the European Geosciences Union.



10986 X. Qin et al.: Assessing contributions of natural emissions to atmospheric mercury

ural sources include volcanoes. geological weathering, for-
est fires, re-emissions of pre-deposited mercury from natural
surfaces, etc. (Gustin et al., 2008; Mason and Sheu, 2002).
Among these sources, emissions from natural surfaces are
the major ones, and a number of studies have been devoted to
understanding the processes of natural surface emissions (Xu
et al., 1999; Lindberg et al., 2002; Kocman et al., 2013). An-
thropogenic sources mainly include coal-fired power plants,
nonferrous metal smelters, and waste incineration (Friedli et
al., 2009). Globally, natural sources released about 5200 t of
mercury into the atmosphere on an annual basis, which con-
tributed to up to two-thirds of the global atmospheric mer-
cury budget, while that from anthropogenic sources was es-
timated to be around 2300 t (Pirrone et al., 2010). In China,
the total mercury emissions released from natural and anthro-
pogenic sources were estimated to be 574.5 and 571 t yr−1,
respectively (Wang et al., 2016; Zhang et al., 2015).

During the past decades, anthropogenic emissions of mer-
cury in Europe and North America have been reduced sig-
nificantly through phasing out mercury from many commer-
cial products as well as have benefited from SO2 and NOx

emission reduction from coal-fired utilities, resulting in con-
siderable decrease in atmospheric mercury concentrations in
these regions (e.g., approximately 1 % yr−1 to 2 % yr−1 de-
crease from 1990 to 2013) (Streets et al., 2011; Zhang et al.,
2016). In China, anthropogenic mercury emissions decreased
from 571 t in 2013 to 444 t in 2017 due to the co-benefits of
aggressive air pollutant control measures implemented in this
period (Liu et al., 2019). GEM concentrations measured at a
rural site north of Shanghai showed a substantially decreas-
ing trend from 2014 to 2016 (Tang et al., 2018).

With the decrease in anthropogenic mercury emissions in
many parts of the world (Zhang et al., 2016), the contribu-
tions of natural emissions to total mercury budget are ex-
pected to be more important. However, the trends of natu-
ral emissions are still unclear due to the difficulties in di-
rectly measuring GEM emissions from natural surfaces (Zhu
et al., 2015). Existing estimates of GEM emission from nat-
ural sources have large uncertainties (e.g., from 1500 to
5207 Mg yr−1 on a global scale), limiting our understanding
of the role of natural emissions in the global mercury cycle
(Song et al., 2015; X. Wang et al., 2014). For example, a
study at rural Beijing showed that modeled GEM concentra-
tions were underestimated by about 40 % compared to mea-
surements from April to September 2009 due to the absence
of natural emission inventories (L. Wang et al., 2014). Hence,
it is meaningful to develop a method to quantify the contri-
butions of natural surface emissions to total mercury budget
in the atmosphere, especially in China where anthropogenic
emissions have been decreasing fast in recent years.

The purpose of the present study is to differentiate the
contributions of natural surface emissions and anthropogenic
emissions to the measured ambient GEM concentrations col-
lected during a 4-year period at a regional background site
in the Yangtze River Delta (YRD) of eastern China. This

was done by conducting positive matrix factorization (PMF)
analysis with identified variables as tracers of natural surface
mercury emissions. Results presented in this study provide
an approach that can be potentially used for improving mer-
cury emission databases for natural sources.

2 Materials and methods

2.1 Site description

Shanghai, situated in the YRD region, is one of the most de-
veloped cities in China. Like in many other cities in China,
severe air pollution events have occurred frequently in this
city in the past decades. A supersite has been set up next
to the Dianshan Lake in Qingpu District of rural Shanghai
(Fig. 1) as part of the framework of the State Environmental
Protection Scientific Observation and Research Station. This
supersite is designed to represent the regional-scale air pollu-
tion characteristics in the YRD region based on the following
two considerations: (1) it is located in the conjunction area
of Shanghai, Jiangsu, and Zhejiang provinces, and (2) there
are no large point sources such as coal-fired power plants,
nonferrous metal smelting, and cement production within a
20 km distance surrounding the site. This site was established
in 2013, and its capacity has been gradually built by measur-
ing a set of atmospheric parameters, including meteorolog-
ical factors, trace gases, aerosol physical and chemical pa-
rameters, vertical profiles of ozone and particles, etc. More
detailed descriptions of the site can be found elsewhere (Qin
et al., 2019; Duan et al., 2017).

2.2 Measurements of gaseous elemental mercury

An automated mercury vapor analyzer Tekran 2537B-1130-
1135 has been installed on the third floor of a building
for real-time continuous GEM measurements since January
2015. GEM was measured based on the principle of cold va-
por atomic fluorescence spectroscopy (CVAFS) (Landis and
Keeler, 2002). Briefly, ambient GEM was collected on gold
traps and then thermally decomposed to GEM before detec-
tion. The sampling interval of GEM was 5 min with a flow
rate of 1 L min−1. More details of this instrument can be
found elsewhere (Mao et al., 2008).

Strict quality control procedures were followed during the
sampling process. Denuders and quartz filters were prepared
and cleaned according to the instructions in Tekran techni-
cal notes before sampling. Routine calibration with internal
permeation source was performed every 47 h, and manual in-
jections of standard saturated mercury vapor were conducted
to ensure the accuracy of these automated calibrations. The
KCl-coated denuder, Teflon-coated glass inlet, and impactor
plate were replaced weekly, and quartz filters were replaced
monthly. Individual extremely high GEM concentrations that
occasionally happened were regarded as outliers and were
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Figure 1. The location of the Dianshan Lake (DSL) site in Shanghai, China. Different colors in the map represent different land cover types.

excluded from the data analysis. In this study, the number of
valid GEM data was 16 266.

2.3 Measurements of other air pollutants and
meteorological parameters

Water-soluble ions in PM2.5 and soluble gases were continu-
ously measured by Monitor for AeRosols and Gases in am-
bient Air (MARGA) operated at a flow rate of 16.7 L min−1

with a time resolution of 1 h, as detailed in Chang et
al. (2016). Briefly, water-soluble gases in the airflow were
removed by an absorbing liquid, and then the particles were
induced by a supersaturation of water vapor to grow into
droplets before they were collected and transported into the
analytical chamber.

Trace metals in PM2.5 were continuously measured by us-
ing the Xact 625 ambient metals monitor (Cooper Environ-
mental Services, Beaverton, OR, USA) operated at a flow
rate of 16.7 L min−1 with hourly resolution, as detailed in
Yu et al. (2019). Briefly, the particles in the airflow were de-
posited onto a Teflon filter tape and then transported into the
spectrometer where the particles were analyzed with an X-
ray fluorescence. Black carbon in PM2.5 was measured by
a multiwavelength Aethalometer (AE-33, Magee Scientific).
Ambient particles were collected on a paper tape at a flow
rate of 5 L min−1. Aerosol light absorptions of BC were mea-
sured at seven wavelengths of 370, 470, 520, 590, 660, 880,
and 950 nm.

Sulfur dioxide, carbon monoxide, and PM2.5 were mea-
sured by a Thermo Fisher 43i, Thermo Fisher 48i-TLE, and
Thermo Fisher 1405-F, respectively. Meteorological param-

eters including ambient temperature, wind speed, and wind
direction were obtained at the sampling site by using the au-
tomatic weather station (AWS). Bivariate polar plots (BPP)
were applied in this study to explore how GEM concentra-
tions change with different wind direction and wind speed,
which has proven to be a reliable method for identifying dif-
ferent source regions (Carslaw et al., 2006; Carslaw and Rop-
kins, 2012; Chang et al., 2017). Here, the open-source soft-
ware “openair” in R was used to create BPPs (Carslaw and
Ropkins, 2012).

2.4 Positive matrix factorization (PMF)

The PMF model has been proven to be a useful tool to
provide quantitative source profiles and source contributions
(Xu et al., 2017; Gibson et al., 2015). The basic principle of
PMF is that concentrations of the samples are determined by
the source profiles with different contributions, which can be
described as follows:

Xij =

P∑
k=1

gik fkj + eij (1)

where Xij represents the concentration of the j th species in
the ith sample, gik is the contribution of the kth factor in
the ith sample, fkj provides the information about the mass
fraction of the j th species in the kth factor, eij is the residual
for specific measurement, and P represents the number of
factors.

The objective function expressed in Eq. (2) below, which
is the sum of the square of the difference between the mea-
sured and modeled concentrations weighted by the concen-
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tration uncertainties, needs to be minimized before the PMF
model determines the optimal nonnegative factor profiles and
contributions (Cheng et al., 2015)

Q=
∑n

i=1

∑m

j=1

(
Xij −

∑p

k=1AikFkj

Sij

)2

, (2)

where Xij represents the concentration of the j th contamina-
tion in the ith sample, m is the total number of pollutants, and
n is the total number of samples. Aik represents the contri-
bution of the kth factor on the ith sample, and Fkj represents
the mass fraction of the j th pollutant in the kth factor. Sij

is the uncertainty in the j th pollutant on the ith factor, and
P is the number of factors. In this study, we explored the
number of factors being from three to eight, with the optimal
solutions determined by the slope of the Q value versus the
number of factors. For each run, the stability and reliability of
the outputs were assessed by referring to the Q value, resid-
ual analysis, and correlation coefficients between observed
and predicted concentrations. Finally, we found that a six-
factor solution showed the most stable results and gave the
most reasonable interpretation. A dataset containing uncer-
tainty values for each species was created and digested into
the model, with the error fraction being assumed to be 15 %
for GEM concentration and 10 % for other compounds (Xu
et al., 2017; Polissar et al., 1998).

It should be noted that the Fpeak model run at the strength
of 0.5 was done by using the rotation tools in PMF, and the
results are summarized in Table S1 in the Supplement. For all
seasons, the increase in the Q value due to the Fpeak rotation
with a dQ was less than 1 % of the base run Q (robust) value.
According to the user guide of PMF5.0, it was acceptable
when the percent for dQ was less than 5 %. The profiles and
contributions of each source were examined, and there were
no significant differences between the factor contributions of
base run and rotation results. Hence, the base run results were
used in this study.

2.5 Annual changes of anthropogenic mercury
emission in China and YRD

It was reported that the annual anthropogenic atmospheric
mercury emission in China significantly increased from 147 t
in 1978 to 549 t in 2010 (Wu et al., 2016). In more recent
years, in order to cope with the severe air pollution situation,
the Chinese government has taken many rigorous and am-
bitious measures such as introduction of ultralow emissions
standards on power plants and phasing out of small factories
with high emissions (Zheng et al., 2018). As a result, mer-
cury emissions from anthropogenic sources have since been
declining in China. For the 5-year period of 2013–2017, an-
nual total anthropogenic mercury emissions in China were
estimated to be 571, 547, 528, 486, and 444 t, respectively,
or a total decline of 127 t. During the same period, the re-

duction of anthropogenic mercury emissions reached 60 t in
eastern China (Liu et al., 2019).

3 Results and discussion

3.1 The measured gaseous elemental mercury

3.1.1 Decreasing trend of gaseous elemental mercury

The measured annual mean GEM concentrations were 3.01±
1.03, 2.58± 0.84, 2.52± 0.84, and 2.03± 0.69 ng m−3 from
2015 to 2018. By using the Theil–Sen function, monthly
GEM exhibited a significantly decreasing trend from 2015
to 2018 (p<0.05) with a rate of −0.32± 0.07 ng m−3 yr−1

(Fig. 2a). This decreasing trend was consistent with the
trends of mass concentrations of PM2.5 and SO2 (Fig. 2b,
c), which were attributed to the implementation of the Clean
Air Action starting in 2013 in China (Zheng et al., 2018). As
mentioned earlier (Sect. 2.5), the nationwide reduction of an-
thropogenic mercury emissions should be largely responsible
for the significant decrease in GEM concentration observed
at the YRD regional background site.

Seasonal average GEM concentrations decreased from
3.62 to 2.17 ng m−3 with a rate of −0.37 ng m−3 yr−1

in spring, from 2.89 to 1.98 ng m−3 with a rate of
−0.26 ng m−3 yr−1 in summer, from 2.62 to 1.94 ng m−3

with a rate of −0.22 ng m−3 yr−1 in autumn, and from 2.91
to 1.82 ng m−3 with a rate of −0.35 ng m−3 yr−1 in winter
(Fig. 3). The decreasing rates of GEM were ∼ 30 % lower
in the warm seasons than the cold seasons. Considering that
seasonal variations in anthropogenic emission were less tem-
perature dependent, the different seasonal decreasing rates of
GEM between the warm and cold seasons should be mostly
caused by the seasonal-dependent emission amounts from
natural sources, knowing that natural surface emissions are
controlled by solar radiation and temperature, among other
factors (Howard and Edwards, 2018; Pannu et al., 2014; Ma-
son, 2009).

3.1.2 Impact of temperature on ambient gaseous
elemental mercury

In a previous study we showed that GEM concentrations
tended to rise with increasing temperature in the YRD re-
gion, which was considered to be the effect of temperature-
dependent emission amounts from natural surfaces (Qin et
al., 2019). Here, to qualitatively investigate the role of natu-
ral surface emissions on ambient GEM concentration, diur-
nal profiles of the bi-hourly GEM concentration and temper-
ature are exhibited in Fig. 4. If looking at the whole year
of data together, moderate to high correlations were seen
between the diurnal variations in GEM and temperature in
2016, 2017, and 2018, with R2 being 0.30 to 0.86 (p<0.05),
except in 2015 with little correlation, with R2 being only
0.03 (p<0.05) (Fig. 4a–d). The maximum GEM concen-
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Figure 2. Monthly and annual variations in (a) GEM, (b) PM2.5, and (c) SO2 concentrations from 2015 to 2018.

Figure 3. Seasonal variations in GEM concentrations from 2015 to 2018. The variation rates of GEM for each season are also shown in the
figure.

trations generally appeared around 10:00–14:00 UTC+8,
mostly coinciding with daily peak temperature. These find-
ings provided strong evidence of temperature-dependent
GEM sources.

Due to the large differences in ambient temperature be-
tween warm (from June to November) and cold (from De-
cember to May) seasons in the YRD region, the effects of
temperature-dependent GEM sources on the ambient GEM
concentrations should be different in different seasons. As
expected, high correlations between GEM concentrations
and temperature were found in the warm seasons, with R2

being in the range of 0.15 to 0.87 (Fig. 4e–h), while nearly
no correlations were found in the cold seasons (Fig. 4i–l).
Thus, the influence of natural surface emissions on ambient
GEM concentration was important in the warm seasons but
may not be the case in the cold seasons. The seasonal bivari-
ate polar plots of GEM showed that high GEM concentra-
tions were associated frequently with airflows from the south
and southwest and occasionally with those from the north,

particularly in summer (Fig. S1 in the Supplement). This
was consistent with the findings in previous studies which
showed stronger natural surface emissions in southern and
southwestern China than northern China (Wang et al., 2016,
2006; Feng et al., 2005; Sommar et al., 2016). Hence, in the
context of significant reduction of anthropogenic mercury
emission in China, especially in northern China (Liu et al.,
2019), natural surface emissions significantly impacted the
ambient GEM concentrations at this sampling site.

3.2 Quantify the contributions from natural surface
emissions to ambient gaseous elemental mercury

3.2.1 Development of the approach

A method is developed below for quantifying the contribu-
tions of GEM emissions from natural surfaces to ambient
GEM concentrations through application of the PMF model
by introducing specific variables related to natural surface
emissions as traces. The first step is to identify what vari-
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Figure 4. Diurnal patterns of bi-hourly GEM concentrations and temperature for the (a–d) whole year, (e–h) warm seasons, and (i–l) cold
seasons during 2015–2018. The linear correlations between GEM and temperature are inserted as insets.

ables are directly or indirectly related to the natural surface
emissions of GEM. Temperature is certainly a dominant one,
as has been demonstrated in existing soil–air fluxes studies
of mercury (X. Wang et al., 2014; Zhu et al., 2016; Poissant
and Casimir, 1998). The formation pathways of Hg0 in soil
are all related to temperature – an empirical rule suggests
that a 10 ◦C temperature increase doubles the rates for chem-
ical reaction near room temperature, which has been proven
to be applicable to HgII reduction in boreal soil (Moore
and Carpi, 2005; Quinones and Anthony, 2011; Wang et al.,
2016; Pannu et al., 2014). Discussions in Sect. 3.1.2 also sug-
gested temperature as a potentially useful tracer for predict-
ing natural surface emissions of GEM. A second candidate
of tracers could be ambient NH3 concentration because soil
emissions of GEM and NH3, both of which are temperature
dependent, are treated in a similar way in air-quality model-
ing studies (Wright and Zhang, 2015; Zhang et al., 2010). As
shown in Fig. S2, the mean diurnal variations in GEM con-
centrations are highly correlated with ambient temperature as
well as NH3. From this perspective, NH3 can be regarded as
an indirect proxy for the natural surface emissions of GEM.
In a previous study, we have applied principal component
analysis for source apportionment of mercury in this area,
and the source factor with high loadings for temperature and
NH3 was interpreted as natural surface emissions of GEM
(Qin et al., 2019).

Hence, in this study, we included the data of temperature
and NH3 in the PMF model to apportion the sources of GEM.
As shown in Figs. S3–S18, the source apportionment results
for all the seasons of 2015–2018 all resolved a similar factor
with high loadings of temperature and moderate loadings of
NH3 and GEM. This factor was thought to be the natural sur-
face emission sources of mercury. As for the other resolved
factors, the factor with high loadings of V and Ni evidently
represented shipping emissions, because Ni and V have been
considered as typical tracers of heavy-oil combustion, which
has been commonly used in marine vessels (Viana et al.,
2009). The factor with a high loading of Ca was assigned
to cement production as the raw materials used in cement
production contain a large amount of calcium compounds.
Moderate loadings of multiple species including Cr, Mn, and
Fe were found in one factor which was identified as iron and
steel production. The factor with a high loading of NO was
identified as vehicle emissions, as the major source of NOx in
the YRD region is mobile oil combustion (Tang et al., 2018).
And the last factor was identified as coal combustion due to
the high loadings of As and Se and due to moderate contri-
butions from Pb and SO2−

4 . As, Se, and Pb were all typical
tracers of coal combustion, and the precursor of SO2−

4 (i.e.
SO2) also mainly derived from coal combustion.

In order to verify the PMF modeling results, we first ex-
amined the PMF model performance. Table S2 shows the
coefficient of determination (R2) for GEM according to the
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observation–prediction scatter plots (Figs. S20–S23). The
R2 values ranged from 0.37 to 0.89, suggesting acceptable
model performance. Figures S24–S27 display the time series
of observed and predicted GEM concentrations from 2015 to
2018, which revealed that, except for a few extremely high
observation values, the model can reproduce the observed
GEM concentration relatively well on an hourly basis.

To further verify the reliability of the resolved factors, the
correlations between the mass contributions of all factors to
GEM and temperature were examined on the basis of diurnal
profiles. As shown in Fig. S19, positive correlation was only
found between the natural surface emissions factor and tem-
perature, while the other resolved factors (i.e. vehicle emis-
sion, coal combustion, shipping activities, cement produc-
tion, and iron and steel production) did not show this relation-
ship. In addition, the relationship between particulate black
carbon (BC) and GEM concentration was investigated. On
the one hand, BC mainly derived from various combustion
processes, which were also the main anthropogenic sources
of atmospheric mercury. On the other hand, BC was never in-
troduced into the PMF modeling. As shown in Fig. 5, the ob-
served total GEM and BC concentrations only showed weak
correlations. This was mainly due to the fact that besides an-
thropogenic sources, natural sources also contributed signif-
icantly to GEM. As a comparison, anthropogenic GEM con-
centrations (extracted from PMF results) showed much bet-
ter correlations with BC from 2015 to 2018. In addition, the
time series of anthropogenic GEM concentrations generally
varied consistently with CO, which was also a tracer of fuel
combustion (Fig. S28). All the evidence above corroborated
that by using temperature and NH3 as tracers for PMF mod-
eling, the separation of anthropogenic and natural GEM can
be successfully achieved.

As for the specific anthropogenic mercury sources ex-
tracted from PMF results, Fig. S29 shows that the time series
of coal combustion GEM also varied consistently with SO2,
indicating that the coal combustion factor resolved by PMF
was credible. As shown in Fig. S30, the potential source re-
gions of shipping GEM were found mainly over coastal and
oceanic areas, indicating the shipping factor resolved in this
study was also valid. Figures S31 and S32 show that the po-
tential source contribution function (PSCF) signals of cement
production GEM were relatively weak in the YRD region,
while there were substantial high-PSCF signals for iron and
steel production GEM in eastern China. All the results above
collectively confirmed that the PMF results were robust.

3.2.2 Increasing contributions from natural surface
emissions to ambient gaseous elemental mercury

Figure 6 summarizes the contributions of natural surface
emissions and anthropogenic emissions to GEM on sea-
sonal basis from 2015 to 2018. The contributions of natural
surface emissions to GEM were ∼ 40 % higher in summer
(1.15± 0.60 ng m−3) than winter (0.82± 0.57 ng m−3). Be-

sides, the contributions of natural surface emissions to GEM
exhibited an upward trend, e.g., increased from 33 % to 53 %
in spring, 47 % to 62 % in summer, 49 % to 60 % in autumn,
and 34 % to 52 % in winter, from 2015 to 2018 (Fig. 6).
In contrast, the contributions from anthropogenic sources to
GEM showed a downward trend, of which the decreased
contribution from coal combustion accounted the most. Coal
combustion has been widely regarded as the dominant an-
thropogenic source of mercury emissions at the global scale,
and China is known as the largest coal producer and con-
sumer in the world (Zhang et al., 2012; Wu et al., 2006).
Since 2013, a series of key air pollution control measures
have been applied in China to reduce the emission of air pol-
lutants (Zheng et al., 2018). YRD regions also took actions
by regulating on the amount of coal consumption, promot-
ing renewable energy development and so on (Zheng et al.,
2016). Hence, the decreased contribution of coal combustion
was attributed to the implementation of aggressive air pollu-
tant control measures in China in recent years, which sub-
sequently led to an increase in the relative contribution of
natural surface emissions to GEM.

The absolute GEM concentrations contributed by both nat-
ural surface emissions and anthropogenic emissions can be
extracted from the PMF modeling results. Figure 7 exhibits
the monthly and yearly profiles from 2015 to 2018. Strong
seasonal cycles of GEM contributed by natural surface emis-
sions were seen, corresponding to the seasonal pattern of
ambient temperature (Fig. 7g) and the simulated monthly
Hg fluxes from natural surface emissions in China (Wang
et al., 2016). The annual GEM concentration contributed by
natural surface emissions was estimated to be 1.04± 0.55,
1.10± 0.56, 1.13± 0.56, and 1.00± 0.45 ng m−3 from 2015
to 2018, respectively (Fig. 7a, b), which almost remained un-
changed. This could be mainly explained by the little varia-
tion in annual temperature (Fig. 7h) and wind pattern from
2015 to 2018 (Fig. S33). On the contrary, the annual GEM
concentration contributed by anthropogenic emissions was
estimated to be 1.53± 1.04, 1.26± 0.78, 1.23± 0.95 and
0.82± 0.58 ng m−3 from 2015 to 2018, respectively, show-
ing an obvious decreasing trend (Fig. 7c, d). It was noted
that the GEM concentration contributed by anthropogenic
emissions dropped the most from 2017 to 2018 with a rate
of around 40 %. In referring to Table S3, it can be seen that
SO2 and CO concentrations also decreased significantly by
about 35 % and 18 % during the same period, respectively. As
SO2 and CO were the main primary gaseous pollutants emit-
ted from fuel combustions, their sharp decreases indicated
the significant reduction of anthropogenic emissions, which
was probably responsible for large drop of GEM from 2017
to 2018. Overall, the relative contribution of natural surface
emissions to ambient GEM was on the rise, e.g., from 41 %
in 2015 to 57 % in 2018 on annual average (Fig. 7e, f).
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Figure 5. The relationship between observed GEM and BC and anthropogenic GEM (extracted from PMF results) and BC during 2015–2018.

4 Conclusions and Implications

Through a 4-year continuous measurement of GEM in the
suburbs of Shanghai, a clear decreasing trend was observed
with the rate of−0.32±0.07 ng m−3 yr−1, which was mainly
due to the reduction of anthropogenic mercury emissions.
The lower decreasing rate in warm seasons than in cold sea-
sons and the high correlation between GEM concentrations
and temperature suggested that natural surface emissions sig-
nificantly impacted the GEM concentrations. By demonstrat-
ing that temperature and NH3 can serve well as tracers of nat-
ural surface mercury emissions, distinguishing natural vs. an-
thropogenic contributions to GEM was doable by introduc-
ing these tracers into the PMF model. The results indicated
that the contribution from anthropogenic mercury emissions
was declining, especially from coal combustion. The annual
absolute contributions of natural surface emissions were in
the range of 1.00–1.13 ng m−3, and the relative contribution
of natural surface emissions to GEM increased from 41 % in
2015 to 57 % in 2018.

Measurements of GEM and other pollutants in a regional
background area in eastern China demonstrated the effec-
tiveness of emission control policies in this and surround-
ing regions in China in recent years. The decreasing contri-
butions from anthropogenic sources and the relatively stable
contributions from natural surface emissions to the ambient
GEM have resulted in the relative contributions of natural
surface emissions surpassing those of anthropogenic emis-
sions in more recent years. This trend will likely continue for
some years considering the current pollution levels in China,
which needs further pollution abatement. This implies that
even though the anthropogenic emissions of mercury would
continue to decrease, the legacy mercury in the natural sur-
faces will continue to emit steadily for a long period of time.
In addition, the natural release of mercury could be enhanced
under a climate warming scenario. Hence, the atmospheric
mercury concentration in YRD or other parts of China will
remain at relatively high levels in the near future, which
brings big challenges to China’s policies on mercury emis-
sion reduction. The methodology developed in the present
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Figure 6. Contributions of natural surface emissions and anthropogenic sources to atmospheric GEM in the four seasons during 2015–2018.

Figure 7. The monthly and annual GEM concentrations contributed by (a, b) natural surface emissions and (c, d) anthropogenic emissions
from 2015 to 2018. (e, f) The monthly and annual contribution of natural surface emissions to GEM concentrations from 2015 to 2018.
(g, h) The corresponding ambient temperature from 2015 to 2018.
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study could also shed some light on source apportionment of
atmospheric mercury in the other regions of the world and
has potential for improving emission databases from natural
surfaces where ambient GEM and auxiliary data are avail-
able.

It has to be noted that according to our results, ship emis-
sion was identified to be an important source of mercury,
which has not been included in previous emission inventory
studies. Mercury emission factors from shipping are lacking,
and field measurements will be needed to verify it. Moreover,
we realize that the application of PMF in the source appor-
tionment of atmospheric mercury sources has certain lim-
itations. Source-specific indicators are preferred; however,
most indicators used for source identification have multiple
sources, which have added uncertainties to our results. We
suggest that in future research, the application of the PMF
model is limited to the separation of the natural and total an-
thropogenic sources of GEM, which has been proven to be
credible.
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