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Controlling anthropogenic mercury emissions is an ongoing effort and the effect of atmospheric mercury mitiga-
tion is expected to be impacted by accelerating climate change. The lockdownmeasures to restrict the spread of
Coronavirus Disease 2019 (COVID-19) and the following unfavorable meteorology in Beijing provided a natural
experiment to examine how air mercury responds to strict control measures when the climate becomes humid
andwarm. Based on a high-time resolution emission inventory and generalized additivemodel, we found that air
mercury concentration responded almost linearly to the changes in mercury emissions when excluding the im-
pact of other factors. Existing pollution control and additional lockdownmeasures reducedmercury emissions by
16.7 and 12.5 kg/d during lockdown, respectively, which correspondingly reduced the concentrations of atmo-
spheric mercury by 0.10 and 0.07 ng/m3. Emission reductions from cement clinker production contributed to
the largest decrease in atmospheric mercury, implying potential mitigation effects in this sector since it is cur-
rently the number one emitter in China. However, changes in meteorology raised atmospheric mercury by
0.41 ng/m3. The increases in relative humidity (9.5%) and temperature (1.2 °C) significantly offset the effect of
emission reduction by 0.17 and 0.09 ng/m3, respectively, which highlights the challenge of air mercury control
in humid and warm weather and the significance of understanding mercury behavior in the atmosphere and
at atmospheric interfaces, especially the impact from relative humidity.
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1. Introduction

Mercury (Hg) pollution has caused global concern due to its long-
range transmission, bio-toxicity, and neurotoxicity (Chen et al., 2019;
Gianga and Selina, 2016; Horowitz et al., 2017; Liu et al., 2019a). To pro-
tect human beings and the environment from Hg emissions and re-
leases, the Minamata Convention on Mercury (abbreviated as
Convention) was signed in 2013 and has been taken into force since
2017 (UNEP, 2013). Parties are required to reduce anthropogenic emis-
sions and evaluate the effectiveness of emission control.

Almost simultaneously, China took aggressive air pollution control
measures during 2013–2017 to mitigate domestic haze pollution by
launching theAir Pollution and Prevention Action Plan (SC, 2013). A series
of measures have been adopted, such as the ultra-low emission retrofit
in coal-fired power plants (CFPP), eliminating backward production ca-
pacity, enhancing traditional air pollution controlmeasures in industrial
sources, replacing residential coal with electricity and natural gas, and
off-peak production in winter. These strict policies effectively led to
the reduction of atmospheric Hg emissions as a co-benefit (Liu et al.,
2018; Tian et al., 2015; Wen et al., 2020; Wu et al., 2018a, 2017,
2018b). Atmospheric Hg emissions were reduced by approximately
22% from2013 to 2017 (Liu et al., 2019b). Correspondingly, thedecrease
of annual atmospheric Hg concentrations (TM) were observed at both
urban sites and rural sites during 2013–2017 (Tang et al., 2018; Yin
et al., 2018).

Afterwards, China released the Three-year Action Plan for Clean Air to
further the effectiveness of air pollution control (SC, 2018). In addition,
to control the spread of the 2019 Novel Coronavirus (COVID-19), China
issued a series of lockdown measures such as conditional industrial re-
sumption, which indirectly led to restrictions in certain industrial activ-
ities. Such an emission scenario with strict pollution control and
weakened industry demand is expected to occur in the coming ten
years when China enters the post-industrial era (Wu et al., 2018a).
Therefore, we are interested to learn to what extent atmospheric Hg
emissions can be reduced under the jointmeasures of existing pollution
control and the additional COVID-19 lockdown during this special pe-
riod. Coincidentally, meteorology data has indicated that the relative
humidity in East China during the lockdown period was the highest
across the past ten years, and the average temperature increased by ap-
proximately 1.6 °C compared to the same period in 2019. The appear-
ance of this kind of humid and warm weather is a silhouette of future
climate change (IPCC, 2014). Thus, the tragic outbreak of COVID-19 pro-
vides a natural experiment to find how atmospheric Hg (TM) responds
to anthropogenic Hg emission reductions when the climate becomes
humid and warm.

In this study, we firstly compiled an Hg emission inventory with an
hourly resolution to find the emission reductions due to anthropogenic
control measures. Then, we established the relationship between TM
concentrations and emissions, aswell asmeteorologicalfields, by apply-
ing a generalized additive model. Finally, by using the scenario analysis
method, we predicted the response of TM to the change in anthropo-
genic measures and various meteorological parameters. By conducting
this study, we aim to elucidate how policy and science can be prepared
to better control TM pollution and implement the Convention.

2. Methodology

2.1. Anthropogenic emissions

We applied our China Atmospheric Mercury Emission (CAME)
model to compile the anthropogenic emission inventory (Hui et al.,
2017; Liu et al., 2018, 2019b; Wu et al., 2016, 2018b; Zhang et al.,
2015). This model covers almost all emission sectors (29 sectors) in
the Mercury Assessment Report. The inventory contains monthly emis-
sions and approximately 13 types of sources are point sources (covering
more than 70% of emissions in 2017). This model estimates Hg
2

emissions based on the mass-balance method and considers Hg input
and removal in the studied sectors. The database for thismodel included
Hg content of rawmaterials/fuel, coal quality, activity level, types of air
pollution control device (APCD) combinations, andHg removal and spe-
ciation for different types of APCDs.

In this study, we applied thismodel to compile the high-time resolu-
tion Hg emission inventory.We focused on the emissions in the Beijing-
Tianjin-Hebei (BTH) region because this area is the main Hg emission
region in China. It is also the source area of Hg emissions for our obser-
vation site based on the Potential Source Contribution Factors result
(Tang et al., 2019). The studied period was from Jan 1, 2020 to Mar 10,
2020. China activated the First-Level Public Health Emergency Response
in late January when strict lockdownmeasures were implemented, and
economic activities gradually resumed after mid-February. Thus, we di-
vided the studied period into three sub-periods based on the execution
times of the COVID-19 lockdown measures. We denoted these three
sub-periods as PRE_LOCK (Jan 1–Jan 19), LOCK (Jan 20–Feb 15), and
AFTER_LOCK (Feb 16–Mar 10), respectively. Moreover, COVID-19
broke during the Chinese New Year and there weremeasures to control
air pollutants. To separate the impact of existing measures and addi-
tional lockdown measures, we complied an additional emission inven-
tory (em_BAU) for the studied period. We first compiled the 2019
emissions (em_2019) and derived the 2015–2017 emissions from the
CAMEmodel. Then, we assumed that the emission amount of each sec-
tor followed their emission trend from 2015 to 2019. This trend contin-
ued to 2020 and we obtained the em_BAU.

We followed most of the datasets in the CAME model, but we as-
sumed that all new released capacity in 2019 and 2020 had applied ad-
vanced APCDs considering the strict pollution control requirement. We
also updated the activity level based on a field and questionnaire inves-
tigation, literature review, and expert consultant. The detailed data
sources are listed in Table S1. We obtained daily clinker yields for ce-
ment clinker production (CEM) by dividing the monthly production
by the daily operation rate of production lines. We adopted a similar
method for the iron and steel production sector (ISP). Daily coal con-
sumption data of coal-fired power plants (CFPP) were from the Coal
Electricity Group. Daily residential coal combustion (RCC) was based
on the field and questionnaire investigation.We generated the coal con-
sumption data for the heating supply sector (HS) based on the change of
heating areas. Biomass combustion (BIO) was estimated based on the
number of fire points. The change in coal consumption for the coking
sector (COK) followed the change in crude steel production, considering
that more than 80% of coke was produced in steel plants. Daily mobile
oil combustion was adjusted based on oil combustion and the change
in transportation data. For the other sectors, we simply calculated the
emissions based on the change in activity level and then distributed
them to a daily resolution. We finally improved the time resolution of
the inventory to a 1-h resolution based on the hourly distribution coef-
ficient (HDC) (Supporting information S1 and Fig. S1).

2.2. TM observations

We conducted TM observations in Tsinghua University, Haidian dis-
trict of Beijing, China (Fig. S2). The sampling site (40.00N, 116.33 E)was
located at the top of the Environmental Engineering Laboratory Build-
ing. Only the campus and residential areas fell within a 1 km radius,
and no industrial point sources were within a 30 km radius. It is a rep-
resentative site for the atmospheric environment in urban Beijing,
where many atmospheric observation experiments have been con-
ducted over the years (Hu et al., 2020; Tang et al., 2019).We used atmo-
spheric Hg monitoring system (Tekran™ 2537B/1130/1135)to monitor
speciated Hg in the atmosphere, which has been widely used for atmo-
spheric Hg observations around the world. Previous studies have de-
scribed the principle of these instruments in detail, as well as routine
maintenance for it (Supporting Information S2.3) (Fu et al., 2015;
Landis et al., 2002; Sprovieri et al., 2016; Tang et al., 2018).
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First, we obtained 5-min resolutions of gaseous elemental Hg (GEM)
concentrations and 2-h resolutions of reactive gaseous Hg (RGM) and
particulate-bound Hg (PBM) concentrations from the equipment.
Then, we integrated the 5-min GEM concentrations to 1-h resolutions
and interpolated the RGM and PBM concentrations to 1-h resolutions
by averaging the two adjacent values. The summation of the three spe-
cies was regarded as the total atmospheric Hg (TM) in this study. Con-
sidering that the proportion of active Hg (summation of RGM and
PBM) accounted for less than 10% of total Hg during the studied and
control period, the data disposal method had limited impact on the
final TM concentrations. During the observation period, we encoun-
tered equipment failure from Feb 27–Mar 1, 2020.We used themultiple
imputation method to impute the missing values of TM concentrations
based on the highly linear correlation between CO and TM during the
studied period (Fig. S3). CO concentration data were collected from
the China National Environmental Monitoring Station (http://
beijingair.sinaapp.com/).

2.3. Relationship between TM observations and impacting factors

We used a generalized additive model (GAM) to establish the rela-
tionship between TM and various variables, which have been used to
simulate the changing trends of air pollutants (Gong et al., 2018,
2017). The GAM produces a simple and explicit formulation of
response-predictor relationships in a neural network model (Aldrin
and Haff, 2005). The equation is as follows:

g μ ið Þ ¼ Xiθþ f1 x1ið Þ þ f2 x2ið Þ þ…þ fn xnið Þ þ ξi ð1Þ

where i is the observation of the ith hour, g is the link function, and μi is
the expectation of the dependent variable, which specifies the relation-
ship between the linear formulation on the right side of Eq. (1) and the
response μi.We used the “log” link functionwith a Gaussian distribution
because the TM concentrations fitted a log-normal distribution. Xθ is a
constant component of the model, which presents a categorical rela-
tionship for predictors not subject to non-linear transformations. f
(x) is the smooth function of the predictors. The model building proce-
dure can be divided into the following steps:

Step 1 dataset preparation
We prepared dataset_2020 for the studied period (Table S2). Based

on the impact of the factors on TM variation, the dataset consisted of
four subsets, including emission, surface meteorology, high-altitude
meteorology, and air transmission. The background concentration in
Beijing was assumed to be unchanged in such a short time. The impact
of natural emissions can be represented, to some extent, by the surface
meteorology over the studied period due to their significant collinearity
(Qin et al., 2019). The emission subset contained the hourly sectoral Hg
emissions. We used the summation of the sectoral emissions for model
building. The surface meteorology data consisted of temperature, rela-
tive humidity, wind speed, wind direction, and atmospheric pressure,
which were from the China Meteorological Data Service Center
(http://data.cma.cn/). The high-altitude meteorology subset was com-
posed of the boundary layer height, radiation, total cloud fraction, and
air density. These data were derived from the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2008). We obtained the
24-h and 48-h backward trajectories from the Hybrid Single Particle La-
grangian Integrated Trajectory (HYSPLIT) Model to represent air trans-
mission (Polissar et al., 1999).

Step 2 variable selection
According to Woods' study (Wood, 2013), it is best to use the p-

values from the larger model rather than those calculated through
model comparisons to assess whether or not a variable should be left
in the model. Thus, we included all parameters of the dataset in the
model and deleted the insignificant ones based on the significance (F-
statistics) and p-value of each variable. We used Penalized Cubic
3

Regression Splines for the smoothing function of each parameter to bal-
ance between not fitting the observed data well and overfitting the data
by choosing an effective number of degrees of freedom. The restricted
maximum likelihood approachwas used to conduct the overall smooth-
ness selection criteria. Finally, we obtained 9 independent parameters
for the model (Table S2).

Step 3 model evaluation

The model evaluation results were shown in Tables S3, S4 and
Fig. S4. We used the 10-fold cross validation method to evaluate the ac-
curacy of the GAMmodels (Fushiki, 2009). The strong correlation, with
a determination coefficient (R2) of approximately 97%, demonstrated
the accuracy of GAM (Table S3). The parameters in the GAMmodel ex-
plained 63.2% of the variance in TM concentrations and the adjusted R2

reached 0.620 (Table S3). Thus, the independent variables could inter-
pret the TM concentrations well. All the selected independent variables
significantly correlated with TM concentrations (Table S4). The QQ-plot
results showed that the GAMproduced good results around the average
concentration and had larger uncertainties in larger and lower values
(Fig. S4a). The residuals vs predictors (Fig. S4b) and histogramof the re-
siduals (Fig. S4c) showed an almost unbiased simulation of TGM. The
sharp decrease in the autocorrelation of residuals reflected almost no
lag days during the simulation (Fig. S4d). Themodel evaluation process
validated the underlying assumptions of the homogeneity, normality,
and independence of the GAM, and the results ensured the quality of
the model.

2.4. Predicting the impact of emissions andmeteorology during the LOCK of
2020

Weused the scenario analysismethod to predict the impact of emis-
sion reductions andmeteorology changes on air Hg concentrations dur-
ing the LOCK sub-period of 2020. The emissions and meteorology
during the PRE_LOCK period were used for comparison. The fitted TM
concentrations during the LOCK sub-period, which was predicted
based on dataset_2020, was regarded as the BASE scenario. Then,we re-
placed the actual emissions during the LOCK sub-period with em_BAU
(em_covid scenario), and the difference in TM between this scenario
and the BASE was regarded as the impact of the COVID-19 lockdown.
We normalized the emissions during the LOCK sub-period by using
the hour-mean emissions from PRE-LOCK (em_ctrl scenario). The TM
change between em_ctrl and BASE reflected the impact of existing pol-
lution control measures. To set the other scenarios, the basic principle
was that we normalized the studied parameter during the LOCK sub-
period by using the hour-mean value from the PRE_LOCK sub-period
and kept the others unchanged as the BASE scenario. Then, we ran the
predict.gam command to generate TM concentrations. The difference
in TM between the BASE and objected scenario represented the impact
of the corresponding parameter.

3. Results and discussion

3.1. Anthropogenic Hg emissions during the studied period

Atmospheric Hg emissions in the BTH region were approximately
7.7 t during the studied period. Dominant sources presented various
trends, especially CEM, RCC, CFPP, and ISP (Fig. 1a). CEM emitted the
largest amount of Hg during PRE_LOCK, accounting for 28% of total Hg
emissions, and then sharply reduced at the beginning of the LOCK
sub-period. Such a decline almost returned to the PRE_LOCK level at
the end of the LOCK sub-period. Contrary to the emissions from CEM,
Hg emissions from RCC increased from 10.6 kg/d during the PRE_LOCK
sub-period to 13.9 kg/d during the LOCK sub-period, increasing by ap-
proximately 31%. Then, the emissions gradually decreased to 6.1 kg/d
in the AFTER_LOCK sub-period with the increase of temperature. As
for CFPP, 1081 kg of Hg emissions were released during the studied

http://beijingair.sinaapp.com/
http://beijingair.sinaapp.com/
http://data.cma.cn/


Fig. 1.Hg emissions. (a) Daily trend in the studied period; (b) hourly distribution in different sub-periods; (c) emission trend comparison (note:we used the timeline in 2020 as the x axis.
The same period in 2019 was from Jan 12 to Mar 23.)
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period. The daily mean value of Hg emissions during AFTER_LOCK was
still 8.1 kg/d (37%) lower than that during PRE_LOCK. For ISP, daily Hg
emissions during LOCK and AFTER_LOCK decreased by 7% and 13%, re-
spectively. As for diurnal variation trends, they were almost the same,
with two peaks around 11:00 and 18:00 and two troughs around 4:00
and 15:00, respectively (Fig. 1b). Compared with the sectoral HDC
curve (Fig. S2), diurnal variations in the RCC and HS sectors drove
such trends due to their relatively high emissions and violent
fluctuations.

Under the combined impact of emissions from various sectors, Hg
emissions in 2020 decreased from 128.4 ± 8.0 kg/d during PRE_LOCK
to 99.2 ± 6.9 kg/d during LOCK, declining by approximately 22%.
Then, Hg emissions increased to 106.6 ± 8.9 kg/d during the
AFTER_LOCK sub-period. We observed an obvious emissions trough
over the studied period in 2020. Such a trend was also observed in
2019 (Figs. 1c and S5); the trough in 2019 was due to the Chinese
New Year. The lockdown measures extended the holiday and led to a
wider trough in 2020. Additionally, the sharp increase in emissions
after New Year in 2019 was replaced with a slower upward trend in
2020 due to the restriction of conditional work resumption. Thus, the
daily mean Hg emissions during AFTER_LOCK were still 15% lower
than those during PRE_LOCK, while daily mean values were almost
the same during these two sub-periods in 2019.

Compared to the emissions in PRE-LOCK sub-period, the sharp de-
crease of Hg emission during the LOCK sub-period was the joint effect
of existing pollution control measures due to Chinese New Year and
the additional control effect of the COVID-19. Based on the emission
trends from 2015 to 2019, we estimated the emissions in 2020 without
the COVID-19 lockdown (em_BAU). Under this scenario, if we assumed
that the emission control measures in the LOCK sub-period maintained
the scenario in PRE-LOCK sub-period, then the emissions in the LOCK
sub-period would have been 16.7 kg/d higher. That indicated the effect
of existing control measures in the holiday of Chinese New Year. If we
compared the em_BAU inventory and the actual emissions in 2020,
the actual emissions during the LOCK sub-period were approximately
12.5 kg/d lower than the emissions in the same period of em_BAU sce-
nario. This indicated the additional control effect of the COVID-19 lock-
down measures. Therefore, anthropogenic emission control measures,
including existing pollution control and the COVID-19 lockdown mea-
sures, jointly reduced Hg emissions by 29.2 kg/d during the LOCK sub-
period.
4

3.2. Observed TM concentrations

TM concentrations were approximately 2.36 ± 0.90 ng/m3 during
the studied period. Compared with the Hg emission curve marked by
an obvious trough during the LOCK sub-period, observed hourly TM
concentrations fluctuated around a relative stable line with an insignif-
icant decrease in 2020 (Fig. 2). When integrating the observed TM con-
centrations into three sub-periods, the mean TM concentration during
the LOCK sub-period was approximately 15% higher than that in the
other two periods. Thus, the observed TM concentrations almost
contrasted with the emission trend and it seemed as if the observed
TM concentrations did not directly correspond with the anthropogenic
emissions from the LOCK sub-period of 2020.

However, when we compared the observed TM concentrations be-
tween the same period of 2019 and 2020, the mean TM concentrations
in 2020 were 0.7 ng/m3 lower than those in 2019. According to our re-
cent study, the reduction of anthropogenic emissions drove the inter-
annual decrease trend in Beijing from 2015 to 2018. The inter-annual
decrease of both TM and anthropogenic emissions in 2019 and 2020 in-
dicated that this trend continued into 2020. Anthropogenic Hg emis-
sions are still a deciding factor for inter-annual TM reductions in
Beijing currently. As for the TM concentrations in the control period of
2019, the mean values were 3.01 ± 1.61, 2.82 ± 0.91, and 3.31 ±
1.69 ng m−3 during the PRE_LOCK, LOCK, and AFTER_LOCK sub-
periods, respectively. The TM concentrations also showed a similar
trend to the emission trend in 2019. Therefore, the highHg emission re-
duction but elevated TM increase during the LOCK sub-period indicated
interferences frommeteorology on emission control, which is described
in the following section.

3.3. Drivers of TM variation during the LOCK sub-period

We built the GAM model for TM following the procedure in
Section 2.3. The time series of both the observed and fitted TM concen-
trations generally showed good agreement (Fig. S6). The fitted TM con-
centrations were approximately 2.15 ± 0.53 ng/m3 during the
PRE_LOCK sub-period and 2.39 ± 0.63 ng/m3 during the LOCK sub-
period. Based on the scenario analysis, we predicted the contributions
of different impacting factors. As shown in Fig. 3, anthropogenic control,
including existing pollution control and the COVID-19 lockdown, drove
TM reduction. During the LOCK sub-period, emission reduction due to



Fig. 2. Observed TM during the studied period and the comparison with that in 2019. (a) TM trend with time in 2020; (b) comparison of TM concentrations in different years.
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existing pollution control and COVID-19 lockdown measures reduced
TM concentrations by 0.10 and 0.07 ng/m3, respectively. However, me-
teorologywas overall unfavorable to the decrease of TM concentrations,
increasing TM concentrations by 0.41 ng/m3. Changes in surfacemeteo-
rology and air transmissions raised TM concentrations by 0.27 and
0.17 ng/m3, respectively, while high-altitude meteorology reduced TM
concentrations by 0.03 ng/m3. Therefore, the reduction of anthropo-
genic Hg emissions was almost offset by the changes in meteorology
during the LOCK sub-period.

The influence of detailed parameters varied. TM concentrations in-
creased almost linearly with the raise of anthropogenic emissions
(Fig. 4a). Of all the sources, the emission reductions from CEM was the
most significant and contributed to the decrease of TM concentrations
by 0.11 ng/m3 across the studied period (Table 1). Emission reductions
fromCEMweremainly caused by the effect of existing air pollution con-
trol measures, such as off-peak production. As for ISP and CFPP, TM con-
centrations were reduced by 0.01 ng/m3 and 0.05 ng/m3, respectively,
due to emission reductions in these two sectors. Compared to these
three sectors, the increased energy requirement from residential coal
combustion increased TM concentrations by 0.02 ng/m3 during the
LOCK sub-period.

Surface meteorology increased TM concentrations by 0.27 ng/m3

during the LOCK sub-period,mainly due to changes in relative humidity
Fig. 3. The impact of variables on TM v
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and temperature (Table 1). According to Fig. 4b, TM concentration in-
creased with the raise of temperature, possibly because the increase of
temperature would promote the Hg emissions from natural surface
(Qin et al., 2019; Wang et al., 2016) (Horowitz et al., 2017). According
to an empirical rule that a 10 °C temperature increase doubles the
rates for chemical reactions near room temperature (Kissinger, 1957).
This rule has been proved to be applicable to the reduction of oxidized
Hg in boreal soil (Pannu et al., 2014).We observed a similar relationship
between TMand relative humidity (Fig. 4c). The raise in relative humid-
itymight enhance the liquid phase reductionprocess that converts reac-
tive Hg to GEM (Horowitz et al., 2017; Huang et al., 2019; Saiz-Lopez
et al., 2018). During the LOCK sub-period, hourly surface temperature
and relative humidity increased by 1.2 °C and 9.5%, respectively,
which correspondingly raised the TM by 0.09 and 0.17 ng/m3. The in-
crease in boundary layer height benefitted the reduction of TM concen-
trations by providing favorable diffusion conditions, as seen in Fig. S7a.
Thus, the increased boundary height during the LOCK sub-period re-
duced overall TM concentrations by approximately 0.02 ng/m3. The
TM concentrations remained at a high level when the latitude of the
48-h trajectory was lower than 40°N (Fig. S7b). Thereafter, TM concen-
trations decreased with the increase in the latitude of the 48-h trajec-
tory. This indicated that trajectories from the south of the monitoring
sites embodied higher loads of Hg. Thus, when the proportion of
ariation during LOCK sub-period.



Fig. 4. Spline of TM to individual parameters (a) emission, (b) temperature, (c) relative humidity. The grey background around the line are 95% confidence bounds for the response. The
short lines on x axes show the distribution of data points. The number in the bracket of ordinate title is the estimated degree of freedom. The dots in the figure are the residuals.
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trajectories from the south increased from 9.2% during the PRE_LOCK
sub-period to 18.7% during the LOCK sub-period (Fig. S8), the TM con-
centrations increased by 0.21 ng/m3 correspondingly.

3.4. Policy implications and scientific gaps

The tragic COVID-19 pandemic provided us with the chance to con-
duct a natural experiment to examine the effectiveness of anthropo-
genic control measures and to explore this gap in scientific research.
The almost linear relationship between anthropogenic Hg emissions
and TM concentrations indicated that emission reductions controlled
TM pollution. Based on the overall synchronous decrease in both TM
concentrations and Hg emissions between the same period of 2019
and 2020, we believe that Hg emission reductions still dominate the
inter-annual TM variation trend in BTH currently. Existing air pollution
control measures continue to aid the mitigation of atmospheric Hg pol-
lution. As the largest emission source in China and one of the
Convention-related sources, future emission reductions from CEM will
benefit atmospheric TM pollution control, based on the results from
the BTH region. In addition, the construction of regional joint defenses
and control mechanisms should be enhanced to reduce atmospheric
TM in Beijing, especially the emissions in the south of Beijing, based
on the impact of the 48-h backward trajectory.

The contrasting trend between TM concentrations and Hg emissions
during the LOCK sub-period of 2020 also highlights the significance of
meteorology on future TM concentration trends. Unfavorablemeteorol-
ogy can increase the TM concentration by as much as 3.01 ng/m3.With-
out the unprecedented emission reductions due to the combined effect
of existing pollution control measures and COVID-19 lockdown mea-
sures, TM concentrations during the LOCK sub-period of 2020 would
have exceeded those during the same period of 2019, which highlights
the significance of future climate variations. According to the Conven-
tion, new sources and existing sources should take measures to control
their emissions before 2022 and 2027, respectively (UNEP, 2013). Thus,
global atmospheric TM concentrations are expected to decrease in the
coming years with dense anthropogenic effort (Pacyna et al., 2016).
Table 1
The impact of dominant variables on TM variation.

Variables TM variation (ng/m3)

Anthropogenic control −0.17
CEM −0.11
RCC 0.02
CFPP −0.05
ISP −0.01

Surface meteorology 0.27
Temperature 0.09
Relative humidity 0.17

High altitude meteorology −0.03
Boundary layer height −0.02

Air transmission 0.17
Latitude of 48 h trajectory 0.21

6

However, climate change will increase global temperatures and lead
to the occurrence of warm and humid weather in large parts of the
world (IPCC, 2014), which is conducive to the increase of TM concentra-
tions, according to this study. Thus, with the gradual exhaust of emis-
sion reductions from anthropogenic sources, the enhancement of
natural emissions and re-emission due to climate change may lead to
a returning point in TM concentrations before the appearance of a
new balance in Hg between the atmosphere and surface ecosystem.
To reduce Hg emissions more effectively, existing Hg pollution control
measures need to cooperate with the reduction measures of carbon
emissions. It is necessary to combine the Hg emission model, green-
house gas emission model, Hg transfer model, as well as the climate
changemodel to conduct a comprehensive evaluation. Accurate estima-
tions of historical Hg emissions and releases are also required to evalu-
ate current Hg loads in the air aswell as the surface ecosystem and their
potential re-emission.

Moreover, our study identified the importance of relative humidity
on TM concentrations during the LOCK sub-period. This could be be-
cause liquid aerosol enhanced Hg photoreduction, based on a previous
isotope study (Huang et al., 2019). This process is supposed to change
global Hg cycling (Horowitz et al., 2017), but details on this are still un-
clear. A model study assumed that Hg liquid reduction occurs when rel-
ative humidity is higher than 35% and that the reaction rate is
independent of relative humidity (Horowitz et al., 2017). However,
the spline of relative humidity indicated a positive correlation between
TM and relative humidity. This means that if the relative humidity af-
fects the liquid reduction of Hg by changing the phase state of particles,
then the assumption about the liquid phase (when relative humidity is
higher than 35%) requires reconsideration. Otherwise, relative humidity
may directly or indirectly impact the reaction rate. To summarize, we
still need to understand the physicochemical and biogeochemical trans-
formation of Hg in the atmosphere and at atmospheric interfaces to
evaluate the effect of future climate change on Hg behavior, especially
the impact from relative humidity.
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