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H I G H L I G H T S

• Generalized additive models were utilized to quantify impacts of GEM origins.
• The impact of local anthropogenic emissions on GEM decreased in recent years.
• Natural perturbations became more and more essential to GEM in recent years.
• RH played a key role in GEM enhancement probably through Hg(II) reduction.
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Long-term observation of atmospheric mercury (Hg) concentration and observation-based statistical methods are
important tools to quantify the impacts of anthropogenic and natural perturbation on the global atmospheric Hg
reservoir. In this study, two campaigns were conducted at a suburban site in eastern China with continuous
measurements of gaseous elemental mercury (GEM) during the periods of August 2014 to July 2015 (Campaign
1) and May 2018 to April 2019 (Campaign 2). The overall mean GEM concentrations were 3.77 ± 1.32 and 3.24
± 1.26 ng m− 3, respectively. The potential source contribution function (PSCF) model based on backward tra
jectories were used to examine the variation of the potential source regions for GEM in different seasons.
Generalized additive models (GAMs) were utilized in this study to quantify the impacts of local anthropogenic
emissions, regional transport, and meteorological factors on the GEM concentration. Case studies with results
from GAMs and observations of other air pollutants were conducted to provide more evidence for impacting
mechanisms. The reduction of model residuals and the variation of contributions from direction and distance of
air parcel transport imply the alleviation of local and regional anthropogenic Hg emissions from Campaign 1 to
Campaign 2, respectively. The impact of relative humidity on GEM was crucial via the reduction of Hg(II) in
droplets or on particles in the atmosphere. The impact of air stagnation on GEM was embodied mainly through
the contribution of wind speed and partially by day of year (DOY) in winter. One DOY-controlled case also
indicates the impacts of the 2015 El Niño event. With the decrease of anthropogenic emissions, the impacts of
meteorological factors on GEM are getting more and more prominent. GAMs provide a promising tool for better
understanding how anthropogenic and natural perturbations affect atmospheric Hg pollution.

1. Introduction
The pollution of mercury (Hg) has raised global concern for its

persistency, neurotoxicity, long-range transport, and bioaccumulation
(Ariya et al., 2015; Obrist et al., 2018). Totally 128 nations have signed
the Minamata Convention on Mercury with 127 ratified, aiming to
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protect human health and the environment from Hg emissions and re
leases (Selin et al., 2018; UN Environment, 2019). Hg in the atmosphere
exists in three operationally defined forms: the gaseous elemental mer
cury (GEM), the gaseous oxidized mercury (GOM), and the
particulate-bound mercury (PBM) (Gustin et al., 2015; Schroeder and
Munthe, 1998). Due to its high volatility, low chemical reactivity, and
low solubility in water, GEM has a long residence time in the atmosphere
(0.5–1 yr) and plays an important role in global Hg cycling (Driscoll
et al., 2013; Zhang et al., 2009). GOM and PBM, on the other hand, have
a shorter lifetime (hours to weeks) and higher impacts on local ecosys
tems (Amos et al., 2012; Schroeder and Munthe, 1998).
Observation of atmospheric Hg concentration is crucial to under
stand the level of Hg pollution and its potential sources (Sprovieri et al.,
2016). Results from long-term monitoring at global and regional back
ground sites have shown significant decrease in atmospheric Hg con
centration since the 1990s (Cole et al., 2013; Slemr et al., 2008, 2011;
Weigelt et al., 2015; Weiss-Penzias et al., 2016). Zhang et al. (2016)
reported the observed decreasing trends (1990s–2010s) of the GEM
concentrations in North America (− 1.5 ± 0.15% yr− 1) and western
Europe (− 2.1 ± 0.46% yr− 1) and attributed the decrease of GEM to the
phase-out of Hg from commercial products and the co-benefit from SO2
and NOx emission control in coal-fired power utilities using the
GEOS-Chem model. As a global hotspot region for Hg, East Asia has also
started to exhibit decreasing trends in atmospheric Hg concentration in
recent years. The GEM concentration at Mt. Changbai, a remote site in
East Asia, increased from 2009 to 2013 and decreased from 2013 to
2015 (Fu et al., 2015). Nguyen et al. (2019) found a significant
decreasing trend (− 1.5% yr− 1) in nighttime GEM concentration at a
remote site in East Asia from 2006 to 2016. Tang et al. (2018) observed a
more aggressive decrease (− 0.60 ± 0.08 ng m− 3 yr− 1) in GEM concen
tration at a rural site in East Asia, more specifically eastern China, from
2014 to 2016, which was attributed mainly to the reduction of anthro
pogenic Hg emissions in China by the study of Liu et al. (2019) using
GEOS-Chem.
Chemical transport models (CTMs), such as GEOS-Chem and CMAQHg, have been utilized to simulate the variation trends of atmospheric
Hg concentrations (Giang and Selin, 2016; Liu et al., 2019; Saiz-Lopez
et al., 2018; Streets et al., 2019; Zhang et al., 2016; Zhu et al., 2015).
However, atmospheric Hg processes in response to changes of emissions
and meteorology have not been fully understood, which causes large
uncertainties in CTM simulations (Ariya et al., 2015; Obrist et al., 2018;
Pacyna et al., 2016; Zhang et al., 2017a). Recent studies on inter-annual
Hg emission inventories (Liu et al., 2018; Wu et al., 2016, 2018; Zhang
et al., 2015; Zhao et al., 2015) have shown mitigating or decreasing
trends in the total anthropogenic Hg emission in China during the latest
decade. The turning point was most likely between 2010 and 2015. This
was not quite consistent with the study of global Hg emission inventories
conducted by Streets et al. (2019). Meteorological impacts on atmo
spheric Hg have been qualitatively evaluated in many observational
studies (Choi et al., 2013; Hong et al., 2016; Nair et al., 2012; Qin et al.,
2019; Zhang et al., 2017b). However, the lack of quantitative studies
leads to an incomplete understanding on the influence of meteorological
factors on atmospheric Hg, making it become one of the main sources of
uncertainties in the application of CTMs.
Besides CTMs, statistical models are also useful tools in quantifying
the impacts of multiple factors on air quality. As a flexible statistical
model, the generalized additive model (GAM) has been introduced to
environmental studies for over 15 years (Aldrin and Haff, 2005;
Camalier et al., 2007; Gong et al., 2017; Pearce et al., 2011; Rutterford
et al., 2015). GAMs are data-driven and able to incorporate non-linear
relationships in linking air pollution with numerical and categorical
variables (Wood and Augustin, 2002). Camalier et al. (2007) used a
GAM to quantify the impacts of meteorological factors on O3 concen
trations in eastern United States (US) urban areas and analyzed the
spatial pattern of the impacts. Pearce et al. (2011) assessed the re
lationships between meteorological factors and air pollutants using

GAMs in Melbourne, Australia, indicating local meteorology a relatively
strong driver of air quality. Gong et al. (2017) extracted the influence of
wildfires on O3 anomalies in the western US by examining the residuals
from GAM models. GAMs make no priori assumptions between pre
dictors and dependent variables and are considered to reflect the nature
of relationships, leading to the advantage of accuracy and the challenge
of better reasoning (Gong et al., 2018; Rutterford et al., 2015).
With the mitigation of anthropogenic Hg emissions globally,
particularly in China, natural perturbations (e.g., meteorological fac
tors) tend to exert more and more profound impacts on atmospheric Hg
behavior (Obrist et al., 2018). To quantify the impacts of both anthro
pogenic and natural perturbations on atmospheric Hg, this study applied
GAM models to observations of GEM concentrations from two
one-year-long campaigns at a suburban site in eastern China. Meteoro
logical factors, backward trajectory features, and other relative param
eters were considered as predictors in GAMs. The impact patterns of
different predictors on GEM were identified in the two campaigns and
hypotheses on the impact mechanisms were proposed. Evidences from
Hg polluted episodes were provided to support these hypotheses.
Overall, this study explored a new way of GAM application and found a
promising tool in quantifying the contributions of anthropogenic Hg
emissions and natural perturbations to GEM.
2. Methodology
2.1. Site description
The monitoring site (32◦ 7′ 9′′ N, 118◦ 56′ 55′′ E, 28 m above sea level)
is located on the roof of the building for the School of the Environment,
Nanjing University (NJU), which is to the northeast of downtown
Nanjing as shown in Fig. 1. Nanjing is one of the core cities in the
Yangtze River Delta (YRD) region, which is one of the most developed
regions in China (Zhu et al., 2012). The petrochemical industry, iron and
steel production, automobile manufacturing, electronics manufacturing,
and power generation are the five pillar industries in Nanjing. The
prevailing wind directions of Nanjing are northeast and southeast in cold
and warm seasons, respectively. Therefore, the NJU site is generally
upwind from downtown Nanjing and downwind from highly industri
alized area in the YRD region (Ding et al., 2013).
2.2. Monitoring methods
Two campaigns with continuous measurements of the GEM con
centration at the NJU site were conducted using the Tekran 2537X/
1130/1135 system (Tekran Instrument Corperation, Canada) during the
periods of August 2014 to July 2015 (Campaign 1) and May 2018 to
April 2019 (Campaign 2). With GOM captured by the KCl-coated
denuder in the 1130 module and PBM captured by the quartz filter in
the 1135 module, GEM was analyzed every 5 min by 2537X using the
cold vapor atomic fluorescence spectroscopy (CVAFS) method (Landis
et al., 2002). The system was operated on a regular basis under the
guidelines specified by the Atmospheric Mercury Network (AMNet)
(http://nadp.slh.wisc.edu/AMNet/docs.aspx). The quartz filters, Teflon
membranes, KCl-coated denuder and soda lime trap were changed every
ten days, and the impactor frit was changed every five days. The 2537X
analyzer was automatically calibrated every 25 h using the internal
permeation source, and manually calibrated once during each campaign
using the Tekran 2505 permeation source. Details on the quality
assurance and quality control (QA/QC) procedures for the Tekran
measurements can be found in the Supplementary Information (SI).
During the two campaigns, meteorological parameters were
measured using an automated weather station (Campbell Scientific Co.,
Ltd) including wind speed (WS, m s− 1), wind direction (WD, ◦ ), tem
perature (T, ◦ C), surface pressure (P, kPa), relative humidity (RH, %),
solar radiation (SR, W m− 2), and precipitation (PREC, mm). Fine par
ticulate matter (PM2.5) and sulfur dioxide (SO2) concentrations were
2
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Fig. 1. The locations of (a) the Yangtze River Delta (YRD) region in China, (b) the city of Nanjing in the YRD region, and (c) the NJU site in Nanjing.

measured by Thermo Scientific TEOM 1405D and Model 43i SO2
analyzer, respectively. In Campaign 2, particle size distribution ranging
from 3 nm to 10 μm were measured by a wide-range particle spec
trometer (Electrical Aerosol Spectrometry, Estonia). More details on the
maintenance and calibration of the instruments used in this study are
provided in the SI.
All the data of air pollutants and meteorological factors were hourly
averaged for further analyses. Totally 3858 and 3774 valid GEM data
were obtained in Campaigns 1 and 2, respectively.

specifies the relationship between the non-linear formulation and the
expected value (Gong et al., 2017; Wood, 2006).
The GEM concentration at NJU fits a skewed distribution. Therefore,
the logarithm of GEM, which fits a Gaussian distribution, was selected as
the response variable (see Figure S1). Accordingly, the model family and
the link function were set to be Gaussian and the “identity” link in this
study, respectively. Penalized cubic regression splines were used for the
smooth functions.
Predictors for GAM were determined following the selecting pro
cedure proposed by Gong et al. (2017) regarding the Akaike Information
Criterion (AIC) and the R2 values as the model performance. As pre
dictors are added into the model, the AIC decreases and R2 increases up
to a point. The predictor candidates considered in this study include the
following variables:

2.3. Backward trajectory calculation and statistics
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS
PLIT) model v4.9 (Draxler and Hess, 1998) was used to compute 24-h air
mass backward trajectories from NJU for every hour with the Global
Data Assimilation System (GDAS) 1 ◦ × 1 ◦ gridded meteorological data.
The distance (DIS) and direction (DIR) of the endpoint of each 24-h
trajectory from NJU were then calculated. The choice of the trajectory
length can affect the performance of GAMs. The 24-h trajectories with
the endpoints mostly within 600 km radius represent regional transport
and were examined to yield the best GAM performance in this study.
Moreover, the potential source contribution function (PSCF) model was
utilized to identify the source regions of GEM in different seasons and
two types of polluted episodes. To cover the source regions to a
maximum extent, 72-h HYSPLIT backward trajectories with GDAS data
for every 6 h were used for the PSCF model. The principle of the PSCF
model is adapted from the study of Zhang et al. (2013). Details for
HYSPLIT and PSCF can be found in the SI.

(1) Meteorological parameters measured at NJU: WS, WD, T, P, RH,
SR, and PREC;
(2) Other meteorological parameters: boundary layer height (BLH),
and total cloud cover (TCC) obtained from the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis (htt
ps://www.ecmwf.int);
(3) HYSPLIT yields: DIS, and DIR;
(4) Other parameters: day of year (DOY).
Table S1 shows the changes of AIC and R2 when new predictors were
added to the model. WS, SR, T, RH, P, PREC, DIR, DIS, and DOY were
chosen to be the final predictors, among which PREC was set to be a
categorical predictor. There was no significant improvement of the
model performance when WD, BLH, and TCC were added into the
model. The model performance was examined using the gam. check
function and the auto-correlation function in R. The gam. check function
estimates the optimal degree of freedom for each predictor and gener
ates the scatterplot of deviance residuals against theoretical quantiles
(also known as the Q-Q plot), the scatterplot of residuals against linear
predictor, the histogram of residuals, and the scatterplot of responses
against fitted values. The auto-correlation function provides a useful
tool to examine the autocorrelation of the model residuals. Results of
model quality control are showed in Figure S2.
The time series of the “terms” of different predictors were obtained
using the “predict by terms” function in R. The term of each predictor

2.4. Description of GAMs
GAMs were adopted in this study to predict the GEM concentration.
The “mgcv package” in the software R was used. The model can be
described as follows:
g(μ) = f1 (x1 ) + f2 (x2 ) + ⋯ + fk (xk ) + ε

(1)

where xj (j = 1, 2, …, k) are different meteorological predictors (e.g.,
WS, WD, T, P, RH, SR, PREC, DIS, DIR, etc.) with the corresponding fj
being the smooth functions of the predictors; ε is the residual; μ is the
expected value of the response variable; and g is the link function which
3
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denotes its impact on GEM, and is therefore named the impact of pre
dictor (IOP). It should be noted that the IOP values could be both pos
itive and negative because the intercept of the term for each predictor
can not be obtained. Therefore, the absolute value of IOP is meaningless,
but the variation of IOP is a useful tool for time series analysis in case
studies.

the south of the NJU site also contributed significantly to the accumu
lation of GEM pollution in the winter of Campaign 2.
Results from PSCF models imply that the transport of Hg pollution
could be the main cause of the change in seasonal patterns of GEM be
tween the two campaigns.
3.2. Interpretation of overall results from GAMs

3. Results and discussion

Fig. 4 shows the overall performance of GAMs for the two campaigns
which is generally satisfactory with exceptions at high GEM concen
trations. The adjusted R2 values for Campaigns 1 and 2 are 0.43 and
0.57, respectively. GAMs were evaluated to be relatively robust when
the adjusted R2 values were over 0.5 (Gong et al., 2017; Wu et al., 2021).
Therefore, based on the evaluation in previous studies and the case study
(Section 3.3) in this study, the influencing patterns of predictors from
the GAM for Campaign 2 were robust. Although the adjusted R2 value of
the GAM for Campaign 1 was a little lower than 0.5, the influencing
patterns of predictors for Campaign 1 were similar as Campaign 2, and
hence believed to be robust enough. The contributions of the eight
predictors in the models were all significant (p < 0.001). The F test re
sults from GAMs imply the variance contribution (i.e., the relative
contribution) of each predictor to the response (Camalier et al., 2007;
Gong et al., 2018). The yielded contributions of predictors from GAMs
(the F value for each predictor divided by the sum of all F values) were
shown in Fig. 5. RH and wind speed contributed nearly 60% of the
variance of the dependent variable in Campaign 1, while RH, transport
distance, and DOY were the three leading predictors in Campaign 2.
From Campaign 1 to Campaign 2, the contribution of wind speed
decreased significantly, and that of RH had a slight decrease. DOY and
transport distance undertook more shares in Campaign 2. Meanwhile,
the impacts of different predictors on GEM in Campaign 2 are revealed
in Fig. 6 through scatterplots on the relationship between each predictor
and their share of contribution in the logarithm of GEM yielded from the
GAM model. Surface GEM concentration in urban or suburban areas can
be considered as the sum of a regional background (the global or
Northern Hemispheric background plus the contribution from
long-range transport) and local signals (Alvarado et al., 2015). Impacts
of local anthropogenic emissions, regional transport, and meteorological
factors (including natural emissions) on GEM were estimated based on
GAM results as discussed below.

3.1. Seasonal variations of GEM in the two campaigns
The overall mean GEM concentrations (±standard deviation) at NJU
in Campaigns 1 and 2 were 3.77 ± 1.32 ng m− 3 and 3.24 ± 1.26 ng m− 3,
respectively. The GEM level in the late campaign was about 2–2.5 times
the background level (1.3–1.6 ng m− 3) of the Northern Hemisphere
(Obrist et al., 2018; Sprovieri et al., 2016; Zhang et al., 2016), indicating
significant contribution from anthropogenic Hg emissions. Fig. 2 shows
the monthly variations of GEM concentration during the two campaigns.
A significant decrease from Campaign 1 to Campaign 2 was found during
summer and fall (p < 0.05) (summer: from 3.80 ± 1.07 ng m− 3 to 2.85 ±
0.87 ng m− 3, fall: from 3.86 ± 1.27 ng m− 3 to 3.28 ± 0.87 ng m− 3). The
PSCF model was used to identify the potential source regions of GEM in
different seasons in the two campaigns, as shown in Fig. 3. In the
springtime of both campaigns, a polluted “belt” to the southwest of
Nanjing tended to be the main source regions. A number of cement
clinker producing facilities and non-ferrous metal smelters concentrated
in the identified belt could be the major contributors of GEM in spring.
The contribution of springtime source regions did not exhibit apparent
alleviation from Campaign 1 to Campaign 2, which is consistent with the
fact that GEM in April and May almost stayed at the same level between
the two campaigns. On the contrary, the contribution of the summertime
source region in Campaign 1 which was to the east of Nanjing, the more
developed area in the YRD region, reduced evidently in Campaign 2,
resulting in the significant drop of GEM in summer from Campaign 1 to
Campaign 2. Long-range transport from the north turned out to be one
crucial source of Hg pollution at NJU in fall and winter. As seen from
Fig. 3, there are two main transport channels for the polluted air parcels
from the North China Plain (NCP) region to NJU, one from the northwest
(Channel 1) and the other from the northeast (Channel 2). In the fall of
Campaign 1, air masses from the NCP region through the two channels
and from the east made equivalent contributions to GEM pollution at
NJU. The NCP contribution through Channel 2 decreased significantly in
the fall of Campaign 2, leading to the big drop of GEM in September and
October from Campaign 1 to Campaign 2. The wintertime NCP contri
bution alleviated through Channel 1 while strengthened through
Channel 2 from Campaign 1 to Campaign 2. The air mass circulation to

3.2.1. Impacts of local anthropogenic emissions on GEM
Gong et al. (2017) found that the residuals from GAMs could indicate
the impacts of wildfires on O3 concentrations and this approach was
verified by case study in different cities in the western US. In this study,
the residuals from GAM could mainly stand for the contribution of local
anthropogenic emissions. Modeled GEM at high levels tend to be
underestimated for both campaigns, indicating that it could probably be
under the influence of local anthropogenic emissions since local signals
often generate spikes in GEM observations. To verify this hypothesis,
two types of pollution episodes were identified in Campaign 2. Hours
with the GEM concentration exceeding the campaign average were
regarded as polluted hours, and a group of no less than eight consecutive
polluted hours, plus 2 h before and 2 h after, was identified as a pollution
episode (Zhang and Jaffe, 2017). A total of 70 GEM pollution episodes
(3122 h) were ultimately identified in Campaign 2. Among these epi
sodes, Episode A (n = 36) is defined to be those in which the absolute
values of the residuals (observed GEM minus fitted GEM) are less than
0.2 ng m− 3 for more than 70% of the time, i.e., with good model per
formance, while Episode B (n = 34) represents the remaining episodes
which were not well captured by the GAM model.
Figure S3 shows the spatial distribution of the potential source re
gions for Episodes A and B using the PSCF model. Source regions for
Episode B were concentrated within about 100 km radius of the NJU
site, while sources for Episode A exhibited a regional pattern. Two
typical examples of these two kinds of episodes with 72-h backward

Fig. 2. Monthly variations of the observed gaseous elemental mercury (GEM)
concentration at the NJU site in the two campaigns. The bottom and top of the
box represent the 25th and 75th percentiles, respectively. The band inside the
box represents the median value. The bottom and top ends of the whiskers
represent the 10th and 90th percentiles. The triangle dot represents the
mean value.
4
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Fig. 3. Potential source regions of gaseous elemental mercury (GEM) in different seasons in two campaigns at NJU site based on the potential source contribution
function (PSCF) model (left: Campaign 1; right: Campaign 2). Note that March to May is regarded as spring, June to August as summer, September to November as
fall, and December to February as winter.

Fig. 4. Relationships between the observed and the fitted gaseous elemental mercury (GEM) concentrations in Campaign 1 (left) and Campaign 2 (right).

transported from the southwest to NJU through an ascending process to
free troposphere followed by a fast descending process, indicating
regional anthropogenic contribution. The air masses in Episode B, on the
other hand, circulated around the NJU site and stayed at low elevations,
implying the contribution from local anthropogenic sources. Therefore,
the GAM model in this study reflected the regional background,
including the East Asian background and the contribution from intraand inter-regional anthropogenic sources, while the residuals repre
sented the local anthropogenic emissions. The term “local” here could
probably be defined as the area within about 100 km radius of the NJU
site. The relative contribution of local emissions among different GEM
sources is close to 1 minus the adjusted R2 (i.e., the residual variance
over the total variance). Therefore, the contribution of local anthropo
genic emissions in the surrounding area of the NJU site decreased from
over 50% to about 40% from Campaign 1 to Campaign 2. Figure S5
shows the extracted GEM time series for the two campaigns. The better
performance of GAM for Campaign 2 than Campaign 1 implies the
declining influence of local anthropogenic emissions at NJU. Monthly
variations of the observed and the simulated GEM concentrations in the
two campaigns are shown in Figure S6. The difference of the simulated

Fig. 5. Percentages of relative contribution from each predictor in the two
campaigns (WS: wind speed; SR: solar radiation; T: temperature; RH: relative
humidity; P: surface pressure; DOY: day of year; DIR: the direction of the
endpoint of each 24-h trajectory; DIS: The distance of the endpoint of each 24h trajectory).

trajectories are shown in Figure S4. The air masses in Episode A
5
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Fig. 6. Impacts of different predictors on the loga
rithm of gaseous elemental mercury (GEM) in the
generalized additive model (GAM) for Campaign 2
(WS: wind speed; SR: solar radiation; T: temperature;
RH: relative humidity; P: surface pressure; DOY: day
of year; DIR: the direction of the endpoint of each 24h trajectory; DIS: The distance of the endpoint of
each 24-h trajectory; the y-axis in each subplot rep
resents the smooth function term of each predictor
with the corresponding degrees of freedom inside the
brackets implying the impact of the predictor).

GEM between the two campaigns indicates the declining of regional
background GEM, which was partially contributed by the reduction of
regional anthropogenic emissions.

range transport. The decrease of the variance contribution of transport
direction and the significant increase of variance contribution of trans
port distance from Campaign 1 to Campaign 2 suggested that the
contribution of GEM from hotspot anthropogenic emission sources in the
YRD region got mild.
GAM models with transport direction and distance for the endpoints
of the 12-h backward trajectories (denoted as DIR/DIS-12 h) were also
evaluated in this study. The R2 values of GAMs for Campaigns 1 and 2
were 0.37 and 0.42, respectively, lower than those of GAMs with DIR/
DIS-24 h (0.43 and 0.57). The discrepancy indicates that the 12-h
backward trajectories were not able to cover the bulk source regions
of Hg emissions for the site of NJU. Gong et al. (2017) found the 12-h
backward trajectories slightly better than the 24-h backward trajec
tories in the GAM performance for 8 cities in the western US. The dif
ference between this study and Gong et al. (2017) implies that regional
transport of air pollution plays an important role at NJU and the
near-surface transport feature in the YRD region limits the transport
velocity. The comparison also suggests that transport direction and
distance for the endpoints of backward trajectories should be applied to
GAMs with caution and the transport time is a crucial parameter to be
tested.

3.2.2. Impacts of intra- and inter-regional transport on GEM
Air parcel transport is divided into two types in this study, intra- and
inter-regional transport. Intra-regional (or regional) transport denotes
the transport within the YRD region, while inter-regional transport
means transport from outside the YRD region to NJU. The two factors,
direction and distance of the endpoints of backward trajectories, reveal
the impacts of intra- and inter-regional transport (mostly within the YRD
region) on GEM variation at NJU. As seen from Fig. 6, the main sources
of GEM at NJU were from the east and the northeast (0–150◦ ), which are
the eastern and northern parts of the YRD region. However, air parcels
from the southwest (~210◦ ) had slightly higher GEM concentrations.
This is consistent with the results from the PSCF model that the main
source regions of GEM were from the area to the southwest of Nanjing in
springtime. The partial response curve of transport distance showed that
the major sources of GEM at NJU were concentrated within 600 km
radius. GEM decreased with the transport distance, indicating that the
regional Hg emission sources, especially those within 200 km radius had
a much more significant impact on the GEM concentration than long6
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3.2.3. Impacts of meteorological factors on GEM
The influence of RH on the GEM concentration was prominent in
both two campaigns. When RH was below 0.6, GEM increased rapidly
with RH. When RH was higher than 0.6, the effect became mild. Given
the influencing pattern, it was likely related to the Hg(II) reduction
process in the aqueous phase of droplets and aerosols. When RH is low,
the surface area of the air–water interface increases rapidly with the
increase of RH, accelerating the reduction of Hg(II) (Subir et al., 2012).
As RH reaches high level, the droplets and aerosols become larger and
larger, resulting in mitigation of the surface area growth or precipitation
both of which limit the increase of the Hg(II) reduction process (Deng
et al., 2019; Lin et al., 2006; Subir et al., 2011). The SO2−
3 in the aqueous
phase yielded from dissolved SO2 can reduce Hg(II) and increase the
GEM concentration (Lin et al., 2006; Subir et al., 2011). The mean PBM
concentrations in Campaigns 1 and 2 (114 and 66 pg/m3, respectively)
were much higher than those at remote sites in China (Fu et al., 2015),
which could provide more aqueous-phase environment for Hg(II)
reduction. Further evidence with information on particle size distribu
tion will be provided in Section 3.3 based on case study.
The reduction of Hg(II) is probably the reason for the subtle positive
relationship between solar radiation and GEM as well. In aqueous phase,
Hg is bound to inorganic, organic ligands or aquatic humic substances
(Ariya et al., 2015). Light provides the energy required for the photolysis
of the coordination compounds of Hg(II) via a ligand-to-metal charge
transfer (LMCT) type of reaction. In this process, the ligand absorbs light
energy and releases electrons to reduce Hg(II) to Hg(0). Meanwhile,
light is also essential for the generation of reactive intermediates for Hg
(II) reduction in some other photochemical reactions (Ariya et al.,
2015). Therefore, solar radiation promotes the natural emissions of Hg,
more specifically soil Hg emissions. However, due to the land use type
(suburban landscaping) in the surrounding area of the NJU site, natural
emissions had limited contribution to GEM enhancement. In addition,
light also plays an important role in Hg(II) reduction in gaseous phase
(Saiz-Lopez et al., 2018, 2019).
The partial response curve of air temperature in Fig. 6 shows that
GEM increased with the rising of air temperature. The dependence of
GEM on temperature has been observed in a number of previous studies
(Sigler et al., 2009; Zhu et al., 2012; Yu et al., 2018). Zhu et al. (2012)
found a positive correlation between temperature and the moving
average TGM concentration at an urban site in eastern China in 2011,
with a correlation coefficient of 0.43. They proposed that rising tem
perature promotes the emission of Hg from the soil. Pannu et al. (2014)
used a quartz beaker system to examine the emission of Hg from both
non-sterilized and sterilized soils with temperature increasing. They
found that higher temperature not only stimulates the evasion of soil Hg
(0), but also accelerates the microbiological Hg(II) reduction processes
in soil. The impacts of both air temperature and solar radiation on GEM
could be pointing to natural Hg emissions. However, according to the
results of GAMs in this study, the contribution of air temperature and
solar radiation to GEM was not as prominent as RH. Therefore, the
crucial process that affects the GEM concentration level at suburban site
like NJU could probably be the reduction process in the atmosphere
instead of the evasion of soil Hg. Nevertheless, the contribution of air
temperature could be somewhat underestimated because surface air
pressure and air temperature had a significant negative correlation (R =
− 0.844, p < 0.01). Air pressure had a negative impact on GEM in the
bulk variation range of 99–103 kPa, and part of the impact could be
originated from air temperature. Although GAM allows the predictors to
be not independent, strong correlation between predictors could still
cause collinearity leading to inaccurate attribution.
A negative correlation was found between wind speed and GEM at
the NJU site (Fig. 6). The wind speed observed at NJU in Campaign 2
was relatively low (<4 m s− 1). Lower wind speed leads to more stagnant
meteorological condition which is unfavorable for GEM dispersion.
Stronger winds enhance the local ventilation, resulting in the decrease of
GEM (Belušić et al., 2015). Wind speed contributed nearly 30% of the

variance in Campaign 1, but the contribution encountered an aggressive
decline in Campaign 2 (Fig. 5), which was most likely due to the
decrease of local signals at NJU. The alleviation of local anthropogenic
emissions reduced the gradient of GEM between NJU and its sur
rounding clean areas, mitigating the impact of wind speed on GEM.
As an integrated predictor, DOY contains information on both the
seasonal synoptic pattern and the climatic anomaly, representing the
impacts of local meteorological control on air pollutants (Gong et al.,
2018). The contribution of DOY to GEM was higher in winter and lower
in summer for both campaigns. The air stagnation condition in winter
caused more impacts from local meteorology in winter. From Campaign
1 to Campaign 2, with the decrease of the impact of local and regional
anthropogenic Hg emissions, local meteorology tends to have greater
impact on the variance of GEM. More discussion on the contribution of
DOY will be found in Section 3.3.
PREC was a categorical predictor whose contribution can not be
reflected in F values. PREC was found to have a negative relationship
with GEM based on the time series of IOP, but the impact was very
limited. This was possibly due to the scavenging of GOM and PBM by
precipitation, resulting in a compensation of GEM converting to GOM
and PBM. A case related to precipitation will be discussed in Section
3.3.4.
3.3. Interpretation of GAM results for case study
Each predictor played a unique role in affecting the GEM concen
tration in the two campaigns, although some predictors had larger ef
fects than the others. The variation of GEM concentration was driven by
perturbation of the predictors. Four types of cases were selected to
analyze typical processes that have influence on GEM.
3.3.1. Case 1: Impacts of aqueous-phase HgII reduction on particles
RH was identified as the key meteorological factor for GEM in both
campaigns at NJU. The impacts of RH were quasi-periodic on a daily
basis and usually took place in the nighttime. Case 1 (April 15–16, 2019)
was a typical event with GEM enhancement driven by the increase of
RH. In this event, SO2, PM2.5 and particle size distribution were simul
taneously monitored. The RH-driven GEM growth was from 10:00 on
April 15 to 19:00 on April 16. As shown in Fig. 7c, there was a new
particle formation (NPF) process starting at 10:00 on April 15 according
to the results of particle size distribution (the “banana” pattern). The size
of particles grew to 50–100 nm by approximately 21:00 with the in
crease of the PM2.5 concentration (Fig. 7b). From midnight till the early
morning of April 16, RH increased rapidly (Fig. 7b) while PM2.5
decreased, indicating the hygroscopic growth and oversaturation of
aerosol nuclei followed by the possible formation of fog droplets.
Meanwhile, GEM increased gradually (Fig. 7a) and the IOP of RH
exhibited significant enhancement (Fig. 7a). In view of the relatively
high SO2 level at NJU (Fig. 7b), the nighttime GEM enhancement was
likely related to the reduction of Hg(II) in fog droplets by SO2−
3 . In the
daytime of April 16, PM2.5 experienced continuous increase. The rapid
growth of RH from 12:00 to 18:00 probably accelerated the growth of
PM2.5 and augmented the condensed water on particles for the photo
reduction of Hg(II), resulting in the rapid enhancement of GEM.
Therefore, RH provided more aqueous environment for Hg(II) reduc
tion, including the photolytic reduction process in the daytime and the
SO2-induced reduction at high SO2 level. The decomposition of HgSO3 in
aqueous phase was neglected in recent modeling studies on the global
scale (Horowitz et al., 2017). This case suggests that this reduction
pathway might still have considerable contribution on a regional scale,
especially in polluted cities in China.
3.3.2. Case 2: Impacts of regional transport
As discussed in Section 3.2.2, intra-regional transport has a much
more significant impact on GEM than inter-regional transport at NJU. A
typical event of long-range transport in the northeastern monsoon
7
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region to the north of Nanjing at a lower velocity. The origin of the 72-h
backward trajectories for the third day was within 200 km distance from
NJU, indicating that the air masses circled around in the YRD region at a
low wind speed and accumulated Hg pollution. There was a sharp in
crease in the IOP of transport direction on the evening of November 18,
which suggests the impacts of sudden abatement of the northeastern
monsoon. Most events of long-range transport were, like this event,
accompanied by a descending process of air masses. Therefore, most of
the time the air masses were relatively clean, making intra-regional
transport a much larger contributor than inter-regional transport.
3.3.3. Case 3a and 3 b: Impacts of air stagnation
Wind speed played an important role in Campaign 1 and took effect
on a smaller temporal scale with frequent variation. The variation of the
IOP of wind speed in a single event was not as prominent as RH,
transport distance, or DOY, but the frequent perturbation of wind speed
made it a key meteorological factor in Campaign 1. Figure S8 shows a
typical episode with wind speed as the main driver of GEM enhance
ment, denoted as Case 3a (April 17–18, 2015). Wind speed decreased
from 4 m s− 1 to 1 m s− 1 within 12 h in this episode, and meanwhile the
GEM concentration almost doubled. The IOP of wind speed increased
significantly in the episode. Stagnation weakened the diffusion process
of air pollution, and consequently the concentration of GEM increased
with Hg pollution accumulation. Generally, wind speed fluctuated
rapidly and the impact of it on GEM was short and intermittent.
As a comprehensive predictor, DOY could be a proxy for other
meteorological factors under certain circumstances. The impact of
wintertime air stagnation in both campaigns was revealed by DOY. As
seen in Fig. 9, the period of November 22 to December 10, 2018 (Case
3b) was a typical Hg pollution episode driven by the change of DOY. The
enhancement of GEM was highly synchronized with the increase of the
IOP of DOY. During this episode, about 70% of air masses were origi
nated from the core area of the YRD region based on results from cluster
analysis of 72-h backward trajectories (Figure S9). The relatively short
transport distance indicated the stagnant atmospheric condition in the
YRD region, which was verified by the low wind speed level (1.5 m s− 1).
Air stagnation amplified the impact of regional anthropogenic emis
sions. Case 3b suggests that the variation of the IOP of DOY was on a
much larger temporal scale than other meteorological factors.

Fig. 7. Time series of (a) impacts of predictors (IOPs), the gaseous elemental
mercury (GEM) concentration, (b) SO2, PM2.5, relative humidity, and (c) par
ticle size distribution for Case 1 (WS: wind speed; SR: solar radiation; T: tem
perature; RH: relative humidity; P: surface pressure; DOY: day of year; DIR: the
direction of the endpoint of each 24-h trajectory; DIS: The distance of the
endpoint of each 24-h trajectory; PREC: precipitation).

season (November 17–19, 2018) was selected as Case 2. As shown in
Fig. 8, the GEM concentration encountered gradual increase along with
a sharp decrease of DIS-24 h and a fast deflection of DIR-24 h. The IOP of
transport distance increased significantly. Based on 72-h backward
trajectories (Figure S7), at the beginning of the event, the air masses
originated from far north (Siberia) at a high elevation level, traveled
through the circum-Bohai-sea region, and descended to NJU within a
short period of time. The anthropogenic Hg emissions along this
pathway were limited since it dodged both the NCP region and the core
area of the YRD region. On the second day, the northeastern monsoon
got mild, and the air masses started to pass through the more polluted

3.3.4. Case 4a and 4 b: Impacts of the 2015 El Niño episode
The 2015–2016 El Niño event had been the third strongest El Niños
since 1950. This El Niño event emerged in September 2014, and fully

Fig. 8. Time series of (a) impacts of predictors (IOPs), the gaseous elemental
mercury (GEM) concentration, and (b) distance and direction of the endpoint of
the 24-h backward trajectory for Case 2 (WS: wind speed; SR: solar radiation; T:
temperature; RH: relative humidity; P: surface pressure; DOY: day of year; DIR:
the direction of the endpoint of each 24-h trajectory; DIS: The distance of the
endpoint of each 24-h trajectory; PREC: precipitation).

Fig. 9. Time series of (a) impacts of predictors (IOPs), the gaseous elemental
mercury (GEM) concentration, and (b) wind speed for Case 3b (WS: wind speed;
SR: solar radiation; T: temperature; RH: relative humidity; P: surface pressure;
DOY: day of year; DIR: the direction of the endpoint of each 24-h trajectory;
DIS: The distance of the endpoint of each 24-h trajectory; PREC: precipitation).
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established in the spring of 2015. The overall impacts of the 2015 El
Niño on meteorology in China were characterized by higher tempera
ture, higher RH, and more precipitation (Zhai et al., 2016), which was
mostly reflected by the predictor DOY in Campaign 1. Case 4 was also
driven by the variation of DOY, but on a larger temporal scale than Case
3b.
As shown in Figure S10, DOY had a significantly larger impact on
springtime GEM in Campaign 1 than in Campaign 2. As discussed in
Section 3.2.3, both temperature and RH had positive impacts on GEM,
probably through soil Hg(0) evasion and aqueous-phase Hg(II) reduc
tion, respectively. Fig. 10 shows the time series of IOPs, GEM concen
tration, air temperature, and RH in a typical episode in spring 2015
(Case 4a). The impacts of air temperature and RH on GEM in spring 2015
were both reflected by the proxy predictor DOY on a larger temporal
scale. This prolonged episode experienced an enhancement of temper
ature and a subsequent elevation of RH, both of which were captured by
the increase of the IOP of DOY. The variations of impacts of air tem
perature and RH were less significant. The IOP of DOY reached the
summit when RH attained the maximum level. However, the summit of
GEM was more consistent with that of temperature than that of RH,
indicating that temperature has a strong impact on GEM than RH in this
case.
Temperature and RH were supposed to take effect on GEM in sum
mer 2015 as well because of the El Niño event. However, the summer
time GEM in Campaign 1 was not enhanced compared to Campaign 2.
This was due to the offsetting effect of precipitation. There was much
more precipitation in summer in Campaign 1 (1004 mm) than in
Campaign 2 (191 mm). As discussed in Section 3.2.3, PREC had a
negative impact on GEM. The impact of precipitation in summer 2015
were also embodied by the proxy predictor DOY on a larger temporal
scale. As shown in Figure S11, with the significant increase of precipi
tation in Case 4b, the IOP of DOY was negatively strengthened, while the
variation of the IOP of PREC was less significant.

contributions from different factors. The implications of the GAM results
for the two campaigns are summarized as follows.
In Campaign 1, local anthropogenic emissions accounted for over
50% of the GEM variation according to the residuals from the GAM
model. The processes of aqueous-phase Hg(II) reduction in droplets or
particles and air stagnation played equivalently important roles in GEM
enhancement which was indicated by the variance contributions and the
IOPs of RH and wind speed, respectively. The contribution of regional
transport to GEM was also pronounced in light of both PSCF results and
the variance contributions of transport distance and direction. Based on
the variation of the IOP of DOY in Campaign 1, the 2015 El Niño event
had considerable impacts on GEM as well, especially the springtime
GEM enhancement. Air temperature, RH, and precipitation all have
stronger impacts in Campaign 1 than in Campaign 2 due to the El Niño.
In Campaign 2, the contribution of local anthropogenic emissions to
GEM decreased significantly to about 40%. Correspondingly, the share
of regional transport went up, which was revealed by the variance
contributions of transport distance and direction. The variance contri
bution and IOP of DOY indicated that the wintertime air stagnation
amplified the impacts of local and regional anthropogenic emissions.
The pivotal meteorological factor was still RH in Campaign 2, suggesting
the importance of the aqueous-phase Hg(II) reduction process.
From Campaign 1 to Campaign 2, the overall contribution of
anthropogenic Hg emissions decreased, while the impacts of natural
perturbations increased. With the implementation of the Minamata
Convention on Mercury and the aggravation of global climate change,
the impact ratio of natural perturbations over anthropogenic emissions
will further increase. Therefore, long-term observations of Hg concen
trations and data analyses with statistical tools like GAM are important
procedures for policy making.
5. Conclusion
Two one-year-long campaigns were conducted at NJU, a suburban
site in eastern China. The variation of the seasonal pattern of GEM
indicated that GEM decreased significantly from Campaign 1 to
Campaign 2 during summer and fall, which was mainly due to the
change of Hg pollution source regions based on results from the PSCF
model. GAM models were developed for the two campaigns respectively.
GAMs had generally good performance with exceptions at high GEM
concentrations since the impacts of local emissions were not considered
in the models. The GAMs separated the local signals from the GEM
concentration, which was verified by PSCF results. The decrease of re
siduals reflects the reduction of contribution from local anthropogenic
emission sources.
The variance contribution of each predictor in GAMs was utilized to
quantify the contribution of regional transport and meteorological fac
tors. By incorporating the direction and distance of the endpoints of
backward trajectories into GAMs, the Hg emissions within 200 km
radius of NJU were found to play a more important role on the GEM
concentration than long-range transport. The contribution from hotspot
anthropogenic emission sources in the YRD region got mild between the
two campaigns. Among all the meteorological factors, RH was found to
have the most pronounced impact on GEM, followed by wind speed and
DOY. Case studies provide more evidence of the impact mechanisms.
The strong effect of RH was probably linked to Hg(II) reduction in the
aqueous phase of droplets or particles in ambient air. Air stagnation
exerted remarkable influence on GEM as well, which was revealed
mainly by wind speed and partially by DOY in winter. The strong El Niño
event in 2015 also had considerable impact on GEM through tempera
ture, RH and precipitation.

4. Implications
Anthropogenic and natural perturbations, including changes in local
anthropogenic emissions, regional transport, and meteorology
(including natural emissions), all have impacts on GEM concentration in
the ambient air. In this study, GAM was proved to be a promising tool in
quantifying these impacts separately. Although the results from GAMs
are semi-quantitative due to potential collinearity among certain pre
dictors, the models can capture the interannual variation of

Fig. 10. Time series of (a) impacts of predictors (IOPs), the gaseous elemental
mercury (GEM) concentration, (b) air temperature, and relative humidity for
Case 4a (WS: wind speed; SR: solar radiation; T: temperature; RH: relative
humidity; P: surface pressure; DOY: day of year; DIR: the direction of the
endpoint of each 24-h trajectory; DIS: The distance of the endpoint of each 24-h
trajectory; PREC: precipitation).
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