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Abstract. Long-term continuous measurements of total
gaseous mercury (TGM=gaseous elemental mercury (GEM)
+ reactive gaseous mercury (RGM)) were conducted simul-
taneously along with meteorological variables and a suite of
trace gases at an urban site in Nanjing, China from 18 Jan-
uary to 31 December 2011. Measurements were conducted
using a high resolution mercury vapor analyzer (Tekran
2537B) with 5-min time resolution. The average concen-
tration of TGM was 7.9± 7.0 ng m−3 with a range of 0.8–
180 ng m−3 over the study period. TGM concentrations fol-
lowed a typical lognormal pattern dominated by a range of 3–
7 ng m−3, which was significantly higher than the continental
background values (∼1.5 ng m−3) in Northern Hemisphere.
The mean seasonal TGM concentrations decreased in the fol-
lowing order: summer, spring, fall, and winter. This seasonal
pattern was quite different from measurements at most other
sites around the world. We attributed high monthly average
concentrations to the re-volatilization of deposited mercury
during the warm season due to high temperatures and greater
solar radiation. Previous modeling studies suggested that
Nanjing and the surrounding region have the largest Chinese
natural emissions during the summer. Positive correlations
between temperature, solar radiation, and TGM concentra-
tion combined with no correlation between CO and TGM in
summer provide a strong indication that natural sources are
important in Nanjing while most sharp peaks were caused
by anthropogenic sources. TGM concentrations in Nanjing
exhibited a noticeable diurnal pattern with a sharp increase
after sunrise and peak of greater than 8 ng m−3 during 7–
10 a.m. local time. Further, seasonally averaged diurnal cy-

cles of TGM exhibited considerably different patterns with
the largest variation in spring and insignificant fluctuations
in winter. Using HYSPLIT backwards trajectories from six
clusters, it was indicated that the highest TGM concentra-
tions, 11.9 ng m−3, was derived from local air masses. The
cleanest air masses, with an average TGM concentration of
4.7 and 5.9 ng m−3, were advected from the north via fast
transport facilitated by sweeping synoptic flows.

1 Introduction

Mercury (Hg) is a pervasive toxic pollutant and poses se-
rious harm to human health via bioaccumulation of methy-
lated mercury through the food chain in aquatic systems
(Schroeder and Munthe, 1998; Lindqvist, 1991). The atmo-
sphere is a major route for the transport and transforma-
tion of mercury from sources to receptors (Mason et al.,
1994; Fitzgerald et al., 1998). In the atmosphere, mercury
typically exists in three forms: gaseous elemental mercury
(GEM), reactive gaseous species (RGM) and particulate mer-
cury (HgP ). Unlike other heavy metals, which tend to ex-
ist only in the particulate phase, mercury exists mainly as
GEM (> 95 %)(Slemr et al., 1985; Schroeder and Munthe,
1998; Poissant et al., 2005; Gabriel et al., 2005; Aspmo et al.,
2006; Valente et al., 2007) and can be transported far beyond
the regions where it is emitted due to its high volatility, low
chemical reactivity and low solubility in water; therefore it
is well-mixed hemispherically (Slemr et al., 1985). The life-
time of GEM on the hemispheric scale is∼ 0.5–2 yr, whereas
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RGM and HgP are more soluble and thus quickly scavenged
via wet and dry deposition (Schroeder and Munthe, 1998).
GEM can be oxidized to RGM, a portion of RGM is further
transformed to HgP on aerosol surfaces.

Both natural processes and anthropogenic activities re-
lease mercury to the atmosphere. Natural sources include
evasion from soil surface, water bodies, vegetation surfaces,
wild fires, volcanoes, and geothermal sources (Schroeder and
Munthe, 1998). The annual global mercury emissions at-
tributable to anthropogenic activities are approximately 2000
tons per year (Pacyna et al., 2006). Anthropogenic mercury
emissions in Asia are the highest in the world, accounting for
about 54 % of the global total (Pacyna et al., 2010). China is
considered as a large and growing source region because of
its rapid economic and industrial growth along with a coal-
dominated energy structure (Wu et al., 2006). The Yangtze
River Delta (YRD), central China and Guizhou province are
major anthropogenic source regions in China (Street et al.,
2005). Thus quantifying mercury levels in these regions is
imperative.

Monitoring the variation of ambient mercury concentra-
tions in the atmosphere enables us to understand the fate
of mercury. Mercury measurements have been made at nu-
merous locations worldwide. Sprovieri et al. (2010, refer-
ences therein) reviewed a large suite of measurement stud-
ies and summarized that the background concentration of
atmospheric total gaseous mercury (TGM= GEM+ RGM)
in the Northern Hemisphere ranges from 1.5 to 1.7 ng m−3.
Slemr et al. (2003) showed that atmospheric mercury con-
centrations increased in the late 1970s to a peak in the
1980s followed by a decreasing trend since then. In con-
trast, Wu et al. (2006) found increasing anthropogenic emis-
sions in China at an average of 2.9 % per year during the
period 1995–2000, and the pollution problem has become
even more serious in recent years. However, research on at-
mospheric mercury in China is limited. Most measurements
were conducted in southwestern China. Specifically, Feng et
al. (2004), Liu et al. (2011), and Zheng et al. (2007) found
mean TGM concentrations in Guiyang ranged from 6.4 to
9.1 ng m−3. Short-term measurements made in urban areas
such as Beijing (Liu et al., 2002) and Changchun (Fang et
al., 2004) as well as in remote regions such as Mt. Chang-
bai (Wan et al., 2009) and Mt. Gongga (Fu et al., 2008a, b)
suggested that TGM concentrations were elevated above the
Northern Hemispheric background level.

The Yangtze River Delta (YRD) region is situated in east-
ern China including part of Zhejiang and Jiangsu Provinces
and the Shanghai Municipality. It is known as one of the
most industrialized and urbanized regions in China. Due to
the rapid development and a high population density in the
YRD region, environmental pollution has become a problem
of increasing concern. However, atmospheric mercury was
largely ignored in previous studies of pollution in YRD, and
thus the extent of mercury contamination in the region is still
unknown. To the best of our knowledge, few comprehensive

measurements and analysis campaigns concerning TGM and
other trace gases have been performed in China. In this paper,
we report for the first time long-term continuous measure-
ments of TGM together with their linkage to meteorological
conditions and other trace gases in the YRD urban region
during 2011.

2 Experimental methodology

2.1 Study area and sampling site

Nanjing, the capital of Jiangsu province, is located in the
northwest of the YRD region and west of the East China Sea
(Fig 1). It is the second largest city in eastern China with a
high population density and large energy consumption. The
climate is a typical humid subtropical type with an average
annual temperature of 15.5◦ and average annual precipitation
of 1019.5 mm (Meteorological Bureau of Jiangsu Province).
The prevailing wind direction is southeasterly from the Pa-
cific Ocean in summer and northwest from inland China in
winter. Industry is the dominant economic pillar of Nanjing.
Local industries include steel mills, coal fired power plants,
and several large non-ferrous smelters. In addition, there are
over one million vehicles in Nanjing currently, and that num-
ber is increasing steadily.

Our site (32.05° N, 118.78° E) is centrally located in the
main urban area of Nanjing. Data was collected from the top
of a 24 story building on the Gulou campus of Nanjing Uni-
versity (NJU). The sampling height is about 79m above the
street and the sample inlet was about 2m above the floor of
site. There are no large industrial pollution sources within
a 30km radius, but several main roads with apparent traffic
pollution surround the campus.

2.2 Measurements

2.2.1 Sampling of TGM

Real time continuous measurements of TGM were made dur-
ing the time period of 18 January–31 December 2011 using
an automated mercury vapor analyzer Tekran 2537B. The
sampled air was measured with a 5 minutes time resolu-
tion at a flow rate of 1.5 L min−1 and measured using cold
vapor atomic fluorescence spectroscopy (CVAFS). Detailed
information about this instrument can be found in Mao et
al. (2008).

The Tekran 2537B performed automated recalibrations ev-
ery 24 hours using an internal permeation source (Xia et al.,
2010). The TGM detection limit is< 0.1 ng m−3. The ac-
curacy of the GEM measurements is± 5 % due to periodic
maintenance and attention to instrument operation (Mao et
al., 2008). Zero air was used to blank to the instrument. Air
stream was collected through PFA Teflon tube which was
tested with result of about 100 % RGM passing efficiency.
Even if there is very little RGM (< 2 %) being removed
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Fig. 1.The location of our site and important point sources in Nanjing.

occasionally during sample period due to kinds of different
conditions, it hardly influences our analysis of TGM charac-
teristic. Some periods in which we were unable to retrieve
data due to electricity shortages or lack of carrier gas include
the following days: (1) 8–11 April; (2) 1–3 May; (3) 23 May–
9 June; (4) 27 June–1 July; (5) 31 July–1 August. Except for
these periods and some short maintenance periods, we col-
lected nearly one year of continuous measurements. The date
was recorded in local time (GMT + 8).

2.2.2 Meteorological parameters and other chemical
compounds

Meteorological parameters including temperature, air pres-
sure, and relative humidity were measured simultaneously
with TGM at the same site every minute. Wind direction and
wind speed were provided by the National Meteorological
Station of Nanjing (ID 58238, 31.9° N, 118.9° E). Solar radi-
ation was measured in Nanjing at the Caochangmen environ-
mental monitoring station, which is several kilometers away

from our site. The wind and solar radiation data had a one-
hour time resolution. In addition, we concurrently collected
trace gases including CO and O3 at our site with a one-minute
time resolution. CO was measured using a Thermo Model
48i-TLE CO Analyzer and a Thermo Model 49i O3 Analyzer
measured O3. The instruments were operated in a manner
identical to that described by Mao and Talbot (2004).These
gases were measured from 18 January to 31 May except
CO which ended on 31 December 2011. In order to have
data comparable to TGM, we generated five-minute averages
from the one-minute data collected.

3 Results and discussions

3.1 General characteristics of TGM

Figure 2 shows the time series of 5-min averaged TGM
concentrations in ambient air at our sampling site for the
entire study period (18 January–31 December 2011). The
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Fig. 3.Frequency distribution of TGM for the whole campaign period.

distribution of TGM was characterized by large variability
throughout the sampling period. The mean concentration for
TGM was 7.9± 7.0 ng m−3 with a range of 0.8–180 ng m−3.
We also noticed that the median value of 6.2 ng m−3 was
much less than the average. This indicates that there were
some extreme pollution episodes with very high TGM. All
statistical results for the data collected over the whole mea-
surement period by season are summarized in Table 1.

The mean concentration of TGM was a factor of∼ 5
higher than the Northern Hemisphere background level of
∼ 1.5 ng m−3. To put our measurements into perspective, a
compilation of world-wide short and long-term TGM mea-
surements is presented in Table 2. Overall, TGM concentra-
tions at urban and suburban sites are higher than those at rural
sites. TGM levels in Nanjing are comparable to the average
concentration of other Chinese urban sites. However, mea-
surements from Shanghai and Ningbo urban sites, which are
also situated in the same region (YRD) with Nanjing, showed

less than half of the mean concentration from our site. One
reason might the short duration of those studies. Moreover,
the coastal positions of Shanghai and Ningbo may reduce
contamination episodically by diluting with cleaner marine
air and GEM reacting with oceanic bromine. Compared with
TGM measurements in other countries (Table 2), the level in
Nanjing is similar to some other developing countries (such
as Mexico) and East Asian countries (such as Korea and
Japan). However, TGM measurements in North America and
Europe generally showed lower average and maximum lev-
els.

The frequency distribution of the high-resolution TGM
data from our measurement campaign is shown in Fig. 3.
TGM concentrations followed a typical lognormal pattern.
The range 3 to 7 ng m−3 dominated the distribution, account-
ing for more than half of the total data samples. The maxi-
mum frequency of 15.6 % occurred between 4 and 5 ng m−3.
Episodes with extremely high TGM concentrations were also
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Table 1. The statistical summary of 5-min average TGM data
(ng m−3).

Range Mean Median SD N

Spring 0.9∼ 179.8 9.2 7.3 8.0 22 232
Summer 1.0∼ 93.8 9.9 7.5 8.2 21 724
Fall 0.8∼ 149.1 6.0 5.1 5.2 17 868
Winter 1.8∼ 79.5 5.5 5.1 2.5 14 327
All-data 0.8∼ 179.8 7.9 6.2 7.0 76 151
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Fig. 4. Monthly variation of TGM concentration with 10th, 25th,
median, 75th and 90th percentile values.

apparent, but they comprised a small portion of the TGM data
sets with 4.1 % exceeding 20 ng m−3.

3.2 Seasonal variation

3.2.1 Overall description

The TGM concentrations in Nanjing showed distinct season-
ality during the study period. Figure 4 shows the monthly
variation of TGM concentration with 10th, 25th, median,
75th and 90th percentile values for each month. The monthly
median value increased steadily from January and peaked in
June at 11.2 ng m−3followed by a decline reaching a mini-
mum in December at 4.2 ng m−3.The December median was
only ∼ 38 % of the level observed in June. The difference be-
tween 25th and 75th percentile was 10.1 ng m−3 in June com-
pared to< 3 ng m−3 in the winter season (January, February
and December). However, the difference between the 10th
and 25th percentiles was modest in all months.

The seasonal characteristics of TGM are summarized in
Table 1. The seasonal mean concentration decreased in the
order: summer, spring, fall, to winter. The difference in the
mean value between summer and winter was 4.4 ng m−3,
which corresponds to approximately 56 % of the annual
mean TGM concentration of 7.9 ng m−3. The largest range
0.9–179.8 ng m−3 was observed in spring and the smallest
1.8–79.5 ng m−3 in winter. The standard deviations in the
four seasons were positively correlated with mean and me-
dian values. The data for each season was divided into five
subsets to indicate the frequency of different TGM levels dur-
ing the four seasons (Fig. 5). The episodes of the highest con-
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Fig. 5.Frequency of different concentration interval in each season.

centrations (TGM> 12 ng m−3) appeared more frequently
in summer and spring, comprising around 20 % of all data
in that season. The cleanest conditions (TGM< 3 ng m−3)
were∼ 10 % of the data in winter, in comparison with only
∼ 1.2 % in summer.

In addition, the TGM seasonal pattern from our site ap-
peared to be opposite of what other sites in China and world-
wide experienced. Especially in China, limited long-term
measurements of TGM suggested annual maximums in win-
ter and minimums in summer (Feng et al., 2004, 2003; Ci et
al., 2011; Fu et al., 2008, 2010; Wan et al., 2009). Previous
studies speculated that the serious contamination in winter
resulted from locally and regionally increased coal combus-
tion for domestic heating and slower removal from the atmo-
sphere, and that the minimum in summer was due to higher
OH concentrations leading to faster oxidation of GEM (War-
neck, 1988). The summer minimum was also attributed to the
annual maximum wet and dry deposition observed during the
summer (Jensen and Iverfeldt, 1994).

However, the measurement sites reported in China are all
in the north or mountainous areas with a cold winter cli-
mate, which include Guiyang, Changchun, Mt. Changbai,
Mt. Leigong. The subtropical climate in Nanjing means that
traditionally domestic heating in winter is not necessary,

www.atmos-chem-phys.net/12/12103/2012/ Atmos. Chem. Phys., 12, 12103–12118, 2012
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Table 2.Summary of TGM measurements in China and other countries.

Locations Classification Time Duration TGM (ng m−3) Reference

Beijing Urban 05.1,4,7,10 60 days 4.9–8.3 Wang et al. (2007)
Beijing Urban 98.1,2,9 17 days 8.1–34.9 Liu et al. (2002)
Changchun, Jilin Urban 99.7–00.7 1 yr 13.5–25.4 Fang et al. (2004)
Chongqing Urban 06.8–07.9 6.74± 0.37 Yang et al., 2009
Guangzhou, Guangdong Urban 05.1 2 weeks 13.5± 7.1 Wang et al. (2009)
Gui Yang, Guizhou Urban 08.90–09.7 6 months 7.4± 4.8, 6.2± 5.1 Liu et al. (2011)
Gui Yang, Guizhou Urban 01.10–02.10 1 yr 8.40± 4.87 Feng et al. (2004)
Gui Yang, Guizhou Urban 00.4–01.11 100 days 5.20-8.56 Feng et al. (2003)
Ningbo, Zhejiang Urban 07.10, 08.1 12 days 3.79± 1.29 Nguyen et al. (2011)
Shanghai Urban 09.8-9 1 month 2.7± 1.7 Friedli et al. (2011)
Beijing Suburan 98.1,2,9 25 days 5.3–12.4 Liu et al. (2002)
Changchun, Jilin Suburan 99.7–00.8 9.1–15.4 Fang et al. (2004)
Chengshantou, Shandong Rural/Coastal 07.7–09.5 55 days 2.31± 0.74 Ci et al. (2011)
Chengshantou, Shandong Rural/Coastal 07.7, 07.10 9 days 2.07± 0.91 Nguyen et al. (2011)
Mt. Gongga, Sichuan Rural 06.4–07.6 1 yr 3.90± 1.20 Fu et al. (2009)
Beijing Rural 98.2,9 9 days 2.5–5.0 Liu et al. (2002)
Jiaxing, Zhejiang Rural 09.5 2 weeks 5.4± 4.1 Wang et al. (2008)
Mt. Changbai, Jilin Rural 05.8–06.7 1 yr 3.58± 1.78 Wan et al. (2009)
Mt. Changbai, Jilin Rural 08.10–10.10 2 yr 1.60± 0.51 Fu et al. (2012)
Mt. Gongga, Sichuan Rural 05.5˜06.6 1 yr 3.98± 1.62 Fu et al. (2008)
Mt. Leigong, Guizhou Rural 08.5–09.5 1 yr 2.80± 1.51 Fu et al. (2010)
Waliguan, Qinghai Rural 05.8, 05.12 4 weeks 0.6± 0.08, 1.7± 1.1 Wang et al. (2006)
Wanqingsha, Guangdong Rural 08.11–12 1 month 2.94± 2.02 Zheng et al. (2011)
Yellow Sea Ocean 07.9–08.1 13 days 1.82–2.43 Nguyen et al. (2011)
Nanjing, Jiangsu Urban 11.1–11.12 1 yr 7.94± 6.99 This Study
Mexico City, Mexico Urban 06.3 17 days 7.2± 4.8 Rutter et al. (2009)
Zingst, Germany Rural/Coastal 98–04 5 yr 1.66 Kock et al. (2005)
Seoul, Korea Urban 97.9–02.6 5 yr 5.06 Kim et al. (2005)
New Hampshire, USA Rural/Coastal 03–07 4 yr 1.13–1.60 Mao et al. (2008)
Reno, USA Urban 04–07 4 yr 1.60 Peterson et al. (2009)
Weeks Bay, USA Urban 05.4–06.1 10 months 1.62 Engle et al. (2008)
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Fig. 6.Time series of TGM concentration and temperature in Nanjing during study period.

resulting in relatively constant coal consumption throughout
the year in this area. Two short-term field campaigns in Bei-
jing (Liu et al., 2002) and Chongqing (Li et al., 2010) showed
seasonal patterns similar to our study. The factors which con-
trolled the seasonal characteristics of mercury in our site will
be discussed in the following section.

3.2.2 Analysis of potential controlling factors

Natural sources of mercury include evasion of geologically
bound mercury from vegetation, soils, lakes, rivers, oceans,
and volcanoes, as well as the re-emission of previously de-
posited mercury (Schroeder and Munthe, 1998). Previous re-
search has paid more attention to anthropogenic emissions
of mercury. However, Shetty et al. (2008) estimated with
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a model that natural mercury emissions in East Asia were
∼ 1.8 times larger than anthropogenic emissions in summer
and were> 10 times larger in summer than those in winter.
Moreover, Nanjing and its surrounding areas are the largest
natural emission region during summer in China. According
to the data of spatial distribution of mercury concentrations
in soil, from the Chinese Environmental Monitoring Cen-
ter, Nanjing and the regions to its west and south areas con-
tain some of the largest soil mercury concentrations in China
(Shetty et al., 2008). Therefore, we propose that in sum-
mer, natural sources could make a significant contribution to
the high monthly average levels of TGM in Nanjing. How-
ever, most sharp peaks were caused by anthropogenic sources
probably and this will be discussed further in Sect. 3.4.2.

Natural emissions of mercury correlate with temperature
and solar radiation especially over soil surfaces (Leonard
et al., 1998; Carpi and Lindberg, 1998). Some researchers
speculate that higher TGM may be attributed to thermally
and/or photochemically mediated release from soil (Pois-
sant and Casimir, 1998; Sigler and Lee, 2006). Poissant and
Casimir (1998) found the mercury flux from grass covered
soil was relatively constant at 2–3 ng m−2 h−1 in the temper-
ature range of 10–20◦ and could rise to 7–8 ng m−2 h−1when
temperature was between 20◦ and 30◦. The correlation of
TGM concentration and temperature at our site was exam-

ined. Figure 6 shows the time series of TGM concentration
and temperature along with the 5 day moving averages dur-
ing the measurement period. Moving average TGM concen-
tration versus temperature exhibited a positive correlation
with a correlation coefficient (R) of 0.43. Figure 7 shows a
slope value of 0.17 ng m−3◦−1.

Several studies concluded that the dominant factor affect-
ing natural mercury emissions from soil was solar radiation
(Carpi and Lindberg, 1997; Wallschlager et al., 1999; Gustin
et al., 1999; Scholtz et al., 2003). In order to avoid interfer-
ence from the diurnal variation in radiation, we utilized the
daily average values. A positive correlation between solar ra-
diation and TGM concentration was found (Fig. 8), with a
correlation coefficient (R) of 0.53, which was higher than the
correlation between temperature and TGM concentration.

The data set of daily average radiation was divided into
five subsets. Then, the TGM concentration for each subset
was calculated (Fig. 9). It is clear that the median, 25th and
75th percentile values increased with solar radiation flux.
In addition, when solar radiation was strong (daily aver-
age> 140 W m−2), TGM concentrations were significantly
larger by a factor of 1.3–1.7 than those times with lower ra-
diation level. This indicates solar radiation could be an im-
portant factor contributing to high TGM levels in summer.
Two hypotheses were proposed for the mechanisms driving

www.atmos-chem-phys.net/12/12103/2012/ Atmos. Chem. Phys., 12, 12103–12118, 2012
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the positive impact of solar radiation on mercury emissions
from soil. First, Zhang et al., (2001) suggested that light may
reduce the apparent activation energy of the mercury emis-
sion process. Second, Carpi and Lindberg (1997) and Gustin
et al. (2002) suggested that light may affect the reduction
of divalent mercury in soil to GEM, which is subsequently
volatilized to the atmosphere.

The large amount of the mercury in soil around Nan-
jing and the surrounding region probably were reemitted
from the terrestrial system. CO has a significant anthro-
pogenic source and it is considered as an indicator of an-
thropogenic emissions (Mao et al., 2008). Thus, it can be
insightful to examine the relationship between TGM con-
centrations and anthropogenic emissions by comparing them
with CO concentrations. However, our measurements did not
suggest a large seasonal variability in CO (Fig. 10), unlike
in TGM. Moreover, we found that CO and TGM were cor-
related withR = 0.78 in winter compared toR = 0.35 in
summer (Fig. 11). This indicated that CO and TGM concen-
trations were affected by similar sources of anthropogenic
emission in winter. The low correlation coefficient in sum-
mer suggested an important role of natural sources of TGM
in summer. Of course, the re-volatilized mercury which could
be deposited anthropogenic mercury is also regard as nat-
ural emission. Our observed TGM/CO ratio in winter was
0.00312 ng m−3 ppb−1 and in summer is 0.00719, which was
close to the TGM/CO ratio of 0.0074 ng m−3 ppb−1 found
in a Shanghai plume during the ACE-Asia campaign by
Friedli et al. (2004). Jaffe et al. (2005) also suggested ratios
for individual Asian transport events ranged with 0.0036–
0.0074 ng m−3 ppb−1, with a mean of 0.0056 ng m−3 ppb−1

during Asian transport episodes. However the TGM/CO ra-

tio in Nanjing and Asian emission was obviously higher than
that observed in America, which was∼ 0.0020 in northeast
America (Mao et al., 2008) and∼ 0.0011 in US industrial
events (Weiss-Penzias et al., 2007). This may be caused by
different source composition and emission progress. Thus
the ratio of TGM/CO appears to be a good tracer of Asian
industrial outflow. Additionally, the intercepts of TGM and
CO gave the background concentration of TGM in differ-
ent season. The background concentration was 6.94 ng m−3

in summer, which was notable higher than that in winter of
2.59 ng m−3. Further, annual anthropogenic mercury emis-
sion of 4.26 t was estimated based on the ratio of TGM/CO
and the emission inventory of CO in Nanjing (Huang et al.,
2011).

3.3 Diurnal variation

TGM concentrations in Nanjing exhibited a pronounced di-
urnal pattern, as shown in Fig. 12, which were averaged over
each hour of the whole study period. TGM concentrations
showed a sharp increase after sunrise with a peak higher than
8 ng m−3 during 7–10 a.m. The concentration decreased to
below 7 ng m−3in the afternoon and remained at this lower
level at night for several hours until early morning. An-
nual daytime (6 a.m.–6 p.m.) averaged TGM concentrations
(7.7 ng m−3) were 10.2 % larger than nighttime measure-
ments (6.9 ng m−3). This is consistent with many other urban
cases, which report a similar pattern with the daily peak in
the morning and decrease in the afternoon (e.g. Friedli et al.,
2011; Song et al., 2009; Liu et al., 2011; Li et al., 2011; Mao
et al., 2008). However, quite different diurnal patterns were
observed at many suburban sites with the daily maximum oc-
curring at 12 p.m.–3 p.m. probably owing to local emissions
and transport(e.g. Fu et al., 2010, 2008; Wan et al., 2009; Kuo
et al., 2006). Also, several European sites displayed a diur-
nal pattern with maximum TGM concentrations occurring at
night or early in the morning (Lee et al., 1998; Schmolke
et al., 1999). These nighttime peaks of TGM concentrations
were attributed to mercury emissions from the surface ac-
cumulated in the nocturnal inversion layer (Schmolke et al.,
1999).

The diurnal fluctuations of TGM result from complex
physical and chemical processes including: surface depo-
sition, volatilization from surrounding surfaces, and trans-
port (Kellerhals et al., 2003). In order to understand the
diurnal pattern of TGM at our site, variations in meteoro-
logical conditions and trace gas concentrations were exam-
ined (Fig. 12). The diurnal cycle of TGM can be divided
into three segments including the morning increase, the af-
ternoon decrease, and the nighttime nearly constant level.
First, the sharp morning increase can probably be attributed
to several processes: emission and downward mixing from
aloft after sunrise. Increasing solar radiation and tempera-
ture (Fig. 12) also can promote the reduction of previously
deposited mercury to GEM which is subsequently emitted
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Fig. 12.Annual diurnal variation of TGM concentration, meteoro-
logical factor and trace gases.

to the atmosphere (Schroeder and Munthe, 1998). In addi-
tion, CO also showed a diurnal cycle consistent with that
of TGM, with a major peak during the morning rush hour
suggesting possible contribution from mobile combustion.
Some research also suggests the increase in TGM concen-
trations after sunrise can be ascribed chiefly to mercury re-
volatilization from abundant dew, which formed due to radi-
ational cooling of the surface at night (Mao et al., 2012; Kim
et al., 2010). It was also suggested that as the nocturnal in-
version layer collapses, the downward mixing of air masses
from aloft may increase the surface TGM level (Stamenkovic
et al., 2007; Mao et al., 2008). The drop in TGM concentra-
tions in the afternoon is possibly due to the growth of the
boundary layer height caused by thermal mixing. However,
TGM concentrations did not decrease as drastically as CO
mixing ratios did. The less drastic TGM drop can probably
be attributed to the peak in solar radiation and temperature,
which increased emissions from natural sources. The lack of
nighttime variation implies that TGM was removed from the
boundary layer at a rate comparable to emissions.

Further, there was noticeable variation in the seasonally
averaged diurnal cycles (Fig. 13). The largest diurnal vari-
ation was observed in spring with amplitude of 3.7 ng m−3.
The fluctuation was much less in winter with amplitude of
0.9 ng m−3. The lower amplitude in winter was likely at-
tributable to the lower general level of TGM concentration

and relatively less influence of natural sources. All diurnal
cycles showed a slight increase at night except in summer.
This was probably caused by better diffusion conditions dur-
ing summer nights due to the less frequent nocturnal inver-
sion. In addition, the daily peak in TGM concentrations al-
ways occurred at 11 a.m. during summer which was later
than during other seasons. This delayed peak was possibly
associated with longer-lasting, strong solar radiation induc-
ing extended evasion from soils.

3.4 Cluster analysis of air mass

3.4.1 Relationship between TGM concentration and
wind

The hourly averaged TGM concentration data were grouped
into eight clusters for every change of 45° in wind direc-
tion (Fig. 14). During the measurement period, the prevailing
wind was from the north and east with a relative frequency
of 31 % and 17 %, respectively. In Fig. 15, the calculated
frequency distribution of five TGM levels in each 45° slice
of wind direction was shown. Distributions of TGM con-
centrations in each of the wind direction were quite differ-
ent from each other. The lowest TGM levels (< 3 ng m−3)
mainly occurred under the northwesterly to northeasterly
wind. In contrast, wind from the south, southeast and south-
west, which was not predominant, typically accompanied
the highest TGM levels (higher than 12 ng m−3). We define
a TGM pollution episode when the concentration exceeded
6.0 ng m−3 which is close to the annual median value of
6.2 ng m−3. Pollution episodes seemed to occur under south-
westerly to southeasterly winds with probabilities all over
65 %. Probability even reached 79 % when wind was from
the south. This indicated the predominate influence from re-
gional sources in these directions.

The relationship between TGM concentration and wind
speed in each wind direction was examined. In general,
Fig. 14 shows atmospheric pollutant concentrations tended to
be enhanced with decreasing wind speeds due to less ventila-
tion except in the southwestern direction. This tendency was
more distinct, evidenced in larger R values, when the wind
came from north, northeast, east and southeast. Wind speed
and TGM were hardly correlated under southern, southwest-
ern and western winds. We observed that the fitted equation
and correlation coefficient of the southern and western direc-
tions did not pass the significance test at a significance level
of 95 %. This difference further illustrated that the fact that
winds from the southern or near southern direction would ad-
vect richer TGM concentrations in comparison with relative
cleaner air masses from the north and east.

3.4.2 Analysis of air mass back trajectories

In order to gain insight into the influence of long-range trans-
port on TGM concentrations in Nanjing, five-day 6-hourly
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Fig. 13.The average diurnal variation of TGM in(a) spring,(b) summer,(c) fall, (d) winter.

backward trajectories were simulated using HYSPLIT dur-
ing the study period starting from the location of our site. We
calculated 1391 back trajectories that were grouped into six
clusters, which are shown in Fig. 16. Clusters 1 and 3 both
showed air masses originating from Siberia and Mongolia,
respectively, passing over Northern China. These two repre-
sented cold air masses traveling via fast flows over long dis-
tances. Clusters 2 and 4 were of larger frequency (> 20 %).
Cluster 2 consisted of air masses from Northern China and
cluster 4 came from Korea. However, these two clusters of
back trajectories both passed over the East China Sea before
arriving in Nanjing. We considered them as land-oceanic air
masses. Cluster 5 was the shortest in distance with a fre-
quency of 14 %, classified as local air masses, indicating
slow-moving air masses over East China. Air masses in clus-
ter 6 originated from the South China Sea, and then passed
over south and central China.

Ranges of TGM levels in the five clusters were quite dif-
ferent. The average, 25 % and 75 % percentile concentrations
of TGM in each cluster were calculated and are shown in
Fig. 17. The largest average concentration of 11.9 ng m−3

was found in local air masses (cluster 5). The concentra-
tions in southern air masses (cluster 6), with an average of
9.82 ng m−3, were higher than those in oceanic air masses
(cluster 2 and cluster 4). The cleanest air masses were found
coming from the north in clusters 1 and 3 with averages of
4.7 and 5.9 ng m−3 respectively. Probably the most impor-
tant sources of mercury for Nanjing are local emissions and
long-range transport from the south.

Some extremely serious TGM pollution episodes were
observed during the study period with peaks exceeding
40 ng m−3 (Fig. 2). Three-day HYSPLIT backward trajec-
tories in 12 TGM pollution episodes (Fig. 18) showed that
9 of the total trajectories passed over the south of Nanjing.
Among them, 7 trajectories started from the south and south-
west of China, and two (5 March and 11 April) originated

in the north. Moreover, air masses in two episodes (27 April
and 1 May) were transported over long distances from the
southwest and entered Nanjing from the north. The episode
of 3 November was exceptional with air masses coming from
Korea and passing through the East China Sea. This rare tra-
jectory probably caused the unique high peak in winter. The
most significant sources of mercury are most likely located
south of Nanjing. Additionally, some sources in the south-
west and south of China may also contribute to high TGM
peaks in Nanjing via long range transport.

4 Summary

A comprehensive analysis of the characteristics of TGM
in Nanjing was conducted. Nearly one-year of continu-
ous measurement of TGM, meteorological conditions, and
trace gases were made at our site. The average concentra-
tion for TGM was 7.9± 7.0 ng m−3 with a large range of
0.8∼ 180 ng m−3 during the whole study period. The con-
centration of TGM in Nanjing is significantly elevated com-
pared to global background values, but comparable with the
measurements from other cities in China. Total TGM con-
centrations followed a typical lognormal pattern with more
than half of the total measurements between 3 and 7 ng m−3.
Episodes with extremely high TGM concentrations were also
observed, but only made up a small portion of the TGM data
set, with 4.10 % exceeding 20 ng m−3.

A distinct seasonal distribution of TGM concentrations
during the study period was found, with maxima in summer
and minima in winter. The most serious episodes (TGM con-
centration larger than 12 ng m−3) appeared more frequently
in summer and spring, which composed approximately 20 %
of all data in those seasons. This seasonal pattern stands in
contrast to most measurements in other locations. We con-
jecture, natural sources make great contributions in sum-
mer to the high level of TGM in Nanjing. Nanjing and the
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Fig. 14.Relationship between TGM concentration and wind speed in each wind direction.

surrounding area is one of the largest natural emission re-
gions in China with large seasonal variation. Positive corre-
lations between temperature, solar radiation and TGM con-
centrations were found over the study period. In addition,
the conspicuous difference between correlation coefficients
of CO and TGM concentrations in winter and summer likely
indicate the impact of different anthropogenic and natural
sources in the cold and warm seasons respectively.

TGM concentrations in Nanjing exhibited a pronounced
diurnal pattern with a peak concentration of greater
than 8 ng m−3 during 7∼ 10 a.m. Annual daytime (6 a.m.
∼ 6 p.m.) averaged TGM concentrations were 10.2 % larger
than averaged nighttime levels. The diurnal fluctuation of
hourly TGM represented the effects of multiple factors in-
cluding O3 concentrations, wind speed, solar radiation and

temperature. Moreover, each seasonally average diurnal cy-
cle of TGM exhibited noticeably different patterns due to
different diffusion condition and nocturnal inversions. The
largest diurnal variations were observed in spring, compared
with insignificant diurnal variations in winter.

The relationship between TGM concentrations and wind
was studied. The lowest TGM levels (lower than 3 ng m−3)
mainly occurred during northern, northeastern and north-
western wind. In contrast, wind from the south, southeast and
southwest, which is not the prevailing wind direction, corre-
sponded to the largest TGM levels (higher than 12 ng m−3).
When Nanjing was experiencing north, northeast, east, and
southeast winds, TGM concentration decreased with increas-
ing wind speed. By contrast, the effect of wind speed was
negligible when Nanjing was under southern, southwestern
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Fig. 15. The frequency distribution of TGM levels during 18 Jan-
uary and 31 December 2011.

Fig. 16.Clusters of 5-day back trajectories arriving at the study site
simulated by HYSPIT model (1: red, 2: deep blue, 3: green, 4: light
blue, 5: purple, 6: yellow).

and western wind patterns. In addition, five-day air mass
backward trajectories from our site were simulated by HYS-
PLIT every 6 h. The largest average TGM concentration of
11.9 ng m−3 corresponded to local air masses. The clean-
est air masses, with average TGM concentration of 4.7 and
5.9 ng m−3, were found to come from the north with high
transport speed. Local source and sources in the south and
southwest of China probably contributed most to high TGM
concentration in Nanjing.

Fig. 17. The average, 25 % and 75 % percentile TGM concentra-
tions in each cluster of back trajectories.

Fig. 18. Three-day back trajectories in 12 serious TGM pollution
episodes during the study period simulated by HYSPLIT.
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