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Abstract. Measurements of speciated atmospheric mercuryl Introduction

were conducted at a remote mountain-top station (Waliguan

(WLG) Baseline Observatory) at the edge of northeasternviercury (Hg) is a highly toxic and persistent pollutant
part of the Qinghai-Xizang Plateau, Western China. Meanof global environment concern. There are three ma-
concentrations of total gaseous mercury (TGM), particu-jor operationally-defined forms of Hg in the atmosphere:
late bound mercury (PBM), and gaseous oxidized mercurygaseous elemental mercury (GEM), gaseous oxidized mer-
(GOM) during the whole sampling campaign wer®8+  cury (GOM), and particulate bound mercury (PBM), with the
0.98ngnT3, 19.4+18.1pgnT3, and 74+4.8pgnT3, re-  sum of GEM and GOM commonly known as total gaseous
spectively. Levels of speciated Hg at WLG were slightly mercury (TGM) (Gustin and Jaffe, 2010). GEM, the dom-
higher than those reported from remote areas of North Amerinant form of total Hg in the atmosphere 90 %), is fairly

ica and Europe. Both regional sources and long-rang transstable in the lower atmosphere with a residence time of
port played important roles in the distribution of atmospheric several months to a year, and therefore could be globally
TGM and PBM at WLG, whereas GOM showed major links dispersed by global atmospheric circulation (Schroeder and
to the regional sources, likely as well as the in-situ produc-Munthe, 1998; Lindberg et al., 2007). Due to the high sur-
tions via photochemical processes. Regional sources for spéace reactivity and water solubility, PBM and GOM have
ciated Hg were mostly located to the east of WLG, which is much shorter atmospheric residence times of several hours to
the most industrial and urbanized areas of Qinghai provinceweeks and are generally depicted as regional and local pollu-
Potential source contribution function (PSCF) results showedants (Schroeder and Munthe, 1998; Sheu and Mason, 2001).
that eastern Gansu, western Ningxia and Shanxi Provincgven though present as a small proportion of total Hg in the
were likely the potential source regions of WLG, with good atmosphere, GOM and PBM are believed to be crucial in the
accordance with locations of urban areas and industrial cenglobal biogeochemical cycle of Hg (Lindberg and Stratton,
ters. Moreover, we found that Northern India may be a sig-1998). This is mainly because GOM and PBM are the dom-
nificant source region for WLG during the sampling cam- inant pathway for Hg being scavenged from atmosphere and

paign, and this is the first published evidence suggestingielivered to remote terrestrial and aquatic ecosystems (Lee
long-range transport of atmospheric Hg from India to theet al., 2001; Seigneur et al., 2003).

Northeastern Tibetan Plateau. Seasonal and diurnal varia- ggip anthropogenic and natural sources release GEM to
tions of TGM were in contrast to most of the previous studies;pe atmosphere. According to recently developed mod-

in China, with relatively higher levels in warm seasons ande|s anthropogenic activities are regarded as the major fac-
night, respectively. The temporal trend of TGM also high- {45 influencing atmospheric Hg distributions, with anthro-
lighted the impact of long-range transport on the distribution pogenic sources accounting for about 1/3 of the total emis-

of TGM in ambient air at WLG. sions (Seigneur et al., 2004; Selin et al., 2007; Pirrone et
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al., 2010). GOM and PBM are emitted primarily from an- present study, we conducted one year continuous measure-
thropogenic sources. However, many recent studies alsments of TGM at the Mount Waliguan Baseline Observatory
found strong evidence of natural productions of GOM andat the edge of northeastern part of the Qinghai-Xizang (Ti-
PBM in polar regions (Lu et al., 2001; Lindberg et al., 2002; bet) Plateau. Also, we measured PBM and GOM concentra-
Cobbett et al., 2007), marine environments (Laurier et al. tions in three selected seasons. The data sets presented here
2003; Obrist et al., 2010); as well as free troposphere andre crucial for the global mercury observation network and
lower stratosphere (Murphy et al., 2006; Swartzendruber eglobal mercury modeling studies. In addition, it is also im-
al., 2006; Fén et al., 2009). Additionally, many observa- portant to study the regional atmospheric Hg budgets of Asia
tions conducted at inland sites have also reported consisterand long-range transport of Hg to Qinghai-Tibetan Plateau.
elevated levels of GOM during daytime which is probably
related to in-situ photochemical production (Poissant et al., .
2005; Lynam and Keeler, 2005: Sigler et al., 2009). 2 Experimental

L.ong—term monitoring of atmospheric I_—|g atremote sites S, 1 site description
an important pathway to assess the regional atmospheric Hg

budget and understand the global cycle of Hg in the atmoyonitoring of speciated atmospheric Hg was carried out at

sphere. A large number of studies have been made in remotg, Waliguan (WLG) Baseline Observatory (26852.7 E,
areas in Europe and North America. According to these studggo17120 N 3816 m a.s.l.), which is one of the World

ies, the average concentrations of GEM, GOM and PBM gen

: 3 3
erally fell in tgwe range of 1:21.9ngnT*, 1.8~43 PIM " Watch (GAW) Baseline Stations. The observatory is situated
2.2~26pgm °, respectively (Schmolke et al., 1999; Keller- 4t the summit of Mt. Waliguan at the edge of northeastern

hals et al., 2003; Poissant_ et al., 2005; Ya'FaveIIi etal., 2006'part of the Qinghai-Xizang (Tibet) Plateau (Fig. 1), which is
Valente et al., 2007; Choi et al., 2008; Sigler et al., 2009

) : 'an isolated mountain peak with an elevation of about 600 m
Engle et al., 2010), with some of the higher levels observed,p, e the surrounding landmass.

under impacts from regional sources and in-situ photochem- v, G s relatively isolated from industrial point sources

ical production.' A cI.ear temporal trend with decreasing 44 populated regions. The surrounding areas of WLG are
TGM concentrations since 1995 was observed at Mace Head,a¢rally preserved arid/semi-arid lands and scattered grass-
which corresponded very well with the decreasing anthro-j5n4s and there is no local Hg source around the station. Most
pogenic emissions in Europe (Ebinghaus et al., 2011). Oby¢ the chinese Hg source regions are situated to the east of

servations of atmospheric Hg in remote areas of South Hemiyy| (Wu et al., 2006). Xining and Lanzhou, which are the

sphere are limited. The annual mean TGM concentrations &}, |argest industrial regions and populated centers in the
Cape Point in South Africa ranged from 0.87 10 1.41G'M  orthwest of China, are located about 90 and 260 km to the
with relatively lower levels observed in recent years (Slemr,, iheast and east of WLG. There are no large point sources

et aI.: 2,011)' ) ) to the west of the WLG, and the population density in this
Asia is the largest atmospheric Hg source region over they o is generally lower than 10 people pePkm
world, and constitutes more than half of total anthropogenic  \yjing system at WLG is controlled by Qinghai-Tibet

emissions worldwide (Pirrone et al.,, 2010; Pacyna et al.pjateau monsoon, which brings seasonal variations in wind
2010). However, atmospheric Hg in this area is poorly stud-gjrections with southwestern wind and eastern wind as the
ied. Previous studies conducted in remote areas of predominant wind directions in cold and warm seasons, re-

Southern, Southwestern, and Northeastern China re"ea'e§pectively. At the same time, WLG is also affected by the
highly elevated atmospheric TGM concentrations rangingmqayntain-valley breezes. During the daytime, the air mass
from 2.8~3.98 ng rr.r3.(Fu et al., 2008a, b, 2010a; Wan et j, the |ower altitude area of Mt. Waliguan is heated because
al., 2009), and preliminary studies of TGM in marine bound- ¢ jncreasing solar radiation, resulting in an upslope flow
ary layer also showed eleva_ted TGM levels (Fu et al., 2010b, ¢ brings air flows from the boundary layer to the sam-
Ci et al,, 2011). Also, a highly elevated TGM concentra- ,jing site: while at night, air adjacent to mountain peak cools

: 3
tion up to 4.61ng m* was observed from a Global AtmO-  tagter than air in the low altitude area, causing a reversal flow
spheric Watch (GAW) station in the An-Myun Island, Korea qqnsiope), which enables transport of air masses from the

(Nguyen et al., 2007). The_se studies indicated tha_t Eastergqe troposphere to the sampling site. During the study pe-
Asia is seriously polluted with respect to atmospheric Hg.  1ioq, annual mean air temperature, relative air humidity, wind

The Qinghai-Tibetan Plateau, with an average altitude Ofspeed and precipitation werel.7°C, 41.6 %, 4.6 mst, and
over 4000ma.s.l., is an ideal platform for assessing atmozcg mm respectively. ’ ’ ’

spheric Hg budget in Asia. The Plateau itself has lower pop-

ulation density and sparse distributions of industrial activi-2.2  Measurements of speciated atmospheric Hg

ties. The two largest source regions in the world, Eastern

China and India, are located to the east and southwest of thReal time continuous (every 10min) measurements of
Plateau (Pirrone et al., 2010; Pacyna et al., 2010). In theTGM were conducted from 22 September 2007 to

‘Meteorological Organization’s (WMO) Global Atmospheric
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Fig. 1. Map showing the location of Mount Waliguan Observatory Baseline.

21 September 2008 using an automated Hg vapor analyzeronsists of an integrated elutriator/acceleration jet and a glass
(Tekran 2537A). Its technique is based on the collection ofimpactor plate which removes coarse particte.6 um) in
TGM on gold traps, followed by thermal desorption, and de-ambient air. Air samples were collected for 3.5 or 7.5 h du-
tection of HJ by cold vapor atomic fluorescence spectrom- ration with a volumic flow rate of 10 L mint. It should be
etry (=253.7 nm). The instrument has two cartridges whichpointed out that, due to the extreme environment condition
trap gaseous Hg on to gold absorbents. While one cartridge iat the station, we were unable to install the sampling sys-
adsorbing Hg during sampling period, the other is being destem of PBM and GOM outside the building. The use of 25 ft
orbed thermally and analyzed subsequently for TGM. Theheated Teflon tube might result in some adsorption of PBM
functions of each cartridge are then reversed, allowing conand especially GOM to the Teflon tubing and cause artifacts
tinuous sampling of ambient air. The analyzer was set up in(mainly underestimates) to the final concentrations observed
a temperature-controlled laboratory (24=£5. Fresh ambi-  (Landis et al., 2001). However, we speculate that this arti-
ent air was introduced to the inlet of the analyzer by usingfact may not affect to our result significantly due to the sev-
a 25 ft heated Teflon tube (B3C) with its sampling inlet eral following reasons. Firstly, the sampling air had a very
2.5m above the roof. A 47-mm diameter quartz fiber fil- short residence time~2 s) inside the Teflon tubing, which
ter at the inlet of the heated Teflon tube and a Teflon filteris shorter than the commercial manifold (Tekran 1104 sam-
(pore size 0.2 um) mounted behind the Tekran 2537A wereple manifold) recently developed for atmospheric Hg stud-
used to remove particulate matters, which were replaced evies under extreme environment conditions. Also, the Teflon
ery two weeks. The analyzer was programmed to measuréubing was kept at a relatively high temperature of&0
atmospheric TGM at the time resolution of 10 min and at awhich might decrease the adsorption of GOM and PBM to
flow rate of 0.75Iminm!. The detection limit of TGM in this  the Teflon tubing.
study was about 0.1 ngm. Data quality of the analyzer was During sampling, temperature of the denuder was main-
controlled via periodic internal recalibration with a 25h in- tained at about 40-5 using a temperature controlled heat-
terval, and the emission rate of internal permeation sourceng sleeve. Fine fraction<{2.5um) PBM in ambient air
was calibrated every 4 months. downstream of the denuder was collected onto a 47 mm
Sampling and analysis of atmospheric GOM and PBM diameter quartz fiber filter housed in a Teflon coated filter
were carried out by using the method developed by Landisholder. Before sampling, the quartz fiber filter was pre-
et al. (2002), which showed details of quartz annual denudecleaned by heating it at 83C for 30 min. We tried to
design, pre-clean method, denuder coating, and thermallpbtain a low blank for the quartz fiber filters for sampling,
conditioned method. Quartz annular denuder (URG) was pohowever, a relatively high mean background of#4109 pg
sitioned vertically in the temperature-controlled laboratory, (0.8~8.0 pg,n = 18) was observed. We made blank correc-
and ambient air was introduced to the inlet of denuders by ustion for all the PBM concentrations by subtracting the mean
ing the 25 ft heated (5TC) Teflon tube. The inlet of denuder blank of quartz filter. All the quartz filters were used for only
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one sampling cycle to prevent from possible deformation andogical data are on a 360 by 181 degree latitude-longitude
pollutions. In this study, we used two types of sampling du-with a horizontal resolution of 21 degree latitude/longitude
rations for GOM and PBM sampling, which were 7.5 h dur- and a vertical levels of 23 from 1000 hPa to 20 hPa. Since
ing 00:00~08:00 and 3.5 h during 08:624:00 (local time),  atmospheric Hg species have quite different atmospheric res-
respectively. Landis et al. (2002) tested the field collectionidence times, backward trajectories with total run times of
efficiencies of the denuder and found that the efficienciesl20, 48, and 48 hours were calculated for TGM, GOM and
were relatively stable (92 %94 %) for 1~12 h sampling du- PBM, respectively. Backward trajectories used for further
rations. For the fine fraction PBM, it was also observed thatTGM sources identification were calculated every 24 h, while
there is no consistent difference in PBM concentrations ofthey were calculated very 4h or 8h for PBM and GOM.
different sampling durations (Malcolm and Keeler, 2007). Hence, we collected 888, 435, and 435 trajectories for TGM,
Upon completion of the field sampling, the denuder wasPBM, and GOM, respectively.
sealed immediately and the quartz fiber filter was transported The calculated backward trajectories were used to make
into a quartz glass tube (URG) using clean techniques. DePotential Source Contribution Function (PSCF) analysis of
nuder and filter were firstly flushed with zero gas for aboutatmospheric Hg species at MLG, which has been applied in
10 min. Then the denuders and filters were rapidly heatednany previous studies to identify possible source areas for
to 500°C and 850C for about 15 min using a tube furnace the measured atmospheric pollutants (e.g. Kim et al., 2005;
(Thermo Scientific), respectively. GOM and PBM trapped Choi et al., 2008). The PSCF values for the grid cells in
onto denuders and quartz fiber filters were thermally decomthe study domain were calculated by counting the trajec-
posed to H§ and detected by Tekran 2537A. In order to min- tory segment endpoints that terminate within each cell. The
imize the effect of other compounds collected by the denud-number of endpoints that fall in thjp, cell is designated as
ers on the Tekran 2537A gold trap collection efficiencies dur-N;;. The number of endpoints for the same cell correspond-
ing thermal desorption, a soda and lime trap was installed iring to concentrations higher than an arbitrarily set criterion
the sampling line of Tekran 2537A and replaced routinely (1.98 ng n3, 19.4 pgnr3, and 7.4 pg m® for TGM, PBM,
(Landis et al., 2002). Atmospheric PBM and GOM con- and GOM, respectively, which are the mean levels during the
centrations were calculated by taking the sum of the threewhole sampling period. We did not observe significant de-
heating cycles for each analyte and subtracting 3 times th&iations in potential source regions using different arbitrarily
last zero air value prior to desorption (Landis et al., 2002).set criterions such as the mean concentrations and 75th lev-
Fresh glass impactors and denuders were replaced periodéls of speciated atmospheric Hg) is defined taMige. The
cally. Quality assurance and quality control for PBM and PSCEF value for thg,, cell is then defined as
GOM were conducted using duplicates and field blanks. The Mo
relative mean differences of duplicated PBM and GOM sam-PSCE; = —~
ples (Vv = 10) were 2228 % and 1222 %, respectively. Nij

The field blanks of quartz fiber filters and denudgrs Were  gince backward trajectories starting at different heights
4.0+1.9pg (v =18) and 1.30.5pg (V =7), respectively.  yayerse different distances and pathways, multiple height
The detection limits for PBM and GOM in our study were pgcp analysis was performed with starting elevations of 500,
4.2 and 1.2pgm®, respectively, based on 3 times the stan- 1500 and 1500 m above the ground level. Since each of
dard deviation of blanks. the endpoint may contain source information of the grid cell,
In this study, GOM and PBM measurements were con-gndnoints “grounded” were not excluded in this study. The
ducted in three individual months, September 2007 (22 to 3Qqt4 endpoints in the geophysical region covered was 94 947
September), January 2008 (13 to 22 January), and July 2008,, TGM, and 21 022 for PBM and GOM, and the geophys-
(5 to 19 July), which represents the three different seasons Qg region was divided into 4132 grid cells of 8.5 lat-
autumn, winter, and summer, respectively. itude and longitude. To reduce the effect of small values of
N;j, the PSCF values were multiplied by an arbitrary weight
function W;; to better reflect the uncertainty in the values
for these cells (Polissar et al., 2001). The weighting func-
tion reduced the PSCF values when the total number of the
endpoints in a particular cell (N was less than about three
times the average valud/§ye) of the end points per each cell:

@)

2.3 Backward trajectories and Potential Source
Contribution Function (PSCF) analysis

In order to identify the possible impacts of long-range trans-
port on the distribution of atmospheric Hg at WLG, three-
dimensional air mass backward trajectories arriving at WLG
at the heights of 500, 1000, and 1500 m above the ground

level were calculated using a Geographical Information Sys- 10  N;j>3Nae

tem based software (Wang et al., 2009) and gridded metey, 0.70  3Naye> N;jj > 1.5Nave @)
orological data (Global Data Assimilation System, GDAS1) "/~ | 0.40 15Naye> Nij > Nave

from the U.S. National Oceanic and Atmospheric Adminis- 0.20 Mave> N;j

tration (NOAA). Horizontal domain of the gridded meteoro-
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Although trajectory and PSCF calculations are powerful 14
tools for atmospheric source identifications and have been
widely used in many previous literatures (e.g. Kim et al., <
2005; Choi et al., 2008), there are many limitations and
uncertainties associated with the trajectory calculation and
PSCF analysis. Here, we made a rough estimate of the
uncertainties associated with trajectory calculations by per-
forming forward and backward trajectory calculations origi- ol
nated from the source and receptor locations. Itis found that Z

i

—— Ten-min mean

10 4

concentration (ng m”

horizontal and vertical deviations between the corresponding & 21
endpoints of backward trajectories and forward trajectories
increased with run time and the mean horizontal and vertical ~ o7.0s.01 07.12.01 08.03.01 08.06.01 08-00-01
deviations at the 120th hour were about 670 km and 830 m,

respectively, and this approximately yields an uncertainty ofFig. 2. Time series of the distribution of TGM concentrations in
17 %—24 % for the study domain. ambient air at Mount Waliguan Observatory Baseline.
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10-min averaged meteorological data measured at 10m
above the ground, including wind direction, wind speed,
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Waliguan (WLG) Baseline Observatory.
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GOM and PBM concentration (pg m'3)

3.1 General characteristics Fig. 3. Time series of PBM and GOM concentrations during the
selected sampling campaigns.
Figures 2 and 3 show the time series of TGM, PBM, and
GOM concentrations at WLG during the whole sampling
campaign. Both TGM and PBM showed significant varia- 2.5%-1.33 ng n73 obtained at the edge of southeastern Ti-
tions with many high concentration episodes; whereas GOMbetan Plateau (Shangri-la station, the regional background
concentrations exhibited a relatively constant level. Gener-station in Southwestern China belongs to Chinese Meteoro-
ally, GOM has a very short atmospheric residence time andogical station, Zhang et al., 2011), but they were relatively
is regarded as a precursor of nearby sources. The repeatigher than the mean value of 1:60.51 ng nT3 observed at
edly observed high TGM and PBM episodes and relativelyMt. Changbai area, Northeastern China (Fu et al., 2012).
constant levels of GOM likely indicate a more pronounced Levels of atmospheric Hg species at WLG were relatively
impact of long-range transport at the sampling site comparedhigher than those observed in remote areas of North Amer-
to the local and regional sources. ica and Europe. For example, ranges of speciated Hg con-
Mean concentrations of TGM, PBM, and GOM dur- centrations in remote areas of Middle and Eastern United
ing the whole sampling campaign were H9B98ngnt3  States were 1.271.62 ng mS for GEM 2.2~9.1 pg m3 for
(the geometric mean concentration was used here bePBM, and 1.8-5.2 pgn13 for GOM, respectively (Choi et
cause the data sets followed a log normal distribution pat-al., 2008; Sigler et al., 2009; Engle et al., 2010). Also, mean
tern), 19.4:18.1 pg 73, and 7.4:4.8 pgn 3, respectively.  TGM concentrations of 1.72 and 1.66 ngfwere obtained
Levels of atmospheric Hg species at WLG were muchfrom long-term measurements at Mace Head, Ireland and
lower than those observed at Guiyang city, SouthwesterrZingst, Germany, respectively (Kock et al., 2005). Recently,
China (means: 9.72ngm (GEM); 368pgn (PBM); many efforts have been devoted to model the spatial distribu-
35.7 pgnT3 (GOM)), a polluted city with many large point tions of atmospheric Hg in Asia, mainly because this region
and domestic Hg sources (Feng et al., 2003, 2004; Fu et algonstitutes of a very important portion of the global total an-
2011). In general, atmospheric TGM levels in remote ar-thropogenic Hg emissions (Seigneur et al., 2004; Selin et al.,
eas are closely related to the regional atmospheric Hg bud2007; Lin et al., 2010). These modeling studies predicted rel-
get. TGM concentrations at WLG were much lower than theatively high surface ambient TGM concentrations in Eastern
background value (2.801.51 ngn73) of TGM in Guizohu  China and areas downwind Eastern China, which are consis-
province, one of the largest Hg source regions in China (Fuent with many of the observations (Feng et al., 2005; Fu et
et al., 2010a), and also lower than the annual mean value ddl., 2010a, b; Ci et al., 2011). However, according to this
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Fig. 4. (A) Wind rose for the entire study periofB) wind rose for TGM;(C) wind rose for all PBM data sets; arf®) wind rose for all
GOM data sets.

work, most of the modeling results underestimated the atmoeas in Northwestern China; whereas western wind was nor-
spheric TGM levels in the northeast of Tibetan Plateau. Asmally from Tibetan Plateau and Xinjiang province with rel-
a persistent atmospheric pollutant, atmospheric TGM (pre-atively lower Hg emission intensity. Speciated atmospheric
dominant in the form of HY emitted from the central and Hg showed a strong dependence on wind direction at WLG.
east of China could undergo long-range transport to Westeris shown in Fig. 4b, winds from south, west, and north all
China, which was likely responsible for the elevated TGM showed much lower TGM concentrations compared to winds
levels observed at WLG. Moreover, India is also an increasfrom northeast and east directions. The mean TGM con-
ing anthropogenic Hg emission source region (Pirrone et al.centrations for south, west, and north wind sectors were all
2010). Long-range transport of Hg-enriched air masses origin the range of 1.82.0 ng nT3, which was slightly higher
inated from and/or passed over India was likely an additionalthan the values observed in remote areas in Northern Hemi-

contributor to atmospheric Hg at WLG. sphere (Lindberg et al., 2007). In contrast, the mean TGM
concentrations for northeast and east wind sectors were in
3.2 Wind dependence of atmospheric Hg species at the range of 2.492.81 ng n13, which were 23-46 % higher
WLG than those observed for south, west, and north wind sectors.

PBM and GOM also showed pronounced dependence on
Annual wind rose at WLG is shown in Fig. 4a. Most of wind direction at WLG. As shown in Fig. 4c, most80 %)
the wind sectors were abundant %) with northeast and of the high PBM concentrations (above the 90th percentile
southwest as the prevailing wind directions. Wind from value) were observed under northeasterly to southeasterly
east was originated from and/or passed over low altitude arflows; whereas air masses from west to north sectors showed

Atmos. Chem. Phys., 12, 19511964 2012 www.atmos-chem-phys.net/12/1951/2012/
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Fig. 5. Five-day mean trajectory clusters ended at WLG and the spatial distributed inventories of anthropogenic Hg emission in Asia (Pacyna
et al., 2005). The circles on the clusters represent 6-h intervals.

the concentrations normally lower than 10 pg'm GOM sampling site directly received more long-range transport air
showed a similar but less pronounced directional dependencmasses during night (we discuss this more in Sect. 3.4), once
compared to PBM (Fig. 4d)»-73 % of the high GOM events again, this indicates the impact of long-range transport of Hg
(above 90th percentile value) were observed under northeasfrom urban and industrial areas to the east of the sampling
erly to southeasterly flows. site. On the other hand, the night mean TGM concentrations
were generally 8.3 % lower than those during daytime when
The strong directional dependence of atmospheric Hgajr masses were originated from areas south, west, and north
species at WLG corresponded very well with the re- g the sampling site, in which there might be minor sources
gional distributions of anthropogenic Hg sources. Qinghaiyg|ated to the regional human activities.
province, in which the sampling is located, is one of the
lowest anthropogenic Hg sources regions in China. Wu e.3 Implications of atmospheric Hg budget in China
al. (2006) estimated that the total annual anthropogenic Hg and other Asian countries
emission in Qinghai province was 1.9t, only accounting for
0.27 % of the total anthropogenic emissions in China. How-In general, levels of atmospheric Hg in air masses are closely
ever, most £90 %) of the emissions were originated from related to its original areas and transport pathways. There-
areas around the Xining city, which is situate®D km north-  fore, the relatively levels and emission rate of atmospheric
east to WLG. Besides, it also showed that area around LanHg in different regions could be roughly estimated using
zohu, the capital of Gansu province which situat&60km  backward trajectories analysis and TGM concentrations at
east to the WLG, was also an important source region. Thesa receptor station. In this study, all the backward trajecto-
two source regions were likely responsible for the elevatedries with starting height of 2000 m above ground level (us-
atmospheric Hg species observed under the northeastern amt trajectories with different starting heights did not signifi-
eastern flow. Interestingly, there were relatively larger differ- cantly alter cluster results) were grouped into 6 clusters using
ences of TGM concentrations between night and daytime una hierarchical Ward’s method (Wang et al., 2009). Figure 5
der northeasterly to southeasterly flows than westerly flowsshows the result of the cluster analysis and anthropogenic Hg
For the easterly flow, the night mean TGM concentrationsemissions in 2000 (Pacyna et al., 2005). Cluster 1 represents
were 2.8-8.6 % higher than those during daytime. As the air masses originated from Western China and passing over
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50 tively. This indicates relatively low intensity of Hg emission
wele in Middle Asia, Xinjiang, and west Inner Mongolia. Cluster
5 showed relatively higher TGM concentrations compared to
Ursmeti cluster 3, with a mean value of 2.11 ngf Air masses in
Xiohang , cluster 3 and cluster 5 were originated from east of Kaza-
vy Fatyuan khstan and both passed over north of Xinjiang province, but

~z

<

45 ——]

40+
~ 4 Yinchuan

e 2 = they had different pathways before ending at WLG. The el-
= e o gt evated mean TGM concentration of cluster 5 probably indi-
o cates Hg emissions in the middle of Gansu province. Mean
o . & | TGM concentrations related to air masses in cluster 6 was
NWDN“;%W s ‘ B 2.04 ng nT3, indicating Mongolia and west of Inner Mongo-
N P iy - lia had low atmospheric Hg emission intensity.
“7s s 85 s 95 100 105 10 115 It should be pointed out that using TGM concentrations at

a receptor station and cluster analysis might over or under-
estimate regional atmospheric Hg budgets. In general, air
masses originated from polluted areas could be diluted dur-
ing transport over the low Hg emission regions, and this gen-

, , ) erally predicts relatively lower levels of Hg in the source ar-
several urban areas of Western China with relatively lowergyq. \whereas air masses originated from pristine areas might
traveling height. Cluster 2 shows air masses originated from, gisturbed by Hg-enriched upflows. In this study, we sug-
Northwest India and passing over Tibetan Plateau with rela‘gest that atmospheric Hg level in Northwestern India might

tively higher traveling height. Cluster 3, 4, and 5 were all ;o ,nderestimated by the cluster analysis.
originated from Middle Asia but with different pathways,

with cluster 3 passing over north of the Xinjiang, northwest 3 4 psSCF results
of Gansu, and east of Qinghai, cluster'4 passing over Tak-
limakan Desert and northern Tibetan Plateau, and cluster iigure 6 shows the possible source regions and pathways of
passing over north of the Xinjiang province and northwest of 3tmospheric TGM at WLG identified by the PSCF analysis.
Gansu province. Cluster 6 indicates air masses coming from\s shown in Fig. 6, eastern Qinghai, eastern Gansu, western
Mongolia and passing over the west of Inner Mongolia andshanxi, and western Ningxia Province were likely source re-
middle of Gansu province. gions of atmospheric TGM at WLG. This is mainly because
In order to minimize the effects of upslope wind which these areas are important anthropogenic Hg source regions in
generally captures pollutants from the surrounding regions\estern China, and also important source regions and path-
only nighttime mean TGM concentrations were used to cal-way of air masses ended at WLG. It was estimated that the
culate mean TGM concentrations related to the 6 clustersanthropogenic Hg emissions in Qinghai and Gansu provinces
For the 6 clusters, cluster 2 was observed with the highsvere 5.7 and 28.7 tons in 2003, respectively, with most of
est mean TGM concentration of 2.46 ngn Since Tibetan  their sources located in the east of the two provinces (Wu et
Plateau where cluster 2 passed over was pristine area and selk, 2006; Shetty et al., 2008). Northwestern India was also
dom reported with any major Hg emission sources (Fig. 5),an important source region to WLG (Fig. 6). As discussed
the elevated TGM level of cluster 2 was mostly likely a re- in Sect. 3.3, Northwestern India is an important urbanized
flection of pollution with respect to atmospheric Hg in North- and industrialized area and might be of high anthropogenic
west India. As a fast developing country, anthropogenic HgHg emission rates, and air masses originated from this area
emission in India has attracted an increasing attention in reprobably climbed over the Tibetan Plateau and contributed to
cent years. It was reported that the annual anthropogenic Hgig pollution to the northeastern Tibetan Plateau.
emissions of India in 2004 was about 240t, with most de- The PSCF result in Fig. 7a indicates southeastern Qing-
rived from coal combustion, waste disposal, and non-ferroushai province and Northwestern India were likely important
smelting activities. Northwestern India, where the capital of source regions and pathways for atmospheric PBM at WLG.
New Delhiis located, is generally characterized by high pop-The identified area in southeastern Qinghai province was
ulation density and many industrial centres, which may haveprobably due to the fact that there are several settlements lo-
high Hg emission rate and elevated atmospheric Hg levels. cated in this area, which might contribute to PBM emissions.
TGM concentrations of cluster 1 were also elevated with Also, this area is normally characterized by yellow soil land-
a mean value of 2.31ngTd. This is mainly because air forms, and a small desert is located about 60 km south to the
masses of cluster 1 passed over several industrial centers aMiLG site, which might yield gas-to-particle productions of
urban areas in northwest of China, such as Xi'an, LanzhouPBM during atmospheric transport. A small region in North-
and Xining. Cluster 3 and cluster 4 showed the two lowestwestern India was also identified as a potential source re-
mean TGM levels of 1.93ngn? and 1.81ngm3, respec- gion and pathways for PBM at WLG, and this is in good

Fig. 6. Likely source areas of TGM identified using Potential
Source Contribution Function (PSCF) plots.
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Table 1. Summary of speciated Hg concentrations and meteorological parameters from September 2007 to September 2008 at WLG.

1959

TGM (hgm3) PBM (pg mi3) GOM (pg ni3) Air temperature  Humidity Wind speed
(°C) (%) (ms™
Mear* £+ Range Mean+to Range Mean+o Range
Spring | 1.83t0.78 0.69-12.1] — - - - —-0.47 27.4 5.05
Summer| 2.00£0.77  1.01-11.7| 5.245.3 0.2-28.5| 7.4£4.3  1.7-21.0| 6.71 61.6 4.65
Autumn | 1.96£0.70 0.92-8.48 30.8:22.0 1.3-82.1| 9.5+6.5  2.2-28.8| —0.92 48.8 431
Winter | 2.15+1.40 0.94-12.8 22.14+18.3 0.9-86.9| 5.2£2.7  1.5-15.4| —12.05 28.5 4.34
Total 1.98£0.98 0.69-12.8/ 19.4+18.1 0.2-86.9| 7.4+4.8  1.5-28.8) —1.68 416 4.59
* Geometric mean is used because TGM followed log normal distribution pattern.
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PP Fig. 8. Monthly variations of TGM concentrations in ambient air at
Fl Fscr Mount Waliguan Observatory Baseline.
value
40+
Yinfc_-huun 0.6 i i i .
Kl > L about 70 km south to the sampling site, and no significant
44 Sl © _ 2 long-range transport processes contributed to the GOM at
| 2 xim Mgy WLG. The area with the highest PSCF values located south
4 \ 54 to the sampling site might be partially related to GOM emis-
o, i ¥ G G Cloogals sions from several settlements mentioned above. However,
ikt W5 ) o2 it should be pointed out that many uncertainties are related
, Guiyang 01 to the PSCF analysis for PBM and GOM. First of all, due to
75 50 8 90 95 100 105 1o 15 the relatively short sampling period for PBM and GOM, the

PSCF results for PBM and GOM are less accurate compared
to TGM. Also, it is commonly known that in situ produc-
tion via photochemical oxidation is also important source for
atmospheric GOM in remote areas (Lindberg and Stratton,
1998; Lynam and Keeler, 2005; Sigler et al., 2009). Due to

. . _ the trailing effects of PSCF analysis (Han et al., 2005), the
accordance with TGM. The high PSCF values in Northwest-, i tions from areas located upwind the dominant wind

ern India were ma|_nly dug to th.e fact_ that many high PBM direction of the sampling site were likely overestimated.
events were associated with trajectories originated or passed

over Northwestern India (33 trajectories). 3.5 Seasonal variations

Compared to TGM and PBM, the regional sources might
play a more pronounced role in the distribution of GOM in Monthly variation of TGM concentrations in ambient air at
ambient air at WLG. As shown in Fig. 7b, the most possi- WLG was shown in Fig. 8. The highest monthly mean TGM
ble source region and pathway for GOM at WLG is located concentration, 2.99 ngn3, was observed in January 2008,

Fig. 7. Likely source areas ofA) PBM and(B) GOM identified
using Potential Source Contribution Function (PSCF) plots.
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Russia

Kazakstan Mongolia

Fig. 9. Daily backward trajectories ended at WLG at a height of 1000 m above ground in January 2008.

while the lowest monthly mean value of 1.73 ngfnwas Due to the relatively short sampling periods and large vari-
observed in March 2008. Aside from January 2008, TGM ations of PBM and GOM, our data are too limited to depict
concentrations at WLG showed a clear trend with relativelyclear seasonal variations. As shown in Table 1, PBM con-
higher monthly means in summer and autumn and lowercentrations varied significant among the three sampling cam-
monthly means in spring and winter (Fig. 8). This trend is paigns, with much higher concentrations in autumn and win-
in contrast to most of the previous observations conducted irter, and lower concentrations in summer. Correlation analy-
the east and southwest of China generally with high monthlysis between PBM and TGM showed a significant linear cor-
means in cold seasons and low monthly means in warmselation in winter sampling campaigm £ 0.66, p<0.01),
seasons (Feng et al., 2002, 2004; Fu et al., 2008a, 2010and a week correlation in autumn=£ 0.05, p =0.77) and
2011b; Sheu et al., 2010). Unlike previous studies whichsummer ¢ = 0.07, p = 0.57), respectively. This indicates
generally highlighted the impact of local and regional emis-that PBM might have a major source of long-range trans-
sions from combustion sources on the seasonal TGM variaport of pollution from Northern India as that of TGM. For
tions, long-range transport played an important role in reg-other months, processes including the regional sources, wet
ulating the monthly variations of TGM at WLG. The high- and dry depositions, as well as long-rang transport might
est monthly mean TGM concentration observed in Januaryplay a combined role in controlling the seasonal variation of
2008 was likely caused by long-range transport of pollutionsPBM. GOM showed the highest mean value during autumn,
from Northern India. Figure 9 shows daily backward tra- which is similar to PBM (Table 1). A significant correla-
jectories at WLG in January 2008, and it is clear that mosttion (r = 0.45, p < 0.05) between GOM and PBM concentra-
of the air masses>(70 %) were originated from or passed tions was observed during this sampling campaign. Higher
over Northern India. These air masses likely captured Hg-GOM concentrations were mostly observed under northeast-
enriched plumes from boundary layer of Northern India anderly to easterly flow patterns during autumn sampling cam-
contributed to the elevated TGM concentrations. For otherpaign. This may suggest the impact of regional emissions.
months, monthly variations of TGM were mainly affected The lowest mean value of GOM (5.2 pgH was observed
by the plateau monsoon, which is generated by the thermalin winter sampling campaign (January 2008), during which
dynamic and kinetic effects of Tibetan Plateau. The plateaunean TGM concentration reached up to 4.07 ng s dis-
monsoon generally brings northeasterly to easterly flows durcussed previously, elevated TGM and PBM concentrations
ing warm seasons and southwesterly to northwesterly flowsn January 2008 were mostly likely resulted from long-range
during cold seasons. As discussed in Sects. 3.2 and 3.3, dueansport from Northern India. However, due to the much
to the anthropogenic Hg emissions in Northwestern Chinashort residence time in the atmosphere, long-range transport
air flows from northeast to east directions generally showedrom Northern India could not affect GOM distribution at
elevated TGM concentrations, which was probably responsithe sampling site. The prevalent wind during this period was
ble for the elevated TGM concentrations in warm seasons. from south to southwest of the sampling site which had low
regional emissions, which might explain the lower levels of
GOM.
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3.6 Diurnal variation

_3)

TGM concentrations showed a clear diurnal trend at WLG.
As shown in Fig. 10, the minimum TGM concentrations oc-
curred in the afternoon, and then tended to increase througt
afternoon and early night to a night peak~a22:00. Dur-

ing night, TGM concentrations remained at a relatively con-
stant level, and then increased fast to a morning peak just
prior to the sunrise, followed by a significant decline through 250 L 50
morning and early afternoon. Overall, TGM concentrations

at WLG showed relatively higher values during night. This
trend is in contrast to most of the previous observations at

Air temperature (OC)

TGM concentration (ng m

200 ~

|

g
a
o
Wind speed (m s 1)
0.1*Air humidity (%)

irection (°)

remote mountainous areas of China (Fu et al., 2008a, 2010a € "1 g drection .
2012; Sheu et al., 2010). These studies reported relatively = * Kirhs oy
higher levels of TGM during daytime, which was mainly re- o " i " " . %0

lated to the increased impact of regional sources via upslope
transport. WLG was also affected by diurnal alternations of

mountain valley breezes. During daytime, upslope wind gen—ig 10, piurnal variation of TGM concentration in ambient air and

era_lly brings ?i" ﬂO\_NS from surrounding low altituc_je areas, meteorological parameters at WLG during the whole study period.
while the vertical air flow movement reverses during night,

which results in downward transport of the free troposphere
air. The observed TGM peak before mid-night and relatively
higher nighttime TGM concentrations probably indicates a 40+
strong impact of long-range transport at the sampling site.

The TGM peak in the morning corresponded very well
with the lowest wind speed and air temperature, as well as
the highest air humidity. It is supposed that, due to the
low wind speeds, replenishment of fresh air tended to de-
crease, which might result in accumulations of pollutants at
the sampling site. Additionally, there are several settlements
which might related to Hg emissions in the surrounding area
of WLG. This probably yielded an accumulation of atmo-
spheric TGM during the whole night under a stable nocturnal
boundary layer. We examined the wind dependence of TGM ' ' ' '
during the morning peak (7:660:00) and found that all the 4:00 10:00 14:00 18:00 22:00
wind flows from south to north directions exhibited relatively Hour (CCT)
higher TGM concentrations compared to the result based on
the whole data sets (not shown). Clearly, TGM trapped be-Fig. 11. Diurnal trends of PBM and GOM concentrations in ambi-
low the boundary layer of surrounding areas was probablyent air at Mount Waliguan Observatory Baseline.
an additional contributor to the morning peak following the
upslope flows.

PBM concentrations at WLG showed a relatively higher sphere or upper troposphere (Swartzendruber et al., 2006;
level before mid-night (Fig. 11), which is consistent with the Sheu et al., 2010), but it is consistent with previous studies
diurnal pattern of TGM, indicating impacts from long-range conducted in the Rocky Mountains (Raet al., 2009) and
transport. The relatively lower level, however, was observedNevada (Weiss-Penzias et al., 2009) in USA. Since WLG
during the night (Fig. 11). We suppose that, except the im-generally receives air flows from free troposphere during
pact of long-range transport, regional sources also played anight, the relatively lower nighttime GOM concentrations at
important role in PBM levels at WLG. Diurnal pattern of WLG indicates there might be no strong enrichment of GOM
GOM at WLG was characterized by relatively higher levels in the free troposphere during the study period, or the downs-
between midday and early afternoon and lower levels durdope flows at WLG during the study period were originated
ing night (Fig. 11), likely reflecting in-situ photochemical from or travelled in relatively lower layer of free troposphere.
productions and/or regional sources. This diurnal pattern isSince there are many high-elevation mountaintops (higher
in contrast to some observations conducted at high-elevatiothan 4000 ma.s.l) around the WLG and the average alti-
sampling sites, which showed elevated RGM concentrationgude in the study area is generally higher than 3000ma.s.l.,
during night due to the downslope flows from free tropo- the intrusion of air flows from free troposphere and upper

Hour (CCT)

w
o
1

PBM and GOM concentration (pg m™)
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o o
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troposphere is not expected to be strong at WLG. Besidesyith relatively higher concentrations during night, which in-
the site of WLG is situated in inland areas of China, anddicates the impact of long-range transport. The diurnal pat-
this is different from the sites in the Mount Bakelor in USA tern of PBM was characterized by relatively higher concen-
(Swartzendruber et al., 2006) and the Mt. Front Lulin in Tai- trations before mid-night and afternoon, indicating the com-
wan (Sheu et al., 2010) which are situated closely to Oceanbined effect from regional sources and long-range transport.
It may have relatively lower concentrations of atmosphericGOM showed a diurnal trend with high concentrations in
oxidants (e.g. Reactive Halogens, Ozone) and low producdaytime, likely reflecting in-situ photochemical productions
tions of GOM in the lower free troposphere (Swartzendruberand/or regional sources.

et al., 2006; Obrist et al., 2010; Sheu et al., 2010).
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