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Abstract  30 

Located in the world’s ‘Third Pole’ and a remote region connecting the Indian 31 

Ocean plate and the Eurasian plate, Qomolangma National Nature Preserve (QNNP) 32 

is an ideal region to study the long-range transport of atmospheric pollutants. In this 33 

study, gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM) and 34 

particle-bound mercury (PBM) were continuously measured during the Indian 35 

monsoon transition period in QNNP. A slight increase in GEM concentration was 36 

observed from the period preceding the Indian Summer Monsoon (1.31±0.42 ng m
-3

) 37 

to the Indian Summer Monsoon period (1.44±0.36 ng m
-3

), while significant decreases 38 

were observed in GOM and PBM concentrations, decreasing from 35.2±18.7 to 39 

19.1±11.0 pg m
-3

 and from 30.5±12.6 to 24.7±19.9 pg m
-3

, respectively. A unique 40 

daily pattern of GEM concentration in QNNP was observed, with a peak value before 41 

sunrise and a low value at noon. Unexpectedly, GOM concentrations (with a mean 42 

value of 21.3±13.5 pg m
-3

) in this region were considerably higher than the values in 43 

other clean or even polluted regions. A cluster analysis indicated that the air masses 44 

transported to QNNP changed significantly at different stages of the monsoon, and the 45 

major potential Hg sources shifted from north India and west Nepal to east Nepal and 46 

Bangladesh. With large coverage of glacier in QNNP, local glacier winds could 47 

enforce the transboundary transport of pollutants and transport the polluted air masses 48 

to the Tibetan Plateau. It should be noted that the atmospheric Hg concentrations in 49 

QNNP are higher than the reported values in some background regions, which 50 

addresses the need for a more specific identification of Hg sources in QNNP and the 51 

importance of international cooperation for global Hg controls.  52 

Keywords 53 

Indian summer monsoon; atmospheric mercury; trans-boundary transport; glacier 54 

winds; Qomolangma National Nature Preserve 55 

1. Introduction 56 

Understanding of atmospheric mercury (Hg) concentration in remote regions is 57 

vital to understand the global atmospheric Hg cycling processes (UNEP, 2013; Angot 58 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-806
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 10 September 2018
c© Author(s) 2018. CC BY 4.0 License.



3 

 

et al., 2016; Zhang et al., 2016a). Generally, atmospheric Hg can be divided into three 59 

major types: gaseous elemental Hg (GEM), gaseous oxidized Hg (GOM) and 60 

particle-bound Hg (PBM) (Fu et al., 2010). Over 95% of atmospheric Hg exists in the 61 

form of GEM (Ebinghaus et al., 2002; Huang et al., 2014). Due to its stable chemical 62 

properties and long half-life in the atmosphere (approximately 1-2 years), GEM can 63 

be transported over long distances easily (Fang et al., 2009). In contrast, GOM and 64 

PBM can be deposited quickly from the atmosphere, exposing local environments to 65 

significant impacts (Lindberg and Stratton, 1998; Seigneur et al., 2006; Lynam et al., 66 

2014). To understand the global and regional cycling of atmospheric Hg, different Hg 67 

monitoring networks and sites have been established in recent decades, such as the 68 

Atmospheric Mercury Network (AMNet) (Gay et al., 2013) and Global Mercury 69 

Observation System (GMOS), which contains over 40 ground-based monitoring 70 

stations distributed in the world (Sprovieri et al., 2016). Generally, atmospheric Hg 71 

background concentrations range between 1.5-1.7 and 1.1-1.3 ng m
-3

 in the northern 72 

and southern hemisphere, respectively (Lindberg et al., 2007; Slemr et al., 2015; 73 

Venter et al., 2015). However, the existing studies are still far from sufficient to obtain 74 

a full understanding of long-range Hg transport due to inadequate monitoring data in 75 

the remote and less-populated regions (Fu et al., 2012a; Zhang et al., 2015a). 76 

The trans-boundary and long-range transport of pollutants have attracted 77 

considerable attention (Zhang et al., 2015b; Li et al., 2016; Pokhrel et al., 2016; Yang 78 

et al., 2018) in the northeastern and southeastern regions of the Tibetan Plateau. The 79 

transboundary invasions of atmospheric pollutants in the Tibetan Plateau have been 80 

evidenced in pollutants such as persistent organic pollutants and black carbon (Zhang 81 

et al., 2015b; Li et al., 2016; Pokhrel et al., 2016; Yang et al., 2018). It was reported 82 

that smoke from biomass burning in the Indian subcontinent could pass through the 83 

natural barrier of the Himalaya (Wang et al., 2015; Pokhrel et al., 2016). HCHs, DDTs 84 

and PCBs were all found to have their highest concentrations in the southeast Tibetan 85 

Plateau during the monsoon season (Wang et al., 2018). Similar conditions have also 86 

occurred for black carbon (Li et al., 2016). However, studies of the trans-boundary 87 
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transport of Hg on the Tibetan Plateau are still limited. The existing Hg monitoring 88 

data is affected to varying extents by local emission sources (Fu et al., 2012a; Zhang 89 

et al., 2015; Zhang et al., 2016). The atmospheric Hg concentrations in Waliguan, 90 

located at the northeastern edge of the Tibetan Plateau, originated from or passed 91 

through the urban and industrial areas in Western China and Northern India (Fu et al., 92 

2012a). Located at the southeastern edge of the Tibetan Plateau, the atmospheric Hg 93 

sources for Shangri-La are Southeast Asia, India and mainland China (Zhang et al., 94 

2015a). Furthermore, studies are still lacking on trans-boundary transport of Hg in the 95 

Qomolangma National Nature Preserve (QNNP), which directly connects the Indian 96 

Subcontinent and Eurasia. The detailed pollutant transport pathways and seasonal or 97 

daily patterns of atmospheric Hg concentrations in this region are still not clear. 98 

  QNNP, located at the southern edge of the Tibetan Plateau, is considered one of the 99 

world’s cleanest regions (Qiu, 2008). With an average altitude of ~4,500 m a.s.l., 100 

QNNP is a remote region with sparse human population and rare industries (Qiu, 101 

2008; Yao et al., 2012b; Li et al., 2016). However, it is surrounded by two large 102 

potential pollution sources: the populated and developed eastern China region, which 103 

has experienced about 30 years of quick industrial development, and South Asian 104 

developing countries (e.g., India, Nepal, and Bangladesh), which have been 105 

developing at a quick rate in recent years (Streets et al., 2011; Zhang et al., 2015b; 106 

Yang et al., 2018). China and India are reported as the largest coal consumers in the 107 

world (BP Statistical Review of World Energy 2018), and coal combustion is the 108 

largest source of atmospheric Hg emissions, supplying ~86% of Hg emissions from 109 

fuel combustion (Chen et al., 2016). With QNNP located at the air mass transport 110 

pathway of the Indian Summer Monsoon (ISM) (Li et al., 2016), meteorological 111 

conditions in QNNP vary significantly during the monsoon transition period (Wang et 112 

al., 2001). The monthly average precipitation can range from <50 mm in the non-ISM 113 

period to 950 mm in the ISM period (Panthi et al., 2015). In addition to the monsoon, 114 

with a glacial coverage of ~2,710 km
2
 in QNNP (Nie et al., 2010), glacier winds could 115 

also have direct effects on the local pollutant transport because glacier winds can 116 
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pump down polluted air from the upper levels of the stratosphere to the land surface 117 

(Cai et al., 2007). Therefore, the atmosphere in QNNP is vulnerable to the 118 

surrounding pollution sources (Xu et al., 2009; Li et al., 2016). 119 

To the best of our knowledge, the present work is the first study regarding Hg 120 

monitoring and source identification covering both the preceding-Indian Summer 121 

Monsoon (PISM) and ISM periods in the QNNP. This monitoring site is unique 122 

because it is located in the air mass transport pathway from South Asia to the Tibetan 123 

Plateau. We performed comprehensive and continuous measurements of GEM, GOM 124 

and PBM concentrations during the onset and process period of the Indian monsoon. 125 

To identify the detailed sources, we also combined the real-time Hg monitoring data 126 

with a backward trajectory analysis, clustering analysis and potential source 127 

contribution function (PSCF) analysis. The effects of local glacier winds, caused by 128 

large coverages of QNNP glaciers, on the trans-boundary transport of pollutants were 129 

discussed. This combined monitoring and modeling study could help researchers and 130 

government managers to accurately understand the global Hg cycling process and 131 

potential impacts from the rapidly developing countries in South Asia on the 132 

atmospheric Hg concentrations in QNNP. 133 

2. Materials and methods 134 

2.1 Atmospheric Hg monitoring site 135 

Atmospheric Hg monitoring was conducted at “Atmospheric and Environmental 136 

Comprehensive Observation and Research Station, Chinese Academy of Sciences on 137 

Mt. Qomolangma” (latitude: 28°21’54” N, longitude: 86°56’53” E) in QNNP, at an 138 

altitude of 4,276 m a.s.l. (Figure 1). In QNNP, Mt. Qomolangma spreads from east to 139 

the west along the border between the Indian subcontinent and the Tibetan Plateau 140 

(Figure 1). Due to the high altitude, QNNP is naturally isolated from the populated 141 

regions, and rare local Hg emission sources have been observed (UNEP, 2013). The 142 

most populated region near this monitoring site is Tingri County (with a population 143 

density of 4 persons per km
2
), located ~40 km to the southwest of the monitoring site. 144 

QNNP is located in the air mass transport pathway of the ISM (Li et al., 2016), and 145 
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the meteorological conditions in QNNP have significant variations between the PISM 146 

and ISM periods (Wang et al., 2001). During the transition period, the temperature in 147 

the Tibetan Plateau and South Asia changes from “southern warm - northern cool” to 148 

“northern warm - southern cool” (Wang et al., 2001). This reverse leads to a 149 

significant increase of diabatic heating over South Asia and the southern slope of the 150 

Tibetan Plateau (Ge et al., 2017), which further affects the wind directions and speeds. 151 

Local glacier winds could also affect the transport of air masses in QNNP. Glaciers 152 

cover ~2,710 km
2
 in QNNP (Nie et al., 2010), and most of the glaciers are located on 153 

the northern slope of the mountain (Figure 1) (Bolch et al., 2012). The glacier wind is 154 

a continuous downslope wind blowing from glacier surfaces down to the foothills of 155 

the mountain throughout the day. Hence, the transport of air masses in this region is a 156 

combination of atmospheric circulation (monsoon) and local weather conditions 157 

(glacier winds). The structure of the boundary layer over QNNP is also significantly 158 

affected by glaciers (Li et al., 2006). The height of the atmospheric boundary layer 159 

changes significantly in one day from ~350 m above the ground level during the night 160 

to ~2000 m during the day. 161 

2.2 GEM, GOM and PBM monitoring 162 

To describe the changes of atmospheric Hg concentrations during the PISM and 163 

ISM periods, the real-time continuous measurements of GEM, GOM and PBM 164 

concentrations were carried out using the Tekran 2537B, 1130 and 1135 instruments 165 

(Tekran Inc., Toronto, Canada) from 15 April, 2016 to 14 August, 2016. During the 166 

operation of the Tekran instruments, ambient air was introduced into the instrument 167 

for 60 minutes through an impactor, a KCL-coated annular denuder, and a Quartz 168 

Fiber Filter (QFF). All the Hg species were converted into Hg(0) and then measured 169 

by cold vapor atomic fluorescence spectroscopy (CVAFS). The collected PBM and 170 

GOM were desorbed in succession to Hg(0) at the temperature of 800 °C and 500 °C, 171 

respectively. Hg-free air was used to flush the 1130 and 1135 systems to introduce the 172 

desorbed PBM and GOM into model 2537B for analysis. The sampling inlet was set 173 

at ~1.5 m above the instrument platform (shown in Figure S1). To mitigate the 174 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-806
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 10 September 2018
c© Author(s) 2018. CC BY 4.0 License.



7 

 

impacts of low atmospheric pressures on the pump’s train, a low air sampling rate of 7 175 

L min
-1

 for the pump model and 0.75 L min
-1

 (at standard pressure and temperature) 176 

for model 2537B was applied (Swartzendruber et al., 2009; Zhang et al., 2015a; 177 

Zhang et al., 2016a). The Tekran 2537B analyzer was calibrated automatically using 178 

the internal Hg permeation source inside the instrument every 23 h, and the internal 179 

source was calibrated before and after the monitoring by an external Hg source using 180 

a syringe. The Tekran ambient Hg analyzer has been described in more details in the 181 

previous publications (Landis et al., 2002; Rutter et al., 2008; de Foy et al., 2016). 182 

2.3 Meteorological data  183 

Throughout the sampling period, the meteorological information was recorded 184 

using the Vantage Pro2 weather station (Davis Instruments, USA) with a 5-minute 185 

resolution. The monitored parameters included the temperature (with a precision of 186 

0.1°C), relative humidity (with a precision of 1%), wind speed (with a precision of 0.1 187 

m s
-1

), wind direction (with a precision of 1°), air pressure (with a precision of 0.1 188 

hPa), solar radiation (with a precision of 1 W m
-2

) and UV index (with a precision of 189 

0.1 MEDs). The snow cover data was obtained from the Moderate Resolution 190 

Imaging Spectroradiometer (MODIS) instrument on board the Terra and Aqua 191 

satellites (MOD10A1, Hall et al., 2010) with a daily 0.05° resolution. 192 

2.4 Backward trajectory simulation 193 

To identify the atmospheric Hg sources, the Hybrid Single-Particle Lagrangian 194 

Integrated Trajectory (HYSPLIT) model was applied to perform a backward trajectory 195 

simulation (Stein et al., 2015; Chai et al., 2016; Chai et al., 2017; Hurst and Davis, 196 

2017). The HYSPLIT model, known as a complete and mature system for modeling 197 

simple air parcel trajectories of complex pollutant dispersion and deposition, was 198 

developed by the US National Oceanic and Atmospheric Administration (NOAA). 199 

Global Data Assimilation System (GDAS) data with 1°×1° latitude and longitude 200 

horizontal spatial resolution and 23 vertical levels at 6-hour intervals was used for the 201 

backward trajectory simulation. All the trajectory arrival heights were set at 1500 m 202 

above ground level. Every backward trajectory was set for 72 hours in 6-hour 203 
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intervals, and the air mass transport regions covered China, Nepal, India, Pakistan and 204 

majority of west Asia. Backward trajectories during the whole monitoring period were 205 

calculated, and cluster analysis was carried out to identify the Hg transport pathways. 206 

The cluster statistics summarize the percentage of back trajectories in each cluster, 207 

and the average GEM concentrations are linked with each cluster. The clustering 208 

algorithm utilized in this study is based on Ward’s hierarchical method (Ward Jr, 209 

1963), and minimizing angular distances between corresponding coordinates of the 210 

individual trajectories were chosen to calculate the clusters. By averaging similar or 211 

identical pathways from existing air mass pathways to the receiving site, clusters can 212 

help identify the mean transport pathways of air masses and provide the primary 213 

directions of pollutants transported to the receipting site.  214 

The Potential Source Contribution Function (PSCF) model is a hybrid receptor 215 

model using the calculated backward trajectories to estimate the contributions of 216 

different emission sources in upwind regions and has been applied in many previous 217 

studies (Kim et al., 2005; Kaiser et al., 2007; Fu et al., 2012b; Zhang et al., 2013). The 218 

PSCF calculation is made based on counting the trajectory segments that terminate 219 

within each cell to determine the values for the grid cells in the study domain 220 

(Ashbaugh et al., 1985). In this study, the PSCF model was used to identify the 221 

possible sources of atmospheric GEM. The study domain was separated as i × j cells. 222 

Then, the PSCF value for the ij
th

 cell is defined as follows:  223 

𝑃𝑆𝐶𝐹𝑖𝑗 =
𝑀𝑖𝑗

𝑁𝑖𝑗
 224 

where Nij is the total number of endpoints that fall into ij
th

 cell during the whole 225 

simulation period, and Mij is the number of endpoints for the same cell that 226 

correspond to GEM concentrations higher than a set criterion. In this study, PSCF 227 

values were calculated based on the average GEM concentration during the whole 228 

sampling campaign. The PSCF value stands for the conditional probability that the 229 

GEM concentration at the measurement site is larger than the average GEM 230 

concentration if the parcel passes through the ij
th

 cell before it reaches the 231 

measurement site.  232 
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To account for and reduce the uncertainty due to low values of Nij, the PSCF values 233 

were scaled by an arbitrary weighting function Wij (Polissar et al., 1999). While the 234 

total number of the endpoints in a cell (Nij) is less than ~three times the average value 235 

of the end points for each cell, the weighting function will decrease the PSCF values. 236 

In this study, Wij was set using the following piecewise function: 237 

𝑊𝑖𝑗 =

{
 
 

 
 1.00        𝑁𝑖𝑗   >   3 𝑁𝑎𝑣𝑒          

0.70    3 𝑁𝑎𝑣𝑒   >   𝑁𝑖𝑗   >   1.5𝑁𝑎𝑣𝑒
0.42    1.5𝑁𝑎𝑣𝑒   >   𝑁𝑖𝑗   >   𝑁𝑎𝑣𝑒    

0.05       𝑁𝑎𝑣𝑒   >  𝑁𝑖𝑗              

 

Combining the MODIS fire spots data, we used the PSCF analysis to validate the 238 

effects of biomass burning regions. MODIS fire spots data (from 1 April 2016 to 31 239 

August 2016) was obtained from the Fire Information for Resource Management 240 

System (FIRMS) operated by the National Aeronautics and Space Administration 241 

(NASA) of the United States (Giglio et al., 2003; Davies et al., 2004). 242 

3. Results and discussion 243 

3.1 Comparisons of atmospheric Hg concentrations between PISM and ISM 244 

The GEM, GOM and PBM concentrations at the sampling site were 1.42±0.37 ng 245 

m
-3

, 21.3±13.5 pg m
-3

 and 25.5±19.2 pg m
-3

, respectively, during the whole study 246 

period (Figure 2 and Table 1). GEM accounted for over 95% of all the Hg species. 247 

Figure S2 shows a comparison of the GEM, GOM and PBM concentrations during the 248 

PISM and ISM periods. During the PISM period, the average GEM, GOM and PBM 249 

concentrations were 1.31±0.42 ng m
-3

, 35.2±18.7 pg m
-3

, and 30.5±12.6 pg m
-3

, 250 

respectively, while during the ISM period, the average GEM, GOM and PBM 251 

concentrations were 1.44±0.36 ng m
-3

, 19.1±11.0 pg m
-3

, and 24.7±19.9 pg m
-3

, 252 

respectively. We further compared the Hg concentrations at different ISM stages. 253 

Figure S2 shows that GEM concentrations increased significantly with the 254 

development of the ISM, while decreases of GOM and PBM concentrations were 255 

observed during the study period, with a decrease of 39.0% (the average concentration 256 

change from 20.20 pg m
-3

 to 12.33 pg m
-3

) and 49.6% (the average concentration 257 

change from 21.18 pg m
-3

 to 10.68 pg m
-3

), respectively. 258 
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Table 2 summarizes GEM, GOM and PBM concentrations and diurnal variations of 259 

GEM measured by the Tekran system globally. Generally, the GEM concentration in 260 

the QNNP was approaching the reported values in the Northern Hemisphere (~1.5-1.7 261 

ng m
-3

) and was higher than those in the Southern Hemisphere (~1.1-1.3 ng m
-3

) 262 

(Lindberg et al., 2007; Slemr et al., 2015; Venter et al., 2015). Among the global Hg 263 

monitoring sites, the EvK2CNR monitoring site on the southern slope of the Tibetan 264 

Plateau, Nepal, is the nearest station (at a straight-line distance of approximately 50 265 

km) from the monitoring site in this study (Gratz et al., 2013). The average GEM 266 

concentration at EvK2CNR (1.2±0.2 ng m
-3

, from Nov. 2011-Apr. 2012) was slightly 267 

lower than that in the QNNP (1.31±0.42 ng m
-3

 during the PISM period and 268 

1.44±0.36 ng m
-3

 during the ISM period). Compared to Hg concentrations observed at 269 

China’s background stations and rural regions (e.g., Waliguan Baseline Observatory 270 

(1.98±0.98 ng m
-3

) (Fu et al., 2012a), Ailaoshan Mountain National Natural Reserve 271 

(2.09±0.63 ng m
-3

) (Zhang et al., 2016a), and Shangri-La Baseline Observatory in 272 

Yunnan province (2.55±0.73 ng m
-3

) (Zhang et al., 2015a)), the average GEM 273 

concentration in the QNNP was lower. However, it should be noted that GOM 274 

concentrations (with a value of 21.3±13.5 pg m
-3

) in this region were much higher 275 

than the values in clean regions (usually lower than 10 pg m
-3

) and a known polluted 276 

region (the suburban area of Beijing (10.1±18.8 pg m
-3

) (Zhang et al., 2013) (Table 2). 277 

One possible explanation for the high GOM concentration is the strong subsidence in 278 

QNNP. The subsidence of the free troposphere would bring GOM-enriched air masses 279 

to the surface layer (Faïn et al., 2009), resulting in the observed high surface GOM 280 

levels (Weiss‐Penzias et al., 2009). In QNNP, with the wide distribution of glaciers, 281 

glacier winds could bring the upper air masses to the land surface layer (Song et al., 282 

2007), which could further strengthen the subsidence movement. 283 

The increases of GEM concentrations during the ISM period could indicate the 284 

impacts of trans-boundary transport, which has been confirmed by the previous 285 

studies (Fu et al., 2012a; Zhang et al., 2016a). The deposition of GEM from the 286 

atmosphere to the land surface is difficult, and GEM has a much longer residence 287 
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time than the other Hg species (Fang et al., 2009), making it a good tracer that can 288 

represent the movement of pollutants. At Ailaoshan in Yunnan province (Zhang et al., 289 

2016a), a higher TGM concentration during the ISM period (2.22±0.58 ng m
-3

) than 290 

the PISM period (1.99±0.66 ng m
-3

) was also observed. The TGM concentration 291 

during the ISM period (2.00±0.77 ng m
-3

) was also higher than that during the PISM 292 

period (1.83±0.78 ng m
-3

) at Waliguan station in the northeastern Tibetan Plateau (Fu 293 

et al., 2012a). In contrast to GEM, the GOM and PBM levels during the ISM period 294 

were lower than the monitored values during the PISM period (Figure S2 and Table 2). 295 

In previous studies, the PBM concentration in the Kathmandu Valley was lower 296 

during the monsoon period (with a value of 120.5±105.9 pg m
-3

) than the 297 

pre-monsoon (with a value of 1855.4±780.8 pg m
-3

) and post-monsoon periods (with 298 

a value of 237.6±199.4 pg m
-3

) (Guo et al., 2017). In India, PBM concentrations 299 

during the monsoon period (with a value of 158±34 pg m
-3

) were lower than that in 300 

the non-monsoon season (with a value of 231±51 pg m
-3

) (Das et al., 2016). This fact 301 

could be possibly attributed to precipitation increases brought by the monsoon, which 302 

further causes the wet depositions of PBM from atmosphere. During the ISM period, 303 

the precipitation could increase up to 25% in the South Asia and Tibetan Plateau (Ji et 304 

al., 2011). 305 

3.2 Diurnal variations of atmospheric Hg species in QNNP 306 

During the PISM period, all the atmospheric Hg species showed clear diurnal 307 

patterns (Figure 3). For GEM, the minimum concentrations usually occurred at ~12 308 

p.m. (0.87 ng m
-3

, UTC +6 time), while maximum values occurred before dawn (1.98 309 

ng m
-3

 at ~5:30 a.m.). From the afternoon, GEM concentration increased consistently 310 

and reached a peak at sunrise (with a value of 1.98 ng m
-3

). Unlike the daily GEM 311 

changes, GOM and PBM concentrations usually reached maximum concentrations 312 

from ~10:00 a.m. to ~4:00 p.m. in the day, and the concentrations remained relative 313 

stable for the rest of the day. During the ISM period, the diurnal variation of 314 

atmospheric Hg species was less significant compared to the values in the PISM 315 

period. At different stages of the ISM period, the diurnal pattern was also different. 316 
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The GEM diurnal variation value decreased over time, from 1.03 ng m
-3

 during the 317 

initial ISM period to 0.43 ng m
-3

 during the final ISM period. For GEM 318 

concentrations during the ISM period, the minimum values all occurred at ~2:00 p.m., 319 

and the maximum values were observed at ~6:00 a.m. After the sunrise, GEM 320 

concentrations decreased continuously to lower values at noon.  321 

Compared with daily GEM changes in previous studies, the diurnal tendency in 322 

QNNP is unique (shown in Table 2). For the sampling sites in other studies, the 323 

highest GEM concentrations were usually observed during the daytime (Fu et al., 324 

2008; Mukherjee et al., 2009; Nair et al., 2012; Jen et al., 2014; Karthik et al., 2017). 325 

Kellerhals et al. (2003) reported that the majority of monitoring sites in CAMNet have 326 

a common pattern with the maximum concentration around noon and the minimum 327 

concentration before sunrise. Compared to other observation stations and considering 328 

QNNP as a remote region with high altitude, sparse population and rare industries, the 329 

observed result here may indicate a simple mechanism of variation in GEM 330 

concentration without the complex effect of human activities. Previous studies 331 

suggested that the planetary boundary layer (PBL) could have significant effects on 332 

the concentrations of atmospheric pollutants near the ground (Tie et al., 2007; Han et 333 

al., 2009; Quan et al., 2013). With a large glacier coverage (~2,710 km
2
), the structure 334 

of the boundary layer over QNNP was significantly affected by glacier winds (Li et al., 335 

2006). The local PBL may be subject to impacts from the glacier-covered 336 

environment and have a significant diurnal variation. Following sunrise, with the 337 

strengthening of the glacier wind, a strong convection current starts to grow in the 338 

troposphere, and the stock of GEM in the near-ground atmosphere is depleted quickly, 339 

leading to the quick decrease in concentrations. In contrast, after sunset, with the 340 

weakening of the glacier wind, the nocturnal stable boundary layer takes a dominate 341 

position controlling the surface layer, and its height is relatively low (Li et al., 2006), 342 

leading to the accumulation of GEM concentrations. 343 

Comparing the diurnal variations between the PISM and ISM period, the 344 

atmospheric Hg concentrations have almost the same pattern of variations, but the 345 
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variation during the ISM period is relatively lower, and the variation becomes less 346 

significant in the later stages of the ISM (Figure 3). The GEM concentration usually 347 

peaked at ~5 a.m. - 6 a.m. in both the PISM and ISM periods. While the peak GEM 348 

concentrations were almost at the same level in the whole period, the decreasing 349 

diurnal variations were mainly due to the increasing GEM concentrations in the 350 

afternoon. The increased GEM concentrations in the afternoon may indicate new 351 

GEM sources in the ISM period. One possible source of GEM in the afternoon might 352 

be Hg(0) reemission from the glaciers. Holmes et al. (2010) reported that 353 

snow-covered land could be a reservoir for the conversion of oxidized Hg to GEM 354 

under the sunlight, and approximately 60% of the Hg deposited to snow cover would 355 

eventually be reemitted to the air. A shorter reservoir lifetime for deposited Hg in 356 

snowpack was also reported when temperature rises (Faïn et al., 2007). With the 357 

increases of ambient temperature and radiation from April to August, the reemission 358 

of GEM from the glaciers could increase as well. As the snow coverage in the QNNP 359 

decreased significantly from the PISM to ISM period (Figure S3), some of the 360 

released Hg may become new GEM sources from the initial ISM to the final stage of 361 

the ISM period. More GEM was released due to the higher temperature and stronger 362 

radiation in afternoon. 363 

3.3 Source identification for atmospheric Hg in the QNNP 364 

3.3.1 Wind direction dependence of Hg concentrations 365 

Figure 4 shows the concentration roses of GEM, GOM and PBM at the sampling 366 

site during the PISM and ISM period, respectively. All concentrations of the three 367 

species have a strong dependence on the wind directions. During the PISM period, the 368 

predominant wind directions with Hg masses are northeast and southwest. Wind from 369 

the northeast of QNNP originates from and/or passes through other parts of China. 370 

The southwest wind, which is the dominant direction and contains the largest amount 371 

of Hg, potentially brought air masses from India and Nepal to QNNP. During the ISM 372 

period, the predominant wind directions with Hg changed to the south and northeast. 373 

Considering the transport rates of species Hg concentrations (length of sector) from 374 
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different directions, both directions may have greatly contributed to the Hg 375 

concentration in QNNP, while the air masses from south brought relatively larger 376 

amounts of GOM and PBM. 377 

  Relatively low GEM concentrations (<1.5 ng m
-3

) were observed in most of the 378 

samples (80.0%) of air masses in the predominant Hg-transport direction (from 379 

southwest to west) during the PISM period, which is due to the control of westerlies. 380 

With high wind speed (Table 1) and coming from Central Asia, the westerlies are the 381 

predominant wind containing low pollutant levels that spread in the QNNP during the 382 

PISM period (Kotlia et al., 2015). Relatively high GEM concentrations (>1.5 ng m
-3

) 383 

were found in 92.4% of the samples for the predominant Hg direction during the ISM 384 

period under the control of the monsoon (Kotlia et al., 2015), which might indicate 385 

that the transported air masses are coming from polluted regions. GOM and PBM had 386 

similar patterns under the control of the westerlies and monsoon during the PISM and 387 

ISM period, respectively. 388 

3.3.2 Air mass back trajectories analysis 389 

To further quantify the contributions of different sources to GEM concentrations, 390 

an air mass back trajectory simulation and trajectory cluster analyses were applied in 391 

this study. Figure 5 provides the trajectory clusters of GEM during the PISM and ISM 392 

periods. According to the total spatial variation index, all the trajectories were 393 

grouped into 6 clusters. During the PISM period (Figure 5a), GEM concentration 394 

from cluster 3 (with the frequency of 17%) was the highest (1.36 ng m
-3

), which 395 

originated from or passed through central Asia, northern India and northwestern Nepal. 396 

Cluster 2 (14%), cluster 5 (19%) and cluster 6 (19%) represent the air masses that 397 

pass through northern India and northwestern Nepal. According to the local Hg 398 

emission inventory (UNEP, 2013), Hg in this air mass most likely originated from 399 

central Pakistan and northern India. Cluster 4 (29%) represents the air masses that 400 

originated from or passed through different cities in northern India. Based on the 401 

previous atmospheric Hg emission inventories (UNEP, 2013; Simone et al., 2016), Hg 402 

emission in the west Asia and central Asia is not significant. Based on a combination 403 
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of the pathway analysis, emission inventory and GEM concentration during the PISM 404 

period, almost all the GEM delivered by air masses to QNNP was from northern India 405 

and passed through Nepal. 406 

  During the ISM period (Figure 5b-5f), the transport pathways of atmospheric Hg 407 

changed signally with the monsoon onset process of the ISM and differed strongly 408 

from the PISM period. During the ISM1 period (Figure 5b), the onset of the ISM was 409 

under development, leading to the scattered clusters. GEM levels in cluster 3 (21%) 410 

were the highest (1.51 ng m
-3

), which originated from or passed through the Tibetan 411 

Plateau. Cluster 4 (13%), cluster 2 (17%) and cluster 6 (38%) represent the pollutant 412 

coming from Nepal, and the trajectory is relatively short. During the ISM2 period, all 413 

the clusters originated from or passed through central Asia, northern India and 414 

northwestern Nepal (Figure 5c). The clusters were similar to most of the clusters 415 

during the PISM period; however, the GEM concentrations in these clusters were 416 

higher than those during the PISM period. During the ISM3 period (Figure 5d), most 417 

of the clusters moved from west to south of QNNP. Cluster 2 (1.56 ng m
-3

, 44%) 418 

represents the pollutant coming from Bangladesh and passing through southeastern 419 

Nepal. Cluster 3 (1.62 ng m
-3

, 33%) originated from or passed through central Nepal. 420 

The share of air masses coming from central Asia, northern India and northwestern 421 

Nepal dropped to approximately 22%. During the ISM4 period (Figure 5e), the 422 

clusters moved further west to Bangladesh and eastern India. Except for cluster 4 423 

(6%), the other clusters originated from or passed through Bangladesh, eastern India 424 

and northeastern Nepal. The condition during the ISM5 period was almost the same as 425 

the ISM4 period: pollutants were coming from Bangladesh and eastern India and 426 

passed through southeastern Nepal. 427 

  PSCF models were also applied to identify the potential sources by combining the 428 

backward trajectory simulation and Hg monitoring concentrations. Figure 6 shows the 429 

regional contributions of GEM emission sources during the PISM period and ISM 430 

period (ISM1-5). During the PISM period (Figure 6a), most of the Hg sources were in 431 

Pakistan, northern India and central Nepal (Zhang et al., 2015a). The QNNP was most 432 
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likely impacted by the Hg emissions in Karachi, Lahore (Pakistan), New Delhi, Uttar 433 

Pradesh (India), Katmandu and Pokhara (Nepal), all of which are large urban regions 434 

with intensive industrial activities. With the development of the ISM, the potential 435 

sources gradually shifted from western Nepal to eastern Nepal and Bangladesh 436 

(Figure 6b-f). The PSCF analysis indicated that the air masses could have 437 

transboundary transport events from Pakistan, India, Nepal and Bangladesh to QNNP. 438 

Atmospheric Hg clusters during both the PISM and ISM periods indicated that the 439 

air masses, which originated from or passed through northern India and Nepal, would 440 

make great contributions to the Hg concentration in the QNNP. Northern India and 441 

Nepal were also identified as potential source regions for QNNP. Clusters 2-6 of the 442 

PISM period represent the air masses from outside China, and they show that over 97% 443 

of the GEM in QNNP was transported from outside China during the PISM period. 444 

During ISM2-5 the period, over 95% of the GEM was transported to QNNP from 445 

outside China. Meanwhile, the GEM concentration increased by 10% from the PISM 446 

to ISM period according to the site monitoring data, indicating the increasing amount 447 

of transported GEM. According to the UNEP Hg emission inventory (UNEP, 2013), 448 

northern India is an important Hg source which might be responsible for the 449 

trans-boundary transportation of Hg to China (Figure 5), and the growing emissions in 450 

India are related to the rapidly growing economy and increasing usage of fossil fuels 451 

(Sharma, 2003). Considering the heavy air pollution in Nepal (Forouzanfar et al., 452 

2015; Rupakheti et al., 2017), Nepal might be an underestimated Hg source in the 453 

modeling and should be taken into consideration in further work. 454 

Under the control of the ISM during the ISM2 period, the high PBM concentration 455 

may be related to the biomass burning in the source region. According to the PSCF 456 

analysis, northern India and Nepal are the potential source regions during the ISM2 457 

period. The source identification by back trajectory simulation and trajectory cluster 458 

analyses also indicated that northern India and Nepal are in the air mass transport 459 

trajectory that would transport Hg to QNNP. Finley et al. (2009) reported that PBM 460 

concentrations may associated with Hg emissions from wildfire events. One possible 461 
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cause of the observed high PBM concentration is the frequent fire events that 462 

occurred during the ISM2 period in the air masses trajectory. Figure S3 shows the fire 463 

hotspots observed by MODIS from April to August 2016. During the ISM2 period, 464 

frequent fire hotspots were identified in the source region, and large amounts of PBM 465 

were released into the atmosphere from biomass burning. The transport of those air 466 

masses with enriched PBM was controlled by the ISM and intensified by glacier 467 

winds. The transport of polluted air to QNNP resulted in the outburst of PBM 468 

concentration during the ISM2 period. During the PISM period, although the number 469 

of fire hotspots was much higher, most of the fire hotspots locations were not in the 470 

potential source region (Figure 6a and Figure S4), resulting in the low GOM and 471 

PBM concentrations observed. 472 

3.4 Implications from this study 473 

  At a high altitude and located in the deep southern Tibetan Plateau, QNNP is 474 

isolated from anthropogenic perturbations and industrial activities, and this area was 475 

thought to be shielded from pollutant inputs from South Asia. However, our results 476 

show that the Hg concentration in this region is not as low as previously expected. 477 

During the whole monitoring period, the highest GEM concentration reached 3.74 ng 478 

m
-3

, ~2.5 times higher than the average concentration in the Northern Hemisphere 479 

(~1.5-1.7 ng m
-3

) (Lindberg et al., 2007; Slemr et al., 2015; Venter et al., 2015). The 480 

average GEM concentration in the middle stage of the ISM was 1.56 ng m
-3

, which is 481 

inside the average range of observed Northern Hemisphere GEM concentrations. 482 

Even considering the PISM period, which is a period of relatively lower GEM levels 483 

in QNNP, the average GEM concentration (1.31±0.42 ng m
-3

) was at the same level 484 

as some monitoring stations in the Northern Hemisphere (e.g., 1.35±0.17 ng m
-3

 in a 485 

rural site in Atlanta, USA). 486 

We now recognize that trans-boundary transportation is an important mechanism 487 

that can influence Hg distribution in this region. In particular, the air masses 488 

transported to QNNP might be primary under the control of mesoscale ISM drivers 489 

and intensified by regional glacier winds (Figure 7). From the PISM to ISM periods, 490 
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the warm center gradually shifts northwestward from low latitudes to the QNNP 491 

(Wang et al., 2001; Ge et al., 2017), and the South Asian High moves onto the 492 

Tibetan Plateau and maintains a strong upper-level divergence and upward motion. 493 

The upward motion makes the air masses cross the high-altitude Himalayan 494 

mountains and move to mainland China (Xu et al., 2009; Bonasoni et al., 2010). The 495 

transboundary transported air masses can be pumped down right after crossing Mt. 496 

Qomolangma due to the control of the regionally unique wind transportation mode, 497 

the glacier wind. Hence, in addition to the monsoon, the trans-boundary transport of 498 

Hg could also be intensified by regional glacier winds, leading to the increases of 499 

atmospheric Hg in this region. As in other studies in the northern or eastern Tibetan 500 

Plateau, the glacier wind can pump down air masses from stratosphere to the surface 501 

in QNNP (Cai et al., 2007). The pump movement is remarkably efficient at 502 

transporting air masses (Lelieveld et al., 2018), bringing a considerable amount of 503 

pollutants to QNNP. 504 

In 2013, the Minamata Convention on Mercury was developed to control global Hg 505 

pollution (Minamata Convention on Mercury). Atmosphere Hg has been reported 506 

(Zhang et al., 2016b) to have strongly declined (~1–2% y
−1

) . Under the Convention, a 507 

National Implementation Plan on Mercury Control has also been developed in China 508 

to fulfill the commitment to control and reduce Hg emissions (World Bank, 2016). 509 

GEM concentrations in East China decreased from 2.68±1.07 ng m
−3

 in 2014 to 510 

1.60±0.56 ng m
−3

 in 2016 (Tang et al., 2018). However, the source identity analysis in 511 

QNNP indicates that foreign regions of China were the main contributor responsible 512 

for the observed pollutants (accounting for 95% of the whole trajectory during the 513 

main ISM period). This result indicates that the Hg concentration in QNNP could 514 

hardly benefit from China’s efforts toward Hg reductions. South Asian developing 515 

countries (e.g., India, Nepal, and Bangladesh) (Streets et al., 2011; Zhang et al., 2015b; 516 

Yang et al., 2018) should be the key to controlling atmospheric Hg concentrations in 517 

QNNP. Hg emissions in India were estimated to be approximately 310 tons in 2010 518 

and are predicted to rise to 540 tons in 2020 (Burger Chakraborty et al., 2013). It is 519 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-806
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 10 September 2018
c© Author(s) 2018. CC BY 4.0 License.



19 

 

urgent for those countries to take immediate actions to reduce Hg emissions, which is 520 

crucial to reduce the atmospheric Hg concentrations in QNNP. 521 

4. Conclusions 522 

A comprehensive investigation of the concentrations, origin and transport of GEM, 523 

GOM and PBM was made in QNNP, a remote, high-altitude station located at the 524 

boundary between the Indian subcontinent and the Tibetan Plateau and in the transport 525 

pathway of the ISM from South Asia to the Tibetan Plateau. The average GEM 526 

concentration (1.31±0.42 ng m
-3

) during the PISM period was lower than that 527 

(1.44±0.36 ng m
-3

) during the ISM period. The average GOM and PBM 528 

concentrations during the PISM period were higher than those during the ISM period, 529 

which might be related to the increasing wet depositions during the ISM period. The 530 

average GOM concentration was higher than in most rural areas in the US and China. 531 

The GEM concentration had a significant diurnal variation pattern in QNNP, with the 532 

maximum GEM concentration observed before sunrise and a sharp decrease after 533 

sunrise until noon. The range of the diurnal variation declined from April to August, 534 

which could be related to the re-emission of Hg from snow cover and melted snow.  535 

According to the backward trajectory analysis and cluster analysis, most of the air 536 

masses with high GEM concentrations in QNNP originated from or passed through 537 

Bangladesh, northern India and central Nepal. With the PSCF analysis, we found that 538 

Pakistan, northern India and Nepal are potential source regions during the PISM 539 

period, and Bangladesh, north India, Nepal were identified as outbound potential 540 

sources during the ISM period. During the ISM period, the air masses would cross the 541 

high-altitude Himalayan mountains with the help of the ISM. Once the air masses 542 

passed through Himalaya, they could be trapped in the surface layer and transported 543 

to QNNP by the all-day-long downslope glacier wind. It should be noted that the 544 

atmospheric Hg values in QNNP were contaminated and even higher than the 545 

reported values in some background regions. Because Hg is easily transported long 546 

distances via the atmosphere, the nations in South Asia must work together to develop 547 

and apply appropriate pollutant-reduction strategies to reduce Hg emission.  548 
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Figure captions 780 

Figure 1. Location of monitoring site in this study (QNNP); 781 

Figure 2. Changes of GEM, GOM and PBM concentrations during the study period; 782 

Figure 3. Diurnal variations of GEM, GOM and PBM concentrations during the PISM and ISM 783 

period; 784 

Figure 4. Concentration roses of GEM, GOM and PBM on different wind directions;  785 

Figure 5. Back trajectories analysis at the monitoring site during the PISM period (a) and the ISM 786 

period (b-f);  787 

Figure 6. Potential source regions and pathways of GEM at monitoring site by the PSCF during 788 

the PISM period (a) and the ISM period (b-f); 789 

Figure 7. Concept maps for trans-boundary transport of atmospheric Hg 790 

Table captions 791 

Table 1. The statistics of GEM, GOM, PBM and meteorological variables in different episodes at 792 

QNNP 793 

Table 2. Summary of atmospheric Hg concentration and diurnal variation in previous studies and 794 

this study 795 
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 822 

Table 1. The statistics of GEM, GOM, PBM and meteorological variables in different 823 

episodes at QNNP  824 

Period Statistical T (℃) RH(%) WS(m s
-1

) 
GEM 

(ng m
-3

) 

GOM 

(pg m
-3

) 

PBM 

(pg m
-3

) 

PISM 

Minimum -5.6 1 0 0.54  11.6  9.4  

1st Qu. 1.6 11 1.8 0.99  21.7  22.3  

Median 6.4 25 3.6 1.19  29.5  26.9  

Mean 6.1 33 4.1 1.31  35.2  30.5  

3rd Qu. 11.2 53 6.3 1.58  42.8  36.1  

Maximum 16.3 89 13.9 2.91  101.3  92.6  

ISM1 

Min -3.8 9 0 0.15  7.1  9.1  

1st Qu. 1.6 33 1.3 1.20  15.0  17.0  

Median 5.6 49 2.2 1.38  19.2  19.1  

Mean 5.6 50 2.7 1.44  20.2  21.2  

3rd Qu. 9.8 65 3.6 1.63  24.1  24.5  

Max 15.7 91 10.3 2.74  64.0  59.1  

ISM2 

Min -1.3 3 0 0.47  3.9  12.4  

1st Qu. 4.1 30 1.3 1.14  18.5  40.4  

Median 8.5 48 2.2 1.35  23.7  54.8  

Mean 8.8 46 3.0 1.45  25.4  53.4  

3rd Qu. 13.7 64 4 1.68  31.3  64.9  

Max 19.6 87 11.2 3.74  63.4  106.3  

ISM3 

Min 2.6 26 0 0.78  3.2  0.8  

1st Qu. 8.1 44 1.3 1.33  14.5  12.4  

Median 11.8 58 2.7 1.51  18.9  17.1  

Mean 12.0 58 2.9 1.56  19.2  16.8  

3rd Qu. 15.6 73 4 1.72  23.4  22.0  

Max 21.8 92 9.9 2.70  36.6  31.3  

ISM4 

Min 6.0 25 0 0.66  6.7  0.3  

1st Qu. 9.3 43 1.3 1.35  12.9  10.6  

Median 12.1 61 2.7 1.46  18.0  17.3  

Mean 13.0 58 2.9 1.51  21.0  20.0  

3rd Qu. 16.6 72 3.6 1.61  24.9  26.1  

Max 22.7 90 9.9 2.62  149.1  78.6  

ISM5 

Min 2.2 18 0 0.48  0.8  0.2  

1st Qu. 8.3 59 0.9 1.17  7.2  6.2  

Median 10.7 75 2.2 1.35  10.7  9.4  

Mean 11.4 72 2.3 1.32  12.3  10.7  

3rd Qu. 14.1 86 3.1 1.49  16.0  14.1  

Max 22.9 96 9.4 2.45  121.3  33.2  
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