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Note to reader 

This draft version of Chapter 4 in the Technical Background Report to 
the Global Mercury Assessment 2018 is made available for review by 
national representatives and experts. The draft version contains 
material that will be further refined and elaborated after the review 
process. Specific items where the content of this draft chapter will be 
further improved and modified are: 

1. Modelling results based on the new GMA 2018 emissions inventory 
will be added and sent out for separate review. 

2. Introduction will be updated in line with the new modelling results. 
3. Internal references to other parts of the GMA report will be 

updated. 
4. Conclusions and main messages will be finalised. 
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Chapter 4 Atmospheric pathways 8047 

4.1. Introduction 8048 

Mercury (Hg) has a long environmental lifetime and cycles between the atmosphere, ocean, and 8049 

land. Mercury released to the atmosphere can travel globally: it undergoes atmospheric redox 8050 

reactions, deposits to the Earth’s surface, and can continue to cycle between surface and 8051 

atmosphere for decades to centuries. Using a combination of models and measurement, work since 8052 

GMA 2013 has addressed aspects of Hg’s transport and fate, including emissions, atmospheric 8053 

chemistry, removal processes, modelling, and historical trends. In addition, a number of other 8054 

studies have provided additional insights into regional and local mercury cycling. 8055 

Emissions and their speciation: The emergence of new regional and global emissions inventories 8056 

provide alternatives to the UNEP/AMAP inventories for the present day as well as new historical 8057 

estimates. Uncertainties remain in quantifying emissions, particularly from certain regions and 8058 

sectors and in mercury speciation.   8059 

Atmospheric chemistry: New information has solidified our knowledge about mercury oxidation 8060 

reactions, including the primary importance of Br chemistry in mercury oxidation.   Models including 8061 

these reactions have shorter mercury lifetimes, and can reproduce some free tropospheric 8062 

observations. Recent model intercomparisons have shown that there remain challenges in 8063 

reproducing observed concentrations and patterns in several areas. In particular, uncertainty 8064 

remains in atmospheric speciation (Jaffe et al., 2014), the potential importance of heterogeneous 8065 

chemistry (Ariya et al, 2015), and the mechanism and rate of atmospheric reduction reactions (de 8066 

Foy et al., 2016).  8067 

Removal Processes: Wet deposition measurement-model comparisons, in particular in convective 8068 

storms, have provided insight into the vertical distribution of mercury in the troposphere as well as 8069 

oxidation processes. Dry deposition remains more poorly quantified than wet deposition, and there 8070 

remains disagreement among models on its global magnitude. New measurement analyses of dry 8071 

deposition have shown the importance of gaseous elemental mercury uptake into the terrestrial 8072 

environment, in addition to deposition of oxidized mercury forms.  8073 

Mercury modelling: Recent model development has advanced our ability to simulate Hg transport in 8074 

the atmosphere between different geographical regions and account for multi-media cycling of Hg, 8075 

including the importance of legacy Hg (this paragraph will be updated based on new simulation 8076 

results).   8077 Re
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Historical trends and future scenarios: Recent declines have been observed in both atmospheric 8078 

mercury and wet deposition, on the order of 1-2% per year, that differ by region.  Some modelling 8079 

studies have reproduced these trends, attributing some regional variations to declines in emissions. 8080 

Observed trends, however, are small compared with uncertainties in surface-atmosphere fluxes, 8081 

anthropogenic sources, and attributable fraction. Future changes under policy scenarios could 8082 

reduce mercury deposition in the future; however, the influence of climate change and legacy 8083 

mercury complicates our ability to assess these potential future changes in models. 8084 

4.2. Atmospheric processes 8085 

In GMA 2013 the atmospheric chemistry section focussed on emission speciation, atmospheric Hg 8086 

redox chemistry, the processes governing the exchange of Hg at environmental interfaces and 8087 

atmospheric Hg dynamics. Since then progress has been made in all key areas of interest regarding 8088 

atmospheric Hg chemistry and also in some which were not included, although it may seem that 8089 

more questions have been posed than have been answered. Atmospheric Hg processes have been 8090 

studied or inferred using theoretical, experimental, monitoring and modelling techniques and more 8091 

often than not a combination of these. The chemical nature of atmospheric Hg, whether it is 8092 

elemental, oxidised or bound (tightly or loosely) to atmospheric particulate matter, and its 8093 

interconversion between these forms, continues to pose a challenge for the emission inventory, 8094 

modelling and measurement communities alike. 8095 

4.2.1. Emissions and their speciation 8096 

Other estimates in addition to the AMAP/UNEP emission inventories of 2008 and 2013 (AMAP/UNEP, 8097 

2008; 2013) are now available. An alternative global anthropogenic emission inventory is available 8098 

from 1970 (Muntean et al., 2014) which uses different approaches to determine emissions from 8099 

anthropogenic activity sectors, and differs in both Hg emissions total and speciation from the 8100 

AMAP/UNEP. All-time emissions to the atmosphere have been also developed in combination with 8101 

estimates of releases (Streets et al., 2011; 2017). There have also been improvements to regional 8102 

inventories (Rafaj et al., 2014; Wu et al., 2016), to estimates of historical and legacy emissions (Amos 8103 

et al., 2013; 2015), and also the contribution made by the past and current use of Hg in commercial 8104 

products (Horowitz et al., 2014). A modelling comparison of the influence of using different global 8105 

emission inventories on worldwide Hg deposition fields was performed recently (De Simone et al., 8106 

2016). 8107 

The importance of accurate emission inventories and how their uncertainty relates to the 8108 

implementation of the Minamata Convention has been discussed in Kwon and Selin (2016). The 8109 

observed decrease in atmospheric Hg species concentrations (e.g. Zhou et al., 2016) has led to some 8110 
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authors to call into question the accuracy of current emission inventories, particularly in their 8111 

estimation of European and North American sources (Zhang et al., 2016), and suggest that there has 8112 

been a 20% decrease in total Hg emissions between 1990 and 2010, with a 30% decrease in 8113 

elemental Hg. 8114 

Since GMA 2013 the discussion of emission speciation has continued. Regional and global modelling 8115 

studies have also called into question the speciation in emission inventories for specific areas (Kos et 8116 

al., 2013; Beiser et al., 2014; Zhang et al., 2015). The partitioning of Hg(II) compounds between the 8117 

gas and particulate phases is still difficult to determine. In part this is due to the lack of information 8118 

concerning the Hg(II) chemical species present in the atmosphere, but also because of the vast range 8119 

of particulate chemical composition. Ariya et al. (2015) discuss in some detail heterogeneous 8120 

reactions of Hg and also interactions between Hg and fly ash which is particularly important in 8121 

combustion processes leading to Hg emissions.  8122 

4.2.2. Atmospheric chemistry 8123 

Atmospheric redox reactions can occur homogeneously in the gas and aqueous phase, and 8124 

heterogeneously on the surface of fog/cloud droplets and atmospheric particulate matter. At first 8125 

sight the homogeneous reactions would appear to be straightforward, while it is clear that the 8126 

heterogeneous reactions may be somewhat more complex to study due to the very wide range of 8127 

composition of the surfaces at which reactions may take place. A recent review by Ariya et al. (2015) 8128 

provides an in depth overview of Hg reactions and transformations in environmental media. 8129 

Perhaps the major obstacle to understanding the processes by which Hg is oxidised, reduced, 8130 

adsorbed and desorbed in the atmosphere and both in and on atmospheric particles is the fact that 8131 

the nature of the oxidised Hg compounds in the atmosphere remains uncertain. While it seems clear 8132 

that O3, OH, and Br are all implicated in the oxidation of atmospheric Hg, the precise nature of the 8133 

reactions occurring and identity (and phase) of the products remains the subject of speculation. 8134 

Recent theoretical studies have given further insight into the Br initiated oxidation of Hg; this 8135 

reaction proceeds via an unstable HgBr* intermediate which may react further or decompose back to 8136 

Hg and Br (Goodsite et al., 2004, 2012). A series of theoretical studies have investigated the 8137 

possibility, or not, that HgBr* may react with a series of small atmospheric compounds (Dibble et al, 8138 

2012, 2013, 2014; Jiao and Dibble, 2015; 2017) and also recently with VOCs (Dibble and Schwid, 8139 

2017). It now seems likely that the HgBr* intermediate may react further with the relatively abundant 8140 

radicals HO2 and NO2. Meanwhile the likelihood that elemental Hg is oxidised by molecular halogens 8141 

has been shown to be improbable and that oxidation to Hg halides requires either halogen atom 8142 

initiation or the presence of a reactive surface (Auzmendi-Murua et al., 2014). 8143 
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Considering only oxidation reactions can lead to atmospheric lifetimes for elemental Hg which 8144 

cannot be reconciled with its global distribution and relatively uniform background hemispheric 8145 

concentrations. Given the experimental and observational (in particular the rapid depletion of 8146 

elemental Hg concentrations seen during AMDEs) evidence as well as the collaborative results from 8147 

modelling studies that point to an atmospheric lifetime against oxidation of less than 3 months based 8148 

on two recent model studies (Shah et al., 2016; Horowitz et al., 2017). This is shorter than the 8149 

estimated overall lifetime of around 12 months (Schroeder and Munthe, 1998). There is, therefore, 8150 

likely to be Hg reduction taking place in the atmosphere, and over the years a number of 8151 

mechanisms have been suggested, most of which have involved the atmospheric aqueous phase, 8152 

cloud and fog droplets and deliquesced aerosols, as the reaction medium. A thorough discussion of 8153 

possible reduction pathways can be found in Ariya et al. (2015). Most recently it has been suggested 8154 

that atmospheric reduction occurs in cloud droplets via the photo-reduction of organic Hg 8155 

compounds, and a model study using modelled organic aerosol concentrations as an indicator of 8156 

organic Hg compound concentrations (Horowitz et al., 2017), based a regional modelling study which 8157 

included the reduction of Hg(II) by dicarboxylic acids (Bash et al., 2014). However, it should be 8158 

pointed out that the rate of reduction in global models is largely tuned to reproduce observed Hg 8159 

species concentrations. 8160 

Further information concerning Hg oxidation at different levels in the atmosphere has been obtained 8161 

as a result of the increasing amount of observational data available from high-altitude measurement 8162 

sites, observations combined with modelling can help determine which Hg atmospheric oxidation 8163 

pathways are more or less likely (see for example Weiss-Penzias et al., 2015). In this study it was 8164 

found that in one high Hg(II) free tropospheric event there was almost quantitative oxidation of 8165 

Hg(0) to Hg(II). Interestingly a better model reproduction of the observations (using the GEOS-Chem 8166 

model) was found when employing the O3/OH rather than the HgBr* oxidation scheme. However, it 8167 

should be pointed out that was not the most recent HgBr* scheme as described in (Horowitz et al., 8168 

2017). Recent model-measurement comparisons have shown episodes of high oxidized mercury 8169 

concentrations that can be explained by Br oxidation (Coburn et al., 2016; Gratz et al., 2015), and 8170 

that this is consistent with constraints from global biogeochemical cycling (Shah et al., 2016). These 8171 

studies collectively show that measurements in free tropospheric air can significantly aid 8172 

understanding of the atmospheric chemistry and dynamics of Hg. Uncertainties in measuring 8173 

oxidized mercury (Jaffe et al., 2014), however, challenge our ability to further advance model-8174 

measurement comparison of mercury species (Gustin et al., 2015). 8175 
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Kos et al. (2013) performed a detailed analysis of the uncertainties associated with Hg(II) 8176 

measurement and modelling. A number of model sensitivity runs were carried out to evaluate 8177 

different chemical mechanisms and speciation of anthropogenic Hg emissions. In particular, they 8178 

found evident inconsistencies between the emission speciation in existing emission inventories and 8179 

the measured Hg(II) concentration in surface air. Besides, the OH oxidation chemistry provided 8180 

better agreement with observations at simulation of the seasonal cycle of wet deposition in North 8181 

America. 8182 

A complex analysis of the major Hg oxidation mechanisms was carried out by Travnikov et al. (2017) 8183 

involving both measured data from ground-based sites and simulation results from four global 8184 

chemical transport models. It was shown that the Br oxidation mechanism can reproduce 8185 

successfully the observed seasonal variation of the Hg(II)/Hg(0) ratio in the near-surface air, but it 8186 

predicts a wet deposition maximum in spring instead of in summer as observed at monitoring sites in 8187 

North America and Europe. Model runs with OH chemistry correctly simulate both the periods of 8188 

maximum and minimum values and the amplitude of observed seasonal variation but shift the 8189 

maximum Hg(II)/Hg(0) ratios from spring to summer. O3 chemistry does not predict significant 8190 

seasonal variation of Hg oxidation. The possibility of more complex chemistry and/or multiple Hg 8191 

oxidation pathways occurring concurrently in various parts of the atmosphere was suggested. 8192 

Bieser et al. (2017) used the same model ensemble and variety of aircraft observations to study 8193 

vertical and hemispheric distributions of atmospheric Hg. They also found that different chemical 8194 

mechanisms were better at reproducing observed Hg(II) patterns depending on altitude. Increased 8195 

Hg(II) concentrations above the planetary boundary layer in spring and summer could only be 8196 

reproduced by models using O3 and OH chemistry. On the other hand, the Br oxidation mechanism 8197 

allowed to better agreement with observed intercontinental gradients of total Hg in the upper 8198 

troposphere.  8199 

4.2.3. Removal process 8200 

Hg removal from the atmosphere occurs via wet and dry deposition. Studies of Hg deposition are 8201 

providing insights into atmospheric oxidation through the study of Hg in precipitation according to 8202 

precipitation type (Dvonch et al., 2005; Holmes et al., 2016; Kaulfus et al., 2017). These studies show 8203 

that precipitation system morphology influences Hg deposition, with convective systems showing 8204 

enhanced Hg deposition by a factor of 1.6, season and region also influence the deposition. However, 8205 

the nature of the precipitation system is of interest as convective systems scavenge Hg from much 8206 

higher than stratiform systems. Thus indirectly these studies provide information regarding the 8207 

atmospheric oxidation of Hg because the scavenging height of different cloud types differ 8208 
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significantly and combined with information on the vertical distribution of potential Hg oxidants, 8209 

modelling studies can help to evaluate possible, probable and unlikely oxidation mechanisms at 8210 

varying levels in the troposphere. This does of course require the models to more or less accurately 8211 

reproduce precipitation system morphologies. More sites measuring Hg in precipitation would clearly 8212 

help estimate ecosystem deposition fluxes and refine models. 8213 

Nair et al. (2013) carried out cloud-resolving simulations of Hg wet deposition processes in several 8214 

case studies in the Northeastern and Southeastern U.S. This study is of particular interest as many 8215 

modelling simulations have tended to underpredict Hg wet deposition in the Southeastern U.S. It was 8216 

found that wet deposition in typical Northeastern thunderstorms would generally be less than 8217 

comparable storms in the Southeast – assuming identical atmospheric concentrations of Hg – due to 8218 

difference in typical cloud dynamics between the two regions. In addition, it was found that 8219 

stratiform precipitation typically only scavenges Hg from the lowest ~4 km of the atmosphere, while 8220 

Southeastern thunderstorms can scavenge Hg up to ~10 km.  8221 

In another wet deposition process analysis, apparent scavenging ratios, based on ground-level 8222 

measurements of speciated air concentrations of Hg and total Hg in precipitation, were studied at 8223 

four sites in the Northeastern U.S. (Huang et al., 2013). While the use of ground-based 8224 

measurements introduced inherent uncertainties, the authors suggested that GOM concentrations 8225 

may be underestimated by current measurements, as scavenging ratios based on existing GOM 8226 

measurements appeared anomalously high. 8227 

Several studies investigated Hg dry deposition processes. Zhang et al. (2012) compared CMAQ and 8228 

GRAHM modelled dry deposition against field measurements in the Great Lakes region for 2002 and 8229 

in some cases, for 2005. Dry deposition from the different models varied by as much as a factor of 2 8230 

at regional scales, and larger variations were found at local scales. The authors suggested that the 8231 

model-estimated dry deposition values were upper estimates given the tendency of the models to 8232 

produce atmospheric concentrations of GOM and PBM significantly greater than measured 8233 

concentrations. Following a proposed methodology to estimate bidirectional GEM surface exchange 8234 

(Wright and Zhang, 2015) dry deposition of Hg was estimated at 24 measurement sites in the U.S. 8235 

and Canada (Zhang et al., 2016). In this analysis, the dry deposition flux of GEM was estimated to be 8236 

significantly larger than that of GOM or PBM at most of the sites. Importance of GEM dry deposition 8237 

was also supported by Obrist et al. (2017) who showed that most of the Hg (about 70%) in the 8238 

interior Arctic tundra is derived from GEM deposition, with only minor contributions from the 8239 

deposition of Hg(II) from precipitation or AMDEs.  Additional work is required to reconcile these 8240 

results with those of many fate-and-transport models (e.g., Selin et al., 2007; Holmes et al., 2010; Lei 8241 
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et al., 2013; Song et al., 2015; Cohen et al., 2016) and estimates based on field measurement surveys 8242 

(e.g., Pirrone et al., 2010; Denkenberger et al., 2012; Eckley et al., 2016) that suggest that the overall 8243 

net flux of GEM from terrestrial surfaces is upward. 8244 

Another aspect of Hg removal from the atmosphere has been studied by a number of groups and is 8245 

the subject of ongoing monitoring, and that is the deposition of Hg via litterfall, forest canopies seem 8246 

to be effective sinks for both particulate and oxidised Hg (Fu et al., 2016, Wang et al., 2016, Wright et 8247 

al. 2016). 8248 

4.3. Global mercury atmospheric transport and fate modelling 8249 

4.3.1. Overview of recent modelling studies 8250 

Since GMA 2013 and GMA Update 2015 a number of modelling studies have addressed the problem 8251 

of Hg dispersion and fate on a global scale. Global chemical transport models were used for 8252 

simulations of Hg atmospheric transport, source apportionment of Hg deposition in various 8253 

geographical regions, and study of processes governing Hg cycling in the atmosphere. 8254 

Transport and deposition of Hg on a global scale was studied with the global climate-chemistry 8255 

model CAM-Chem/Hg for current (Lei et al., 2013) and future (Lei et al., 2014) conditions. The model 8256 

generally reproduced global observed TGM levels but overestimated concentrations in South Africa 8257 

which was explained by the effect of emissions. The analysis also revealed predominant influence of 8258 

precipitation on the wet deposition pattern. Sensitivity experiments showed that around 22% of total 8259 

Hg deposition in the United States resulted from domestic anthropogenic sources, and only 9% was 8260 

contributed by transpacific transport from Asia.  8261 

A newly developed global nested GNAQPMS-Hg model was applied for simulations of Hg 8262 

concentration and deposition levels and evaluation of trans-boundary transport of Chinese 8263 

anthropogenic emissions (Chen et al., 2015). It was shown that Hg emitted from Chinese sources 8264 

accounts for 62% of total deposition over the country. Contribution of Chinese anthropogenic 8265 

emissions to deposition over neighbouring regions varies from 15.2% for the Korean Peninsula to 8266 

5.9% for Japan. However, for remote regions, such as North America and Europe, the contributions 8267 

from China do not exceed 5%.  8268 

Dastoor et al. (2015) analysed the sources of Hg in the Canadian Arctic with the GRAHM chemical 8269 

transport model. They found that the total contribution from Hg emissions originating in East Asia to 8270 

annual Hg deposition in Canadian Arctic (26 to 28%) is more than twice that of the next biggest 8271 

contributors, the U.S. (7 to 9%) and Europe (6 to 7%), in 2005. Global anthropogenic emissions, 8272 Re
vie

w 
Dr

af
t -

 D
o 

No
t C

ite
, C

op
y 

or
 C

irc
ul

at
e



GMA 2018 Draft for external review – Chapter 4 Atmospheric pathways, transport and fate 

4-10 
 

terrestrial emissions, and oceanic emissions were simulated to contribute approximately 30%, 40% 8273 

and 30% of Hg deposition in the Canadian Arctic, respectively.  8274 

A comprehensive analysis of source-receptor relationships of Hg concentration and deposition on a 8275 

global scale was performed by Chen et al. (2014) using the global GEOS-Chem model. It was found 8276 

that global natural sources are the main contributors for Hg deposition over all regions except East 8277 

Asia. Deposition over East Asia is dominated by anthropogenic emissions with relative contribution of 8278 

domestic sources of 50%. Besides, 16% of Hg deposition over North America originates from East 8279 

Asia, indicating that transpacific transport of East Asian emissions is the major foreign source of Hg 8280 

deposition in North America. Europe, Southeast Asia, and the Indian subcontinent also make 8281 

significant contributions to Hg deposition in some receptor regions.  8282 

GEOS-Chem was also used by Song et al. (2015) for inverse modelling aimed at constraining present-8283 

day atmospheric Hg emissions and relevant physiochemical parameters. Based on the inversion 8284 

results the authors updated the global estimate of Hg emission from the ocean and terrestrial 8285 

ecosystems as well as anthropogenic emissions from Asian sources. Re-evaluation of the Hg long-8286 

term global biogeochemical cycle showed that legacy Hg becomes more likely to reside in the 8287 

terrestrial ecosystems than in the ocean. The same model was used by Shah et al. (2016) to interpret 8288 

aircraft measurements and to place new constraints on Hg chemistry in the free troposphere. They 8289 

found that standard model simulations significantly underestimated observed reactive Hg and that 8290 

use of faster oxidation mechanism could improve agreement with observations. Recently, the GEOS-8291 

Chem model was updated by implementing a new mechanism for atmospheric Hg redox chemistry to 8292 

gain new insights into the global Hg budget and the patterns of Hg deposition (Horowitz et al., 2017). 8293 

A new global, Eulerian version of the HYSPLIT-Hg model was applied to simulate global atmospheric 8294 

transport and deposition of Hg to the Great Lakes (Cohen et al., 2016). The objective of the study was 8295 

to estimate the amount and source-attribution for atmospheric Hg deposition to each lake, 8296 

information needed to prioritize amelioration efforts. As shown, the contribution of U.S. direct 8297 

anthropogenic emissions to total Hg deposition varied from 46% to 11% for different lakes. On 8298 

average, the U.S. was the largest contributor for Hg deposition to the Great lakes, followed by China, 8299 

contributing 25% and 6%, respectively. The results of the study also illustrated the importance of 8300 

atmospheric chemistry, emissions strength, speciation, and proximity, to the amount and source-8301 

attribution of Hg deposition.  8302 

A number of modelling studies were performed with the global ECHMERIT model addressing impacts 8303 

of different Hg oxidation mechanisms on the model performance when simulating Hg concentration 8304 Re
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and deposition patterns (De Simone et al., 2014), contribution of biomass burning to Hg deposition 8305 

worldwide (De Simone et al., 2015), and uncertainties associated with utilizing different global Hg 8306 

emissions inventories for simulations of Hg atmospheric dispersion (De Simone et al., 2016). In 8307 

particular, it was found that the net effect of biomass burning is to liberate Hg from lower latitudes 8308 

and disperse it towards higher latitudes where it is eventually deposited. Anthropogenic Hg 8309 

emissions contribute 20-25% to present-day Hg deposition and roughly two-thirds of primary 8310 

anthropogenic Hg is deposited to the world’s ocean.  8311 

An ensemble of four global chemical transport models for Hg (GLEMOS, GEOS-Chem, GEM-MACH-Hg, 8312 

and ECHMERIT) was recently used in a series of modelling studies focused on assessment of Hg levels 8313 

over the globe and evaluation of model performance in different geographical regions (Angot et al., 8314 

2016; Travnikov et al., 2017; Bieser et al., 2017). Travnikov et al. (2017) performed analysis of spatial 8315 

and temporal variations of Hg surface concentrations and deposition fluxes as well as key processes 8316 

governing Hg dispersion in the atmosphere. Vertical and interhemispheric distributions and 8317 

speciation of Hg from the planetary boundary layer to the lower stratosphere were studied by Bieser 8318 

et al. (2017). Angot et al. (2016) provided a combined analysis of the model simulations and 8319 

atmospheric Hg monitoring data in the Arctic and Antarctica. 8320 

Many of the above mentioned modelling studies were focussed on assessing source-receptor 8321 

relationships i.e. how emissions in one region or country contribute to deposition in others. These 8322 

assessments are based on emission inventories describing current anthropogenic emissions. All 8323 

models also include estimates of emissions from natural surfaces. These emissions are a mixture of 8324 

natural emissions and re-emissions of anthropogenic Hg previously emitted from anthropogenic 8325 

activities in previous years. The anthropogenic contributions to the re-emissions from natural 8326 

surfaces can originate from both recent deposition (e.g. within 10 years) but also contains 8327 

contributions from considerably longer time periods (decades to centuries). The percentage 8328 

contribution of deposition from one region to the other represents the current anthropogenic 8329 

emissions only.  8330 

GMA 2013 noted that multi-compartment modelling of Hg, taking into account the dynamic coupling 8331 

of atmospheric Hg with the upper ocean and parts of the lithosphere, had advanced over the 8332 

previous four to five years (Selin et al., 2008; Sunderland et al., 2009; Smith-Downey et al., 2010). Of 8333 

the models used in the 2015 update, two (GLEMOS and GMHG) were mainly atmospheric models, 8334 

and one (GEOS-Chem) simulated dynamic cycling. Recent work has advanced observational 8335 

constraints on Hg biogeochemical cycling, using worldwide measurements (Agnan et al., 2016; 8336 

Lamborg et al., 2014; Wang et al., 2016) as well as inverse modelling (Song et al., 2015). A key 8337 
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conclusion of these studies, taken together, is that legacy emissions from land may be smaller than 8338 

previously assumed in global models. Further multimedia analyses have added to our understanding 8339 

of the anthropogenic enrichment of the global biogeochemical cycle of Hg (Amos et al., 2015), and in 8340 

particular the role of legacy Hg. See also discussion below in Section 4.4.  8341 

4.3.2. Mercury atmospheric loads to terrestrial and aquatic regions 8342 

(To be added based on new simulation results) 8343 

4.3.3. Source apportionment of mercury deposition 8344 

(To be added based on new simulation results) 8345 

4.3.4. Contribution of different emission sectors to mercury deposition 8346 

(To be added based on new simulation results) 8347 

4.4. Historical trends and future scenarios 8348 

Evaluation of historical changes of Hg atmospheric concentration and deposition to other 8349 

environmental media is important because it helps understanding how legacy of previous 8350 

anthropogenic emissions affects the present-day Hg pollution levels and future environmental 8351 

responses to expected emission control measures. Human disturbance of Hg natural cycling in the 8352 

environment by mining and industrial activities led to significant enrichment of atmospheric Hg since 8353 

pre-industrial times (e.g. Fitzgerald et al., 1998; Lindberg et al., 2007; Biester et al., 2007). Recently, 8354 

Amos et al. (2013; 2014; 2015) applied a multi-media box model coupling the atmosphere, ocean, 8355 

and terrestrial reservoirs to reconstruct Hg historical cycling among the geochemical reservoirs on 8356 

the millennium scale. They found that the present-day atmospheric deposition has increased by a 8357 

factor of 2.6 from the preindustrial period (ca. 1850), which consistent with sediment archives. 8358 

Moreover, all-time anthropogenic emissions (ca. since 2000 BC) have enriched the present-day Hg 8359 

levels in the atmosphere, surface ocean, and deep ocean by factors of 7.5, 5.9, and 2.1, respectively, 8360 

relative to natural conditions (Amos et al., 2013). Besides, Amos et al. (2014) showed that accounting 8361 

for the additional loss of Hg to ocean margin sediments suggests twice as large as the all-time 8362 

relative enrichment in surface reservoirs. Both model simulations and natural archives provide 8363 

evidence for peak atmospheric Hg concentrations during the second half of the 20th century and 8364 

declines in more recent decades (Amos et al., 2015). 8365 

Changes of Hg atmospheric deposition over two last decades in different geographical regions were 8366 

evaluated in a number of recent modelling studies. Long-term trends of Hg deposition in Europe 8367 

were analysed within the framework of the Task Force on Measurements and Modelling under the 8368 

EMEP Co-operative Programme for Monitoring and Evaluation of the Long-range Transmission of Air 8369 
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Pollutants in Europe (Colette et al., 2016). According to the modelling results presented in the study 8370 

Hg total deposition in the considered EMEP region (Europe and Central Asia) decreased on average 8371 

by 23% during the period 1990-2012 (about -1% y-1). However, the deposition trend was essentially 8372 

non-linear with the rates of deposition reduction being higher at the beginning and lower at the end 8373 

of the period. Besides, the deposition changes differ significantly between individual countries 8374 

ranging from 70% decrease to 10% increase in some countries. Generally, the decrease of deposition 8375 

was larger in the European Union (35% for the period 1990-2012 or -1.5% y-1) than in other parts of 8376 

the region. Similar rates (-1.5±0.7% y-1) of Hg wet deposition reduction at a number of monitoring 8377 

sites in Western Europe were simulated for the period 1996-2008 (Muntean et al., 2014), which was 8378 

twice as lower as the observed trend at these sites. Zhang et al. (2016) estimated somewhat steeper 8379 

trend of Hg wet deposition in the same region (-2.0±0.14% y-1). Muntean et al. (2014) estimated Hg 8380 

wet deposition decline in North America as of -2.4±0.7 % y-1 for the period 1996-2008. Zhang et al. 8381 

(2016) utilized an updated emissions inventory and obtained somewhat smaller decline -1.4±0.1 % y-1 8382 

for longer period (1996-2013) in the same region.  8383 

Soerensen et al. (2012) used a global Hg model (GEOS-Chem) that coupled the atmosphere, soil, and 8384 

the surface ocean to analyse a long-term decline in Hg0 concentration over the Northern Atlantic. 8385 

They found that existing inventories of Hg anthropogenic emissions cannot explain substantial 8386 

decrease of observed  Hg0 concentration (-2.5% y-1) for the period 1990-2009 since significant 8387 

emissions reduction in North America and Europe are balanced by the rise of Hg emissions in East 8388 

Asia. The model application allowed attributing this decrease to reduction of Hg emissions from the 8389 

ocean as a result of declining subsurface seawater Hg concentrations. It was hypothesized that the 8390 

declining trend can be explained by decreased riverine and wastewater inputs at ocean margins 8391 

(Soerensen et al., 2012). However, later Amos et al. (2014) showed that the inputs of Hg to the North 8392 

Atlantic from rivers also did not contribute substantially to these changes. On the other hand, Zhang 8393 

et al. (2016) demonstrated that revised anthropogenic emissions can explain the observed decline in 8394 

Hg concentration over the past two decades. Therefore, the model evaluation of long-term changes 8395 

of Hg concentration and deposition levels highly depends on availability of reliable data on historical 8396 

Hg emissions. 8397 

Despite increases in global anthropogenic emissions over the past several decades (Streets et al., 8398 

2011), Arctic atmospheric Hg levels have decreased or remained constant (Cole and Steffen, 2010; 8399 

Cole et al., 2013, Berg et al. 2013). Implications of climate change related factors such as rise in air 8400 

temperatures (particularly in spring) and reduced sea ice extent and thickness to the Hg levels in the 8401 Re
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Arctic ecosystems are complex and multidirectional (Stern et al., 2012; Bekryaev et al., 2010; 8402 

Cavalieri et al., 2012).  8403 

Fisher et al. (2013) investigated the factors controlling Hg(0) trends in the Arctic from 1979-2008 8404 

using global historical anthropogenic emissions inventory of Streets et al. (2011) using GEOS-Chem. 8405 

The model simulated a small increasing trend in Hg(0) concentrations over 30 years mainly reflecting 8406 

the growth in emissions. Besides, the authors suggested that climate warming may lead to decreased 8407 

fluxes of Hg from the atmosphere to the cryosphere and increased Hg(0) concentrations in the Arctic. 8408 

Chen et al. (2015) extended the study by Fisher et al. (2013) to quantitatively determine the 8409 

contributions of changes in environmental variables and anthropogenic emissions to Hg trends in the 8410 

Arctic using anthropogenic emission inventories from AMAP/UNEP for the years 2000, 2005, and 8411 

2010. In addition to confirming the results by Fisher et al. (2013) in spring and summer, the study 8412 

found that decrease in Atlantic ocean evasion of Hg at lower latitudes contributed to the decrease in 8413 

Hg(0) concentrations in the Arctic from November–March. 8414 

Dastoor et al. (2015) assessed the impact of changing anthropogenic emissions and meteorology on 8415 

Hg(0) concentrations and deposition in the Canadian Arctic from 1990-2005 using GEM-MACH-Hg 8416 

and AMAP anthropogenic emissions (AMAP, 2011). Changes in meteorology and anthropogenic 8417 

emissions were found to contribute equally to the decrease in surface air Hg(0) concentrations in the 8418 

Canadian Arctic with an overall decline of ~12% from 1990-2005 in agreement with measurements at 8419 

Alert (Cole and Steffen, 2010; Cole et al., 2013). In contrast, the model simulated 15% increase and 8420 

5% decrease in net deposition in the High Arctic due to changes in meteorology and decline in 8421 

emissions in North America and Europe, respectively, resulting in an overall increase of 10% in Hg 8422 

deposition over a period of 1990-2005. Although the link between Hg deposition and lake sediment 8423 

fluxes is not fully understood, an increase in deposition of Hg in the Arctic appears to be consistent 8424 

with observed increases in Hg fluxes in some Arctic lake sediments in recent decades (Goodsite et al., 8425 

2013). 8426 

Despite modelling differences, all studies suggested a dominant role of climate warming related 8427 

changes in environmental factors on Hg trends in the Arctic. Current Hg models lack a complete 8428 

representation of the complexity of climate sensitive Hg processes. Fully interactive atmosphere-8429 

land-ocean biogeochemical Hg models including detailed representation of sea-ice dynamics are 8430 

required to close the gap in modelling results. 8431 

Future changes of Hg atmospheric concentration and deposition to the ground as a result of changes 8432 

in anthropogenic emissions, land use and land cover as well as climate change were also investigated 8433 Re
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in a number of modelling studies. Pacyna et al. (2016) used two chemical transport models (GLEMOS 8434 

and ECHMERIT) to evaluate future changes of Hg depositions in various geographical regions for 8435 

three anthropogenic emissions scenarios of 2035 (Fig. 1). The “Current Policy” scenario (CP 2035) 8436 

predicted a considerable decrease (20-30%) of Hg deposition in Europe and North America and 8437 

strong (up to 50 %) increase in South and East Asia. According to the “New Policy” scenario (NP 2035) 8438 

a moderate decrease in Hg deposition (20-30%) was predicted in all regions except for South Asia. 8439 

Model predictions based on the “Maximum Feasible Reduction” scenario (MFR 2035) demonstrated 8440 

consistent Hg deposition reduction on a global scale. It should be noted that the geogenic and legacy 8441 

sources were assumed to be unchanged in this study.  8442 

 8443 

 8444 

Figure 1. Source apportionment of Hg deposition from direct anthropogenic sources (average of two 8445 

models) in 2013 and 2035 in various geographical regions: (a) East Asia, (b) South America, (c) North 8446 

America, (d) Europe, (e), and the Arctic. Whiskers show deviation between the models. Contribution 8447 

of natural and secondary emissions are not shown. Source: Pacyna et al. (2016). 8448 

A combined effect of emissions changes and temperature increase associated with climate change 8449 

was studied by Lei et al. (2014) with the CAM-Chem model using three emissions scenarios of 2050 8450 

(B1, A1B, A1FI) based on projections developed by the Intergovernmental Panel on Climate Change 8451 

(IPCC). It was found that all three scenarios predict general increase of total gaseous Hg 8452 

concentration around the globe due to increasing use in fossil fuel energy. The increase in 8453 

temperature enhances emissions from land and ocean and accelerates oxidation of Hg0 leading to 8454 

increased deposition. The effect of climate change as well as alteration of land cover/land use on 8455 Re
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future Hg levels were studied more thoroughly by Zhang et al. (2016) by combining a chemical 8456 

transport model (GEOS-Chem), a general circulation model (GISS GCM 3), and a dynamic vegetation 8457 

model (LPJ). Using the IPCC A1B scenario for the simulation of 2000-2050 climate change they found 8458 

that the surface Hg0 concentration is to increase globally with significant changes occurring over 8459 

most continental and ocean regions due to changes in atmospheric Hg redox chemistry. Changes in 8460 

natural vegetation and anthropogenic land use lead to general increases in Hg0 dry deposition. The 8461 

gross Hg deposition flux will increase over most continental regions driven by combined changes in 8462 

climate and land use/land cover. However, these results do not take into account the possible 8463 

feedback of the deep ocean and terrestrial reservoirs to the future emissions and climate changes. 8464 

Amos et al. (2013) used a fully coupled biogeochemical model and showed that even if 8465 

anthropogenic emissions stay unchangeable, Hg deposition will continue to increase due to effect of 8466 

the legacy of anthropogenic production emissions accumulated in the ocean. Generally, the 8467 

atmosphere responds quickly to the termination of future emissions, but long-term changes are 8468 

sensitive to a number of factors, including historical changes in anthropogenic emissions, air-sea 8469 

exchange, and Hg burial in deep ocean and coastal sediments (Amos et al., 2014, 2015). 8470 

4.5. Region-specific modelling studies 8471 

4.5.1. Polar regions 8472 

Since GMA 2013, three global Hg models have been applied to study Hg cycling in polar regions - 8473 

GLEMOS (Travnikov and Ilyin, 2009),  GEOS-Chem (Fisher et al. 2012; Holmes et al., 2010), and GEM-8474 

MACH-Hg (formerly GRAHM; Dastoor et al., 2008;  Durnford et al., 2012;  Kos et al., 2013). The 8475 

largest differences among models in the polar-regions are related with the representation of Hg(0)-8476 

Br oxidation rates, Br concentrations, parameterization of photo-reduction and re-emission of Hg(0) 8477 

from the snowpack, and Hg evasion fluxes from the Arctic Ocean (Angot et al., 2016). Durnford et al. 8478 

(2012) developed and implemented a dynamic multi-layer snowpack-meltwater parameterization in 8479 

GEM-MACH-Hg. Fisher et al. (2012) and Durnford et al. (2012) introduced enhanced evasion of Hg 8480 

from the Arctic Ocean during summer to explain the observed summertime maximum in Hg(0) 8481 

concentrations (Steffen et al. 2005; Berg et al. 2013). Dastoor and Durnford (2014) found that the 8482 

summertime concentrations in the Arctic are characterized by two distinct summertime maxima with 8483 

the peaks varying in time with location and the year. Using GEM-MACH-Hg, the authors 8484 

demonstrated that early summer peak in Hg(0) concentrations is supported primarily by re-emission 8485 

of Hg from melting snowpack and meltwater and the late summer peak is supported by evasion of 8486 

Hg(0) from the Arctic Ocean. Toyota et al. (2014) developed a detailed one-dimensional air–8487 

snowpack model for interactions of bromine, ozone, and Hg in the springtime Arctic which provided 8488 Re
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a physicochemical mechanism for AMDEs and concurrently occurring ozone depletion events (ODEs). 8489 

The authors also developed a temperature dependent GOM-PBM partitioning mechanism explaining 8490 

its observed seasonal transition (Steffen et al., 2014) and demonstrated that PBM is mainly produced 8491 

as HgBr4
2- through uptake of GOM into bromine-enriched aerosols after ozone is significantly 8492 

depleted in the Arctic air masses. 8493 

Dastoor and Durnford (2014) conducted a comprehensive evaluation of GEM-MACH-Hg simulated 8494 

concentrations of Hg(0) and Hg(II) in air, total Hg (THg) concentrations in precipitation and seasonal 8495 

snowpack, and snow/air Hg fluxes with measurements from 2005-2009 at 4 Arctic sires – Alert,  Ny-8496 

Ålesund, Amderma, and Barrow (see Fig. 2 for the sites location). The model median concentrations 8497 

of Hg(0) and Hg(II) were found within the range of observed medians at all locations. Hg 8498 

concentrations in snow collected during springtime (AMDEs season) are significantly higher at 8499 

Barrow than at Alert, which was well simulated by the model. Modelled Hg concentrations in 8500 

seasonal snowpack were also within the measured range. 8501 

 8502 

a           b  8503 

 8504 

Figure 2: Location of Arctic (a) and Antarctic (b) ground-based sites used for model evaluation. 8505 

Angot et al. (2016) evaluated GEM-MACH-Hg, GEOS-Chem and GLEMOS using atmospheric 8506 

monitoring data of Hg concentrations for 2013 at 4 Arctic sites (Alert, Station Nord, Ny-Ålesund and 8507 

Andøya) and 3 Antarctic sites (Troll, Dome Concordia, and Dumont d’Urville) shown in Fig. 2. In 8508 

addition, interannual variability in Hg(0) concentrations were evaluated using GEOS-Chem and GEM-8509 

MACH-Hg simulations from 2011-2014. The models captured the broad spatial and seasonal patterns 8510 

in Hg(0) concentrations observed in the Arctic. The decline in Hg(0) concentrations from Andøya, the 8511 

site closest to European industrialized areas, to Alert, the most northerly site, was well reproduced 8512 

by the models and suggests transport of anthropogenic Hg from lower latitudes to the Arctic. A more 8513 
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pronounced seasonal cycle observed at Alert and Station Nord than Ny-Ålesund and Andøya was also 8514 

captured by the models (Fig. 3).  8515 

All models reproduced the characteristic low Hg(0) concentrations in spring and high Hg(0) 8516 

concentrations in summer. Consistent with observations, the models simulated enhanced total 8517 

oxidized Hg concentrations (i.e., oxidized gaseous and particulate Hg) at Alert and Ny-Ålesund during 8518 

the AMDEs season but underestimated the values compared to measurements. At Ny-Ålesund all the 8519 

models overestimated wet deposition along with overestimation of precipitation amount. The 8520 

model-measurement discrepancy was attributed to lower collection efficiency of precipitation in 8521 

polar regions due to frequent strong winds and blowing snow conditions (Lynch et al., 2003 and 8522 

Prestbo and Gay, 2009) and to the uncertainties in gas-particle partitioning of oxidized Hg in the 8523 

models.  8524 

 8525 

Figure 3: Year 2013 monthly-averaged Hg(0) concentrations (in ng m-3) at (a) Arctic and (b) Antarctic 8526 

ground-based sites: observations (in black) and concentrations according to the three global models 8527 

(GLEMOS in green, GEOS-Chem in blue, GEM-MACH-Hg in red). The grey shaded regions indicate a 8528 

10% uncertainty for observations. Adapted from Angot et al. (2016). Only models that explicitly 8529 

implement high-latitude specific processes are shown. 8530 

Simulated Hg(0) interannual variability in GEOS-Chem and GEM-MACH-Hg in winter was lower than 8531 

measured which suggests an impact of interannual variability in anthropogenic emissions; the 8532 

models used 2010 global anthropogenic Hg emissions (AMAP/UNEP, 2010) for simulations from 8533 

2011-2014. Interannual variability in the frequency of AMDEs was fairly well reproduced by GEM-8534 Re
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MACH-Hg but not by GEOS-Chem. Real-time modelling of the distribution of bromine concentrations 8535 

and sea-ice dynamics is needed to improve the models (Moore et al., 2014).  8536 

In contrast, at Antarctic sites, the models overestimated Hg(0) concentrations and failed to 8537 

reproduce observed seasonal patterns in Hg(0) concentrations (Fig. 3). GEM-MACH-Hg and GEOS-8538 

Chem simulated increasing Hg(0) concentrations at all sites over the course of winter in contradiction 8539 

with observations; whereas, GLEMOS simulated lower than observed wintertime decline in Hg(0) 8540 

concentrations at Dumont d’Urville and Dome Concordia (Angot et al., 2016). High summertime 8541 

variability and strong diurnal cycle in Hg(0) concentrations observed at Dumont d’Urville and Dome 8542 

Concordia were also not well reproduced by the models. GEM-MACH-Hg did not simulate the 8543 

infrequent AMDEs observed at Troll and Dumont d’Urville in spring; whereas, GEOS-Chem simulated 8544 

AMDEs at DDU with somewhat higher frequency than observed. Angot et al. (2016) attributed poor 8545 

model simulation of Hg at the Antarctic sites to missing local Hg(0) oxidation pathways involving OH, 8546 

O3, NOx, and RO2 radicals and air circulation, and bias in southern hemispheric emissions including 8547 

oceanic evasion in the models. 8548 

Modelling estimates of Hg mass fluxes in the Arctic including the Arctic Ocean were provided by 8549 

Fisher et al. (2012), Durnford et al. (2012) and Dastoor and Durnford (2014). Using GEOS-Chem, 8550 

Fisher et al. (2012) estimated Hg deposition of 55 Mg y-1 (i.e., 25 Mg y-1 directly to open ocean, 20 Mg 8551 

y-1 to ocean via snow melt on sea ice, and 10 Mg y-1 to land via snow melt), evasion from ocean of 90 8552 

Mg y-1 and a net surface loss of 35 Mg y-1 in the Arctic north of 70°. In contrast, using GEM-MACH-Hg, 8553 

Durnford et al. (2012) estimated  Hg deposition of 153 Mg y-1 (i.e., 58 Mg y-1 directly to open ocean, 8554 

50 Mg y-1 to ocean via snow melt on sea ice, 29 Mg y-1 directly to land, and 16 Mg y-1 to land via snow 8555 

melt), emission of 36 Mg y-1 (i.e., 33 Mg y-1 from ocean and 3 Mg y-1 from land) and a net surface gain 8556 

of 117 Mg y-1 in the Arctic north of 66.5°. Thus, Fisher et al. (2012) concluded that Arctic Ocean is a 8557 

net source of Hg to the atmosphere, i.e., 45 Mg y-1; whereas, Durnford et al. (2012) concluded that 8558 

Arctic Ocean is a sink of atmospheric Hg, i.e., 75 Mg y-1. In comparison, GLEMOS estimated the yearly 8559 

net gain of Hg in the Arctic to be 131       Mg y-1 (Travnikov and Ilyin, 2009).  8560 

Model disagreements in the estimates of atmosphere-ocean-snowpack Hg fluxes indicate sources of 8561 

uncertainties in the models. Constraining models in the polar regions is challenging due to 8562 

insufficient measurements (Dastoor and Durnford, 2014; Angot et al., 2016). Fisher et al. (2012) 8563 

inferred that 95 Mg y-1 input of Hg from circumpolar rivers (and coastal erosion) resulting in 90 Mg y-1 8564 

evasion of Hg from the Arctic Ocean was required to balance the observed summertime peak in 8565 

Hg(0) concentrations at the Arctic sites.  In contrast, Durnford et al. (2012) found that 33 Mg y-1 Hg 8566 

evasion from the Arctic Ocean was sufficient to reproduce the summertime peak Hg(0) 8567 
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concentrations in the Arctic. Dastoor and Durnford (2014) estimated riverine Hg export to the Arctic 8568 

Ocean from North American, Russian and all Arctic watersheds in the range of 2.8-5.6, 12.7-25.4 and 8569 

15.5-31.0 Mg y-1, respectively, based on GEM-MACH-Hg simulated Hg in meltwater. Using MITgcm 8570 

ocean model and GEOS-Chem, Zhang et al. (2015) concluded that an input of 63 Mg y-1 of Hg 8571 

discharge from rivers and coastal erosion to the Arctic Ocean was needed to reproduce the observed 8572 

summer maximum in atmospheric Hg(0) concentrations. Riverine discharge to the Arctic Ocean is 8573 

poorly constrained by observations with estimates ranging from 12.5 to 44 Mg y-1 (Outridge et al., 8574 

2008; Amos et al., 2014). Zhang et al. (2015) noted that enhanced turbulence associated with sea ice 8575 

dynamics facilitates increased evasion of Hg discharged by Arctic rivers in estuaries resulting in a 8576 

much larger portion of riverine Hg in the Arctic Ocean subjected to evasion than estimated in Fisher 8577 

et al. (2012). In addition, Fisher et al. (2012) assumed that the Hg input from rivers is uniformly 8578 

distributed in the entire Arctic Ocean; whereas, latitudinal variation in Hg evasion from the Arctic 8579 

Ocean was considered in Durnford et al. (2012) and Zhang et al. (2015) which is supported by 8580 

observations (Andersson et al., 2008; Hirdman et al. 2009; Sommar et al, 2010). Other sources of 8581 

differences in models were related with the parameterizations of bromine concentrations and Hg 8582 

snowpack/meltwater processes (Dastoor and Durnford, 2014). 8583 

4.5.2. Europe 8584 

In recent years, the development of regional atmospheric Hg models for Europe was supported by 8585 

the FP7 project GMOS (Global Mercury Observations System). Mercury chemistry was implemented 8586 

into the on-line coupled meteorological CTM WRF-Chem by Gencarelli et al. (2014) and the CCLM-8587 

CMAQ model was further developed (Bieser et al., 2014; Zhu et al., 2015). These models have been 8588 

used to evaluate key processes and identify their impact on Hg dispersion and deposition in Europe 8589 

(Gencarelli et al., 2016; Bieser et al., 2017). 8590 

As it follows from recent estimates by Muntean et al. (2014) Hg emissions in Europe continue to 8591 

decrease, but with different rates for each Hg species. Due to technological development, emissions 8592 

of GOM are declining faster than total Hg emissions, which affects the regional deposition and global 8593 

transport patterns. This finding was further confirmed by model studies were the models tendency 8594 

to overestimate ground based GOM concentrations could be attributed to the speciation of primary 8595 

anthropogenic Hg emissions (Bieser et al., 2014; 2017). Moreover, airborne in situ measurements at 8596 

a modern coal fired power plant did not detect any GOM 1 km downwind from the stack (Weigelt et 8597 

al., 2016).  8598 

The models have in common, that the modelled annual wet deposition fluxes are in good agreement 8599 

with observations. This was found for regional (Gencarelli et al., 2014; Bieser et al., 2014) and global 8600 
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models (Muntean et al., 2014). At the same time, models tend to underestimate TGM concentrations 8601 

for Europe. A behaviour which is also seen in the results from global models (Muntean et al., 2014; 8602 

Chen et al., 2013). The reason for this is not understood yet.  In a global long term simulation with 8603 

the GEOS-Chem model Muntean et al. (2014) showed that modelled TGM concentrations were closer 8604 

to observations in the 1990s but that the model overestimates the decreasing tend over the last 8605 

decades. Thus, the emission inventories might play a role for this. This is also in line, with the fact 8606 

that new regional emission models lead to higher estimates for European Hg emissions (Rafaj et al., 8607 

2014).  8608 

Moreover, a recent study with a newly developed regional multi-media model indicates that an 8609 

underestimation of the air-sea exchange from regional oceans could be a source for the model bias 8610 

in Europe (Bieser and Schrum, 2016). Figure 4 depicts the impact of air-sea exchange on Hg 8611 

concentrations at two ground based stations in Europe. It can be seen, that close to the ocean 8612 

(Zingst) air-sea exchange has a large impact on GEM concentrations. This effect, albeit less 8613 

pronounced, was also observed at a station 200 km inland (Waldhof). 8614 

  8615 

Figure 4: Impact of air-sea exchange on atmospheric Hg concentrations at two ground based 8616 

observations sites in Germany: observation (red), atmospheric model (green), coupled ocean-8617 

atmospheric model (blue) (Bieser and Schrum, 2016). 8618 

A first model analysis on the vertical distribution of Hg in Europe was recently published (Bieser et al., 8619 

2017). Based on aircraft based observations, it was found that models are generally able to 8620 

reproduce the GEM gradient from the surface up to the tropopause (Fig. 4). Moreover, models were 8621 

able to reproduce the GOM gradient inside the planetary boundary layer, in those cases where a low 8622 Re
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GOM fraction in the anthropogenic emissions was assumed. This is in line with the findings on 8623 

decreasing GOM fraction in European Hg emissions discussed earlier. 8624 

 8625 

 8626 

Figure 4: Vertical profiles at Leipzig, Germany 23rd August 2013 from two aircraft campaigns and 8627 

simulations with seven atmospheric chemistry transport models. Black dots are observations from the 8628 

European Tropospheric Mercury Experiment (ETMEP), grey dots are observations from the CARIBIC 8629 

civil passenger aircraft. The coloured lines indicate modelled TM (solid) and GEM (dashed) 8630 

concentrations. The dotted lines depict the GEM/TM ratio. Source: Bieser et al. (2017). 8631 

The impact of long range transport on European Hg deposition has been addressed before (UNEP, 8632 

2015). Since then, there has been a new study on the global transport of Hg from Asia (Chen et al., 8633 

2015). Here, the estimated contribution of Chinese emissions to Hg deposition in Europe is only 8634 

3.5%, which is much smaller than previous estimates of 20% (UNEP, 2015). The impact of long range 8635 

transport on regional Hg deposition in Europe is strongly dependent on the lifetime of Hg in the 8636 

atmospheric models. A new study by Horowitz et al. (2017) indicates that organic aerosols mediate 8637 

photolytic reduction of oxidized Hg species in the aqueous phase leading to an increased life time of 8638 

Hg in the atmosphere. Due to the high concentration of organic aerosols in China current models 8639 

might underestimate the long range transport due to an overestimation of atmospheric oxidation. De 8640 

Simone et al. (2015, 2016) investigated the impact of biomass burning on atmospheric Hg 8641 

concentrations and deposition. Especially wild fires in the boreal forests can have a large impact on 8642 

regional Hg concentration and deposition. For Europe, they estimate the fraction of Hg deposition 8643 

due to biomass burning between 5% and 10%. 8644 
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4.5.3. North America 8645 

CMAQ, with global boundary conditions estimated with the MOZART model, was used to estimate 8646 

atmospheric Hg deposition to the Great Lakes for 2005 (Grant et al., 2014). U.S. emissions from 8647 

power plants had the largest impact on Lake Erie. The model tended to overestimate wet deposition 8648 

in the Great Lakes region. In another CMAQ-based investigation, the model was used with boundary 8649 

conditions from GEOS-Chem, and alternatively, GRAHM, to estimate atmospheric Hg deposition in 8650 

the United States (Myers et al., 2013) in a series of 2001-2005 case studies. Simulation results were 8651 

significantly influenced by the choice of boundary conditions. CMAQ, with a new aqueous-phase 8652 

oxidized Hg reduction chemical mechanism (involving dicarboxylic acids) and GEOS-Chem boundary 8653 

conditions, was used to simulate Hg fate and transport in the U.S. during 2001-2002. Results for wet 8654 

deposition with the new chemical mechanism were found to be more consistent with observations 8655 

than earlier mechanisms used in CMAQ. Using a weight-of-evidence approach, Sunderland et al. 8656 

(2016) argued that historical EPA CMAQ-based modelling may have underestimated the impact of 8657 

local and regional sources on near-field Hg deposition in the U.S., and consequently underestimated 8658 

the benefits of Hg emissions reductions. 8659 

The GEOS-Chem model was used to estimate the cumulative benefits of domestic and international 8660 

Hg controls for atmospheric deposition – and subsequent public health impacts – in the U.S. through 8661 

2050 (Giang and Selin, 2016). For the same amount of avoided Hg emissions, domestic reductions 8662 

were estimated to have nearly an order of magnitude higher public health benefit than international 8663 

actions. The CAM-Chem-Hg model was used to estimate present day (ca. 2000) (Lei et al., 2013) and 8664 

future (ca. 2050) (Lei et al., 2014) atmospheric Hg concentrations and deposition in the U.S., as 8665 

influenced by different scenarios of changes in U.S. and global emissions, and different climate 8666 

change scenarios. Concentrations and deposition in the U.S. increased significantly in scenarios with 8667 

higher future emissions and higher atmospheric temperatures. Under the most impacted scenario 8668 

considered, climate change alone caused an approximate 50-100% increase in atmospheric Hg 8669 

concentrations in the U.S. When increased Hg emissions in this scenario were included, the average 8670 

Hg(0), GOM, and PBM concentrations in the U.S. increased by a factors of ~2.5x, ~5x, and ~3x, 8671 

respectively. The GRE-CAPS model – which included a version of the regional CAMx model - was used 8672 

to investigate the influence of climate change on atmospheric Hg deposition in the Eastern U.S. 8673 

(Megaritis et al., 2014). Simulations for the present day (ca. 2000’s) were compared with climate-8674 

change-influenced simulations for the year 2050, assuming constant 2001 Hg emissions. The study 8675 

found that average deposition in the U.S. increased by about ~5% due to climate-change impacts 8676 

(e.g., enhanced atmospheric oxidation of GEM at higher temperatures), but regional differences 8677 

were found (e.g., related to changes in precipitation patterns). 8678 Re
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The HYSPLIT-Hg model was used to estimate 2005 atmospheric Hg deposition to the Great Lakes 8679 

(Cohen et al., 2016). Results for a base case and 10 alternative model configurations were developed, 8680 

examining the sensitivity of the results to different assumptions regarding atmospheric reaction rates 8681 

and chemical mechanisms. Model evaluation against measurements in the Great Lakes region 8682 

showed good agreement between modelled and measured wet deposition and Hg(0) concentrations, 8683 

but the model tended to overpredict reported GOM and PBM concentrations. The total deposition 8684 

and source-attribution for that deposition was similar to that found by Grant et al. (2014) (e.g., see 8685 

Figure 5). Lake Erie, downwind of significant local/regional emissions sources, was estimated by the 8686 

model to be the most impacted by direct anthropogenic emissions (58% of the base case total 8687 

deposition), while Lake Superior, with the fewest upwind local/regional sources, was the least 8688 

impacted (27%). The U.S. was the largest national contributor, followed by China, contributing 25% 8689 

and 6%, respectively, on average, for the Great Lakes. The contribution of U.S. direct anthropogenic 8690 

emissions to total Hg deposition varied between 46% for the base case (with a range of 24–51% over 8691 

all model configurations) for Lake Erie and 11% (range 6–13%) for Lake Superior. The relative 8692 

contributions of different sources are illustrated in Figure 6 for the base case simulation. These 8693 

results were used in an International Joint Commission report (IJC, 2015) which called for increased 8694 

monitoring and modelling of atmospheric Hg in the Great Lakes region.  8695 

 8696 

Figure 5. Atmospheric Hg deposition flux to the Great Lakes for 2005, estimated by CMAQ (Grant et 8697 

al., 2014) and HYSPLIT-Hg (Cohen et al., 2016). CMAQ error bars shown are the reported range in 8698 

estimates for each lake. HYSPLIT-Hg error bars shown are the range found in the 10 alternate model 8699 

configurations used in the analysis. The Great Lakes summary values shown are based on an area-8700 

weighted average of individual-lake results. 8701 

 8702 
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 8703 

Figure 6. Relative contributions of different source categories to 2005 atmospheric Hg deposition to 8704 

Lake Erie, Lake Superior, and an area-weighted average for the Great Lakes, estimated by the 8705 

HYSPLIT-Hg model (Cohen et al., 2016) (base-case simulation).  The values shown for specific 8706 

countries (United States, China, and Canada) and for all other countries (“Other Anthropogenic”) 8707 

include only the contributions from direct, anthropogenic emissions and do not include contributions 8708 

arising from re-emissions of previously deposited material from terrestrial or oceanic surfaces. 8709 

A number of analyses were conducted in which measurements of atmospheric concentrations were 8710 

combined with back-trajectory and other receptor-based modelling approaches to assess the relative 8711 

importance of different source regions and other factors to the atmospheric Hg arriving at the 8712 

measurement site (see Table 1 for references). In most cases, the HYSPLIT model (Stein et al., 2015) 8713 

was used for simulating back-trajectories. Similar studies were carried out for flight-based 8714 

measurements of atmosphere Hg concentrations above the surface, utilizing back-trajectories and/or 8715 

other model simulations, above Tullahoma, TN (Brooks et al., 2014), Texas and the Southeastern U.S. 8716 

(Ambrose et al., 2015; Gratz et al., 2015; Shah et al., 2016), and Lake Michigan (Gratz et al., 2016). 8717 

Table 1. Measurement sites analysed with receptor-based modelling 8718 

Measurement site Country Back-trajectory Study 
Beltsville, MD USA Ren et al., 2016 

Celestun, Yucatan MEX Velasco et al., 2016 
Chicago, IL USA Gratz et al., 2013a 

Dartmouth, NS CAN Cheng et al., 2013a; Cheng et al., 2016 
Grand Bay, MS USA Ren et al., 2014; Rolison et al., 2013 

Holland MI USA Gratz et al., 2013a 
Huntington Forest, NY USA Zhou et al., 2017; Choi et al., 2013; Cheng et al., 2013b 

Illinois (several sites) USA Gratz et al., 2013b; Lynam et al., 2014 
Kejimkujik, NS CAN Cheng et al., 2013a; Cheng et al., 2016 

Oxford, MS USA Jiang et al., 2013 
Pensacola, FL USA Huang et al., 2016; Demers et al., 2015 

Piney Reservoir, MD USA Castro and Sherwell, 2015 
Reno, NV USA Gustin et al., 2016 
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Rochester, NY USA Choi et al., 2013 
Steubenville, OH USA White et al., 2013 

Underhill, VT USA Zhou et al., 2017 
Western U.S. (several sites) USA Wright et al., 2014; Huang and Gustin, 2015; Gustin et al., 2016 

Windsor, ON CAN Xu et al., 2014 
 8719 

In a hybrid analysis combining fate-and-transport modelling with measurements, GEOS-Chem was 8720 

used to examine trends in Hg wet deposition over the United States over the 2004-2010 period 8721 

(Zhang and Jaegle, 2013). The modelling results were subtracted from the observations to assess the 8722 

roles of changing meteorology and emissions on observed wet deposition at 47 U.S. sites. In the 8723 

Northeast and Midwest U.S., approximately half of the decreasing trend in Hg concentrations in 8724 

precipitation could be explained by decreasing U.S. emissions over the study period.  8725 

4.5.4. East Asia 8726 

East Asia (including Southeast Asia) is the largest source region of atmospheric Hg release worldwide, 8727 

with China as the largest emitter.  According to GMA 2013, Hg release in East and Southeast Asia 8728 

accounts for 40% of global anthropogenic emission in 2010.  Mercury outflow from East Asia has 8729 

been regarded as a concern to global Hg pollution (Jaffe et al., 2005; Lin et al., 2010; Chen et al., 8730 

2014).   8731 

The rapid economic growth and improving air emission control in East Asia change the anthropogenic 8732 

Hg emission and speciation readily within a relatively short period of time. As better emission data 8733 

become available, reassessment using updated emission data is necessary. For example, Wu et al. 8734 

(2016) applied updated industrial activity statistics and emission factors to estimate anthropogenic 8735 

Hg release in China from 1978 to 2014, and found that the emission varied significantly over time due 8736 

to increased industrial production, energy use and implementation of emission control measures.  8737 

Atmospheric Hg emission in China peaked in 2011 at 565 Mg y-1 and then dropped to 531 Mg y-1 in 8738 

2014. More importantly, the emission speciation gradually shifted to a larger fraction of oxidized Hg 8739 

(56/43/3 for Hg0/HgII/Hgp in 2014). Such an emission speciation shift indicates increased local 8740 

deposition and reduced emission outflow.  8741 

Wang et al. (2016b) re-evaluated the natural release of elemental Hg vapour from soil, vegetation 8742 

and water surfaces using new soil Hg data in China and updated model schemes with 8743 

physicochemical parameters reported recently. They found a distinct spatial distribution of estimated 8744 

Hg release compared to the data reported by Shetty et al. (2008), despite a similar net natural 8745 

release at ~460 Mg y-1 in China.  Such a spatial distribution transition also has an impact on regional 8746 

model results. 8747 Re
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A number of regional and global scale modelling studies simulated atmospheric Hg levels in China 8748 

and the East Asia region (e.g. Lin et al., 2010; Pan et al., 2010; Chen et al., 2014; Chen et al., 2015; 8749 

Zhu et al., 2015; Wang et al., 2016a).  It should be noted that most model results are not directly 8750 

comparable due to differences in the emission inventory (particularly, natural emissions since many 8751 

earlier studies did not specify the quantity and spatial distribution), Hg chemistry and model 8752 

configuration. In general, regional models reproduced Hg concentrations more representative of the 8753 

observed elevated levels in urban and industrial areas.  Most global model results appear to be 8754 

relatively consistent, estimating that Asian emissions contribute to 16-25% of Hg deposition in North 8755 

America and 10-15% in the European region, except for one study (Chen et al., 2014) reporting <5% 8756 

of contribution in both regions.   8757 

The results of two regional modelling studies using CMAQ-Hg with identical model specifications are 8758 

directly comparable (Lin et al., 2010; Wang et al. 2016a). The two modelling assessments use the 8759 

same model configuration of CMAQ-Hg with different emission inventories: from (Street et al., 2005; 8760 

Shetty et al., 2008) in the former, and from (Wu et al., 2016; Wang et al., 2016b) in the latter. The 8761 

difference in the annual budgets is mainly caused by the reduced anthropogenic emission in the 8762 

region, increased fraction of HgII, and a change in the spatial distribution of natural emission. Given 8763 

the changes in emissions, the transport budget from East Asia by Wang et al. (2016a) is 25% lower 8764 

than the earlier estimate by Lin et al. (2010), as shown in Figure 7.  In addition, the greater Hg mass 8765 

accumulated within the regional domain in Wang et al. (2016a) also better explain the elevated 8766 

atmospheric Hg concentrations in China. More modelling studies are still needed in this region. 8767 

Recent observational data obtained from the ambient monitoring network in China (Fu et al., 2015) 8768 

provide a unique opportunity to better understand the chemical transport of atmospheric in a region 8769 

undergoing dynamic emission changes. 8770 

Lin et al. (2010) Wang et al. (2016a)
 8771 

Figure 7: Comparison of annual Hg mass budget in East Asia by Lin et al. (2010) and Wang et al. 8772 
(2016a). EM is emission; DE is deposition; TB is transport budget. 8773 
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4.6. Conclusions 8774 

A number of regional and global models have been used to simulate the atmospheric fate and 8775 

transport of Hg, using meteorological data and emissions inventories as inputs and atmospheric 8776 

measurements to evaluate the results.  Significant uncertainties remain in model physics (e.g., gas-8777 

particle partitioning and deposition processes) and chemistry (e.g., elemental Hg oxidation 8778 

mechanisms), as well as in model inputs (e.g., emissions amounts and speciation) and measurements 8779 

used for evaluation. Nevertheless, the scientific understanding of atmospheric Hg as represented in 8780 

the models has progressed to the point where useful policy-relevant information about source-8781 

receptor relationships can be derived. This also implies that models can be used to provide first 8782 

estimates of the effects on Hg-deposition of emission reductions, both regionally and globally. As 8783 

improvements are made in understanding and model-related data, uncertainties in model results will 8784 

be lessened and will become even more useful. 8785 

Atmospheric measurements are essential to evaluate and improve models; given the uncertainties 8786 

noted above, models must continually be tested by comparison against measurements. At the same 8787 

time, measurements alone cannot provide the depth of source-receptor and trend explanation 8788 

information that can be obtained by models. Likewise, uncertainties in emissions inventories have 8789 

emerged as a critical limitation in atmospheric model analyses, and the improvement of these 8790 

fundamental model inputs is essential to improve model accuracy. 8791 

 8792 
(To be updated based on new simulation results) 8793 

8794 
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