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 Introduction 1

During the last decades many studies have been conducted to investigate the atmospheric 

heavy metals contamination and its deposition to ecosystems.  

The increasing attention to mercury pollution has been mainly driven by the growing evidence 

of its negative impacts on wildlife, ecosystems and particularly human health. It should be 

noted, that after mercury moves through the water chain it can be transformed by aquatic 

microorganisms into methylmercury (MeHg), which is much more toxic than the other forms. 

Subsequently, MeHg is bioaccumulated in fish and seafood [1]. The predator fish can contain 

almost 100% of mercury in methylmercury form. Eventually, it enters the human body with 

consumed food. It is then transported by blood and can easily pass the blood-brain barrier and 

cause neurotic dysfunctions. It is reported that even relatively low doses can damage the 

nervous system. The symptoms that can be observed are: blurred vision, malaise, dysarthria, 

paraesthesia, ataxia, impairment of hearing and difficulty in walking. Symptoms appear 

slowly and increase gradually along with the amount of mercury accumulated in the body [1]. 

It should be highlighted, that mercury also passes through the placental barrier and has an 

immense negative impact on the foetus, decreasing the IQ of a child. In this way, the 

development of whole populations is influenced. It is reported that methylmercury can be the 

cause of a cancer, kidney dysfunction, heart and blood system diseases.  

The most spectacular poisoning of methylmercury occurred in Minamata in Japan in the 

forties, fifties and sixties of the XX century, when the local chemical factory producing 

acetaldehyde released the mercury in the industrial water waste into the local gulf since 1932 

until 1968. Although, the mercury concentration in water was not so high, it ensued the 

accumulation of mercury as methylmercury in fish and shellfish, which finally was consumed 

by local people and accumulated in their bodies. Until March 2001 approximately 3000 

officially certified patients were identified, among them, 1784 who have already died [2]. The 

largest, outbreaks of mercury poisonings occurred in Iraq in winter 1971 -1972 due to the 

consumption of seed grain, which had been treated with fungicides containing mercury. It was 

estimated that around 40000 individuals were affected, 6300 were hospitalized and 450 

people died [3].  

Mercury can also enter the human body through inhalation of the vapours. The effects such as 

insomnia, memory loss, headaches, tremors are usually short lived. Results of preliminary 

studies on the assessment of external effects of anthropogenic mercury emissions have 

already been published [4]. It was reported that mercury can affect the function of kidneys, 
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respiratory system, heart and blood system, digestive system, immune system, liver and the 

reproductive system.  

For the first time ever, a mass cadmium poisoning was documented, in Japan again, in the 

Toyama province in 1964. The people felt an intense pain of joints, muscle and spine 

therefore the disease was named Itai‑Itai – which in Japanese means intense pain. The reason 

for the accumulation of cadmium in the body of the residents in Toyama was the consumption 

of the rice, which was polluted by cadmium compounds [5]. Cadmium enters the human body 

through the respiratory system, human gastrointestinal tract and skin. The high concentration 

of cadmium in the air causes acute poisoning. The symptoms of cough, burning sensation 

inside the chest, headache, dizziness, general malaise, chills, sweating, nausea, vomiting and 

diarrhea are mainly observed. Long exposure to cadmium, which is contained in the air has    

a negative effect on the skeleton (bone structure) and the kidneys. Moreover the positive 

correlation between cadmium exposure and cancer of the prostate and lung was observed. 

Lead is also a toxic heavy metal which is being emitted into the atmosphere by anthropogenic 

as well as natural sources. This heavy metal has effects on the human health even at very low 

exposures and causes negative impacts mainly in circulatory, nervous, genitourinary systems. 

Intense studies were launched in the 70s of the XX century, which led to determine the dose-

response functions for the impact of lead on the human health. The measurements of lead 

content in human blood allows for the quantification of the risk of appearance of health 

hazard. Long-term lead exposure can cause the level of lead in the body that finally causes the 

disease, which is called lead poisoning. The most common symptoms are insomnia, 

hallucinations, cognitive deficit and tremors. Unfortunately, also lead -as in the case               

of mercury - passes through the placental barrier and accumulates in the body of infants, 

which may lead to many diseases [6]. 

The harmful influence on humans and the environment of these three heavy metals was 

underlined in the Aarhus Protocol on Heavy Metals of 1998. The Parties of this protocol 

(including Poland) are obligated to reduce emissions, observe the transport and the amounts 

of lead, mercury and cadmium in the environment.  

Moreover the European Union has made many efforts to decrease heavy metals emission and 

the use of those. The legislation of the European Union draws attention to control the amount 

of mercury, lead, cadmium and other heavy metals in air, water and food. The number          

of directives linked to mercury, lead and cadmium have given voice to particular concern for 

decreasing negative impact of heavy metals and heavy metal compounds on human health.  

One can enumerate a numbers of directives and regulations, e.g.: 
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 76/768/EEC, 76/769/EEC, 79/117/EEC, 91/188/EEC, 98/8/EC, 2000/53/EC, 

2002/95/EC, 2002/96/EC, 2006/66/EC, 2007/51/EC restrict the use of mercury, lead 

and cadmium in industry, agriculture, cosmetics;  

 96/23/EEC, 2000/60/EC, 2001/22/EC, 2006/118/EC/ 2006/1881/EC are dedicated     

to mercury, lead and cadmium control in water and food;   

 80/68/EEC, 98/83/EEC, 2006/118/EC, 2008/105/EC limit heavy metals content         

in water, groundwater and drinking water; 

 2004/107/EC requires to measure the mercury background concentration with spatial 

resolution of 100,000km2 and provide the long-term trends of mercury and cadmium 

concentration as well as arsenic and nickel in air; 

 96/61/EC (IPPC), Integrated Pollution Prevention and Control, which order to use the 

Best Available Techniques (BAT) to reduce pollutant emissions from power plants, 

chlorine production industry and cement production sector; 

 2001/80/EC (LCP) imposes limits of emissions of PM, which contains mercury, lead, 

cadmium and other heavy metals;  

 Regulation (EC) No 1102/2008 mercury, mercury compounds, substances with 

containing more than 95% of mercury are prohibited to be exported out of the EU; 

 2010/75/EU (IED) replacing i.e. LCP and IPPC which will lead to considerable 

emission reduction via review of BREFs and adoption of BAT for industrial activities. 

In 2005 the EU launched the “Community Strategy Concerning Mercury” aimed at reduction 

of negative impacts of mercury and the risks it poses for the environment and human health. 

In conclusion of the revision of this Strategy in 2011, the European Council stressed the 

importance for the EU to participate actively in and to give full support to the international 

negotiations on a new global mercury convention that have been initiated by UNEP in 2009. 

The Minamata Convention on Mercury was prepared during 4 years of intergovernmental 

negotiations. It was opened for signature at the conference in Kumamoto, Japan in October 

2013 and was signed by nearly 100 countries i.e. China, India, Germany, Brazil, South Africa, 

the United States and Poland. The Convention included the actions which should be taken     

to protect the human health and the environment from anthropogenic emissions and releases 

of mercury and mercury compounds [7]. 

The monitoring of heavy metals and above all mercury concentration and deposition over 

Europe is currently insufficient to provide accurate data on heavy metals concentrations and 

depositions. In some parts of Europe, there is a lack of sampling stations and thus such areas 

are not covered by monitoring at all. Therefore, it appears interesting to complement the 
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results of measurements by the modelling methods, keeping in mind the remaining 

uncertainties of mercury and other heavy metals modelling [8], [9]. The pathway of mercury 

dispersion in the atmosphere is complex therefore one of the key issues in reactive dispersion 

modelling of mercury is the chemistry model that represents the reactions and mass exchange 

between the gaseous, aqueous and particulate phases. During the last few decades, several 

chemical schemes have been implemented in different Chemical Transport Models (CTM) 

developed to represent the atmospheric dispersion of mercury. Some intercomparison studies 

were performed over Europe [10], [11], [12]. These studies were taken into account in the 

implementation of a chemistry scheme devoted to mercury within the framework of the 

Polyphemus air quality modelling system [13].  

Poland is still one of the biggest emitter of mercury, lead and cadmium in Europe mainly due 

to emission from coal combustion processes. It should be underlined that the emissions         

in Poland systematically decrease mainly due to significant power sector investment in 

emission control equipment, which besides limiting emission of pollutants such as PM, SO2 

and NOx, reduce significantly the emissions of other air pollutant including Hg, Cd and Pb 

[14].  

The objectives of this work were twofold: (i) scientific and (ii) practical.  

 

The scientific objective was to develop a model to represent the atmospheric dispersion         

of mercury and to implement it in the air quality modelling platform Polyphemus.  

 

The practical objective was to run the model and perform heavy metals dispersion studies 

over Europe and detailed studies of the impact of the polish power sector on the air quality 

regarding mercury, cadmium and lead.  

 

Some examples of questions that can be asked or hypotheses that can be verified in this work 

are presented below: 

 does the dry deposition of gaseous elemental mercury have the greatest influence      

on obtained mercury deposition results? 

 what is the contribution of different atmospheric reactions to atmospheric mass 

balance of reactive mercury? 

 is most of the deposited mercury in Poland emitted outside Poland? 
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 what is the contribution of the power sector plants to local mercury deposition            

in Poland? 

 does the concentration of reactive mercury and lead and cadmium depend strongly     

on local emission sources? 

 

Within the scope of this work computing codes have been developed with the use of C/C++ 

and Fortran programing languages. Several pre-processing programs were written in C/C++ to 

prepare and calculate input data to model i.e. (i) dry deposition velocity for gaseous mercury 

species; (ii) natural emission and reemission flux of mercury, (iii) anthropogenic emission         

of mercury, (iv) boundary and initial contractions of mercury, (v) concentration of chlorine 

species, which react with mercury. The Fortran code of the chemical transport model was 

implemented in the Polyphemus/Polair3D system and consists of three sections dedicated       

to gaseous and aqueous phases and to particulate mercury (please see Appendix 1). 

Additionally many C/C++ codes were prepared to process obtained results e.g.: to evaluate 

the results of the modelling against observations.   

The dissertation consists of two parts. 

• Part I is devoted to a literature review of the cycle of heavy metals in the environment.  

As the modelling work is based on previous laboratory research, measurements, estimations 

and assumptions, a review of the literature regarding emissions, chemistry and measurements 

of mercury, lead and cadmium was conducted. The state of the art in the development           

of chemical transport mercury models is described.  

• Part II is devoted to the development and application of the new chemical transport 

model for mercury and modelling of atmospheric transport of lead and cadmium. 

This part describes the development and application of the model dedicated for mercury, 

cadmium and lead dispersion in the atmosphere. The main assumptions and data used are 

presented. The obtained results are presented, evaluated and discussed. The conclusions of the 

Thesis, are focused on the obtained results and the scientific achievements completed in this 

Thesis.  

In this Thesis, the term Polish power sector covers all power, cogeneration (CHP) and 

regional/city heating plants located in Poland which use hard or brown coal, as the main fuel. 

The main coal-based plants that primarily work for the industry sector but have a part of their 

production is designated for the market, are also included in this term. 
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 Heavy metals in the environment 2

2.1 Global cycle of heavy metals 

Heavy metals are emitted to the atmosphere from natural and anthropogenic sources (Figure 

2-1). In the atmosphere, cadmium and lead occur only as components of particulate matter 

(aerosols). Particulate matter is defined in its simplest form as a microscopic solid or liquid 

matter suspended in the Earth's atmosphere. The atmospheric aerosols are composed mainly 

of species/compound such as sulphates, nitrates, organics and black carbon. The share            

of heavy metals in aerosols is relatively low. Therefore, the atmospheric transport and 

behaviour of heavy metals is considered and analysed as linked to the characteristics of 

aerosols.   

On the other hand, mercury occurs in the atmosphere in three forms: 

 GEM –gaseous elemental mercury (Hg0
(g)), which is a prevailing form of mercury in the 

atmosphere.  

 RGM –reactive gaseous mercury (HgI
(g), HgII

(g)) in organic and inorganic compounds. The 

inorganic compounds include compounds such as: HgO(g), HgCl2(g), Hg(OH)2(g), 

HgBrOH(g), HgBr2(g). The organic compounds are represented mainly by compounds 

which include one (monomethyl mercury -MMM) or two (dimethyl mercury -DMM) 

methyl groups e.g.: CH3HgCl, CH3HgOH, Hg(CH3)2.  

 particulate forms of mercury (HgP). The mercury in aerosols could be represented by 

compounds such as: HgO, HgSO4.  

These three species exhibit different transport characteristics. Gaseous elemental mercury can 

be considered as a global pollutant due to its residence time in the atmosphere. Reactive 

gaseous and particulate forms of mercury are deposited more quickly by wet and dry 

deposition processes than elemental mercury [15], [8].   

Heavy metals are removed from the atmosphere through wet and dry deposition process. Wet 

deposition is the process of removal of gaseous and particulates matter pollutants from the 

atmosphere where condensed water is involved. In this process, water captures pollutants and 

together with precipitation pollutants are moved to the Earth surface. This process occurs 

where ever precipitations and clouds are present. The pollutants absorbed by clouds are 

removed together with the removal of mass (volume) of clouds by precipitation. Precipitation 

also absorbs pollutant located below clouds and also remove them. Therefore the wet 

deposition can be split between in-cloud (rainout) and below cloud (washout) scavenging. Dry 
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deposition is a transport of gaseous as well as aerosols pollutants to the ground surface where 

those are absorbed by soil, water, flora and others materials that cover the ground during 

periods without precipitation. The significant part of deposited pollution is (often 

immediately) reemitted to the air. The heavy metals in aqueous environments undergo 

complex chemical and physical reactions and transformations [6], [16].  

The heavy metals included in air as well as deposited to surfaces and transferred to water and 

food, may get in the human body, where there are usually accumulated resulting in various 

adverse effects, as already mentioned in the introduction chapter.   

 

Figure 2-1. The sources, pathway and sinks of heavy metals in the atmosphere.  

 

Naming 

 

In the model concentration and deposition of 9 forms or compounds of mercury are being 

tracked. Seven in the gas phase i.e. Hg0
(g), HgBr(g), HgO(g), HgBrOH(g), HgCl2(g), Hg(OH)2(g), 

HgBr2(g), one in the aqueous phase (HgII
(aq)) and one in particulate form (HgP). The particulate 

form of mercury in the model is additionally split into particulate size sections. As the 

mercury occurs in 3 speciation forms in gaseous and aqueous phases, the common names and 

acronyms were used to determine chosen mercury forms. The species in gas phase are written 

with the index “(g)” and those in the aqueous phase with “(aq)”. In Table 2-1 all acronyms 

are listed along with selected species, which are included in them.  

Table 2-1. Names and acronyms used in manuscript of various mercury species. “Yes” in table 
indicates that the specie belongs to a group described by acronym and name.  

N 

Common names and acronyms 

species track in the model 

1. Hg
0

(g) HgBr(g) HgO(g) 

HgBrOH(g) 

HgCl2(g) 

Hg(OH)2(g) 

HgBr2(g) 

Hg
II

(aq) HgP  

2 Mercury   yes yes yes yes yes 
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3 GEM –gaseous elemental mercury yes     

4 RGM –reactive gaseous mercury  yes yes   

5 RGPM –reactive gaseous mercury and 

particulate forms of mercury 

 yes yes  yes 

6 RM –reactive mercury   yes yes yes yes 

7 RGAM –reactive gaseous mercury and 

reactive mercury in aqueous phase 

 yes yes yes  

 

 

2.2 Heavy metals emissions into the atmosphere 

Heavy metals are emitted into the air from anthropogenic and natural (including reemissions) 

sources. The amounts of anthropogenic emissions of mercury are mainly estimated with the 

use of a top-down methodology or a bottom-up approach. To assess the natural emissions      

of mercury the global mercury models and measurements of mercury fluxes are applied.  

2.2.1 Natural emissions of heavy metals 

Mercury  

Mercury is naturally emitted into the atmosphere from the Earth crust (where it occurs as the 

mineral of cinnabar) through the soil erosion, volcanic activities, geothermal vents, wild fires, 

evasion from water, and also from remission processes of previously deposited mercury. 

Additionally, preciously deposited mercury is reemitted from land and ocean surfaces.  

The global natural emissions and reemissions of mercury are estimated as the part of global 

mercury fluxes and budget with use of global mercury models. The natural emissions have     

a significant role in the global budget of mercury, therefore the precise estimation of the 

amount of it is a significant issue. The estimation of mercury from natural emissions and 

reemissions from various sources is presented in Table 2-2. 

Table 2-2. Estimation of natural emissions and reemissions of mercury using global mercury models 
[Gg.y

-1
]. 

N. Emissions from land Emissions from ocean 
Total Reference 

natural reemission reemission natural 

1 0.5 2.0 1.4 3.9  [17] 

2 2.0 2.0 4.0 [18] 

3 1.0  0.4 0.4 1.8 [19] 

4 0.81 0.79 1.3 1.3 4.2 [20] 

5 1.18 1.08 1.05 0.95 4.26 [21] 

6 0.5 1.5 2.4 0.4 4.8 [22] 

 

Estimates of natural mercury emission exist but they are based on flux measurements exist 

that represent limited areas and time scales [23], [24]. The most comprehensive measurements 
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of Hg flux in range from -0.1 to 2.7 ng.m-2.h-1 (with average 0.9 ng.m-2.h-1) from 1326 

samples at 46 sites led to estimated annual natural emissions of 100Mg of mercury over the 

United State [23]. One of the highest upward flux was observed in China and equals 204 

ng.m-2.h-1. It should be noted that the process of air-surface exchange of mercury is complex. 

There is bi-directional phenomena, which consists of: (i) downward flux -dry deposition 

processes, (ii) upward flux –natural and reemission phenomena.  

Most measurements indicate the upward flux as the prevailing process. The measurements 

show that approximately 80% of the time the upward flux is greater than the downward flux 

[25].  

The magnitude of the downward flux and upward flux depends on many factors such as: (i) 

type of surface, (ii) soil type, (iii) meteorological condition, (iv) amounts of mercury 

deposited previously (v) the method of measurement [26]. The conducted measurements 

presented in the literature give some general correlation of the amounts of the natural 

emission of mercury to meteorological parameters. A positive correlation between a mercury 

upward flux and the temperature of soil, solar radiation, wind speed was reported in many 

studies e.g. [24]. The increase of relative humidity slows down the natural emission of 

mercury [24].  

To assess the natural emission and remission of mercury from various sources on limited 

areas, a dedicated models has been also developed. Biogenic Emission Inventory System 

Version 3.11 was used to estimated emission of mercury from vegetation of 44 Mg.y-1 (from 

31 to 140 Mg.y-1) in the continental USA and from 79 to 179 Mg.y-1 in China [27]. The 

Mercury Emission Model (MEM) was developed to investigate the empirical correlation of 

mercury flux from background soils to the atmosphere with various factors such as: surface 

soil temperature and moisture, solar radiation [28]. 

Over Europe (in the EMEP domain) annual global natural emissions over land of 1 Gg and 

natural emissions and reemissions over water of 0.8 Gg was spatially distributed over the 

Northern Hemisphere [29].  

The natural flux of mercury from land is estimated based on four types of land and surface 

temperature dependence and can be expressed for temperatures above 273K: 

𝐹 = 𝐴 ∙ 𝑒𝑥𝑝(−𝐸/(𝑅 ∙ 𝑇))                                                                  R.2.1 

where:  

F –flux from soil [ng.m-2.h-1]; 

T –surface temperature [K]; 

E –activation energy [J.mol-1] assumed 8.37·104 according to empirical results; 
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A –constant function of land type and equals: 3.47·1014, 1.74·1015, 3.47·1015 for background 

soil, mercuriferous belts and deposited areas. No emission over glaciers was assumed;  

R –gas constant, 8.314 [J.mol-1.K-1]; 

The flux from soil equals 0 for surface temperatures below 273K.     

The total natural flux of mercury from water surface was distributed spatially according the 

proportionality of mercury emission from the ocean to the primary production of organic 

carbon in water [29].   

The assessment of reemission of mercury in Europe of approximately 50 Mg.y-1 were done 

with use of the simple box model [29]. The model calculated first the total load of mercury  

deposited in Europe during the last century and next the output flux from soil with the 

assumption of the life time of mercury according to reemission of 400 years and hydrological 

leaching of 950 years.  

As mentioned previously the mercury can be naturally emitted not only by the process of 

exchange between surface and air but also by natural fires and volcanic activity. The annual 

global emission of mercury from volcanic activity were estimated to range from 90 Mg to 360 

Mg [21]. Mercury by natural and remission processes is being emitted into the atmosphere 

mainly (greater than 99%) in elemental form (GEM) [30]. Although wildfires are responsible 

for approximately 13% of the emitted mercury, it appears mostly in particulate form [31]. On 

the other hand wildfires are not significant sources of mercury emission (only approx. 20 

Mg.y-1 [32]). Modelling studies and observations show that sea-salts can be significant source 

of mercury, the concentrations of HgII bounded to sea-salts aerosol particles are 25 -45 pg.m-3 

[33].  

Lead 

Lead is an element that is naturally present in many minerals, soil and rocks. The global 

average concentration of lead in soil equals 22 mg.kg-1 [6]. The weathering of rocks and 

volcanoes are the main source of migration of lead from the lithosphere to the biosphere. The 

major natural sources of lead emitted into the atmosphere are sea salts, soil particles, volcanic 

eruptions, forest fires. The annual natural global emissions of lead into air were estimated at 

12 Gg (range 0.91 -23 Gg) in 1983 [32]. According to these data the mean flux of lead from 

land is 54 g.km-2.y-1 while from sea surface it is 4 g.km-2.y-1. Relatively recent research led to 

150 times higher with annual emissions amounting to 1.8 Tg.y-1 (range from 0.22 to 4.9 Tg) 

[34]. In these two reported results, there are large differences in estimations of the amounts of 

lead released with soil particles, in particular during dust storms. For this source, emissions of 

3.9 Gg.y-1 and 1.7 Tg.y-1 were estimated. Because of a high frequency of storm in deserts, 
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these areas cover nearly 100% of the global natural emission. The deposited lead can be 

reemitted into the air, e.g. through re-suspension of soil. Detailed studies in California showed 

that the remission is 10 times higher than direct anthropogenic emission of lead into air [6].   

Cadmium 

The mean natural emissions of cadmium into the air amount to 1.3 Gg (range from 0.15 -2.6 

Gg.y-1), the global average flux from sea surface amounts to 0.2 g.km-2.y-1, the global flux 

from land surface amounts to 3.7 g.km-2.y-1 (estimated for 1983) [32]. Most of the emissions 

come from: volcanoes 820 Mg, soil particles during dust storms 210 Mg, vegetation, pollen and 

spores 190 Mg, natural forest fires 110 Mg and sea spray 60 Mg. The relatively newest 

estimation shows the results of annual emission of 41 Gg [34]. According to this work, 

cadmium was mainly released during dust storms over deserts. The emissions from this 

source were estimated at 24 Gg.y-1, from natural forest fires at 13 Gg.y-1 and from sea salts at 

2 Gg.y-1.  

2.2.2 Anthropogenic emission of mercury into the air  

Mercury is emitted into air from sectors where mercury is being used intentionally in 

processes and from sectors where mercury is useless and undesirable and results as a by-

product.  

Mercury is used in artisanal and small scale gold mining to produce an amalgam, which is 

used to separate gold from other materials. Despite the introduction of new restrictions, it is 

still used in a number of products including batteries, energy-sawing lamps, electronic and 

electrical devices, measuring devices (thermometers, blood-pressure gauges), pesticides, 

pharmaceuticals, preservative in paints. In 2010 approximately 1100 Mg of mercury were 

used in these products [16]. Therefore, a significant amount of mercury is emitted from waste 

and waste treatment processes. The dental amalgam is still used for filling teeth leading to 

mercury, which is released into the atmosphere during body cremation and during 

preparation, production of fillings and from fillings which were removed. Also, in the 

industry, in the process of production of chlorine and caustic soda mercury-cell are also still 

being used.  

Mercury is emitted into air from fossil combustion, mainly from coal combustion. The 

concentration of mercury in coal is not high but the large volume of consumption of coal 

(approximately 6000 Tg.y-1) causes large emissions of mercury from this sector (25% of total 

anthropogenic mercury emissions to the atmosphere) [35]. According to the World Coal 

Quality Inventory the average content of Hg in 1500 coal samples from almost 50 countries 
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and regions equals 0.24 mg.kg-1 [36]. The most extensive measurements regarding emissions 

of mercury from coal combustion were conducted in the United States [37]. Nearly 28 

thousands samples of hard coal (bituminous) and 1 thousand samples of brown coal (lignite) 

were analysed. The obtained results of mercury concentration in coal were in the range of 0.0 

-1.3 mg.kg-1 and 0.02 -0.75 kg-1
 for hard and brown coal, respectively while for both types of 

coal average mercury content was observed at 0.11 mg.kg-1. The values of mercury content in 

coal of United States are related to dry coal. Analysis of 56 samples in China indicated the 

average mercury content at 0.15 mg.kg-1 in raw hard coal and 0.28 mg.kg-1 in raw brown coal 

[38]. The results ranged from 0.01 and 0.03 to 1.13 and 1.53 mg.kg-1 for hard and brown coal, 

respectively. They also presented a comprehensive review of mercury content in coals from 

different countries and regions, which leads to the conclusion that the mercury content in 

Polish coals does not differ significantly from global results. 

Mercury in coal is hosted in both inorganic and organic compounds. Mercury creates the 

inorganic compound mainly in forms of sulfanediide (e.g cinnabar -HgS), sulphate and 

chloride. Mercury also occurs in pyrite (FeS2). It was observed that the concentration of 

mercury may be a dozen times higher in pyrite compared to directly adjacent coal [39]. 

Mercury from crude oil and natural gas is removed before final consumption, therefore 

combustion-related emissions are relatively low.  

Mercury is also included in raw materials that are used in the cement production sector. 

Additionally, in this sector mercury is emitted from fossil fuels which are burned to produce 

heat. Mining, smelting, and production of iron and non-ferrous metals are also significant 

sources of mercury, which is included in ores use. The mercury content into Cu-Ag ores in 

Poland reaches even 61 mg.kg-1, with an average value of 0.3 -2 mg.kg-1 depending on the 

type of ores and the place of extraction [40]. The Zn-Pb ores includes significantly less 

mercury, the measurements did not exceed 0.6 mg.kg-1. Most of the mercury contained in 

ores, that are captured and stockpiled or sold to be used intentionally in industrial processes 

and products, is eventually released to the air.  

 
Globally, the anthropogenic emissions of mercury into air is about two times lower than by 

natural emissions. The global estimations show ~2000 Mg of mercury emitted annually into 

air from human activities (Table 2-3). The anthropogenic emissions are estimated in many 

countries each year e.g. in all European countries within the EMEP program [14]. Despite 

many efforts, which include: (i) international projects where experts are involved, (ii) 

measurements of mercury (e.g. emitted, in coal, deposited), (iii) estimates done for specific 
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counties and sectors, the range of possible global emission of mercury is still very wide. For 

example, the global emission of mercury is estimated to range from 1010 to 4070 Mg.y-1 in 

2010 [35]. The assessment of global anthropogenic emission during the last 2 decades 

presented in different publications are listed in Table 2-3. 

Table 2-3. Global anthropogenic emissions of mercury into atmosphere. 
N. Year Emission [Mg.y

-1
] Reference 

1 1998 2143 [21] 

2 1999* 2160 [17] 

3 2000 2206 [41] 

4 2000 2190 [42] 

5 2002* 2400 [20] 

6 2005 1480 [1] 

7 2007 2320 [43] 

8 2008 1287 [44] 

9 2010 1554 [45] 

10 2010 1960 [35], [16] 

* no specific year was given, the assumption that emission inventory is for year of publication was made.  

 
China is the biggest world emitter, with an annual emission of approx. 570 Mg in 2010 [16], 

[45]. Whole Asia is responsible for half of anthropogenic mercury emission to the atmosphere 

with an annual emission of 968 Mg (Figure 2-2). 

Globally, 854 Mg of anthropogenic mercury is being emitted from sources where mercury is 

used intentionally and 1112 Mg from sectors where the presence of mercury is unwanted 

(Figure 2-3). Artisanal and small-scale gold mining and coal combustion are the most 

significant sources with a share in total emission of 36.7% and 24.9%, respectively. The share 

of anthropogenic mercury emissions into the air for different regions and activity sectors is 

presented in Figure 2-2 and Figure 2-3, respectively.   

 

 

Figure 2-2. The contribution of regions in anthropogenic emission of mercury into the air in 2010 [%] 
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[35]. 

 

 

Figure 2-3. The share of different sectors in anthropogenic emission of mercury into the air in 2010 

[%]. Sources with intentional use of mercury are marked with black edges [35]. 

 

 
 

In the UE-27 and other European countries, an amount of 87.5 Mg and 115 Mg of mercury 

were emitted in 2010, respectively [35]. However, the range of possible anthropogenic 

emission of mercury is wide and for instant equals 44.5 -226 Mg for UE-27 and 42.6 -289 Mg 

for other European countries [1]. In most of the European countries the national 

anthropogenic emissions of mercury are estimated each year and are reported to the European 

Monitoring and Evaluation Programme (EMEP), which is operating under the Convention on 

Long-range Transboundary Air Pollution [14]. The efforts to assess the anthropogenic 

emission from European countries were taken also by various research groups, operating 

mainly within the scope of international projects e.g. ESPREME (http://espreme.ier.uni-

stuttgart.de/), EnerGEO (http://www.energeo-project.eu/) [46], [47].  

Within the EMEP inventory programme, there are two types of databases. First, it includes the 

emission of mercury officially reported by countries which are involve in the program. For 

example, in Poland the emissions are prepared by the National Emission Center [48]. Second, 
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the database includes the mercury emissions over Europe, which were used as the input into 

the chemical transport models developed within the EMEP programme. The emissions of 

mercury are used in the models after verification of data provided by the national institutions 

from each country and in the case of a lack of data for some countries the estimation are 

introduced by experts. The estimations are mainly prepared following a top-down approach 

with the use of emission factors for defined sources.  

The anthropogenic mercury emissions in the European Union (EU-27) were estimated at 100 

Mg in 2008 [14]. The emissions of mercury in the European Union countries used in the 

EMEP model from 2000 until 2010 decreased by one third from 120 Mg to 80 Mg. In 2010, 

the highest emissions of mercury in the EU-27 were in Poland, Italy, Spain and Germany. The 

emissions of mercury in European countries, which do not belong to the EU were on the same 

level of nearly 60 Mg per year between 2000 -2010 (Table 2-4). In most EU-27 countries, the 

reduction of the amount of mercury emitted into the air was noticeable, during the period 

2000 - 2010. The most substantial decreases in mercury emission, relatively speaking, were 

observed in Malta, Bulgaria and France. During that decade, the estimated amount of mercury 

emitted in Germany increased 2.5 times from 3.6 Mg in 2000 to 9.3 Mg in 2010. In EU 

countries, the share of 32%, 28% and 8% was estimated in the overall emission of mercury in 

sectors where coal is being burned i.e. power sector (SNAP 0101), industrial combustion 

(SNAP 03) and residential (SNAP 0202), respectively. In Non-EU countries, a share of 47% 

was estimated to come from the power sector, 19% from industrial combustion and almost 6% 

from residential. The EU member states emitted 20 Mg of mercury from industrial processes 

(SNAP 04) and 4 Mg from waste and waste treatment (SNAP 09) in 2008 (Figure 2-4). The 

highest emissions that originated from the power sector were observed in Poland and 

Germany in the EU-28, respectively 8.7 and 6.3 Mg of emitted mercury in 2008. The highest 

emissions from the residential sector and from industrial combustion were estimated in Italy, 

from industrial processes in Spain and waste treatment in UK.  

The accurate emission data of mercury form European Countries can be found in the report of 

the Netherland’s TNO Institute (Netherlands Organisation for Applied Scientific Research 

TNO- www.tno.nl) [49]. The data were prepared based on two different sources: 

1. Projection, which was developed based on emission data for 2000, changes in activity 

data according to baseline scenarios developed in the context of the Clean Air For 

Europe (CAFÉ) program. The data for 2000 were developed with a bottom-up 

approach based on activities and appropriate emission factors. 
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2. Reported emission in the context of the EMEP programme for 2007 -note that for 

many countries the TNO and EMEP emissions are on the same level (Table 2-4). 

The most significant difference was noticed in Russia. TNO estimated the emission in the 

European part of Russia to be approximately 92 Mg, which is 4 times higher than EMEP. 

Most of the mercury emitted in Russia is coming from the power sector. According to TNO 

results, the highest share in the overall mercury emission into air in Europe came from 

industry combustion (approx. 47% in EU-28 and 28% in Non-EU countries) and the power 

sector (54% in Non-EU and 36% in EU-27). 

The results of mercury emissions that were published in papers by IIASA (International 

Institute for Applied Systems Analysis) were obtained using the GAINS (Greenhouse Gas and 

Air Pollution Interactions and Synergies) integrated modelling tool [46]. GAINS estimates 

emissions based on fuels and the sectors activity, emission factors and removal efficiency of 

different forms of mercury (GEM, RGM and HgP) by pollution control equipment [45], [47]. 

According to this estimation Germany represents the major source of mercury emitted into air 

within the EU-27 in 2010, with the total emissions being nearly two times higher than the 

officially reported data from EMEP and the emissions of mercury form the power sector were 

higher in Germany than in Poland (Figure 2-4). Overestimations of emissions of mercury in 

Germany using the button-up approach compared to the official data was also reported in 

previous work of TNO [49].   

 
Table 2-4. Emission in European Countries in 2000, 2005, 2008 and 2010 according to the assessment 
of EMEP, TNO, IIASA [Mg], [14], [49], [46]. Only the countries with annual emissions over 2 Mg. 
Other countries i.e. Austria, Cyprus, Denmark, Estonia, Finland, Latvia, Lithuania, Luxembourg, 
Malta, The Netherlands, Slovenia, Sweden, Albania, Belarus, Bosnia & Herzegovina, Croatia, Iceland, 
Macedonia, Moldova, Norway emit together approx. 10 Mg of mercury per year.  

N. Country 

Source of data 

EMEP 

reported 
EMEP data used into EMEP model TNO IIASA 

2008 2000 2005 2008 2010 2010 2010 

1 Belgium 3.84 2.60 1.80 3.30 2.05 2.74 2.17 

2 Bulgaria 1.39 4.20 3.40 1.60 0.88 1.61 3.05 

3 Czech Republic 4.11 3.80 3.80 4.10 3.36 3.92 4.56 

4 France 4.30 11.00 6.00 4.00 4.18 6.90 5.12 

5 Germany 9.80 3.60 3.80 3.80 9.29 9.78 18.24 

6 Greece  13.00 13.00 13.00 7.78 7.78 2.52 

7 Hungary 3.01 3.60 3.00 3.00 0.78 2.83 2.46 

8 Italy 10.38 9.60 10.00 11.00 9.52 10.71 5.88 

9 Poland 15.65 26.00 20.00 16.00 14.85 15.83 15.20 

10 Portugal 2.29 3.70 3.40 2.60 2.06 2.76 1.75 

11 Romania 8.28 6.70 11.00 12.00 5.34 4.13 3.75 

12 Slovakia 2.65 5.90 4.00 4.10 1.18 2.72 0.99 

13 Spain 9.49 11.00 10.00 7.80 6.34 10.80 6.24 

14 United Kingdom 6.52 8.10 7.10 6.20 6.29 7.19 6.02 
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15 Russia (European part)  10.00 14.00 23.00 22.54 92.71 17.26 

16 Serbia & Montenegro 1.74 5.50 5.40 5.40 1.65 5.34 2.32 

17 Switzerland 1.04 2.20 1.10 1.20 1.05 1.05 0.93 

18 Turkey  18.00 20.00 22.00 22.34 22.34 15.11 

19 Ukraine 6.79 26.00 6.00 6.80 6.79 7.56 7.54 

 

 

 
Figure 2-4. The share of mercury emissions from different sources in European countries according to 
the assessment of EMEP (reported emission) in 2008, TNO, and IIASA in 2010 [%] [14], [49], [46]. 
Data are provided only for countries with mercury emissions over 4 Mg in 2008 or 2010. 

 

Poland belongs to the European Union countries with the highest mercury emissions. 

According to data estimation shown in Table 2-4 Poland emits annually approximately 15 Mg 

of mercury. Coal combustion in the power sector and industry sector remains the main source 

of mercury emitted into air (Figure 2-4). The Institute of Environmental Projection and its 

agencies estimates the mercury emissions in Poland for each year and divides them into 

emission source categories. The amount of mercury is estimated based on activity rate 

(chemical energy input) and respective emission factors. The mercury emission in Poland for 

the period 2005 -2010 is presented in Figure 2-5. 
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Figure 2-5. Quantity of mercury emitted into air according to the assessment of Institute of 

Environmental Projection and its agencies [kg] [50], [51], [52], [53], [54], [48], [55].  

 

According to the data presented in Figure 2-5 emissions in Poland have decreased significantly 

and in 2011 reached the level of 10 Mg. Most of the mercury is being emitted from 

combustion in energy and transformation industries (SNAP 01). In this sector, mercury is 

emitted from public power plants (SNAP 0101) and district heating plants (SNAP 0102). 

Other sources in SNAP 01 i.e.: (i) petroleum refining plants (SNAP 0103), solid fuel 

transformation plants (SNAP 0104) and coal mining, oil/gas extraction, pipeline compressors 

(SNAP 0105) emit relatively low amounts of mercury. According to the national estimation 

from SNAP 0103 -0105, a total of 103 kg and 75 kg of mercury were emitted in 2008 and 

2009, respectively. The emissions from public power plants and CHP plants (SNAP 0101) 

and district heating plants (SNAP 0102) are presented in Figure 2-6. Emissions from power 

plants and CHP were split into fuel types i.e. hard or brown coal. District heating plants use 

hard coal (in Poland, one heat plant, which uses brown coal operates and emits approx. 1 kg.y-

1 of mercury). Moreover, significant amounts of mercury are emitted from households (SNAP 

0202), process of the production of cement and zinc (SNAP 0303, 0302) and production of 

coke and electric furnace steel plant (SNAP 0402). 

 

Figure 2-6. Annual emissons of mercury into air from power plants (PP), CHP (SNAP 0101) and 
district heating plants (SNAP 0102) in Poland in 2005 -2010 according to estimation of the Institute of 
Environmental Projection [Mg] [50], [51], [52], [54].   
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As shown in Figure 2-6, the rate of emission of mercury from burning brown and hard coal 

changed significantly. In the estimation which was prepared for the years 2005-2008, the 

emission factors of 0.0064 and 0.004 kg.TJ-1 were used for hard and brown coal, respectively.  

The estimation of mercury emission from power and CHP plants prepared for years 2009 and 

2010 were based on updated emission factors of 0.0023 kg.TJ-1 for hard coal and 0.0114 

kg.TJ-1 for brown coal [54]. Emission factors of 0.001498 kg.TJ-1 for hard coal and 0.006906 

kg.TJ-1 for brown coal were used for 2010 [48].  

The values for hard coal are similar and for brown coal are higher compared to factors 

provided by the European Environment Agency (EEA) [56]. The EEA recommends to use 

emission factors in the range from 0.001 kg.TJ-1 to 0.0023 kg.TJ-1 for hard coal and from 

0.0021 kg.TJ-1 to 0.0049 kg.TJ-1 for brown coal, for the power sector in Europe. The high 

emission rates originating from brown coal power plants were reported in other studies which 

in their estimation were based on the mercury content in Polish coals [57], [58]. The 

estimation of mercury emission from the power sector reported in the literature (beyond 

results of the Institute of Environmental Projection) are presented in Table 2-5.  

Table 2-5. Estimation of mercury emissions from combustion of coal in the Polish power sector [Mg].  

N. 
Emission of mercury [Mg.y

-1
] 

Year Reference 
Brown coal Hard coal 

1 15.1 5.1 2004 [57] 

2 14.8 3.6 2005 [58] 

3 10.7 5.0 2005 [46] 

 

 

The content of mercury emission in Poland is very diversified for various deposits. However 

relatively new results of measurements show, that the average content in brown coal is 

significantly higher compared to hard coal. The summarized data of mercury content in coal 

used in the Polish power sector is being provided in Table 2-11.   

 

Table 2-6. The average mercury content of Polish coal reported in the literature [mg.kg
-1

] (range of 
obtained results is provided in brackets). 

N. Hard coal Brown coal 
Quality parameters of 

coal samples 

Number of analysed 

samples Reference 

hard coal 
brown 

coal 

1 0.196   

 (0.095 -0.615) 

0.120  

(0.080-0.205) 

as received 40 20 [59] 

2 0.085 

(0.001 -0.758) 

0.322 

(0.08 -1.03) 

as received 143 102 [40] 

3 0.141     [60] 
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(0.062 -0.302) 

4 0.120 

(0.05 -0.150) 

0.250 

(0.120 -0.370) 

as received 850 [57] 

5 ~0.10 

(0.02 -0.19 ) 

 air dried 130  [61] 

6 0.0416 

(0.0072 -0.0852) 

 air dried 25  [62] 

7 0.138 

(0.070 -0.276) 

 dry basis 17  [63] 

8 (0.013 -0.156) (0.078 -0.258) air dried 63 [64] 

9 0.073 

(0.019 -0.168) 

0.360 

(0.097 -1.300) 

dry basis 60 [65] 

 

It should be noted that a discrepancy of mercury content in coal may appear from the 

preparation of coal samples and presentation of measurement data [66]. The published data 

should provide the information about quality parameters of the analysed coal (as received, air 

dried, dry basis).  

2.2.3 Emissions of mercury from coal combustion in the power sector  

As the combustion of coal is a main source of anthropogenic mercury emissions, the 

investigation of the emissions from this sector is most desirable. All three main forms of 

mercury usually are present in flue gases and are then emitted into the atmosphere: elemental 

gaseous mercury, reactive gaseous mercury and mercury associated with particulate matter. 

Reactive gaseous mercury may appear in compounds such as: mercuric chloride (HgCl2(g)), 

mercuric bromide (HgBr2(g)), mercury oxide (HgO(g)), mercuric nitrate (Hg(NO3)2(g)) or 

mercuric sulphate (HgSO4(g)). Mercury associated with particulate matter may be either 

elemental or oxidised. 

During the combustion process when the temperatures reach approximately 15000C, mercury 

included in coal vaporizes to GEM. Elemental mercury may be transformed into other 

mercury forms when the flue gases are rapidly cooled and interact with other combustion 

products in the presence of fly ash. The adsorption of mercury on an ash surface was 

confirmed by the measurements of mercury content in fly and bottom ashes in operating 

Polish coal-fired power plants [57], [67]. They show that, the content of mercury in fly ashes 

is many times greater than in bottom ashes. The increase of the unburned carbon content in fly 

ash and the decrease of temperature of the ashes have a positive impact on the adsorption of 

mercury [68].  

Most of the mercury from boilers enters together with flue gases and ashes to the emission 

control equipment. Only approximately 1% of mercury remains in bottom ash [69], [38]. The 

behaviour of mercury during the combustion process and consequently speciation and capture 
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of emitted mercury from the power sector depends on many factors such as coal 

characteristics (e.g. chlorine, sulphur content), temperature of combustion, residence time, 

type of installed post-combustion controls and flue gas cooling rate in the pathway from the 

boiler to the stack [70], [71]. It should be noted that the processes of mercury transformation 

in flue gases are very complex and many factors have various influence, at the same time, and 

a clear assessment of the impact of a single factor is rather difficult. Additionally, mercury is 

transformed through homogeneous and heterogeneous reactions. Therefore, many developed 

models of mercury transformation in flue gas, which were designed to predict mercury 

speciation, do not give a clear answer about the importance of many factors [72]. Chemical 

equilibrium calculations predict the complete oxidising of elemental mercury by chlorine at 

temperatures of flue gases below 700K. The rate of oxidised mercury in higher temperatures 

depends strongly on the chlorine content in coal, but in temperatures of approx. 1000K the 

mercury should appear mainly in elemental form. Simultaneously with Hg0
(g)

 may appear 

small amount of HgO(g) but only Hg0
(g) is thermodynamically stable at temperatures above 

1000K [70].  

The measurement results obtained by the EPA show that the share of reactive mercury 

emitted from hard coal plants is higher than from brown coal plants, which may be explained 

by the relative high concentrations of halogens (chlorine, bromine) in hard coals resulting in 

the oxidisation of Hg0
(g) to HgII

(g). Additionally, brown coals have a relatively higher content 

of alkaline material such as sodium and calcium, which also react with halogens in flue gases 

resulting into lower amount of halogens available to oxidize elemental mercury [73]. 

Published measurement results prove that higher concentrations of chlorine and hydrogen 

chloride promote a mercury oxidation in flue gases [74]. The efficiency of mercury oxidation 

of HCl(g) increases together with temperatures of flue gases [75]. In contrary, Cl2(g) is less 

effective in mercury oxidation along with an increase of temperature [76].  

Furthermore, mercury is oxidised by NO2(g) and O2(g) in flue gases [75]. The compounds of 

reactive mercury with oxygen and chlorine may further react with SO2(g) creating mercury 

sulphate in the solid phase, which is the most stable form of mercury at temperatures below 

490K [77]. Therefore, SO2(g), can promote the oxidation of elemental mercury through            

a continuous regeneration of chlorine and hydrogen chloride in flue gases. Unfortunately, the 

impact of sulphur in coal and SO2(g) in flue gases is still not completely clear and many 

theories exist to explain the role of sulphur and sulphur compounds on mercury oxidation 

[78]. Some experiment results show that SO2(g) can inhibit the transformation of Hg0
(g) to 

HgII
(g), which consequently results in lower Hg removal efficiency by existing emission 
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control equipment [37]. The inhibitory effect of SO2(g) could be explained by a theory that 

SO2(g) may react with chlorine causing the reduction of the amount of chlorine available to 

oxidize elemental mercury or occupies mercury reaction sites on fly-ash carbon. Experiments 

and modelling suggest the reaction of mercury oxidation through reactions with chlorine and 

hydrogen chloride as the most important in flue gases of coal-fired power plants [37]. Results 

of measurements also showed the inhibitory effect of H2O(g) and NO(g) on the mercury 

oxidation processes [79]. 

The speciation of mercury leaving the boiler has a crucial impact on mercury capture in 

existing emission control equipment. The general measurement data the of the EPA (US 

Environmental Protection Agency) show that ESP (electrostatic precipitators) or FF (fabric 

filter) installations are very effective in capturing mercury present in particulate matter. 

Reactive mercury is more quickly removed by WFGD (wet flue gas desulfurization) than 

elemental mercury due to a significantly better solubility in water [37]. In this study, more 

than 230 tests of 81 power units were conducted. Mercury emissions were measured in power 

plants for different fuels, boilers and emission controls combinations and are presented in 

Table 2-7. The lowest mercury efficiency of mercury by different coal -boiler-control classes 

result from speciation of mercury that leaves the boiler. It was observed that the share of 

Hg0
(g) from brown coal combustion is higher compared to hard coal combustion [37], [58], 

[47]. For example in recent estimations, the general share for mercury leaving boilers of the 

European power sector -before emission control installations of 55% of GEM, 35% of RGM, 

10% of HgP and 60% of GEM, 30% of RGM, 10% of HgP for respectively hard and brown 

coal use [47]. 

It was also observed that the coal cleaning method can lead to significant removal of mercury. 

Two measurement campaigns where 50 samples were tested showed reduction values from 3 

to 78%, with average removal of 30% and 21%. The physical cleaning of coal is used 

primarily to reduce ash and pyritic sulphur. This results in the removal of mercury linked to 

sulphur compounds, which are present in coal. Additionally, the lower content of sulphur in 

coal may lead to more efficient transformation of elemental mercury into oxidized form, as 

SO2(g) is considered as the inhibition of this process [71]. The enrichment process of coal may 

remove mercury in coal up to 74% and lead to mercury emission reduction into air up to 85% 

[80], [64].  
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Table 2-7. Removal efficiency of mercury by different coal-boiler-control classes (range in brackets) 
[%]. Based on data [37], [80], [58].  

N. Boiler type PM control SO2 control 
Removal efficiency 

[%] 
Coal type 

1 GF   0 

Hard coal 

2 GF CYC  0 

3 GF ESP  20 

4 DBB ESP  36 (0 -80) 

5 DBB FF  90 (84 -93) 

6 DBB ESP SDFGD 36 

7 DBB ESP DFGD 36 

8 DBB ESP WFGD 75 

9 DBB FF SDFGD 98 (97 -99) 

10 FBC ESP  70 

11 DBB ESP  0 (0 -4) 

Brown coal 
12 DBB ESP WFGD 44 (21 -56) 

13 DBB ESP DFGD 20 

14 FBC ESP  38 

DBB - Dry Bottom Boiler, FBC - Fluidized Bed Combustion, CYC - Cyclone Remove System, ESP - 

Electrostatic Precipitator, FF - Fabric Filter, WFGD - Wet Flue Gas Desulfurization, CS-cold-side, HS –hot-side. 
 

Additionally, the injection of absorbent such as activated carbon can lead to a decrease of 

mercury emissions up to nearly zero [80]. Typical percentages of main forms of mercury 

emitted from power plants and from other sectors are shown in Table 2-8.  

One should note that the source of mercury emissions has a significant impact on speciation 

of emitted mercury, however, these shares are highly variable from one plant to another (e.g. 

RGM from utility boilers in the US can vary from 10% to 90%) [37].   

Table 2-8. Review of speciation factors for mercury emitted into air [%].  

N. Hg form 

All 

sources 

[%] 

SNAP’s categories [%] 

Reference 
01 02 03 04 09 11 

1 GEM  50    20  

[81] 2 RGM  30    60  

3 HgP   20    20  

4 GEM 57       

[82] 5 RGM 30       

6 HgP  13       

7 GEM  50      

[83] 8 RGM  30      

9 HgP   20      

10 GEM  58      

[37] 11 RGM  40      

12 HgP   2      

13 GEM 52       

[29] 14 RGM 29       

15 HgP  19       

16 GEM 61 50 50 80 73 25 80 

[84] 17 RGM 32 40 40 17 24 58 13 

18 HgP  7 10 10 3 3 17 7 

19 GEM  50 50 80 80 20 80 

[1] 20 RGM  40 40 15 15 60 15 

21 HgP   10 10 5 5 20 5 
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22 GEM  75      

[58] 23 RGM  20      

24 HgP   5      

25 GEM 72       

[44] 26 RGM 22       

27 HgP  6       

28 GEM  60      

[47] 29 RGM  33      

30 HgP   7      

 

 

2.2.4 Anthropogenic emission of lead and cadmium into the air  

 

Lead 

The extensive global anthropogenic emissions of lead were estimated to equal 330 Gg.y-1 and 

120 Gg.y-1, for 1983 and mid-1990s [85], [86]. At that time the main sources of emitted lead 

were widely used fuel additives.  

In Europe, the most comprehensive database of lead emissions into the air is presented in the 

EMEP programme [14]. The emission amounts presented there are the total for countries 

(without splitting into source categories), which were used in the EMEP models. The reported 

data from particular countries are very fragmentary, unfortunately. According to these data, 

the total emission of lead into air from the whole EMEP domain was 7.2 Gg in 2008. In EU-

28, annual emissions were estimated at 2688 Mg.y-1. The highest annual emissions among 

EU-28 members states were in Poland, Greece, Bulgaria, Italy, Spain, Germany and France 

respectively: 551, 470, 297, 274, 265, 116, 95 Mg. In Russia -2602 Mg, Kazakhstan -670 Mg, 

Turkey -380 Mg, Ukraine -213 Mg, Uzbekistan -185 Mg of lead was emitted in 2008. In 

2010, EU-28 members emitted 2237 Mg.y-1 and No-EU countries 3389 Mg y-1 [87]. TNO 

reported emission for 2010 from EU-28 at 1994 Mg.y-1, wherein emissions in Poland were 

estimated at 276 Mg.y-1 [49]. 

The major sources of lead emitted into the air in EU-28 are: (i) processes of primary and 

secondary production of metals (SNAP 0303) -with share in total emissions in 2010 of 34%, 

(ii) processes in iron and steel industries and collieries (SNAP 0402) -with share of 18% and 

(iii) waste incineration (SNAP 0902) -9% [88]. 

The annual amounts of emitted lead into the atmosphere in Poland are constant and equal 

approximately 550 Mg.y-1 (Figure 2-7). Nearly half of the lead is emitted from combustion in 

manufacturing industry (SNAP 03), in particular from processes of primary production of 

copper (SNAP 030306), lead (SNAP 030304) and zinc (SNAP 030314) and secondary 
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production of copper (SNAP 030309). In Poland were emitted 113 Mg and 14 Mg of lead 

from processes of primary and secondary production of copper in 2008, respectively. The 

primary production of lead caused emissions into the atmosphere to equal 48 Mg.y-1 and 

primary production of zinc 15 Mg.y-1. Annually approximately 111 Mg of lead was released 

from coal burning in households (SNAP 0202).  

The share of combustion in the energy and transformation industries sector (SNAP 01) in total 

emission is relatively small and equals around 5%. Half of this emission, approximately 12 

Mg, is coming from district heating plants (SNAP 0102). Public power plants (SNAP 0101) 

emitted 8.2 Mg from hard coal and 2 Mg from brown coal combustion in 2008. The annual 

emission of lead in the years of 2005 -2013 from public power plants were almost on the same 

level. The rather slight variation of emitted amounts between the years resulted from the 

activity of fuels. The applied emission factors were constant in the period of 2005 -2013 and 

equal 0.009 kg.TJ-1 for hard coal power plants, 0.0038 kg.TJ-1 for brown power plants and 

0.1024 kg.TJ-1 for district heat plants where hard coal was being used. The concentration of 

lead in world coal ranges from 0.7 to 220 mg.kg-1 [89]. The mean concentration of lead in 

coal of the Upper Silesian Coal Basin equals 30.5 mg.kg-1 and in the Polish brown coal 6.27 

mg.kg-1 [90], [91]. Lead in the analysed coal of the Upper Silesian Coal Basin is mainly from 

inorganic origin.  

 

Figure 2-7. Emission of lead in Poland into air according to the assessment of the Institute of 

Environmental Projection and its agencies [Mg] [50], [51], [52], [53], [54], [92], [55].  

 

 

 

0

100

200

300

400

500

600

700

2005 2006 2007 2008 2009 2010 2011 2012 2013

Mg 

SNAP 09

SNAP 07

SNAP 04

SNAP 03

SNAP 02

SNAP 01



32 
 

Cadmium  

The global emissions of cadmium into air were estimated to equal 7570 Mg.y-1, for 1983 [85]. 

The emissions in the next decade (in mid-1990s) were lower and equalled 2983 Mg.y-1 [86]. 

The contribution of non-ferrous metal production, stationary fossil fuel combustion, iron and 

steel production, cement production and waste disposal in total annual cadmium emissions 

were 73%, 23%, 2%, 1% and 1%, respectively.  

According to the EMEP database (used in the model), annual emissions of cadmium into air 

from whole domain equalled 265 Mg in 2005, 286 Mg in 2008 and 137 Mg in 2010 [14]. 

Emissions in the EU-28 member states also decreased and equalled 139 Mg.y-1 in 2005, 117 

Mg.y-1 in 2008 and 102 Mg.y-1 in 2010. TNO estimated the emission of cadmium in EU-28 at 

118 Mg.y-1 in 2010 [49]. Poland is responsible for 35% of this amount. Next in order is 

Slovakia where annually 10 times less cadmium is emitted, compared to Poland.  

In all EU-28 member states, 27% of total emission derived from residential plants (SNAP 

0202), 13% from stationary combustion in manufacturing industries and construction (SNAP 

03), 12% from public power sector (SNAP 0101), 10% -from iron and steel production 

(SNAP 0402) in 2010 [88].  

In Poland in the years 2005 -2011 the main source of emission of cadmium was the non-

industrial combustion plants sector (SNAP 02), mainly hard coal combustion in households 

(SNAP 0202). The relatively newest estimation prepared for 2012 and 2013 shows about 10 

times lower emissions from this sector compared to earlier years [55]. Additionally in 2012 

and 2013 the emissions from combustion in energy and transformation (SNAP 01) decreased 

significantly. The emissions of cadmium from this sector were 9.3% and 3.0% of the overall 

national emissions in Poland in 2008 and 2013, respectively. In this sector, in 2008 cadmium 

was released especially from district power plants (SNAP 0102) -1939 kg.y-1 and petroleum 

refining plants (SNAP 0103) -1067 kg.y-1. Hard coal power plants emitted 110 kg and brown 

coal power plants 68 kg of cadmium in 2008. For power plants based on both hard and brown 

coal, 0.0001 kg.TJ-1 and for district heating plants 0.0164 kg.TJ-1 emission factors for years 

2005 -2011 were used. [50]. The concentration of cadmium in world coals is very diverse and 

ranges from 0.01 up to 300 mg.kg-1 [89]. The Polish coal, both hard and brown is 

characterized by comparatively low content of cadmium. The most complex measurement 

campaign in Poland including 147 and 108 samples of polish hard and brown coal resulted in 

an average concentration of cadmium in hard coal of 0.2 mg.kg-1 and 0.3 mg.kg-1 in brown 

coal [93]. In this study, the maximum concentrations of cadmium of 7.7 mg.kg-1 in hard coal 

and 2.0 mg.kg-1 in brown coal samples were reported. Another study where 30 samples were 
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analysed reported concentrations of 0.10 mg.kg-1, with minimum of 0.01 mg.kg-1 and 

maximum of 0.89 mg.kg-1 [91].  

 

Figure 2-8. Emissions of cadmium in Poland into air according to the assessment of the Institute of 

Environmental Projection and its agencies [Mg] [50], [51], [52], [53], [54], [92], [55].  

 

 

2.3 Reactions of mercury in the atmospheric gas phase  

The various mercury forms are oxidized and reduced in homogenous and heterogeneous 

reactions in the gaseous and aqueous phases. The rate constants are usually estimated based 

on laboratory studies or theoretical calculations for laboratory conditions. As it was presented 

in Figure 2-9, for many reaction the estimated rate constants and concentrations of 

atmospheric oxidants can differ of factor 4. It makes the direct transfer of reported chemical 

pathways of mercury to atmospheric conditions very complicated and not always possible, 

taking into account observed and estimated mercury mass balance in the global atmosphere. 

However, many reactions with estimated rate constants are used in chemical transport models 

for atmospheric mercury. Major reactions are discussed below.  

 

Oxidation of Hg0
(g) by ozone (O3(g)) 

Ozone is a significant oxidant of some atmospheric compounds. The observed annual average 

concentration of ozone in the atmosphere at ground level over Europe is approx. 50 µg.m-3 

[94]. Ozone during daytime is produced from photochemical reactions of NOx and VOC-

volatile organic compounds [95].  

NO2(g) +hv →NO(g) +O(g)                                                                                                      R.2.2   
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O(g) +O2(g) +M →O3(g) +M                                                                                                     R.2.3   

The reaction of mercury with ozone proceeds as follows [96], [97], [98],:  

Hg0
(g) +O3(g) →HgO(g,p)+O2(g)                                                                                               R.2.4   

This reaction was first observed in 1949, but unfortunately the rate constant was not reported.  

However, these pioneering experimental data were subsequently used to estimate the kinetic 

rate constant of gaseous phase oxidation of GEM by ozone [99], [100]. Another conducted 

experiments led to estimation of the rate constant, although the reaction products were not 

experimentally verified [96], [98]. The estimations of reported rate constants of oxidation 

gaseous elemental mercury by ozone are presented in Table 2-9. The later experiment and 

theoretical calculations showed that the direct reaction R.2.4 is very endothermic, thus, the  

following reaction was suggested as a first stage [98]: 

Hg0
(g) +O3(g) →HgO3(g)                                                                                                          R.2.5 

In the next step, gaseous HgO3(g)
 decays immediately to gaseous O2(g) and solid mercuric 

oxide HgO(p). This approach is consistent with the recent laboratory research with the use of 

high-resolution microscopy technics and theoretical studies [101], [102]. However, this 

heterogeneous pathway is unlikely in the atmosphere because of low concentration of 

atmospheric mercury [103].   

However, both approaches of this reaction are considered in chemical transport models of 

atmospheric mercury (Table 3-1 and Table 3-2). The detailed modelling studies showed that 

current knowledge of GEM oxidation by O3(g) do not fully explain the behaviour and mass 

balance of GEM in the atmosphere and further laboratory studies are recommended [104]. 

Table 2-9. Reported values of rate constants of oxidation of mercury by ozone in gaseous phase in 
temperature 296 ±3K (Hall reported the temperature (T) depended rate [96]) [cm

3
.molec

-1
.s

-1
]. 

N. Estimation of rate constant References 

1 4.2·10
-19

 [99] 

2 1.7·10
-18

 [105] 

3 4.9·10
-18

 [100] 

4 2.1·10
-18

exp(−
1246

𝑇
)  [96] 

 
5 (3± 2)·10

-20
 

6 (7.5± 0.9)·10
-19 

 [98] 

7 (6.4± 2.3)·10
-19

 [106] 

8 (6.2± 1.1)·10
-19

 [101] 
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Oxidation of Hg0
(g) by hydroxyl radical (•OH(g)) 

Hg0
(g) +

 •OH(g) →products                                                                                                   R.2.6 

The mechanism of this reaction is still not fully clear and four products of this reaction may 

be simultaneously considered: gaseous mercuric hydroxide HgOH(g), gaseous mercury(I) 

hydroxide HgOH(g), gaseous mercuric oxide HgO(g) and solid mercuric oxide HgO(p) [9]. The 

HgOH2(g) as the product of reaction R.2.6 is included in models such as STEM-Hg, CAMx, 

CTM-Hg, ECHMERIT and HgO(p) in GLEMOS, CMAQ-Hg and MSCE-HM-hem models  

(Table 3-1and Table 3-2).  

 

During the daytime, the troposphere hydroxyl radical occurs mainly form the following 

chemical pathway: 

O3(g) +hV →O•
(g) +O2(g)                                                                                                                

   R.2.7 

O•
(g) +H2O(g) →2•OH(g)                                                                                                  

         R.2.8 

In the polluted atmosphere, the following reactions also take place: 

HNO2(g) +hv →•OH(g) +NO(g)                                                                                                    R.2.9 

H2O2(g) +hv →2•OH(g)                                         R.2.10 

In the upper troposphere, the photochemical reaction can lead to production of •OH(g): 

HNO3(g) +hv →NO2(g) +
•OH(g)                                                                                    R.2.11  

 

The typical concentration of tropospheric •OH(g) ranges from 105 to 107 molec.cm-3 [15].  

Table 2-10. Reported values of rate constants of oxidation of mercury by hydroxyl radical in gaseous 
phase at temperature of 296 ±2K [cm

3
.molec

-1
.s

-1
]. 

N. Estimation of rate constant References 

1 (8.7 ±2.8)·10
-14

 [107] 

2 (1.6 ±0.2)·10
-12

 [108] 

3 1.2·10
-13

 [109] 

4 (9.0 ±1.3)·10
-14

 [110] 

5 3.2·10
-13

· (T/298)
-3.06

  theoretical studies
 

[111] 

 

 

Oxidation of Hg0
(g) by hydrogen peroxide (H2O2(g)) 

 

During the day, elemental gaseous mercury can be oxidised by hydrogen peroxide.  
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The scheme R.2.12 for the reaction was proposed and used in the model with the upper limit 

value of rate constant presented in Table 2-11 [112]:  

Hg0
(g) +H2O2(g) →Hg(OH)2(g,p)                             R.2.12 

The performed reactor experiments found exothermic reaction R.2.12 and value of rate 

constant of three orders magnitude lower compared to that previously used in the model [97].  

This value of rate constant should be treated as the upper limit value, and the total 

uncertainties were estimated at 43%.   

Table 2-11. Reported values of rate constants of oxidation of mercury by hydrogen peroxide in 
gaseous phase at temperature of 296 ±2K [cm

3
.molec

-1
.s

-1
]. 

N. Estimation of rate constant References 

1 4.1·10
-16

 [112] 

2 (6.0 ±2.5)·10
-19 

 [97] 

3 8.4·10
-6

· exp(-9021/T) [113] 

 

The typical concentration of atmospheric hydrogen peroxide at ground level equals 

approximately 1 ppbv. The measurements done in China showed the mean concentration of  

1.24 ppbv and maximum of 4.6 ppbv. The highest values were noticed in the afternoon, lower 

during the night and the lowest in the morning [114].  

The mechanism of production of atmospheric hydrogen peroxide in gaseous phase can be 

expressed as follows: 

HO2
•
(g) +HO2

•
(g) +M →H2O2(g) +O2(g) +M                               R.2.13 

HO2
• -peroxyl radical arises mainly from reactions where formaldehyde (HCHO) and 

aldehydes (RCHO) are involved.  

During the daytime, the peroxyl radical is produced in reactions R.2.14 –R.2.16 : 

HCHO(g) +hv →H•
(g) +HCO•

(g)                     R.2.14 

RCHO(g) +hv →R• +HCO•
(g)                                  R.2.15 

HCO•
(g) +O2(g) →HO2

•
(g) +CO(g)                  R.2.16 

and at night following reactions R.2.17 and  R.2.18: 

HCHO(g) +NO3
•
(g) → HNO3(g) +HCO•

(g) 
                                                          R.2.17 
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HCO•
(g) +O2(g) →HO2

•
(g) +CO(g)       

                                                                                                        R.2.18 

Where NO3
•
 is produced in reaction:  

NO2(g) +O3(g) →NO3
•
(g) +O2(g)                                                        R.2.19 

Peroxy radical occurs additionally in following reaction: 

 H•
(g) +O2(g) +M →HO2

•
(g) +M                               R.2.20 

 

Oxidation of Hg0
(g) by molecular chlorine (Cl2(g)) 

 

Hg0
(g) +Cl2(g) →HgCl2(g)                                                                                                      R.2.21 

This reaction is included in most of the chemical transport models dedicated to atmospheric 

mercury, nevertheless it is rather slow in comparison to other oxidation reactions of GEM 

[106], [9]. The reported values of rate constants of reaction R.2.21 are listed in Table 2-12. 

The use of various initial concentrations of GEM (50 -180 ng.m-3) and Cl2(g) (3 -101 pbbv) led 

to estimated values of the rate constants ranging from 9.8 ·10-18 to 5.0·10-17 cm3.molec-1.s-1 

[106]. 

Table 2-12. Reported values of rate constants of oxidation of mercury by chlorine in gaseous phase at 
temperature of 296 ±2K [cm

3
.molec

-1
.s

-1
]. 

N. Estimation of rate constant References 

1 4.8·10
-18

  [115] 

2 5.7·10
-17

 [116] 

3 (2.6 ±0.2)·10
-18

 [117] 

4 (1.82 ±0.05)·10
-19

 [118] 

5 (2.5 ±0.9)·10
-18

 [106] 

6 4.3·10
-15

 [119] 

 

Till now there is no complex model of Cl2(g) production in atmosphere [120]. The results from 

developed models to describe the behaviour of air of Cl2(g) are still not compatible with 

measurements. The evaluation of a rather recent model showed the maximum concentration 

of Cl2 of 35 and 41 ppt from observation and modelling, respectively [120].  

The earlier night-time measurements of Cl2(g) conducted at ground sites in eastern Long 

Island, New York, Florida coastal site, and Artic site showed concentration ranging from 9 to 

150 ppt. The day-time concentration of Cl2(g) is significantly lower and does not exceed 15 ppt 

[121].  
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Oxidation of Hg0
(g) by chlorine radicals (Cl•(g)) 

Hg0
(g) +Cl•(g) →HgCl(g)                                                               R.2.22 

The reaction R.2.22 was investigated relatively a long time ago but the uncertainty of the 

obtained rate coefficients were significant within a factor of three. The relatively recent 

studies showed the rate coefficient of 10-11 cm3.molec-1.s-1 (Table 2-13), [117].   

Table 2-13. Reported values of rate constants of oxidation of mercury by chlorine radicals gaseous 
phase. 

N. Rate constants Units Temperature, comments  References 

1 (3.2 ±1.7)·10
-11

  cm
3
.molec

-1
.s

-1
 393-443K [122] 

2 (1.0 ±0.2)·10
-11

 cm
3
.molec

-1
.s

-1
 298K [117] 

3 1.38·10
-12

·exp(208.02/T) cm
3
.molec

-1
.s

-1
 theoretical studies [123] 

4 (2.8 ±0.2)·10
-12

 cm
3
.molec

-1
.s

-1
 theoretical studies, 298K [123] 

5 

(2.2 ±0.5) ·10
-32                                    

·exp((680 ±400)(1/T-

1/293)) 

cm
6
.molec

-2
.s

-1
 

243−293 K third-order 

recombination rate coefficient in 

nitrogen buffer gas. The reaction 

was included into CMAQ ver. 4.7.1 

model (Table 3-1). 

[124] 

6 1.2·10
-10

 cm
3
.molec

-1
.s

-1
 298K [119] 

 

Chlorine radicals are produced in the atmosphere by photodissociation of Cl2(g) with the 

participation of ultraviolet and visible light. The atmospheric concentration of Cl•(g) is very 

low and ranges from 103 to 105 molec-1.cm3 [125].  

 

Oxidation of Hg0
(g) by hydrogen chloride (HCl(g)) 

Hg0
(g) +2HCl(g) →HgCl2(g) +H2(g)                                            R.2.23 

The reaction R.2.23 was investigated under various conditions (temperature and insolation) 

and the estimated value of the rate constant is 10-19 cm3.molec-1.s-1 [126]. There is no other 

published measurement for comparison. 

This pathway of GEM oxidation in the atmosphere was included in CTM-Hg, ECHMERIT 

models (Table 3-2). With the use of research on Earth’s budget of chlorine the concentration 

of HCl(g) as the linear interpolation from 1.210
10

 molec.cm-3 at surface level to 108 molec.cm-3 

at 10 km altitude was applied to the CTM-Hg model [127]. 
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Reaction of mercury with bromine radical (Br•(g)) 

Hg0
(g) +Br 

•
(g) →HgBr(g)                            R.2.24 

The rate constant of oxidation of elemental gaseous mercury by bromine was estimated based 

on experimental studies and based on the direct measurements in the atmosphere [117], [128]. 

However, the problems with precise determination of bromine concentration in the 

atmosphere led to an uncertainty of 50%. Additionally, some theoretical studies of value of 

the rate constant are presented in Table 2-14. The bromine radicals are formed similarly to 

chlorine radicals in photochemical reaction:  

Br2(g) +hv →2Br•
(g)                          R.2.25

                                            

Table 2-14. Reported values of rate constants of oxidation of mercury by bromine radical in gas phase. 

N. Rate constant Units Comments References 

1 (3.2 ±0.3)·10
-12

 cm
3
.molec

-1
.s

-1
 T=298K [117] 

2 1.01·10
-12

·exp
 

(209/T)  cm
3
.molec

-1
.s

-1
 theoretical studies  [123] 

3 1.1·10
-12 

· (T/298)
-2.37

 cm
3
.molec

-1
.s

-1
 theoretical studies  [111] 

4 (1.46  ±0.34)·10
-32

· (T/298)
-(1.86±1.49)

 cm
6
.molec

-2
.s

-1
 

243−293 K third-order 

recombination rate 

coefficient in nitrogen 

buffer gas  

[128] 

5 9.8·10
-13

·exp (401· (1/T-1/298)) cm
3
.molec

-1
.s

-1
 theoretical studies  [129] 

The mercury bromide can be reduced or oxidized mainly by hydroxyl and bromine as follows 

[111]:  

HgBr(g) → Hg0
(g) +Br•

(g)                    R.2.26 

HgBr(g) +Br•
(g) →HgBr2(g)                    R.2.27 

HgBr(g) +OH•
(g) →HgBrOH(g)                             R.2.28 

The values of the rate constants obtained for oxidation (R.2.26 +R.2.27) and reduction 

(R.2.28) in pressure of 1 atm equals 2.5·10-10·(T/298)-0.57 cm3.molec-1.s-1 and 1.2·1010·exp(-

8357/T) s-1, respectively [111]. The rate parameter of 1.2·1010·exp(-8357/T) s-1 for 

temperatures approx. 200C equals 7.9·10-3 s-1. This value was used in the CTM-Hg model 

[127].  

The theoretically calculated value of the rate constant with the use of various techniques for 

the reaction R.2.27 is in the range of 2.98 ±0.14·10-11 to 1.27 10-10 cm3.molec-1.s-1 [130]. In 
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the same studies the additional reduction reaction R.2.29 was also proposed with a theoretical 

rate constant of 3.89 ±0.17·10-11 cm3.molec-1.s-1 [130]. 

HgBr(g) +Br•
(g) →Hg0

(g) +Br2(g)                                    R.2.29 

The ambient concentration of Br•
(g)

 ranges from 105 molec.cm-3 to 107 molec.cm-3 [117], 

[128]. However, it should be noted that the measurements of concentration of bromine and 

bromine compounds in the atmosphere are very limited and in some modelling studies the 

assumed concentration of Br•
(g) equals 0.01 of BrO•

(g) [131], [127]. 

 
Oxidation of Hg0

(g) by molecular bromine (Br2(g)) 

 
The gaseous mercury dibromide HgBr2(g) can also be produced in reaction: 

Hg0
(g) +Br2(g) →HgBr2(g)                                     R.2.30 

The rate constant less than 0.9 ±02·10-16 cm3.molec-1.s-1 was estimated based on experimental 

results at 298K and 0.99 atm [117], [125]. Two other experiments were conducted with Hg0
(g) 

initial conditions of 93 and 55 ng.m-3, Br2(g) concentration of 2 ppb and 1 ppb at 35% and 30% 

relative humidity (RH), respectively [106]. No evidence of Hg0
(g) loss in the presence of Br2(g) 

was observed, however during the experiments the concentration of RGM and HgP, and 

deposition of Hg0
(g) were not measured. The theoretical rate constant equals ~2.8·10-19 

cm3.molec-1.s-1 at 298K [130]. The atmospheric concentration of Br2(g) ranges from 105 

molec.cm-3 to 109 molec.cm-3 [125], [131] . 

 

Oxidation of Hg0
(g) by bromine oxide radical (BrO•

(g)) 

 

The oxidation of elemental gaseous mercury by BrO•
(g), can lead to production of two 

chemical compounds [132]:  

Hg0
(g) +BrO•

 (g) →HgO(g) +Br(g)                                             R.2.31 

or 

Hg0
(g) +BrO•

 (g) →HgBr(g) +O(g)                             R.2.32 

The experimental works provided to estimate the rate constant of 1.5·10-14 cm3.molec-1.s-1 and 

also identify HgBrO(g) and HgOBr(g) as the products of reaction [133]. This homogeneous 

reaction is significantly endothermic [129], [133]. 

The BrO•
(g) is produced in the atmosphere in the reaction : 
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Br•
(g) +O3(g) →BrO•

(g) +O2(g)                   R.2.33 

The atmospheric concentration of BrO•
(g) equals 107 -109 molec.cm-3 [125], [131], [132]. 

BrO•
(g) is mainly produced in height-latitude marine boundary layer at the beginning of the 

day [131]. 

The modelling studies showed that the reactions of elemental gaseous mercury with bromine 

and bromine monoxide fulfil the significant role in depletion of GEM during polar spring time 

in observed phenomena which are called the atmospheric mercury depletion events (AMDE) 

[134]. 

 

Oxidation of Hg0
(g) by nitrate radical (NO3

•
(g)) 

Hg0
(g) +NO3

•
(g) →HgO(g) +NO2(g)                        R.2.34 

NO3
•
(g) is produced in reaction of  

NO2(g) +O3(g) →NO3
•
(g) +O2(g)                                     R.2.35 

But during the day, it quickly disappears through photoreactions: 

NO3
•
(g) +hv →NO(g) +O2(g)                         R.2.36 

NO3
•
(g) +hv →NO2(g) +O(g)                             R.2.37 

Therefore, the reactions of mercury with the nitrate radical occurs mostly at night [15].  

The rate constant was assessed of 4·10-15 cm3.molec-1.s-1, but is should be treated as an upper 

limit value [135]. Based on this rate constant, a half-life of approximately 20 days of GEM 

due to NO3
•
(g) oxidation, with assumption of NO3

•
(g) concentration of 108 molec.cm-3 was 

calculated [15].  

Other studies on reaction R.2.34 led to obtain three upper limit rate constants of (i) 7·10-15, (ii) 

1.3·10-14 and (iii) 3·10-14 cm3.molec-1.s-1 [106].  

Till now this reaction was included only in the ECHMERIT model (Table 3-2). 

 

Oxidation of Hg0
(g) by molecular iodine (I2(g))  

 

Hg
0

(g) +I2 (g) →HgI2(g)                                                                                                                     R.2.38 

Beyond HgI2(g), also HgIO(g) or HgOI(g) were identified as the reaction products [136]. The 

estimated value of the rate constant is (1.27 ±0.58)·10-19 cm3.molec-1.s-1. The concentration of 

molecular iodine in the coastal air can reach 300 ppt, but usually the measurement stations 

noticed concentration of approx. 20 ppt [137].  
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Oxidation of Hg0
(g) by molecular fluorine (F2(g)) 

Hg0
(g) +F2(g) →HgF2(g)                      R.2.39 

Several experiments with the use of various initial condition of Hg0
(g) (44 -140 ng.m-3) and F2 

(4 -29 ppbv) led to estimates of the rate constant in a range from 1.3·10-15 to 2.2·10-15 with an 

average of 1.8·10-15 cm3.molec-1.s-1 [106]. The typical average annual concentration of 

fluorine in the air should not exceed several µg.m-3. For example in Krakow the annual 

average concentration of approx. 1 µg.m-3 was observed [138].  

 

The half-life of atmospheric elemental gaseous mercury due to oxidation in the gaseous phase 

are presented in Figure 2-9. The lower half-life indicates the most effective reaction under 

atmospheric conditions. The ranges of concentration of most of oxidants are rather wide, 

because these atmospheric species are rarely measured, and many possible value of air 

concentration are modelled. Extensive measurements of atmospheric ozone result in rather 

accurate determination of it ambient concentration. Looking at Figure 2-9, the most effective 

oxidation of GEM can be NO3
•
(g), Br•

(g), Cl•(g), F2(g). However, it should be noted that most of 

the presented values of rate constants were calculated based on laboratory or theoretical 

studies and these values may not be relevant for atmospheric conditions. The next part of this 

manuscript is devoted to a large extent to determine the most appropriate reaction and values 

that should be used in the model. Furthermore, sensitivity studies are conducted to determine 

the influence of various reactions with different rate constants on modelling results.  
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Figure 2-9. The half-life of atmospheric elemental gaseous mercury due to the oxidation in the gaseous 
phase. All reactions were described in the text, the list of presented reactions contains name of data 
series in figure, oxidant symbol, reaction rate constant in cm

3
.molec
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.s
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14
, [133]; NO3• A – NO3

•
(g), 4.0·10

-15
, [135]; NO3• B – NO3

•
(g), 7.0·10

-15
,[106]; NO3• C – NO3

•
(g), 

1.3·10
-14

,[106]; NO3• D – NO3
•
(g), 3.0·10

-14
,[106]; I2 – I2 (g), 1.27·10

-19
, [136]; F2 – F2 (g), 1.8·10

-15
, 

[106]. The concentrations of different oxidants were determined based on literature review [121], [15], 
[125], [114], [132]. Some oxidants appear only at some times of the day or over some areas (sea, 

coastal regions) -description in the text.  

 

2.4 Reactions of mercury in the aqueous phase of the atmosphere 

Mercury and mercury compounds as well as other elements and compounds (e.g. O3, H2O2, 

Br2) present in the atmosphere are dissolvable in water, according to the Henry’s law. 

In the aqueous phase as well as in gaseous phase, reactions of oxidation and reduction of 

various forms of mercury occurs.    

 

Oxidation of Hg0
(aq) by ozone (O3(aq)) 

 

The scheme R.2.40 was proposed as the most relevant for the oxidation of Hg0
(aq) by O3(aq) of 

[139], [15]: 

Hg0
(aq) +O3(aq) +H+

(aq) →Hg2+
(aq) +O2(aq) +OH-

(aq)              R.2.40 

The value of the rate constant of (4.7 2.2)·107 M-1.s-1of reaction R.2.40 was estimated [140]. 

Assuming that the atmospheric concentration of ozone in aqueous phase of 4.0·10-10 M, the  

half-life of Hg0
(aq) due to this oxidation pathway of ~36 s was estimated [15]. Other studies 

assumed a higher the concentration of O3(aq) at 6.4·10-9 M in atmospheric water that leads to 

half-life of Hg0
(aq) of 2.2 s [141]. However, since a very small fraction of Hg0 is present in 

water, the half-life of total elemental mercury (gaseous +aqueous) is much longer. 

 

Oxidation of Hg0
(aq) by hydroxyl radical (•OH(aq)) 

 

The mechanism of the oxidation of mercury by hydroxyl radical proceeds as follows [142]: 

Hg0
(aq) +

 •OH(aq) →Hg+
(aq) +OH-

(aq)                R.2.41 

Hg+
(aq) +

 •OH(aq) →Hg2+
(aq) +OH-

(aq)                          R.2.42 

They estimated the rate constants of 2.0·109 M-1.s-1 for reaction R.2.41. The reaction R.2.42 

occurs rather quickly, therefore, the rate of the whole mechanism is controlled by the value of 

the rate constant of R.2.41 reaction. With the use of a peak mid-day concentration of 10-12 M 

and the value of the rate constants of 2.0·109 M-1.s-1 the half-life of 345 s of Hg0
(aq) was 
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estimated due to this pathway [15]. Several experiments conducted in laboratory conditions 

led to a similar estimation of this rate constant of (2.4 ±0.3)·109 M-1.s-1 [143]. 

 

Oxidation of Hg0
(aq) by molecular bromine (Br2(aq)) 

 

Hg0
(aq) +Br2(aq) →Hg2+

(aq) +2Br-
(aq)

                                R.2.43 

 

Several experiments conducted at pH =2.0 ±0.1, with initial aqueous concentration of 0.13 -

0.21 µM of Hg0
(aq), 1.1 mM and 2.21 mM of Br2(aq), allowed one to estimate the value of the 

rate constant of 2.0 ±0.03 M-1.s-1 for Hg0
(aq) oxidation by Br2(aq) in the aqueous phase [141]. 

Finally, the rate constant of 0.196 M-1.s-1 was proposed as the most appropriate. Assuming 

that a Br2(aq) concentration of 1.7·10-9 M in atmospheric water, the half-life of Hg0
(aq) by this 

pathway is 66 years.  

 

Oxidation of Hg0
(aq) by hypobromous acid (HOBr(aq)) 

 

In the aqueous phase, the oxidation of Hg0
(aq) by hypobromous acid (R.2.44) takes place 

[141]. The value of the rate constant of 0.28 ±0.02 M-1.s-1 for this pathway was estimated, 

based on results of experiments conducted under the following conditions: pH=6.8 ±0.1, with 

initial aqueous concentration 0.09 -0.17µM of Hg0
(aq), 1.1 mM and 2.13 ±0.2 mM of HOBr(aq). 

Hg0
(aq) +HOBr(aq) →Hg2+

(aq) +OH-
(aq) +Br-

(aq)  
                                                                           R.2.44 

The half-life of Hg0
(aq) by this pathway is 53 hours for the value of the rate constant of 0.279 

M-1.s-1 and HOBr(aq) aqueous concentration of 1.3·10-5 M. 

 

Oxidation of Hg0
(aq) by hypobromite anion (OBr-) 

 

Hg0
(aq) +OBr(aq)

- +H(aq)
+ →Hg2+

(aq) +Br-
(aq) +OH-

(aq)                                                                                    R.2.45 

The experiments conducted at pH=11.8 ±0.1, with an initial aqueous concentration 0.091-

0.137 µM of Hg0
(aq), 1.21 mM and 2.25 mM of OBr-

(aq) led to the value of the rate constant of 

0.27 ±0.04 M-1.s-1 [141]. 
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Taking into account the value of the rate constant of 0.273 M-1.s-1 and OBr-
(aq) concentration 

in atmospheric water of 7.2·10-7 M, the half-life of Hg0
(aq) by this pathway equals approx. 41 

days [141].  

 

Oxidation of Hg0
(aq) by hypochlorous acid (HOCl(aq)) and hypochlorite anion (OCl-) 

 

In the aqueous phase chlorine occurs also as hypochlorous acid (HOCl(aq)) and hypochlorite 

anion (OCl-(aq)). The presence of these compounds depends on the pH of the solution:  

HOCl(aq) ↔OCl(aq) 
- +H+

(aq)                                                                                                 R.2.46 

with the estimated equilibrium constant of KHOCl =3.2·10-8 M [144]. 

Both species contribute to the oxidation of elemental mercury present in the aqueous phase 

[144]: 

Hg0
(aq) +HOCl(aq) →Hg2+

(aq) +OH-
(aq) +Cl-(aq)

                                                                   R.2.47 

and 

Hg0
(aq) +OCl-(aq) +H+

(aq) →Hg2+
(aq) +OH(aq)

- +Cl(aq)
-                                                            R.2.48 

with the rates of (2.09 ±0.06)·106 and (1.99 ±0.05)·106 M-1.s-1 for reactions R.2.47 and R.2.48, 

respectively.  

They also introduced the effective Henry’s law constant (Heff) taking into account: (i) the 

equilibrium R.2.46, (ii) Henry’s law constant of 𝐻𝐶𝑙2=0.076 M.atm-1 for molecular chlorine 

(R.2.49) and (iii) equilibrium in the aqueous phase with the constant of 𝐻𝐶𝑙2=5.0·10-4 M2 

(R.2.50): 

Cl2(g) ↔Cl2(aq)                                                                                                                                                                                R.2.49 

Cl2(aq) +H2O ↔HOCl(aq) +Cl(aq)
- +H+

(aq)
                                                                                                                                 R.2.50                                                                                             

The effective Henry’s law constant (Heff) [M.atm-1] can be written as: 

𝐻𝑒𝑓𝑓 =
[𝐶𝑙2(𝑎𝑞)]+[𝐻𝑂𝐶𝑙𝑎𝑞 ]+[𝑂𝐶𝑙

−
(𝑎𝑞)]

𝐶𝑙2(𝑔)
                                                                                      R.2.51                                                                                         

what finally leads to the following formula: 

𝐻𝑒𝑓𝑓 = 𝐻𝐶𝑙2 (1 +
𝐻𝐶𝑙2

[𝐶𝑙−(𝑎𝑞)][𝐻+(𝑞𝑞)]
+

𝐻𝐶𝑙2𝐾𝐻𝑂𝐶𝑙

[𝐶𝑙−(𝑎𝑞)][𝐻+(𝑞𝑞)]
)                                                                     R.2.52 

The estimated half-life of Hg0
(aq) by oxidation of chlorine compounds in the aqueous phase is 

30 s, assuming a concentration of gaseous Cl2(g) of 15 pptv, chlorine ions Cl-(aq) of 1mM and 



47 
 

pH of 4.5 [15]. Assuming a concentration of HOCl(aq) of 1.52·10-9 M and OCl-(aq) of 5.3·10-9 

M, this results in a half-life of Hg0
(aq) of 215 s and 65 s, respectively [141].   

 

Reduction of Hg2+
(aq) by sulfite  

 

Suflite appears in atmospheric water by scavenging of primary pollutant SO2(g). The  

solubility of SO2 increases with pH of droplets. In the aqueous phase, two compounds of 

mercury and sulphur occur i.e. HgSO3(aq) and Hg(SO3)2
2-

(aq), which are in equilibrium [145], 

[146]: 

Hg2+
(aq) +SO3

2-
(aq) ↔HgSO3(aq)                   R.2.53 

HgSO3(aq) +SO3
2-

(aq) ↔Hg(SO3)2
2-

(aq)                     R.2.54 

 

The value of the equilibrium constants for R.2.53 and R.2.54 are 5.0 ·1012 M-1 and 2.1·1013 

M-1, respectively [145], [146].  

Mercury(II) sulfite HgSO3(aq) is unstable and decomposes to Hg0
(aq) according to the following 

pathway: 

 HgSO3(aq) →Hg0
(aq) +products                                                                                          R.2.55 

The rate constant of 0.6 s-1 and T·exp((31.971·T -12595)/T) s-1, which can be reduce to 

7.7·1013T·exp(-12595/T) s-1 or 0.0106 ±0.0009 s-1 at 250C and pH=3 were reported [145], 

[147].  

It was reported that mercury(II) sulphite also takes part in the reduction of elemental mercury  

and the value of the rate constant of 0.44·10-3 s-1 was estimated [145]. 

𝐻𝑔(𝑆𝑂3 )2(𝑎𝑞)
2−  →Hg

0
(aq) +products                                                                                              R.2.56 

However, later studies reported that the mercury(II) sulphite ion is stable and does dissociate 

to yield Hg0
(aq) [148], [15].  

 

Reduction of Hg2+
(aq) by peroxyl radical (HO2

•
(aq)) 

 

The reduction of reactive mercury to elemental mercury occurs by the following two steps 

(R.2.57 and R.2.58) [149]:  
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Hg2+
(aq) +

 HO2
•
(aq) →Hg+

(aq) +O2(aq) +H+
(aq)                                                                               R.2.57 

Hg+
(aq) +

 HO2
•
(aq) →Hg0

(aq) +O2(aq) +H+
(aq)                                                                               R.2.58 

Similar to the reduction of Hg+2
(aq) by hydroxyl radical due to a fast reduction of Hg+

(aq), 

reaction R.2.57 plays a leading role with the value of a rate constant of 1.7·104 M-1.s-1 or, in 

the case when chlorine is present in the system, of 1.1·104 M-1.s-1. However, some studies 

concluded that this reaction does not occur under ambient conditions and proposed not to 

include it into chemical transport models for atmospheric mercury [150].  

Peroxyl radical occurs in the aqueous phase from the scavenging of gaseous OH2
•
(g) or 

production in atmospheric water in photochemical process [151].   

Assuming that the concentration in atmospheric water of HO2
•
(aq) at 10-8 M the half-life of 

Hg2+
(aq) due to this reduction reaction is estimated to be ~1.5 h [15].  

 

Photoreduction of Hg2+
(aq) in aqeouse phase 

 

Mercury dihydroxide Hg(OH)2(aq) was found to be the most photoreactive inorganic mercury 

species in the aqueous phase [152]. The photoreduction occurs by the following pathway: 

Hg(OH)2(aq) +hv →Hg0
(aq) +products                                                                                R.2.59 

Two sets of observations with the use of initial concentration of Hg(OH)2(aq) of 1.0·10-6 M and 

1.0·10-7 M enabled to estimate the average value of the rate constant of (1.20 ±0.27)·10-4 s-1.  

The calculated value of the rate constant with the use of midday conditions at 600N latitude 

equals 3·10-7 s-1. This value determines the half-life of Hg(OH)2(aq) of about 600 sunlight 

hours.  

Moreover, the photoreduction of reactive mercury to elemental mercury in presence of 

dicarboxylic acids (DCA) was discovered and proposed as follows: [153], [154].   

Hg2+
(aq) +DCA +hv →Hg0

(aq)                                                                                             R.2.60 

The rate constants of (i) 1.2·104 M-1.s-1 for ethanedioic acid (HOOC-COOH)(aq), (ii) 1.2·103 

M-1.s-1 for propanedioic acid (HOOC-(CH2)-COOH)(aq) and (iii) 2.8·103 M-1.s-1 for 

butanedioic acid (HOOC-(CH2)2-COOH)(aq) at pH 3.0, T =296 2 K in a system free of 

oxygen and chloride ions were estimated. The ambient concentration of dicarboxylic acids 

was observed in a wide range from a few ng.m-3 to a few µg.m-3. Ethanedioic (oxalic) acid is 

the prevailing compound of DCA with the share of 50 -75% of the total DCA mass observed 

in the air [155]. 
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Oxidation of Hg+ to Hg2+ 

 

The oxidation of Hg+ to Hg2+ occurs fast and three possible pathways of this process are 

presented in the literature. The first considered oxidation of Hg+
(aq) by O2(aq) with the value of 

the rate constants of 1.0·10
9
 M-1.s-1 [156]. 

Hg+
(aq) +O2(aq) →Hg2+

(aq) +O2
-
(aq)                                                                                                                                 R.2.61 

Another possible pathway with an estimated value of the rate constants of 1.0·10
10

 M-1.s-1 is 

the oxidation of Hg+
(aq) by •OH(aq) [142].  

Hg+
(aq) +

•OH(aq) →Hg2+
(aq) +OH-

(aq)                                                                                 R.2.62      

Additionally, it was reported that the oxidation of Hg+
(aq) by HO2

•
(aq) is very fast, however no 

value of the constant rate was reported [149]. 

 

2.5 Mercury transformation in presence of aerosol particles 

 

Several experiments and theoretical studies were conducted to investigate the sorption 

(adsorption and desorption) of various mercury forms in gaseous and aqueous phase 

onto/from particulate matter. As mentioned in chapter 2.3 gaseous oxidation products such as 

HgO(g) or Hg(OH)2(g) in air are considered to be quickly adsorbed on surfaces, mainly on 

aerosols [98]. It should be noted that there is still a lack of knowledge in this area, and further 

research is required [96], [157], [98], [158], [104], [102], [103]. However, currently a few 

models consider the adsorption of reactive mercury in gaseous phase. They assume simply 

that the whole or half amounts of HgO(g) and Hg(OH)2(g) created in reactions is adsorbed on 

PM. 

The adsorption of elemental mercury in gaseous phase was also found through experimental 

and theoretical studies [157], [159]. This process is relatively inefficient and is neglected in 

mercury chemical transport models  

On the other hand, studies focusing on divalent mercury adsorption in the aqueous phase 

showed that up to 35% of mercury can be adsorbed onto atmospheric aerosols [157]. Based 

on these experimental and theoretical results, a model of adsorption and desorption of 

oxidized mercury on black carbon suspended in atmospheric water was developed and widely 

used and in many chemical transport models for mercury [160]. The linear adsorption 

isotherm of black carbon in the aqueous phase was defined as follows: 

𝐻𝑔𝐵𝐶(𝑎𝑖𝑟) = [𝐻𝑔𝑐𝑝𝑙𝑥][𝐾𝐵𝐶  ]                                                                                               R.2.63      



50 
 

where: 

𝐻𝑔𝐵𝐶(𝑎𝑖𝑟) –is the concentration of mercury adsorbed on black carbon (BC) as it is considered 

as the primary adsorbent of mercury [kgHg.kgBC
-1];  

𝐾𝐵𝐶  is the adsorption coefficient [mwater
3.kgBC

-1];  

[𝐻𝑔𝑐𝑝𝑙𝑥] –aqueous concentration of dissolved reactive mercury [kgHg.mwater
-3]. 

The mass of adsorbed mercury per unit of water in cloud was defined and calculated: 

[𝐻𝑔𝑝(𝑤)] = [𝐻𝑔𝐵𝐶(𝑎𝑖𝑟)][BC(𝑤) ]                                                                                         R.2.64      

[BC(𝑤)] –concentration of black carbon suspended in atmospheric water [kgBC.mwater
-3]; 

[𝐻𝑔𝑝(𝑤)] –concentration of the mercury bound to black carbon suspended in atmospheric 

water [kgHg.mwater
-3]. 

Then they introduced the rate constant for adsorption and desorption [s-1]: 

𝑘𝑆 =
𝑅𝑆/𝐷

𝑡∗·(𝑅𝑆/𝐷+1)
                                                                                                                   R.2.65      

𝑘𝑑 =
𝑘𝑑

𝑅𝑆/𝐷
                                                                                                                             R.2.66                               

where: 

𝑡∗ –the time constant, assumed to be 1 hour, 

and 

 𝑅𝑆/𝐷 =
[𝐻𝑔𝑝 (𝑤)]

[𝐻𝑔𝑐𝑝𝑙𝑥 ]
= 𝐾𝐵𝐶𝐴 · [BC(𝑤)]                                                                                      R.2.67 

determines the ratio of adsorbed to dissolved mercury amounts in atmospheric water.  

 

2.6 Measurements of deposition and concentration of heavy metals 

 

The existing networks for monitoring mercury in ambient air and precipitation are mainly 

operating in the Northern Hemisphere within regional and national programs such as EMEP 

(Europe), UMAQL (US), CAMNet (Canada) and AMAP (Artic). The long-term observations 

of mercury were conducted mainly in Europe and North America and also at a few stations 

located in Asia and the Artic. However, in many other parts of the world, measurement 

networks dedicated to mercury observations do not exist. It should be noted that in the past 

few years, intensive efforts were undertaken as part of different regional programs to develop 

standard procedures of measurements. However, there is still a lack of worldwide 

standardization of measurement methods for mercury and its compounds. Consequently, the 

comparison of results of mercury measurements done by different operating networks is very 
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difficult [161]. The Global Mercury Observation System funded by the European 

Commission has operated since 2011. The observations are collected at about 47 ground 

stations located on all continents and also during oceanographic and aircraft measurements 

campaigns [162].  

In Europe mercury measurements are done at stations of the European Monitoring and 

Evaluation Programme [163]. Some stations co-operate also within the HELCOM, OSPAR 

and AMAP programs dedicated to environmental protection of, respectively, the Baltic Sea, 

the North-East Atlantic and the Artic region [164], [165], [166]. The first station within the 

EMEP network started to operate in the seventies of the last century in Scandinavia. Some 

stations provide data with hourly time step, others report results once per day. The network 

covers mainly northern and western Europe.   

The locations of stations are presented in Figure 2-10 and Figure 2-11. In years 2000-2011, 

only one station in the case of ambient mercury concentration and 3 stations in the case of 

mercury wet deposition operated continuously. Few stations have measurement data available 

only for one year. The measurements presented in Table 2-15 and Table 2-18 show that there 

is no trend (either decreasing or increasing) in annual elemental gaseous mercury 

concentrations and deposition values observed at stations in different years. However, 

analysis of long-term trends in atmospheric mercury concentrations suggest decrease at a rate 

of 1 to 2 % a year [167], [168]. 

The results show relatively low spatial differences of the GEM concentrations over Europe. 

On the contrary, high variations in the spatial gradient of mercury concentrations in 

precipitation was observed. The mean concentration of mercury in ambient air is 1.52 ng.m-3 

at all stations in years 2000 -2011. The average yearly concentration at all EMEP sites ranges 

from 1.34 ng.m-3 in 2010 to 1.62 in 2002 ng.m-3. At the PL05station located in Diabla Góra, 

the measurements of mercury concentration in ambient air started in 2004. The highest 

concentration was observed in 2004 -1.8 ng.m-3 and the lowest in 2005 -0.9 ng.m-3. In 

subsequent years, average concentrations of between 1.2 -1.5 ng.m-3 were observed. The 

measured values of mercury ambient concentration are rather low at the PL05 station 

compared to other EMEP stations (Table 2-15).  
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Figure 2-10. Location of EMEP stations, where measurements of ambient GEM concentrations were 
conducted in the period of 2000-2011. Green dots denote stations for which the observations for 2008 

are available.  

 

Table 2-15. The measured annual average concentration of total gaseous mercury in air [ng. m
-3

]. 
Underlined numbers indicate results for all forms of mercury (TGM + HgP). 
N. Station 

code 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 

1 BE14         1.81    

2 CZ03        1.18 1.58 0.67 0.48 1.94 

3 DE02   1.70          

4 DE09 1.70 1.57           

5 ES08      1.78 1.84      

6 ES10      1.67 1.83      

7 FI36 1.42 1.34 1.32 1.39 1.48 1.40 1.53 1.37 1.41 1.37 1.30 1.44 

8 FR13      1.34 1.21      

9 GB13    1.37  1.14  1.59     

10 GB17     1.67 1.36 1.90  1.71    

11 GB91     1.34  1.42  0.86    

12 IE31 1.78 1.64 1.75 1.67 1.63 1.55 1.48      

13 NO01      1.90 1.76 1.86 1.73 1.68 1.66  

14 NO02            1.65 

15 NO90    1.66 1.62      1.67 1.61 

16 NO99 1.67 1.65 1.64 1.77         

17 PL05     1.80 0.90 1.46 1.20 1.46 1.25 1.28 1.42 

18 SE02 1.36 1.66        1.59 1.43 1.39 

19 SE11          1.43 1.43 1.56 

20 SE14   1.67 1.78 1.62 1.68 1.60 1.55 1.57 1.51 1.48 1.60 

 

 
For 10 stations, the online database of EMEP provides results of concentration of HgP in 

ambient air (presented in Table 2-16).   

Table 2-16. The concentration of mercury bounded to particulate matter observed at various EMEP 
stations [ng.m

-3
] 

N. Station code Number of samples in 2008 Average (and range) [ng.m
-3

] 

1 ES07 4 days 0.011 (0.005-0.0017) 

2 ES08 4 days 0.002 (0.002-0.002) 

3 ES10 1 day 0.002 
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4 ES11 4 days 0.007 (0.003-0.016) 

5 ES12 4 days 0.004 (0.003-0.005) 

6 ES13 4 days 0.005 (0.002-0.007) 

7 FR36 36 samples –averages cover whole year 1.26 (0.1-11.2) 

8 GB13 22 samples –averages cover whole year 0.677 (0.036-1.662) 

9 GB48 2066 samples 1.116 (0.000-66.641) 

10 SE14 100 samples –averages cover whole year 7.6 (1.2-50.2) 

 

 
As presented in Table 2-16, at the stations located in Spain (ES) a low concentration of HgP 

was observed and in other countries very high, more than 1 ng.m-3 (three orders of magnitude 

difference). The concentration of HgP over 1 ng.m-3 seems to be too high. It should be noted 

that EMEP stations should measure the background concentration not influenced by large 

local sources. Only in Poland and the most polluted places in Europe, such high 

concentrations are observed during heating season (due to emissions from coal burnt in 

households) [169]. The concentration of mercury bounded to particulate matter observed at 

various location and reported in scientific articles are much lower and are presented in Table 

2-17.  

According to the EMEP reports, observed discrepancy in results may have occurred due to the 

use of different measuring methodology at EMEP stations and making the obtained 

observation results of limited use useless to evaluate models and to direct comparisons [170]. 

Table 2-17. The concentration of mercury bounded to particulate matter observed in various location 
and reported in scientific articles [ng.m

-3
]. 

N. Mean value or range in brackets [ng.m
-3

] Reference 

1 0.098 [159] 

2 0.07 [171] 

3 0.11 in summer, 1.05 in winter [169] 

4 (0.061-0.186) [172] 

5 0.02 [173] 

6 0.132 [174] 

 

 
Figure 2-11. Location of EMEP stations where measurements of wet deposition of mercury were 
conducted in the period of 2000 -2011. Green dots denote stations for which the observations for 2008 

are available. 
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Table 2-18. The measured annual average concentration of mercury in precipitation in years 2000- 
2011 and average from whole period [ng.dm

-3
]  

N. Station 

code 

2
0

0
0

 

2
0

0
1

 

2
0

0
2

 

2
0

0
3

 

2
0

0
4

 

2
0

0
5

 

2
0

0
6

 

2
0

0
7

 

2
0

0
8

 

2
0

0
9

 

2
0

1
0

 

2
0

1
1

 Average 

1 BE04 28.6 44.1 27.0 11.9 36.8        29.7 

2 BE14      11.1 11.8 10.6 11.2 8.2 9.0 10.6 10.4 

3 DE01 9.5 6.3 7.2 9.1 8.1 8.7 8.6 6.3 6.3 6.6 4.3 6.8 7.3 

4 DE02   8.4 10.9 11.8 11.5  9.1 9.2 7.0 5.1 10.2 9.2 

5 DE03        10.7 8.0 9.3 5.0 8.0 8.2 

6 DE07     12.7 9.2       11.0 

7 DE08        6.8 8.6 5.9 5.1 7.6 6.8 

8 DE09 15.2 9.4 8.7 9.5 10.8 9.5 9.8 7.9 6.9 5.4   9.3 

9 ES08         5.2 6.5 9.6 8.7 7.5 

10 FI17            5.3 5.3 

11 FI36 5.0 5.2 4.7 7.4 6.3 5.6 7.3 5.8 7.5 4.9 3.7 7.1 5.9 

12 FR13       9.7 10.7     10.2 

13 GB13      4.8 3.3 4.6 6.8 3.4 3.9 4.2 4.4 

14 GB17      7.0 3.9 7.1 4.6 5.6 5.1 8.5 6.0 

15 GB36            5.9 5.9 

16 GB48       3.4 4.6 4.4 3.1 3.2 2.8 3.6 

17 GB91      4.7 3.8 4.7 4.6 4.2 5.3 5.4 4.7 

18 IE01          63.2 34.6 12.5 36.8 

19 IE02    50.0         50.0 

20 LV10        25.8 26.0 30.9 37.6 33.0 30.7 

21 LV16        28.8 22.0 30.6   27.1 

22 NL91 9.8 9.4 9.3 8.6 15.2 15.1 9.6 9.6 10.6 8.8 8.1 8.8 10.2 

23 NO01     9.8 8.9 8.1 6.3 6.4 9.4 8.8 5.3 7.9 

24 NO99 7.3 7.3 12.8 8.1         8.9 

25 PL05     270.9 21.0 11.2 55.1 42.3   31.0 71.9 

26 PT02          30.0 26.0 5.0 20.3 

27 PT04            5.2 5.2 

28 SE02 8.8 9.3           9.1 

29 SE05 5.5 6.5 7.2 7.6      6.5 6.9 5.6 6.5 

30 SE11 12.5 9.4 9.9 11.6      10.0 7.6 8.7 10.0 

31 SE14   12.3 9.0 14.6 18.5 10.0 11.0 8.6 13.7 9.1 8.9 11.6 

32 SI08         5.4 5.6 4.2 5.8 5.3 

 
 

In Poland, the one-hour measurements of atmospheric concentrations of various mercury 

forms were conducted for the period 08/2011 -07/2012 in Zabrze and Złoty Potok, which 

represent respectively highly urban and background locations [175]. In Zabrze, the average 

concentrations of 44.46 pg.m-3 for HgP, 3.14 ng.m-3 for TGM including 3.13 ng.m-3 of GEM 

and 17.81 pg.m-3 for RGM were observed during the whole observation campaign period. 

During the heating season, the following concentrations were observed: 2.76 ng.m-3 of GEM, 

20.03 pg.m-3 of RGM, 64.99 pg.m-3 of HgP. In the summer period, the observed concentration 

was higher for GEM and lower for RGM and Hgp respectively 3.44 ng.m-3, 15.21 pg.m-3, 

64.50 pg.m-3. In Złoty Potok, the average TGM concentration of 1.84 ng.m-3 during heating 

and summer seasons was observed.   
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The dry deposition of pollution is a product of the concentration of species in ambient air and 

a parameter, which is called the dry deposition velocity. The mathematical models used to 

estimate the dry deposition velocity are presented in chapter 4.2. 

Measurements of dry deposition of various mercury forms were conducted at various 

locations and periods to allow one to determine the dry deposition velocity of GEM, RGM 

and HgP [176]. The lowest mean value of dry deposition velocity was measured for surfaces 

covered by snow and equals 0.00025 cm.s-1, while the highest value of 5.01 cm.s-1 was 

reported in a contaminated landfill in Korea. If we assume for these two cases the air 

concentration of GEM to be at 1.5 ng.m-3, the annual dry deposition load is 0.12 and 2370 

g.km-2.y-1. The reported measured dry deposition velocity for forest canopies ranges from 

0.0003 cm.s-1 to 1.88 cm.s-1, for agricultural fields from 0.05 cm.s-1 to 0.28 cm.s-1, grasslands 

from 0.003 cm.s-1 to 0.1 cm.s-1, wetlands 0.02 -0.19 cm.s-1. The water surface is characterized 

by a low dry deposition velocity from 0.003 to 0.012 cm.s-1.The dry deposition velocity of 

RGM is higher. The dry RGM deposition velocity ranges between 0.1 -6.0 cm.s-1 for forest 

canopies, from 0.3 to 1.72 cm.s-1 for grassland and 0.02 -7.6 cm.s-1 for wetlands, that were 

reported [176].  

The most comprehensive measurements of cadmium and lead concentrations in ambient air 

and in precipitation over Europe are conducted within the EMEP programme [14]. As these 

species are bound to aerosol particles the concentration is reported for given aerosol’s size 

sections, usually for PM1, PM2.5, PM10 or TSP [163]. The first station where cadmium and 

lead concentrations were measured in Norway, and started to operate in 1974. Since that time, 

the EMEP measurement network was developed. In 1995, there were 23 stations, in 2000 -25, 

in 2005 -37, in 2008 -50 stations where concentrations of cadmium in ambient air were 

observed. The lead concentration were observed in these years respectively: in 24; 35; 43; 55 

stations of EMEP.  

In Poland, the PL05 station located in Diabla Góra has measured concentration of lead and 

cadmium bound to PM10 since 2005. Mean concentrations of lead 7.7; 9.5; 6.3; 5.3; 4.3; 4.1 

and 5.2 ng.m-3 in sequence in years 2005 -2011 were reported. At the PL05 station, the 

highest concentration of lead is being measured in January and the lowest in May. The mean 

concentrations of 10.6 ng.m-3 and 1.9 ng.m-3 from years 2005 -2011 in these months were 

reported. The mean annual concentration of cadmium in the years 2005 -2011 was reported to 

be respectively: 0.33; 0.34; 0.17; 0.16; 0.20; 0.14 and 0.24 ng.m-3. Generally, during the 

summer season (May -September) the average monthly concentration of cadmium for the 

period 2005 -2011 is approximately 0.13 ng.m-3, while in the rest of the months the 
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concentration of approximately 0.3 ng.m-3 was reported. The highest monthly average 

concentration of 20.7 ng.m-3 and 0.75 ng.m-3 of lead and cadmium was observed at this station 

in November 2006. Whereas at all stations of the EMEP, the highest monthly mean 

concentration of lead bound to PM10 was reported at the AT02 site located in Austria in 

February 2003 and equalled 42.8 ng.m-3. At the same station, the highest monthly mean 

concentrations of (i) 24.7 ng.m-3 of lead bound to PM2.5, (ii) 2.00 ng.m-3 of cadmium bound 

in PM10 and (iii) 1.27 of cadmium bound to PM2.5 were observed in November 2003.  

The concentrations of lead and cadmium in precipitation are observed within the EMEP 

programme since 1973 when two stations located in Norway started to operate. In 1990, 27 

stations operated, in 2000 and 2005 -57 stations. Nowadays the EMEP network consists of 62 

stations spread all over Europe. Over all stations and all years, the average concentrations in 

precipitation of lead and cadmium equal 15.9 and 0.22 µg.dm-3, respectively. The average 

annual wet deposition of lead at all EMEP stations was 1403 g.km-2.y-1 in 2000, in 2005         

-1414 g.km-2.y-1 and 592 g.km-2.y-1 in 2010. For cadmium in these years fluxes of 69.34; 

37.76; 37.18; g.km-2.y-1 were measured. The highest average monthly value of cadmium 

concentration in precipitation of 37.39 µg.dm-3 was observed at the IT01 station (Italy, 

Montelibretti) in January 2007, while for lead 1651.7 µg.dm-3 in August 2002 at the GB14 

station (UK, High Muffles). In Poland, the lead and cadmium concentrations in precipitation 

have been observed since 1992 at the PL05 station located in Diabla Góra and since 1996 at 

the PL04 station in Łeba.  

At the PL04, station the maximum monthly average concentrations of Pb in precipitation of 

9.64 µg.dm-3 was observed in March 1996 and the highest wet deposition of 400               

g.km-2.month-1 was measured in June 2001. At PL05, the maximum observed values were 16 

µg.dm-3 and 713 g.km-2.month-1 in December 1992. At this station, the annual wet deposition 

systematically decreases. In the nineties the load of wet deposited lead above 2000 g.km-2.y-1 

was observed. Whereas in 2011, depositions of only 241 g.km-2.y-1 was measured at the PL05 

station.  

In the XXI century, the highest monthly cadmium concentrations in precipitation of 0.23 

µg.dm-3 and 0.50 µg.dm-3 were observed in February 2006 at the EMEP stations i.e. PL04 and 

PL05 operated in Poland. The maximal monthly fluxes of cadmium of 13.1 g.km-2.month-1 

and 19.2 g.km-2.month-1 were measured in April 2006 at PL04 and September 2003 at PL05, 

respectively. At both stations, the highest wet depositions of cadmium was observed in 

November. Since the beginning of the operation of the stations, a downward trend in 

measured quantities of deposited cadmium can be observed.  



57 
 

 Overview of existing mercury chemical transport models  3

The chemical schemes of mercury are usually implemented into the existing modelling 

systems developed for traditional pollutants (SO2, NOx, PM, O3). The atmospheric chemistry 

of mercury is complex [15], [9]. Thus on one hand, the mercury models should represent well 

its real behaviour but on the other the computation time requirements should not be 

prohibitive. Many numerical mercury models of Eulerian (ADOM, CAMx, CMAQ-Hg, 

CMAQ ver. 4.7.1, CTM-Hg, DEHM, ECHMERIT, GEOS-Chem, GLEMOS, MOZART, 

MSCE-HM, MSCE-HM-Hem, STEM-Hg) and Lagrangian (HYSPLIT, RCTM-Hg) types 

have been developed to evaluate the atmospheric dispersion and transformation of mercury on 

a regional, continental and global scale [10], [11]. Developed models dedicated to 

atmospheric mercury consider the main chemical reactions and transformations within the 

aqueous and gaseous phases. However, some significant differences can be found, in chemical 

reactions taken into account as well as in the value of the kinetic rates. Additionally the 

various approaches were used to model the dry and wet deposition fluxes of mercury. The 

paragraphs below provide short information on the application and particular properties of 

those models. All main chemical reactions and transformations of mercury included in the 

considered models are presented in Table 3-1 and Table 3-2. 

 
CMAQ-Hg  

 
The version of the Community Multiscale Air Quality model with mercury scheme (CMAQ-

Hg) was developed by US-EPA. The model has no explicit simulation of cloud-water 

transport [160]. The model assumes that the dry deposition of GEM is equivalent to emissions 

from natural sources. The dry deposition parameterization for gaseous nitric acid was used for 

the calculation of the dry deposition velocity of reactive gaseous mercury. The fields of 

concentration of species that react with mercury are generated simultaneously in the same 

simulation with the use of the algorithms of a standard CMAQ model. This Eulerian type 

model was applied in continental simulation over Europe and North America [177].  

 
CMAQ ver. 4.7.1 

 
In this version of the CMAQ model, significant features devoted to atmospheric mercury were 

implemented [178]. Dry deposition of reactive gaseous mercury and gaseous elemental 

mercury is calculated with the use of the M3Dry deposition scheme [179]. Therefore 

computed dry deposition depends on type of vegetation and stromatal resistance. Dry 
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deposition of HgP is calculated as a function of particle size. Wet deposition of mercury 

species is computed based on their concentration in cloud-water and precipitation rate.  

 
CTM-Hg 

 

Global chemical transport model for mercury CTM-Hg was developed by Atmospheric and 

Environmental Research, Inc. [180]. The model assumes the following dry deposition 

velocities: 

-0.25 cm.s-1 for GEM,  

-0.01 cm.s-1 over land and 0.01 cm.s-1 over water for Hgp, 

-0.01cm.s-1 over land and 0 cm.s-1 over water for GEM. 

Another assumption of the model is that below cloud scavenging process due to precipitation 

removes 10% of RGM, 50% of Hgp and 0% of GEM. 

 

CAMx 

 
The Comprehensive Air Quality Model with Extensions is an Eulerian photochemical 

dispersion model which can be applied from sub-urban to continental scale to compute the 

dispersion of gaseous and particulate air pollution [181]. Dry deposition of Hgp and RGM is 

calculated with the use of resistance model [182]. The model assumes that dry and wet 

deposition of GEM is negligible. In the model, dry deposition of GEM is not computed 

because of the assumption that dry deposition of GEM is equivalent to emissions from natural 

sources and reemission. CAMx and CMAQ ver. 4.7.1 were used in simulations performed 

over the eastern United States.   

 

MSCE-HM 

 
The MSCE-HM model is a three dimensional Eulerian type chemical transport model driven 

by off-line meteorological data coming from MM5 developed in the European Monitoring 

and Evaluation Programme by the Meteorological Synthesizing Centre-East in Moscow. The 

model works in the EMEP grid, which covers the whole Europe with spatial resolution of 50 

km x 50 km. Dry deposition is calculated with the use of a resistance model with modification 

for aerosols. The wet deposition flux is calculated based on the empirical relationship derived 

from measurements [29]. Correlation coefficients of 0.38 and 0.5 were obtained from 

comparison for 2003 of measured and modelled mercury concentrations in the air and 

precipitation, respectively. The simulation performed for 2008 showed that difference 
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between modeled and observations of mercury concentrations in air and wet deposition do not 

exceed 15% and 30% respectively [183].  

 

MSCE-HM-Hem 

 
The model was developed for modelling the Northern Hemisphere and derived directly from 

the MSCE-HM model. The dry deposition of RGM is calculated with the use of parameters 

for nitric acid. The deposition of GEM to vegetation is calculated based on data of surface 

temperature, solar radiation and vegetation type. Value from 0 to 0.03 cm.s-1 for dry velocity 

of GEM were obtained. The dry deposition of HgP is estimated from experimental data. The 

wet deposition of RGM and HgP is calculated based on an empirical relationship derived from 

measurements. The model simulations have been performed over the Northern Hemisphere 

with a resolution of 2.50 ×2.50 for the period 1990 -2004. The validation of the modelled 

results against measurements showed a high compatibility in the case of GEM concentrations 

in air and an overestimation for wet deposition fluxes of mercury [184]. 

 

GLEMOS 

 
The Global EMEP Multi-media Modelling System is developed by the Meteorological 

Synthesizing Centre -East within the European Monitoring and Evaluation Programme. It can 

be used at global and regional scales. The chemical module of mercury is based on previous 

developed and tested schemes included in the MSCE-HM-Hem model but new reactions with 

bromine and bromine compounds were added [185]. The comparison results obtained from a 

simulation run for 2005 against measurement over Europe, North America and Asia showed 

to be satisfactory for air concentration and wet deposition [186].  

 

ADOM mercury model 

 
Acid Deposition and Oxidants Model (ADOM) is the Eulerian model developed under the 

Canada -Germany Science & Technology Co-operation Agreement. The model considers 14 

mercury compounds and 21 chemical reactions. Dry deposition is calculated based on the 

resistance model. Mercury scavenging is calculated with the use of sub-models, which 

simulate vertical distribution of mercury species in clouds. Results obtained from simulations 

performed over Europe showed a rather good agreement with observational data [187].  
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DEHM 

 
The mercury model was also implemented in the Danish Eulerian Hemispheric Model under 

the Danish Arctic Monitoring and Assessment Programme [188]. The chemistry of mercury 

implemented in DEHM is derived from ADOM model [189]. The dry deposition is calculated 

based on resistance model with parameters for HNO3(g). A simple scavenging coefficient 

formulation with removal rates for sulphur was applied. The model was run over the Northern 

Hemisphere and the obtained results showed that DEHM is able to reproduce patterns due to 

the mercury depletion during Polar Sunrise. 

 

STEM-Hg 

 

The Eulerian numerical model dedicated for mercury STEM-Hg is derived from the Sulfur 

Transport and Deposition Model (STEM-III), developed at the University of Iowa [190]. The 

wet removal rates for RGM and Hgp were assumed to be equal to those of nitric acid and 

sulphate, respectively. It was assumed that the dry deposition velocity for GEM equals zero 

because dry deposition of GEM is equivalent to emissions from natural sources and 

reemission. Dry deposition velocities of RGM and Hgp were assumed to be equal to those of 

gaseous HNO3(g) and sulphate, respectively. The model was used to investigate the 

atmospheric mercury budget in East Asia. 

 

GEOS-Chem 

 

The GEOS-Chem model is a global 3-D model of atmospheric chemistry and transport 

developed mainly by Harvard University [191]. Wet deposition of GEM and dry deposition of 

GEM over land is negligible. The dry deposition of GEM to the ocean is modelled with the 

use of bidirectional exchange model. For RGM and HgP, scavenging is computed from 

precipitation and in convective updrafts and dry deposition is computed with the use of 

resistance scheme. The surface resistance for RGM was set to zero. The performed simulation 

were used to study global and regional (in China and the US) budget of mercury. 

Overestimates of wet deposition of RGM and HgP were observed by a factor of 2 -5 due to 

high modeled concentrations of those mercury forms.  
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ECHMERIT 

 

ECHMERIT is a model developed by the Institute of Atmospheric Pollution Research in Italy. 

The model calculates the wet and dry deposition of gaseous species and particulate matter. 

Mercury in the aqueous phase is considered as one lumped species. The operational validation 

of the model performed for 2001 showed an overestimation of wet deposition compared to 

stations over Europe and North America [192].  

 

MOZART 

 

Model for Ozone and Related Chemical Tracers (MOZART) is a global transport model 

developed by the National Center for Atmospheric Research (NCAR), Geophysical Fluid 

Dynamics Laboratory (GFDL) and Max Planck Institute for Meteorology [193]. It was 

modified to include gas-phase mercury chemistry [194]. The dry and wet deposition of 

reactive gaseous mercury is calculated with the use of parameters previously used for HNO3.  

The dry and wet deposition of gaseous elemental mercury was set to 0. The model was run to 

investigate the impact of mercury emitted in China on global mercury mass balance and to 

generate boundary concentrations for simulation performed over the Great Lakes in the 

United States [194].  

 

Following this review of published results of mercury modelling and their operational 

validation against measurements in Europe, some general conclusions can be drawn [195], 

[196]:  

-models do not indicate peaks of concentration of GEM, or if they do then the peaks are 

significantly underestimated, but the average annual concentrations correspond well to the 

observations;  

-there is a good agreement with measurements of mercury bound to aerosols. 

-processes (e.g. emissions, meteorological phenomena) that take place outside the modelling 

domain have a strong impact on the obtained results;  

-the direct anthropogenic emissions in the domain have the strongest impact on the 

atmospheric concentration of mercury.  

-there is a weak correlation with daily measurements of RGM.  
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Table 3-1. Chemical reactions and transformation of mercury included in the regional/continental 
chemical transport models of atmospheric mercury (DCA-dicarboxylic acid). In this table, the values 
of reaction rates and equilibrium constants of chemical reactions, which were used in various models 
are presented. The blank cell indicates that reaction or equilibrium are not implemented to the model.   

N. Reaction 

CMAQ 

ver. 4.7.1 

CMAQ-

Hg 

MSCE-

HM 

MSCE-

HM-

Hem 

STEM-

Hg 

ADOM 

/DEHM 

CAMx 

1 Gas-phase oxidation     

2 Units: cm
3
.molec

-1
.s

-1 
 

3 
Hg

0
(g) +O3(g) →HgO(g) 

+O2(g) 
    7.5·10

-19
 3.0·10

-20
 3.0·10

-20
 

4 Hg
0

(g) +O3(g) →Hgp  3.0 ·10
-20

 

2.1     

·10
-18 

·exp(-

1247/T) 

2.1     

·10
-18 

·exp(-

1247/T) 

   

5 
Hg

0
(g)+O3(g) → 

0.5·HgO(g)+ 0.5·Hgp 
3.0 ·10

-20 
      

6 
Hg

0
(g) + 2

•
OH(g) 

→Hg(OH)2(g) 
    9.0·10

-14
  8·10

-14
 

7 Hg
0

(g) +2
 •
OH(g) → Hgp  8.7 ·10

-14
 8.7·10

-14
 8.7·10

-14
    

8 

Hg
0

(g)+2
 •
OH(g) → 

0.5·Hg(OH)2(g)+ 

0.5·Hgp 

7.7 ·10
-14

       

9 
Hg

0
(g) +H2O2(g) 

→Hg(OH)2(g) 
8.5·10

-19
      8.5·10

-19
 

10 
Hg

0
(g)+H2O2(g) 

→HgO(g) 
    8.5·10

-19
   

11 Hg
0

(g)+H2O2(g) → Hgp  8.5 ·10
-19

      

12 
Hg

0
(g)+2Cl2(g) 

→HgCl2(g) 
2.6·10

-18
 4.8 ·10

-19
 2.6·10

-18
 2.6·10

-18
 2.6·10

-18
  2.6·10

-18
 

13 
2Hg

0
(g) +2

•
Cl(g)+M → 

HgCl2(g) +Hg
0

(g)+M 

2.2 ·10
-32 

·exp 

(680(1/T

-1/298)) 

cm
6
.mole

c
-2

.s
-1

 

      

14 
Hg

0
(g) +2HCl(g) 

→HgCl2(g) 
       

15 
Hg

0
(g) +

 •
BrO (g) 

→HgO(g)+
 •
Br(g) 

       

16 Hg
0

(g)+
 •
Br (g) →HgBr(g)        

17 
HgBr(g)+2

•
Br (g) 

→HgBr2(g) 
       

18 
HgBr(g)+

 •
OH(g) 

→HgBrOH(g) 
       

19 
Hg

0
(g)+

 
NO3

•
 (g) → 

HgO(g)+NO2(g) 
       

20 Gas-phase reduction   

21 Units:  s
-1

 

22 HgBr(g)→ Hg
0

(g)+Br(g)        

23 Aqueous-phase oxidation   

24 Units: M
-1

.s
-1

 

25 
Hg

0
(aq) +O3(aq)  

→Hg
2+

(aq) 
4.7·10

7
 4.7·10

7
 4.7·10

7
 4.7·10

7
 4.7·10

7
 4.7·10

7
 4.7·10

7
 

26 
Hg

0
(aq) +

 •
OH(aq) 

→Hg
2+

(aq) 
2.0·10

9
 2.0·10

9
 2.4·10

9
 2.4·10

9
 2.0·10

9
  2.0·10

9
 

27 
Hg

0
(aq) +

 •
OH(aq) 

→Hg
+

(aq) 

     
  

28 Hg
+

(aq) +
 •
OH(aq)        
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→Hg
2+

(aq) 

29 
Hg

0
(aq) +HOCl(aq) 

→Hg
2+

(aq) 
2.09 ·10

6
 2.09 ·10

6
   2.09·10

6
  2.09 ·10

6
 

30 Hg
0

(aq) +OCl
-
 →Hg

2+
 1.99·10

6
 1.99 ·10

6
 2.0·10

6
 2.0·10

6
 1.99·10

6
  1.99·10

6
 

31 

Hg
0

(aq) +HOBr(aq)→ 

Hg
2+

(aq) +Br
-
(aq)                      

+OH
-
(aq) 

       

32 
Hg

0
(aq) +

 •
BrO(aq)→ 

Hg
2+

(aq)+Br(aq)
-
+OH(aq)

-
 

       

33 
Hg

0
(aq) +Br2(aq)→ 

Hg
2+

(aq) +2Br
-
(aq) 

       

34 Aqueous-phase reduction   

35 Units: s
-1

 

36 HgSO3(aq) →Hg
0

(aq) 

T·exp
((31.

971T-

12595)/T)
 

T· 

expt
((31.97

1T-12595)/T)
 

  0.0106 0.6 0.0106 

37 
𝐻𝑔(𝑆𝑂3 )2

2−
(aq) 

→Hg
0

(aq) 
  4.4·10

-4
 4.4·10

-4
    

38 
Hg(OH)2(aq) +hv          

→ Hg
0

(aq) 
6.0 ·10

-7
 6.0 ·10

-7
   3.0·10

-7
   

39 Units: M
-1

.s
-1

 

40 
Hg

2+
(aq) +HO2                  

→ Hg
0

(aq)  
 1.1·10

4
   1.7·10

4
  1.7·10

4
 

41 
Hg

2+
(aq) +DCA +hv      

→ Hg
0

(aq) 
1.2·10

4
       

42 Gas/liquid equilibria 

43 Units: M.atm
-1

 

44 Hg
0

(g) ↔Hg
0

(aq)  0.11 

1.76·10
-

23 
·T·exp  

(9.08· 

(T0/T-1)) 

1.76·10
-

23 
·T·exp  

(9.08· 

(T0/T-1)) 

0.11   

45 HgO(g)  ↔HgO(aq)        

46 HgCl2(g)  ↔HgCl2(aq)  1.4·10
6
 

1.75·10
-

16
Texp(1

8.75(T0/

T-1)) 

1.75·10
-

16
Texp(1

8.75(T0/

T-1)) 

1.4·10
6
   

47 
Hg(OH)2(g)                          

↔  Hg(OH)2(aq) 
       

48 HOBr(g) ↔HOBr(aq)        

49 HgBr(g) ↔HgBr(aq)        

50 HgBr2(g) ↔HgBr2(aq)        

51 
HgBrOH(g) ↔ 

HgBrOH(aq) 
       

52 Aqueous phase equilibria 

53 
𝐻𝑔(𝑎𝑞)

2+  
+ 𝑆𝑂3(𝑎𝑞) 

2−

↔ 𝐻𝑔𝑆𝑂3 (𝑎𝑞)  
5·10

12   

M
-1

 

5·10
12   

M
-1

 

5·10
12

  

M
-1

 
 

2.1·10
13

 

M
-1

 
 

2.1·10
13

 

M
-1

 

54 
𝐻𝑔𝑆𝑂3 (𝑎𝑞) + 2𝑆𝑂3(𝑎𝑞) 

2−

↔ 𝐻𝑔(𝑆𝑂3 )2(𝑎𝑞) 
2−  

2.5·10
11

M
-1

 

2.5·10
11

M
-1

 

1.1      

·10
-21+4pH

 

·[SO2(g)]
2 

s
-1

 

1.1     

·10
-21+4pH

 

·[SO2(g)]
2 

s
-1

 

1.0·10
10

 

M
-1

 
 

1.0·10
10

 

M
-1

 

55 
𝐻𝑔𝐶𝑙2 (𝑎𝑞)  

↔  𝐻𝑔(𝑎𝑞)
2+ + 2𝐶𝑙(𝑎𝑞)

−  
10

-14
M

2
 10

-14
M

2
      

56 
𝐻𝑔𝑛𝐶𝑙𝑚 (𝑑𝑖𝑠)  

↔ 𝐻𝑔(𝑎𝑞)
2+  

  f([Cl
-1

]) f([Cl
-1

])   10
-14

M
2
 

57 
𝐻𝑔𝑂𝐻(𝑎𝑞)

+

↔ 𝐻𝑔(𝑎𝑞)
2+ + 𝑂𝐻(𝑎𝑞)

−  

2.51    

·10
-11

M 

2.51   

·10
-11

M 

2.51   

·10
-11

M 
 

2.51   

·10
-11

M 
 10

-22
M

2
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58 
𝐻𝑔(𝑂𝐻)2 (𝑎𝑞)
↔ 𝐻𝑔(𝑎𝑞)

2+ + 2𝑂𝐻(𝑎𝑞)
−  

 10
-22

M
2
 10

-22
M

2
     

59 
𝐻𝑔(𝑂𝐻)2 (𝑎𝑞)

↔ 𝐻𝑔𝑂𝐻(𝑎𝑞)
+ + 𝑂𝐻(𝑎𝑞)

−  

6.13   

·10
--12

M 
      

60 
𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞)

↔ 𝐻𝑔𝑂𝐻(𝑎𝑞)
+ + 𝐶𝑙(𝑎𝑞)

−  

3.72   

·10
-8

M 

3.72    

·10
-8

M 

3.72    

·10
-8

M 
 

3.72   

·10
-8

M 
  

61 
𝐻𝑔(𝑎𝑞)

2+ + 𝐵𝑟(𝑎𝑞)
−  

↔ 𝐻𝑔𝐵𝑟(𝑎𝑞)
+  

       

62 
𝐻𝑔𝐵𝑟(𝑎𝑞)

+ + 𝐵𝑟(𝑎𝑞)
−

↔ 𝐻𝑔𝐵𝑟2 (𝑎𝑞)  
       

63 
𝐻𝑔𝐵𝑟2 (𝑎𝑞) + 𝐵𝑟(𝑎𝑞)

−

↔ 𝐻𝑔𝐵𝑟3 (𝑎𝑞)
−   

       

64 
𝐻𝑔𝐵𝑟3 (𝑎𝑞)

−  + 𝐵𝑟(𝑎𝑞)
−

↔ 𝐻𝑔𝐵𝑟4(𝑎𝑞)
2−  

       

65 
𝐻𝑂𝐵𝑟(𝑎𝑞)
↔ 𝐻(𝑎𝑞)

+ + 𝐵𝑟𝑂(𝑎𝑞)
+  

       

66 

𝐻(𝑎𝑞)
+ + 𝐵𝑟(𝑎𝑞)

−

+ 𝐻𝑔(𝑂𝐻)2(𝑎𝑞)
↔ 𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)  

       

67 
𝐻𝑔𝑂𝐻(𝑎𝑞)

+ + 𝑂𝐻(𝑎𝑞)
−

↔ 𝐻𝑔(𝑂𝐻)2 (𝑎𝑞)  
    

1.58·10
11

 

M
-1

 
  

68 
𝐻𝑔(𝑎𝑞)

2+ + 𝐶𝑙(𝑎𝑞)
−

↔ 𝐻𝑔𝐶𝑙(𝑎𝑞)
+    

    
5.8·10

6
 

M
-1

 
  

69 

𝐻𝑔𝐶𝑙(𝑎𝑞)
+ + 𝐶𝑙(𝑎𝑞)

−

↔ 𝐻𝑔𝐶𝑙2 (𝑎𝑞) 
    

2.5·10
6
 

M
-1

 
  

70 Gas/soot equilibria 

71 Units: mwater
3
.mair

-3
 

72 soot(g) →soot(aq) 
 5·10

5  
 

5·10
5 

 

    

73 Liquid /soot equilibria 

74 
𝐻𝑔𝑆𝑂3 (𝑎𝑞)
↔ 𝐻𝑔𝑆𝑂3(𝑝) 

  0.2     

75 
𝐻𝑔𝑆𝑂2 (𝑎𝑞)

2−

↔ 𝐻𝑔𝑆𝑂2 (𝑝)
2−  

       

76 
𝐻𝑔(𝐻𝑂)2 (𝑎𝑞)
↔ 𝐻𝑔(𝐻𝑂)2 (𝑝) 

       

77 
𝐻𝑔𝐶𝑙2 (𝑎𝑞)
↔ 𝐻𝑔𝐶𝑙2 (𝑝) 

       

78 
𝐻𝑔𝐶𝑙𝑚 (𝑎𝑞)
↔ 𝐻𝑔𝐶𝑙𝑚 (𝑝) 

  0.2     

79 
𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞)
↔ 𝐻𝑔𝑂𝐻𝐶𝑙(𝑝) 

       

80 
𝐻𝑔𝑂𝐻(𝑎𝑞)

+  

↔ 𝐻𝑔𝑂𝐻(𝑝)
+  

       

81 𝐻𝑔(𝑎𝑞)
𝐼𝐼 ↔ 𝐻𝑔  (𝑝)

𝐼𝐼  45 l.g
-1

      34 l.g
-1
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Table 3-2. Chemical reactions and transformation of mercury included in the global chemical transport 
models of atmospheric mercury (DCA-dicarboxylic acid). In this table, the values of reaction rates and 
equilibrium constants of chemical reactions, which were used in various models are presented. The 
blank cell indicates that reaction or equilibrium are not implemented to the model.   

N. Reaction CTM-Hg GLEMOS MOZART GEOS-Chem ECHMERIT 

1 Gas-phase oxidation     

2 Units: cm
3
.molec

-1
.s

-1
 

3 Hg
0

(g)+O3(g) →HgO(g)+  O2(g) 3.0·10
-20

  3.0·10
-20

 3.0·10
-20

 3.0·10
-20

 

4 Hg
0

(g) +O3(g) →Hgp  

2.1 ·10
-18 

· 

exp (-

1247/T) 

   

5 
Hg

0
(g)+O3(g) → 0.5·HgO(g)+ 

0.5·Hgp 
     

6 
Hg

0
(g)+ 2

•
OH(g) 

→Hg(OH)2(g) 
8.7·10

-14
  8·10

-14
 9.0·10

-14
 8.7·10

-14
 

7 Hg
0

(g)+2
 •
OH(g) → Hgp  8.7·10

-14
    

8 
Hg

0
(g)+2

 •
OH(g) → 

0.5·Hg(OH)2(g)+ 0.5·Hgp 
     

9 Hg
0

(g)+H2O2(g) →Hg(OH)2(g) 8.5·10
-19

  8.5·10
-19

  8.5·10
-19

 

10 Hg
0

(g)+H2O2(g) →HgO(g)      

11 Hg
0

(g)+H2O2(g) → Hgp      

12 Hg
0

(g)+2Cl2(g) →HgCl2(g) 2.6·10
-18

 2.6·10
-18

    

13 
2Hg

0
(g)+2

•
Cl(g)+M→ 

HgCl2(g)+ Hg
0

(g)+M 
     

14 Hg
0

(g)+2HCl(g) →HgCl2(g) 10
-19

    10
-19

 

15 
Hg

0
(g)+

 •
BrO (g) →HgO(g)+

 

•
Br(g) 

1.5·10
-14

 1.5·10
-14

    

16 Hg
0

(g)+
 •
Br (g) →HgBr(g) 3.6·10

-13
 

1.1·10
-12 

·exp 

(T/298)
-2.37

 
  3.2·10

-12
 

17 HgBr(g)+2
•
Br (g) →HgBr2(g) 2.5·10

-10
     

18 
HgBr(g)+

 •
OH(g) 

→HgBrOH(g) 
2.5·10

-10
     

19 
Hg

0
(g)+

 
NO3

•
 (g)  → 

HgO(g)+NO2(g) 
    4.0·10

-15
 

20 Gas-phase reduction   

21 Units: s
-1

 

22 HgBr(g) → Hg
0

(g)+ Br(g) 7.9·10
-3

     

23 Aqueous-phase oxidation   

24 Units: M
-1

.s
-1

 

25 Hg
0

(aq)+O3(aq)  →Hg
2+

(aq) 4.7·10
7
 4.7·10

7
   4.7·10

7
 

26 Hg
0

(aq)+
 •
OH(aq) →Hg

2+
(aq) 2.0·10

9
 2.4·10

9
    

27 Hg
0

(aq)+
 •
OH(aq) →Hg

+
(aq)     2.0·10

9
 

28 Hg
+

(aq)+
 •
OH(aq) →Hg

2+
(aq)     1.0·10

10
 

29 Hg
0

(aq)+HOCl(aq) →Hg
2+

(aq) 2.09·10
6
    2.09·10

6
 

30 Hg
0

(aq)+OCl
-
→Hg

2+
 1.99·10

6
 2.0·10

6
   1.99·10

6
 

31 
Hg

0
(aq)+HOBr(aq)                                 

→ Hg
2+

(aq)+Br
-
(aq)+

 
OH

-
(aq) 

    
0.279 

32 
Hg

0
(aq)+

 •
BrO(aq)                                 

→ Hg
2+

(aq)+Br(aq)
-
+OH(aq)

-
 

    
0.273 

33 
Hg

0
(aq)+Br2(aq)                               

→ Hg
2+

(aq)+2Br
-
(aq) 

    
0.196 

34 Aqueous-phase reduction   

35 Units: s
-1

 

36 
HgSO3(aq)→Hg

0
(aq) 0.0106    T· 

exp((31.971·
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T-12595)/T) 

37 
𝐻𝑔(𝑆𝑂3 )2(𝑎𝑞)

2− →Hg
0

(aq)      

38 
Hg(OH)2(aq) +hv → Hg

0
(aq)    8.4 ·10

-8 
· 

[OH](aq) 

 

39 Units: M
-1

.s
-1

 

40 Hg
2+

(aq) +HO2 → Hg
0

(aq)  1.7·10
4
     

41 Hg
2+

(aq) +DCA+hv → Hg
0

(aq)      

42 Gas/liquid equilibria 

43 Units: M.atm
-1

 

44 Hg
0

(g) ↔ Hg
0

(aq) 0.11    0.13 

45 HgO(g) ↔ HgO(aq)     2.69·10
12

 

46 HgCl2(g) ↔HgCl2(aq) 1.4·10
6
    2.75·10

6
 

47 Hg(OH)2(g) ↔ Hg(OH)2(aq) 1.2·10
4
     

48 HOBr(g) ↔HOBr(aq)      

49 HgBr(g) ↔ HgBr(aq)      

50 HgBr2(g) ↔HgBr2(aq)     2.75·10
6
 

51 HgBrOH(g) ↔HgBrOH(aq)      

52 Aqueous phase equilibria 

53 
𝐻𝑔(𝑎𝑞)

2+  
+ 𝑆𝑂3(𝑎𝑞) 

2−

↔ 𝐻𝑔𝑆𝑂3 (𝑎𝑞)  

2.1·10
13

 M
-1

    2.1·10
13

 M
-1

 

54 
𝐻𝑔𝑆𝑂3 (𝑎𝑞) + 2𝑆𝑂3(𝑎𝑞) 

2−

↔ 𝐻𝑔(𝑆𝑂3 )2(𝑎𝑞) 
2−  

1.0·10
10

 M
-1

    1.0·10
10

 M
-1

 

55 
𝐻𝑔𝐶𝑙2 (𝑎𝑞)  ↔ 𝐻𝑔(𝑎𝑞)

2 +

+ 2𝐶𝑙(𝑎𝑞)
−  

10
-14

M
2
     

56 𝐻𝑔𝑛𝐶𝑙𝑚 (𝑑𝑖𝑠)  ↔ 𝐻𝑔(𝑎𝑞)
2 +       

57 
𝐻𝑔𝑂𝐻(𝑎𝑞)

+ ↔𝐻𝑔(𝑎𝑞)
2+

+ 𝑂𝐻(𝑎𝑞)
−  

2.51·10
-11

M    2.51·10
-11

M 

58 
𝐻𝑔(𝑂𝐻)2 (𝑎𝑞) ↔ 𝐻𝑔(𝑎𝑞)

2+

+ 2𝑂𝐻(𝑎𝑞)
−  

10
-22

M
2
     

59 
𝐻𝑔(𝑂𝐻)2 (𝑎𝑞) ↔ 𝐻𝑔𝑂𝐻(𝑎𝑞)

+

+ 𝑂𝐻(𝑎𝑞)
−  

    6.25·10
--12

M 

60 
𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞) ↔ 𝐻𝑔𝑂𝐻(𝑎𝑞)

+

+ 𝐶𝑙(𝑎𝑞)
−  

3.72·10
-8

M    3.72·10
-8

M 

61 
𝐻𝑔(𝑎𝑞)

2+ + 𝐵𝑟(𝑎𝑞)
−  

↔ 𝐻𝑔𝐵𝑟(𝑎𝑞)
+  

    1.1·10
9
 M

-1
 

62 
𝐻𝑔𝐵𝑟(𝑎𝑞)

+ + 𝐵𝑟(𝑎𝑞)
−

↔ 𝐻𝑔𝐵𝑟2 (𝑎𝑞)  

    2.5·10
8
M

-1
 

63 
𝐻𝑔𝐵𝑟2 (𝑎𝑞) + 𝐵𝑟(𝑎𝑞)

−

↔ 𝐻𝑔𝐵𝑟3 (𝑎𝑞)
−   

     

64 
𝐻𝑔𝐵𝑟3 (𝑎𝑞)

−  + 𝐵𝑟(𝑎𝑞)
−

↔ 𝐻𝑔𝐵𝑟4(𝑎𝑞)
2−  

     

65 
𝐻𝑂𝐵𝑟(𝑎𝑞) ↔ 𝐻(𝑎𝑞)

+

+ 𝐵𝑟𝑂(𝑎𝑞)
+  

     

66 

𝐻(𝑎𝑞)
+ + 𝐵𝑟(𝑎𝑞)

−

+ 𝐻𝑔(𝑂𝐻)2(𝑎𝑞)
↔ 𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)  

     

67 
𝐻𝑔𝑂𝐻(𝑎𝑞)

+ + 𝑂𝐻(𝑎𝑞)
−

↔ 𝐻𝑔(𝑂𝐻)2 (𝑎𝑞)  

     

68 
𝐻𝑔(𝑎𝑞)

2+ + 𝐶𝑙(𝑎𝑞)
−

↔ 𝐻𝑔𝐶𝑙(𝑎𝑞)
+    

    5.8·10
6
M

-1
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𝐻𝑔𝐶𝑙(𝑎𝑞)
+ + 𝐶𝑙(𝑎𝑞)

−

↔ 𝐻𝑔𝐶𝑙2 (𝑎𝑞) 

    2.5·10
6
M

-1
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70 Gas/soot equilibria 

71 Units: mwater
3
.mair

-3
 

72 soot(g)  →soot(aq) 5·10
5
     

73 Liquid /soot equilibria 

74 𝐻𝑔𝑆𝑂3 (𝑎𝑞) ↔ 𝐻𝑔𝑆𝑂3 (𝑝)      

75 𝐻𝑔𝑆𝑂2  (𝑎𝑞)
2− ↔ 𝐻𝑔𝑆𝑂2  (𝑝)

2−       

76 
𝐻𝑔(𝐻𝑂)2 (𝑎𝑞)
↔ 𝐻𝑔(𝐻𝑂)2 (𝑝) 

     

77 𝐻𝑔𝐶𝑙2 (𝑎𝑞) ↔ 𝐻𝑔𝐶𝑙2 (𝑝)      

78 𝐻𝑔𝐶𝑙𝑚 (𝑎𝑞) ↔ 𝐻𝑔𝐶𝑙𝑚 (𝑝)      

79 𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞) ↔ 𝐻𝑔𝑂𝐻𝐶𝑙(𝑝)      

80 𝐻𝑔𝑂𝐻(𝑎𝑞)
+  ↔ 𝐻𝑔𝑂𝐻(𝑝)

+       

81 𝐻𝑔(𝑎𝑞)
𝐼𝐼 ↔ 𝐻𝑔  (𝑝)

𝐼𝐼       

 

 

 Polyphemus air quality system 4

The chemical transport models are typically based on one or two frameworks: (i) Eulerian e.g. 

EMEP, DEHM, CMAQ, Lotos-Euros or (ii) Lagrangian e.g. HYSPLIT [197]. In the Eulerian 

approach, the frame of reference is fixed with the respect to the Earth, whereas in the 

Lagrangian approach, the frame of reference is moving with the air parcel along the mean 

wind trajectory. Additionally, models based on the Gaussian equation are widely used for 

near-field calculations. At present, many air quality modelling systems often combine both 

type of models. Near-source emission dispersion is tackled with a Gaussian plume or puff 

models and subsequently at larger distances from the source an Eulerian type models is used.  

Polyphemus is a comprehensive modelling system for air quality, which is developed and 

maintained by CEREA. It handles several dispersion models, which are based on Eulerian or 

Gaussian approaches, and can be applied from local to continental scale.  

Its main component is an Eulerian chemical-transport-model: Polair3D, used for both gaseous 

and aerosol species [13]. Polair3D tracks multiphase chemistry: (i) gas, (ii) water and (iii) 

aerosols. Polair3D has several chemical mechanisms for traditional gaseous pollutants (SO2, 

NOx, O3), aerosols, radioactive elements and inert compounds. One gas-phase chemical 

scheme is RACM and aerosol chemistry is treated differently depending on the cloud liquid 

water content. Inside clouds, aqueous-phase chemical reactions may be modelled using the 

Variable Size-Resolution Model (VSRM). Otherwise, a size-resolved aerosol model 

(SIREAM) treats the effects of condensation/evaporation (including the inorganic aerosol 

thermodynamics, modelled with ISORROPIA), coagulation and nucleation upon the particle 

size distribution [198]. 
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Polair3D has a numerical solver for the chemical transport equation: 

 

𝜕𝑐𝑖

𝜕𝑡
= −𝑑𝑖𝑣(𝑉𝑐𝑖  )⏟      

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

+ 𝑑𝑖𝑣 (𝜌𝐾𝛻
𝑐𝑖

𝜌
)

⏟        
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+ 𝜑𝑖(𝑐𝑖)⏟  
𝑐ℎ𝑒𝑚𝑖𝑠𝑡𝑟𝑦

+ 𝑆𝑖 − 𝐿𝑖                                                   R.4.1 

 

The concentration of the i-th species is ci. The transport driven by the mean wind V is the 

advection term. The diffusion term essentially accounts for turbulent mixing in the vertical. 

Chemical production (𝜑𝑖), emissions (Si) and losses through wet and dry deposition (Li) of the 

i-th species are also included. 

Polair3D was used in Poland to model the atmospheric dispersion of pollutants over (i) 

Europe, (ii) Poland, (iii) Lesser Poland, (iv) Kraków, (v) Toruń and (vi) Wrocław [199], 

[200], [201], [202]. 

The operational evaluation of Polair3D results for runs performed over Europe for 2004 

showed that the correlation coefficients between simulated and observed data from 

background stations of EMEP [163] are 50% for NO2(g), 47 % for SO2(g), 36% for PM10 and 

55% for O3(g) [203]. The correlation coefficients between simulated and observed data of 

AirBase are 41% for NO2(g), 44 % for SO2(g), 23% for PM10 and 53% for O3(g) [94]. The 

comparison of modelled results against average measurements at EMEP stations showed a 

slight overestimation in the case of NO2(g) (7.7 μg.m-3 simulated against 6.5 μg.m-3 in the 

measurements) and PM10 (20.9 μg.m-3 simulated against 18.8 μg.m-3 in the measurements), 

slight underestimation for O3(g) (63.1 μg.m-3 simulated and 65.7 μg.m-3 in the measurements) 

and a significant overestimation for SO2(g) (5.3 μg.m-3 simulated and 1.7 μg.m-3 in the 

measurements). Evaluation against data of AirBase indicated a slight overestimation of SO2(g) 

(7.7 μg.m-3 simulated and 6.5 μg.m-3 in the observations) and O3(g) (59.1 μg.m-3 simulated and 

51.8 μg.m-3 in the observation). In the contrary, results were significantly underestimated for 

NO2(g) (13.6 μg.m-3 simulated and 23.4 μg.m-3 in the measurements) and PM10 (19.7 μg.m-3 

simulated against 26.1 μg.m-3 in the measurements). The slight overestimation in case of 

SO2(g) (26.7 μg.m-3 simulated against 24.7 μg.m-3 in the measurements) was also observed in 

operational evaluation preformed for modelled results for 2005 for Poland against observation 

from stations located in the Krakow area [200]. Furthermore, a slight overestimation was 

observed for NO2(g) (37.8 μgm-3 simulated against 34.3 μg.m-3 in the measurements) and a 

underestimation for PM10 (33.6 μg.m-3 simulated against 74.3 μg.m-3 in the measurements). 

The underestimation in Krakow can be explained by a significant uncertainty about PM low 

emissions from fuel combustion for heating in the domestic sector. The correlation 
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coefficients between simulated and observed data for all stations are 47% for NO2(g), 46 % for 

SO2(g), 30% for PM10.  

The newest results of operational evaluation for 2000 -2008 years of quality simulation 

conducted over Europe with the use of Polair3D showed that the average correlation 

coefficients are 57% for PM10, 59% for PM2.5 and 63% for O3(g) [204].  

Polyphemus also includes a library of physical parameterizations called AtmoData and a set 

of programs using AtmoData designed to generate data required by Polair3D, e.g. deposition 

velocities, vertical diffusion coefficients, emissions, etc. [13].   

 

Figure 4-1. Polyphemus air quality system overall work flow. Based on [13]. 

 

 

4.1 Below-cloud scavenging model implemented in the Polyphemus system 

The general equation for scavenging is: 

𝜕𝑐

𝜕𝑡
= −𝜆 · 𝑐                                                                                                                            R.4.2 

where  

𝜆  –the scavenging coefficient [s
-1

]; 

𝑐  –the concentration of pollutant [kg.m-3]. 
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Wet deposition is split between in-cloud (rainout) and below-cloud (washout) scavenging. 

The below-cloud scavenging was calculated based on common algorithms implemented in 

Polyphemus for gaseous as well as aerosol species. The in-cloud scavenging is calculated 

inside algorithms specific for mercury chemistry and algorithms for lead and cadmium.  

 
Below-cloud scavenging is calculated for gaseous mercury compounds (Hg0

(g), HgO(g), 

HgCl2(g), Hg(OH)2(g), HgBr(g), HgBr2(g), HgBrOH(g)).  

The below cloud scavenging coefficient [s-1] is given by the following relationship [205]:   

𝜆 =
10−6∙𝐼

3.6∙ 𝑈∙ 𝜏𝑡𝑟𝑎𝑛𝑠
∙ 𝑒𝑥𝑝 (−

𝑧

𝑈∙𝜏𝑡𝑟𝑎𝑛𝑠 ∙𝐻∙𝑅∙𝑇
)                                                                                 R.4.3 

where: 

I –intensity of rain [m.s-1], 

U –raindrop terminal fall velocity [m.s-1], 

𝜏𝑡𝑟𝑎𝑛𝑠  –the timescale of the mass transfer from the bulk air to the drops [s], 

z –the fall distance [m], 

𝐻 –Henry’s law constant [mol. m-3.atm-1], 

𝑅 –ideal gas law constant [atm. m3.mol-1.K-1], 

𝑇 –temperature [K]. 

 

The raindrop fall velocity U [m.s1-1] in the model is calculated as a function of the raindrop 

diameter [206]: 

𝑈 = 4854 ∙ 𝐷 ∙ exp(−195 ∙ D)                                                                       R.4.4 

𝐷 –the raindrop diameter [m]. 

Additionally, some other functions of the raindrop diameter presented in Table 4-1 were 

applied to the model, but then the changes of this parameter are shown in the text. 

The drop diameter can be calculated with the use of many various equations presented in 

Table 5-6. The model was calculated with the use of the following formula 9.7·10
-4

·I
0.158

 s
-1. 

However other formulas for drop diameter were also applied to the model to investigate the 

sensitivity of the model to this parameter.  

The timescale of the mass transfer from the bulk air to the drops is calculated as follows: 

𝜏𝑡𝑟𝑎𝑛𝑠 =
𝐷

6 𝐾𝑇
                                                                                                                         R.4.5 
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𝐾𝑇 –is the mass transfer coefficient [m.s-1], which is calculated as follows: 

𝐾𝑇 =
𝐷𝑔

𝐷
∙ 𝑆ℎ                                                                                                                         R.4.6 

 
where: 

𝐷𝑔  –the gas-phase diffusivity [m2.s-1]. A gas phase diffusivity of 0.1194·10-4 m2.s-1 for GEM, 

and 0.1628·10-4 m2.s-1 for RGM compounds was assumed [207].  

 

𝑆ℎ –Sherwood Number which represents the ratio of convective to diffusive mass transport. 

 

The Sherwood Number is expressed as follows: 

𝑆ℎ = 2 + 0.6 ∙ 𝑅𝑒1/2 ∙ 𝑆𝑐1/3                                                                                                R.4.7 

where the Reynolds number 𝑅𝑒 is defined as follows:  

𝑅𝑒 = 𝑈 ∙ 𝐷 𝑣𝑎⁄                                                                                                                       R.4.8 

and the Schmidt number Sc is calculated as follows:  

𝑆𝑐 = 𝑣𝑎 𝐷𝑔⁄                                                                                                                            R.4.9 

In these calculations 𝑣𝑎 is the kinematic viscosity for air [m2.s-1] and it is calculated as the 

ratio of the dynamic viscosity µ [kg.s-1.m-1] and density of the air ρ [kg.m-3]. 

𝑣𝑎 =
𝜇

𝜌
                                                                                                                                 R.4.10 

The dynamic viscosity for air µ is calculated with the use of Sutherland's formula: 

𝜇 = 𝜇0 ∙
𝑇0+𝐶

𝑇+𝐶
∙ (

𝑇

𝑇0
)
2/3

                                                                                                         R.4.11 

 
Reference viscosity µ0, reference temperature T0 and Sutherland's constant C – are constants 

with defined values for air of: 18.27·106 kg.s-1.m-1, 291.15 K and 120 K, respectively. 

 

Table 4-1. Raindrop velocity [m.s
-1

] [208].  
N. Raindrop velocity [m.s

-1
] 

1 142·D
0.5

 

2 9.43·(1-exp((-1000·D/1.77)
1.47

)) 

3 386.577·D
0.67

 

4 4854.1·D ·exp(-195·D) 

5 

3.075·10
7
·D

2      
        for          D<10

-4
 

3.8·10
3
·D                 for           10

-4 
<D<10

-3
 

133.046·D
0.5  

           for           D>10
-3

 

6 -0.193+4.96·10
3
·D-9.04·10

5
·D

2
+5.66·10

7
·D

3     
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The below-cloud scavenging coefficient [s-1] for particulate matter is given as a function of 

rain intensity [m.s-1] [209]:   

𝜆 =
3

2
∙
𝐸∙𝐼

𝐷
                                                                                                                            R.4.12 

𝐷 –raindrop diameter [m] is calculated in the same way as for gases (see above). 

Collision efficiency E is calculated with the use of expression R.4.13 [210]: 

  𝐸 =
4

𝑅𝑒∙𝑆𝑐
∙ (1 + 0.4 ∙ 𝑅𝑒

1

2 ∙ 𝑆𝑐
1

3 + 0.16 ∙ 𝑅𝑒
1

2 ∙ 𝑆𝑐
1

2) + 4 ∙ ∅ ∙ (𝜔−1 + (1+ 2 ∙ 𝑅𝑒
1

2) ∙ ∅) +

(
𝑆𝑡 −𝑆∗

𝑆𝑡−𝑆∗+
2

3

)

3

2

∙ (
𝜌𝑝

𝜌𝑤
)

1

2
                                                                                                             R.4.13 

ρp and ρw are the particle and water density [kg.m-3], with fixed values in the model  of 1400 

kg.m-3 and 1000 kg.m-3, respectively.  

 

The Reynolds number 𝑅𝑒 is defined as follows:  

𝑅𝑒 = 𝑈 ∙ 𝐷 𝑣𝑎/2⁄                                                                                                                R.4.14 

The calculation for raindrop velocity U [m/s] and kinematic viscosity for air 𝑣𝑎 [m2.s-1] are 

identical compared to calculation for gases above.  

∅ –ratio of diameters calculated: 

∅ = 𝑑𝑝/𝐷                                                                                                                           R.4.15 

 

where dp is the particle diameter [m]; 

ω –the ratio of viscosities is defined as follows: 

𝜔 =
𝜇𝑤𝑎𝑡𝑒𝑟

𝜇
                                                                                                                          R.4.16               

µ –the dynamic viscosity of air [kg.s-1.m-1]. 

µwater –viscosity [kg.s-1.m-1] of water, assumed that is 1000 [kg.s-1.m-1]. 

 

The Critical Schmidt number S* is calculated as a function of the Reynolds number: 

𝑆∗ =
1.2+1/12∙ln (1+𝑅𝑒)

1+ln (1+𝑅𝑒)
                                                                                                          R.4.17 

 

The Schmidt number Sc is defined as follows: 

𝑆𝑐 = 𝑣𝑎 𝐷𝐵⁄                                                                                                                         R.4.18 

The aerosol Brownian diffusivity coefficient DB [m2.s-1] is calculated as follows:  
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𝐷𝐵 =
𝑘∙𝑇∙𝐶𝑐

3∙𝜋∙µ∙𝑑𝑝
                                                                                                                       R.4.19 

where: 

k –Boltzmann constant [J.K-1]; 

Cc –is the Cunningham correction factor for particles defined as follows: 

𝐶𝑐 = 1 +
2∙𝜆𝑎𝑖𝑟

𝑑𝑝
∙ (1.257 + 0.4 ∙ exp (−0.55 ∙

𝑑𝑝

𝜆𝑎𝑖𝑟
))                                                         R.4.20 

𝜆𝑎𝑖𝑟 –is the mean free path of air molecules [m] calculated: 

𝜆𝑎𝑖𝑟 =
2∙𝜇

𝑃∙√8/𝜋∙𝑅∙𝑇
                                                                                                                 R.4.21        

where: 

𝑅 –gas constant [J.K-1.kg-1]; 

𝑇 –temperature [K]; 

P –pressure [Pa]. 

The Stokes number St for particle is defined as follows: 

𝑆𝑡 =
2∙𝑢𝑔𝑟𝑎𝑣

𝑔
∙
𝑈−𝑢𝑔𝑟𝑎𝑣

𝐷
                                                                                                          R.4.22 

𝑔 –the gravity constant [m.s-2]. 

ugrav –gravitational settling velocity [m.s-1]. For small particles (diameter lower than 20µm) it 

is calculated with the use of Stokes formula [211]: 

𝑢𝑔𝑟𝑎𝑣 =
𝑑𝑝
2 (𝜌𝑝−𝜌)∙𝑔∙𝐶𝑐

18∙𝜇
                                                                                                          R.4.23 

ρ –the density of air [kg.m-3]. 

4.2 Dry deposition models implemented in the Polyphemus system 

4.2.1 Dry deposition for gaseous species 

The dry deposition flux can be described as follows: 

𝑑𝑟𝑦 = 𝑉𝑑 ∙ 𝑐                                                                                                                        R.4.24 

where: 

𝑐 –the concentration of pollutant [kg.m-3]. 
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Figure 4-2. Schematic representation of a resistance model. The description of the resistances is 

provided in the text.  

 

The dry deposition velocity Vd [m.s-1] can be expressed with the use of a resistance model 

presented in Figure 4-2 as: 

𝑉𝑑 =
1

𝑅𝑎+𝑅𝑏+𝑅𝑐
                                                                                                                     R.4.25 

𝑅𝑎 , 𝑅𝑏 , 𝑅𝑐 are called the aerodynamic resistance, the quasi-laminar sublayer resistance and the 

overall canopy resistance [all in s.m-1], respectively.  

The aerodynamic resistance depends only on meteorological conditions and surface 

roughness. The aerodynamic resistance is calculated based on the parametric model of vertical 

eddy fluxes in the atmosphere for the part of the mass transfer dominated by turbulence [212], 

[213]. 

𝑅𝑎 = (𝐴𝑡𝐴𝑢𝑓ℎ𝑊)
−1                                                                                                           R.4.26 

𝐴𝑢 =
𝜅

𝑙𝑛(
𝑧0+𝑍𝑟
𝑍𝑟

)
                                                                                                                     R.4.27 
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𝐴𝑡 =
𝜅

𝑙𝑛(
𝑧0+𝑍𝑡
𝑍𝑡

)
                                                                                                                                    R.4.28 

where: 

𝑍𝑟 –the roughness height [m] -calculated for various types of surface, with the use of fixed 

values for surface categories i.e. for water 0.0001 [m], for urban 0.8 [m]; 

𝑍𝑡  –the roughness length [m] assumed to be 𝑍𝑟/10; 

𝜅 –Von Karman constant, equals 0.4; 

𝑧0 –reference height equals (half of height of lower vertical (surface) level of simulation) [m]; 

W –the horizontal wind module at the reference height [m.s-1]. 

The stability function for the stable boundary layer 𝑓ℎ is defined as follows:   

𝑓ℎ {
1 − 3 ∙ 𝑏 ∙

𝑅𝑖

1+3∙𝑐∙√−𝑅𝑖
                                     for 𝑅𝑖 < 0

(1 + 3 ∙ 𝑏 ∙ 𝑅𝑖 ∙ √(1 + 𝑑 ∙ 𝑅𝑖)
−1
                for 𝑅𝑖 > 0

                                                   R.4.29 

and 𝑐 = 𝑏 ∙ 𝑐1 ∙ 𝐴𝑢 ∙ 𝐴𝑡√1 −
𝑍𝑡

𝑧0+𝑍𝑡
∙ ((

𝑧0+𝑍𝑡

𝑍𝑡
)
1/3

−1)
3/2

                                                   R.4.30 

 

b,c1, d are the constants equal 5,  

Ri is the Richardson number. 

𝑅𝑖 =
2∙𝑧0∙𝑔

𝑊2 ∙
𝜃(𝑧0)−𝜃𝑠

𝜃(𝑧0)+𝜃𝑠
                                                                                                            R.4.31 

where:  

g –the standard acceleration due to gravity [m.s-2]; 

𝜃𝑠 –potential temperature of air close surface (approx. 0 m above surface) [K]; 

𝜃(𝑧0) –potential temperature of air at reference latitude [K]. 

 

The quasi-laminar sublayer resistance is computed for each species using the friction velocity 

[214], [215]. 

𝑅𝑏 =
1

𝜅∙𝑢∗
(
𝑆𝑐

𝑃𝑟
)
2/3

                                                                                                                R.4.32 

 

𝜅 –the von Karman constant, 

Pr –turbulent Prandtl number, assumed 0.74 for gases in natural conditions. 

The Schmidt number equals:  

𝑆𝑐 = 𝑣𝑎 𝐷𝑔⁄                                                                                                                         R.4.33                     
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The gas phase diffusivity Dg [m
2.s-1] and the kinematic viscosity for air 𝑣𝑎 [m2.s-1], are 

calculated in the same way as for cloud-scavenging for gases. 

The friction velocity 𝑢∗ [m.s-1] is calculated based on the following formula: 

𝑢∗ = 𝐴𝑢 ∙ 𝑊 ∙ √f 𝑚                                                                                                              R.4.34 

 

The stability function for the stable boundary layer 𝑓𝑚 is defined as follows:   

 

𝑓𝑚 {
1 −

2∙𝑏∙𝑅𝑖

1+3∙𝑐∙√−𝑅𝑖
                                                   for  𝑅𝑖 < 0

(1 + 2 ∙ 𝑏 ∙ 𝑅𝑖 ∙ (1 + 𝑑 ∙ 𝑅𝑖)−
1

2)
−1

               for 𝑅𝑖 > 0
                                               R.4.35 

 

   

The canopy resistance for gaseous species with the parameterisation for mercury is applied 

[216], [217], [176]. 

The canopy resistance is computed following the equation: 

1

𝑅𝑐
=

1−𝑊𝑠𝑡

𝑅𝑠𝑡+𝑅𝑚
+
1−𝑊𝑐

𝑅𝑐𝑢𝑡𝑑
+

𝑊𝑐

𝑅𝑐𝑢𝑡𝑤
+

1−𝑊𝑔

𝑅𝑔𝑑+𝑅𝑎𝑐
+

𝑊𝑔

𝑅𝑔𝑤+𝑅𝑎𝑐
                                                              R.4.36 

𝑅𝑠𝑡 is the canopy stomatal resistance, which is calculated as follows: 

𝑅𝑠𝑡 = 1/[𝐺𝑠𝑡 ∙ 𝑓𝑇 ∙ 𝑓𝐷 ∙ 𝑓𝜓 ∙ 𝐷𝑔/𝐷𝑤]                                                                                   R.4.37 

where: 

𝐺𝑠𝑡  –the unstressed canopy stomatal conductance, calculated as follows: 

𝐺𝑠𝑡 =
𝐹𝑠𝑢𝑛

𝑟𝑠𝑡(𝑃𝐴𝑅𝑠𝑢𝑛 )
+

𝐹𝑠ℎ𝑎𝑑𝑒

𝑟𝑠𝑡(𝑃𝐴𝑅𝑠ℎ𝑎𝑑𝑒 )
                                                                                          R.4.38 

𝑟𝑠𝑡 (𝑃𝐴𝑅) = 𝑟𝑠𝑡𝑚𝑖𝑛 ∙ (1 +
𝑏𝑟𝑠

𝑃𝐴𝑅
)                                                                                            R.4.39 

𝐹𝑠𝑢𝑛 = 2 ∙ 𝑐𝑜𝑠𝜃 ∙ (1 − 𝑒𝑥𝑝(−0.5 ∙
𝐿𝐴𝐼

𝑐𝑜𝑠𝜃
))                                                                         R.4.40 

𝐹𝑠ℎ𝑎𝑑𝑒 = 𝐿𝐴𝐼 − 𝐹𝑠𝑢𝑛                                                                                                               R.4.41 

 

for LAI < 2.5 m2.m-2 and RS < 200 W.m-2 : 

𝑃𝐴𝑅𝑠ℎ𝑎𝑑𝑒 = 𝑆𝑅𝑑𝑖𝑓𝑓 ∙ exp(0.5 ∙ 𝐿𝐴𝐼
0.7)  

                   +0.07 ∙ 𝑆𝑅𝑑𝑖𝑟 ∙ (1.1 − 0.1 ∙ 𝐿𝐴𝐼) ∙ exp (−𝑐𝑜𝑠𝜃)                                               R.4.42 

𝑃𝐴𝑅𝑠𝑢𝑛 = 𝑆𝑅𝑑𝑖𝑟 ∙
𝑐𝑜𝑠𝛼

𝑐𝑜𝑠𝜃
+𝑃𝐴𝑅𝑠ℎ𝑎𝑑𝑒                                                                                    R.4.43 

for other conditions PARshade and PARsun are defined as follows: 

 𝑃𝐴𝑅𝑠ℎ𝑎𝑑𝑒 = 𝑆𝑅𝑑𝑖𝑓𝑓 ∙ exp(0.5 ∙ 𝐿𝐴𝐼
0.8) 
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                    +0.07 ∙ 𝑆𝑅𝑑𝑖𝑟 ∙ (1.1 − 0.1 ∙ 𝐿𝐴𝐼) ∙ exp (−𝑐𝑜𝑠𝜃)                                              R.4.44 

𝑃𝐴𝑅𝑠𝑢𝑛 = 𝑆𝑅𝑑𝑖𝑟
0.8 ∙

𝑐𝑜𝑠𝛼

𝑐𝑜𝑠𝜃
+𝑃𝐴𝑅𝑠ℎ𝑎𝑑𝑒                                                                                    R.4.45 

LAI –leaf area index [m2.m-2]. It is a characteristic of various types of surfaces, seasons and 

weather conditions.  

𝜃 –the solar zenith angle. 

𝛼 –the angle between the leaf and the sun, it is assumed to be 600, 

PAR –photosynthetically active radiation [W.m-2], 

PARsun –photosynthetically active radiation received by sunlit leaves [W.m-2], 

PARshade –photosynthetically active radiation received by shaded leaves [W.m-2], 

Fsun –area of sunlit leaf area index [m2.m-2], 

Fshade –area of shaded leaf area index [m2.m-2], 

SR – solar radiation [W.m-2], 

𝑆𝑅𝑑𝑖𝑓𝑓  –downward visible radiation fluxes above the canopy from diffused radiation [W.m-2], 

𝑆𝑅𝑑𝑖𝑟  –direct-beam radiation [W.m-2], 

brs –empirical light response coefficient [W.m-2], 

𝑟𝑠𝑡𝑚𝑖𝑛 –the minimum leaf stomatal resistance [s.m-1], 

𝑓𝑇  –represents the conductance-reducing effects of air temperature on leaf stomatal 

conductance. 

𝑓𝑇 =
𝑇−𝑇𝑚𝑖𝑛

𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛
∙ [

𝑇𝑚𝑎𝑥−𝑇

𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡
]

𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡

𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛                                                                                   R.4.46 

T –air temperature [0C].  

𝑇𝑜𝑝𝑡  –air temperature of maximum stomatal opening [0C], 

𝑇𝑚𝑎𝑥  –maximum of temperature for stomatal opening [0C], 

𝑇𝑚𝑖𝑛  –minimum of temperature for stomatal opening [0C], 

𝑓𝐷  –represents the conductance-reducing effects of water vapour pressure deficit on leaf 

stomatal conductance.  

𝑓𝐷 = 1 − 𝑏𝑏𝑣𝑝𝑑 ∙ (𝑒
∗ − 𝑒)                             R.4.47 

𝑒∗ –the saturation water vapour pressure [kPa] at air temperature [K], 

𝑒 –the ambient water vapour pressure [kPa], 

𝑏𝑏𝑣𝑝𝑑  –constants of water-vapour-pressure-deficit [kPa-1], 

𝑓𝜓 –represents the conductance-reducing effects of water stress (leaf water potential) on leaf 

stomatal conductance.  
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𝑓𝜓 =
−0.72−0.0013𝑆𝑅−𝜓𝑐2

𝜓𝑐1−𝜓𝑐2
                                                                                                      R.4.48 

𝜓𝑐1 , 𝜓𝑐2  –parameters that specify leaf-water-potential dependency [MPa]; 

𝐷𝑤 –the diffusivity of water vapor [m2.s-1], 

𝐷𝑔 –the gas-phase diffusivity of pollutants [m2.s-1],  

𝑅𝑎𝑐  –in-canopy aerodynamic resistance [s.m-1]. The value of in-canopy aerodynamic 

resistance is calculated as follows:  

𝑅𝑎𝑐 =
𝑅𝑎𝑐0∙𝐿𝐴𝐼

1 /4

𝑢∗
2                                    R.4.49                     

𝑅𝑎𝑐0 is the reference value [s.m-1] for in-canopy aerodynamic resistance and its value depends 

on land-use coverage. For example, for surface with no canopy (e.g. water, desert) it is set to 

0. 

𝑢∗ –friction velocity [m.s-1] -corresponding data for different land-use coverage and weather 

conditions. 

Data of 𝑇𝑜𝑝𝑡 , 𝑇𝑚𝑎𝑥 , 𝑇𝑚𝑖𝑛 , 𝜓𝑐1 , 𝜓𝑐2𝑏𝑏𝑣𝑝𝑑, 𝑧0, brs, 𝑟𝑠𝑡𝑚𝑖𝑛 for various land use coverage [217].  

Values for leaf area index LAI are presented in the literature [216]. 

𝑊𝑠𝑡  –represents the fraction stomatal blocking when leaves are wet. It is calculated: 

𝑊𝑠𝑡 = {
0

(𝑆𝑅 − 200)/800
0.5  

    
𝑆𝑅 ≤ 200

200 < 𝑆𝑅 ≤ 600
𝑆𝑅 > 200

                  R.4.50 

𝑊𝑐  –represents the fraction of wet canopy, 

𝑊𝑔 –represents the fraction of the wet ground surface. 

The corresponding values of 𝑊𝑔,𝑊𝑐  for different humidity conditions are presented in Table 

4-2.   

Table 4-2 The value of constants for canopy stomatal model. 

N. constants 
Conditions 

rainy dewy humid 

1 𝑊𝑔  0.9 0.5 0.2 

2 𝑊𝑐  0.9 0.7 0.2 

 

𝑅𝑚 is the mesophyll resistance [s.m-1] and values of 500 and 0 were used for elemental and 

for reactive mercury, respectively. The mesophyll resistance is characteristic of the chemical 

species. Usually, the value of the mesophyll resistance is set on the basis of observation or 

through comparison with other species, that have similar chemical properties. 

The 𝑅𝑐𝑢𝑡𝑤, 𝑅𝑐𝑢𝑡𝑑, 𝑅𝑔𝑤 , 𝑅𝑔𝑑  are resistances of: the wet cuticle, dry cuticle, wet-ground and 

dry-ground, respectively. They are derived from well-known data for sulfur dioxide and 
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ozone [216]. The sulphur dioxide and ozone dry deposition pathway is very highly 

documented and has been investigated in many measurement campaigns of dry deposition 

made for these species. The model uses results for sulphur dioxide and ozone and sets surface 

resistance for other species following their aqueous solubility and their chemical reactivity. 

The average dry deposition velocity over Europe for sulphur dioxide and ozone generated 

with the use of Polyphemus system are presented in Figure 4-3 and Figure 4-4. 

1

𝑅𝑐𝑢𝑡𝑤 (𝑖)
=

𝛼(𝑖)

𝑅𝑐𝑢𝑡𝑤(𝑆𝑂2)
+

𝛽(𝑖)

𝑅𝑐𝑢𝑡𝑤 (𝑂3)
                                                                                          R.4.51 

1

𝑅𝑐𝑢𝑡𝑑 (𝑖)
=

𝛼(𝑖)

𝑅𝑐𝑢𝑡𝑑 (𝑆𝑂2 )
+

𝛽(𝑖)

𝑅𝑐𝑢𝑡𝑑 (𝑂3)
                                                                                           R.4.52 

1

𝑅𝑔𝑤(𝑖)
=

𝛼(𝑖)

𝑅𝑔𝑤(𝑆𝑂2 )
+

𝛽(𝑖)

𝑅𝑔𝑤(𝑂3)
                                                                                                 R.4.53 

1

𝑅𝑔𝑑 (𝑖)
=

𝛼(𝑖)

𝑅𝑔𝑑 (𝑆𝑂2 )
+

𝛽(𝑖)

𝑅𝑔𝑑 (𝑂3)
                                                                                                    R.4.54 

 

Scaling parameters 𝛼 = 10 and 𝛽 = 10 and 𝛼 = 0 and 𝛽 = 0.2 were set for reactive mercury 

and elemental mercury, respectively. The scaling parameters were chosen with the assumption 

that reactive mercury is deposited in the same way as HNO3(g) and elemental mercury is 

poorly soluble.  

  

Figure 4-3. Annual average dry deposition 
velocity in 2008 for SO2(g) [cm.s

-1
].  

Figure 4-4. Annual average dry deposition 
velocity in 2008 for O3(g) [cm.s

-1
].  

 

 

4.2.2 Dry deposition velocity for aerosols  

 

The dry deposition velocity 𝑉𝑑 [m.s-1] is calculated for aerosols of mercury, lead and 

cadmium with the following formula [218]: 
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𝑉𝑑 = 𝑢𝑔𝑟𝑎𝑣 +
1

(𝑅𝑎+𝑅𝑠 )
                                                                                                          R.4.55 

where: 

 ugrav –gravitational settling velocity [m.s-1],  

𝑅𝑎 –the aerodynamic resistance [s.m-1] is computed as for gaseous species, 

𝑅𝑠 –the surface resistance [s.m-1]. 

The surface resistance [s.m-1] characterizes the collection efficiency of the surface and is 

calculated as follows: 

 𝑅𝑠 =
1

𝜀0∙𝑢∗∙(𝐸𝐵+𝐸𝐼𝑀+𝐸𝐼𝑁 )∙𝑅1
                                                                                                  R.4.56 

where: 

𝜀0 –empirical constant equals 3, 

𝑢∗ –friction velocity [m.s-1] calculated in the same way as for gases, 

𝐸𝐵  –the collection efficiency from Brownian diffusion is a function of the Schmidt number 

Sc: 

𝐸𝐵 = (𝑆𝑐)
−𝛾                      R.4.57 

𝛾 –values depending on land use categories (usually between 1/2 and 2/3); 

𝐸𝐼𝑀  is the collection efficiency from impaction and is expressed based on a formula proposed 

by [219]: 

𝐸𝐼𝑀 = (
𝑆𝑡

0.8+𝑆𝑡
)
2

                                                                                                                  R.4.58 

The collection efficiency by interception is calculated, as follows: 

𝐸𝐼𝑁 =
1

2
(
𝑑𝑝

𝐴
)
2

                                                                                                                      R.4.59 

dp –is the particle diameter [m]; 

𝐴 –characteristic radius [m] of collectors is given for various seasonal and land use categories. 

The correction factor 𝑅1 representing the fraction of particles that stick to the surface and is 

calculated with the use of the following formula [220]: 

𝑅1 = 𝑒𝑥𝑝(−𝑆𝑡
1/2)                                                                                                             R.4.60 

The Stokes number St in this case is calculated for the vegetated surface: 

𝑆𝑡 =
𝑢𝑔𝑟𝑎𝑣 ∙𝑢∗

𝑔∙𝐴
                                                                                                                       R.4.61 

and for others surface categories. 

𝑆𝑡 =
𝑢𝑔𝑟𝑎𝑣 ∙𝑢∗

2

𝑣𝑎
                                                                                                                       R.4.62 

where 𝑣𝑎 is the kinematic viscosity for air [m2.s-1]  
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 Distribution of the emissions of heavy metals into the air by the Polish 5

power sector with the use of the bottom-up approach  

5.1 Methodology 

The localization of the heavy metals sources and the speciation of emitted mercury have a 

significant impact on the atmospheric transport of heavy metals, particularly from relatively 

big sources, which are present in the power sector. Unfortunately, the EMEP programme 

provides the total emissions from all sectors with horizontal resolution of 50 km by 50 km 

[87]. Therefore, in this part of the manuscript, the vertical and horizontal localization of heavy 

metals sources of the power sector will need to be specified. The speciation of emitted 

mercury from all individual stacks will also be estimated. To that end, the ENVIRO database 

for 2005 has been updated for 2008 in relation to installed boilers and emission controls, as 

well as coal consumption and coal chemical energy (activity) based on statistics published for 

that year [221], [222], [223], [58], [53]. The updated database for 2008 includes information 

about boiler type, coal and chemical energy consumption, PM and SO2 emission control 

configuration of 804 main boilers from the Polish power sector. It was assumed that the 

chemical energy of coal consumed by heating plants included in the database equals the 

chemical energy provided by the national emission inventors, (there is a possibility that some 

small heating plants are not included in the database) [53]. National emission inventories 

reported low (less than 1%) uncertainty of estimation of chemical energy of coal consumed in 

the power sector [48]. The operated boilers were connected to 170 stacks, which are also 

included together with a precise location and height in an improved database. 

With the use of the chemical energy (activity) of coal consumed and the corresponding 

emission factor, the mercury, cadmium and lead emission into the air were calculated for all 

boilers. For mercury, two emission factors for 2008 and for 2009 were used. In 2008, they 

were 0.0064 and 0.004 kg.TJ-1 for all hard and brown coal power plants, respectively [53]. 

For 2009, the emission factors were changed for power and CHP plants and amounted to 

0.0023 kg.TJ-1 for hard coal and 0.0114 kg.TJ-1 for brown coal [54]. The obtained emissions 

of mercury from all boilers installed in the polish power sector were split into three mercury 

forms i.e.: (i) gaseous elemental mercury (GEM), (ii) reactive gaseous mercury (RGM) and 

(iii) mercury bound to aerosol particles (HgP). The share of three forms of emitted mercury 

for different coal -boiler type -emission control configurations were based on information 
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provided from measurement campaigns [37]. The corresponding numbers characterising the 

power, CHP and heating plants and emissions of mercury with the use of emission factor for 

2008 and 2009 and speciation factors are presented in Table 5-1.  

 

Table 5-1. Aggregated data on power sector, which operated in 2008. 

N. Boiler 

type 

PM 

control 

SO2 

control 

Number 

of in- 

stallation 

Thermal 

input 

[MW] 

Activity 

[TJ] 

Emission of Hg 

[kg] Hgp 

[%] 

RGM
 

[%] 

GEM
 

[%] EF 

2008 

EF 

2009 

1 Hard coal power and CHP plants  

2 GF CYC   128 3965 27144 174 62 20 40 40 

3 GF ESP   2 199 697 5 2 5 70 25 

5 DBB CYC   1 57 116 1 0 20 40 40 

6 DBB ESP   175 29489 293218 1877 671 5 60 35 

7 DBB FF   10 1101 15154 97 35 5 60 35 

8 DBB ESP SDFGD 15 4659 80849 517 185 5 45 50 

9 DBB ESP DFGD 4 307 2157 14 5 5 45 50 

10 DBB ESP WFGD 47 26226 409326 2620 936 10 35 55 

11 DBB FF SDFGD 4 1327 19280 123 44 5 35 60 

12 FBC ESP CFB 14 3680 67663 433 155 5 10 85 

13 
Total for hard coal power 

and CHP plants 399 71010 915604 5860 2094 
 

14 Brown coal power plants  

15 DBB ESP   7 1982 36541 146 415 5 15 80 

16 DBB ESP WFGD 23 17192 347164 1389 3939 5 10 85 

17 DBB ESP DFGD 3 1722 37792 151 429 5 10 85 

18 FBC ESP CFB 6 3213 100926 404 1145 5 10 85 

19 
Total for brown coal power 

plants 
39 24109 522423 2090 5928  

20 Hard coal heating plants  

21 GF CYC   317 8506 53035 339 20 40 40 

22 GF FF   3 66 431 3 5 60 35 

23 DBB ESP   40 4998 56191 360 5 60 35 

24 DBB ESP WFGD 4 464 4537 29 10 35 55 

25 FBC ESP CFB 1 185 2382 15 5 10 85 

26 
Total for hard coal heating 

plants 365 14219 116576 746 
 

27 Brown coal heating plants  

28 FBC ESP CFB 1 78 284 1 5 10 85 

GF - Grate Firing, DBB - Dry Bottom Boiler, FBC - Fluidized Bed Combustion, CYC - Cyclone Remove 

System, ESP - Electrostatic Precipitator, FF - Fabric Filter, SDFGD - Semi Dry Flue Gas Desulfurization, DFGD 

- Dry Flue Gas Desulfurization, WFGD - Wet Flue Gas Desulfurization. 

 

The chemical energy of consumed coal by plants included in the database was also used in the 

distribution of emitted lead and cadmium to individual stack of the power sector. The 

emission factors for cadmium and lead in 2008, which are used to assess the emissions from 

814 boilers installed in polish power plants are presented in Table 5-2.  

The annual emissions of lead and cadmium from coal based power, cogeneration and heating 

plants an equalled to 22148 kg and 2087 kg, in 2008, respectively [53]. The main share falls 
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on the emission of heating plants. In 2008, from these sources about 12938 kg.y-1 of lead and 

1909 kg.y-1 of cadmium were released into the atmosphere. In the power sector (SNAP 0101 

and SNAP 0102), 129 kg of cadmium and 742 kg of lead are emitted annually also from 

combustion of natural gas, biomass, heating oil and coal gas. These emission were not 

assigned to point sources and remain in the EMEP gridded inventory.  

Table 5-2. Emission factors of lead and cadmium used to estimate emissions from individual boilers 
installed in the Polish power sector [53].  

N. Fuel type Type of plants 
Emission factors [g.TJ

-1
] Emission in 2008 [kg] 

Lead Cadmium Lead Cadmium 

1 Hard coal  Power and CHP plants  8.96 0.12 8203.8 109.9 

2 Heating plants 102.4 16.37 11937.4 1909.5 

3 Brown 

coal 

Power plants 3.84 0.13 2006.1 67.9 

4 Heating plants 3.87 0.00 1.1 0.0 

 

5.2 Results 

Locations of main emitters of mercury, lead and cadmium are presented in Figure 5-1 -Figure 

5-4. The vertical distribution of these heavy metals from the power sector is presented in 

Figure 5-5. 

 

  

Figure 5-1. Location and emissions [kg] of main 
emitters of mercury. Emissions based on 
emission factors for 2008 (EF2008).  

Figure 5-2. Location and emissions [kg] of main 
emitters of mercury. Emissions based on 
emission factors for 2009 (EF2009).  
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Figure 5-3. Location and emissions [kg] of main 
emitters of lead. 

Figure 5-4. Location and emissions [kg] of main 
emitters of cadmium.  

 

 

Figure 5-5. Vertical distribution of mercury, lead and cadmium emissions from Polish power sector 
(expressed as percentage of calculated total emission). EF2008 -emission factors for 2008, EF2009 -
emission factors for 2009. 

 

Table 5-3. Emission of various mercury forms from Polish power sector. 

N Fuel type Type of plants 
Type of 

estimation 

Emissions [kg] Emissions rate [%] 

Hgp RGM GEM Hgp RGM GEM 

1 Hard 

coal  

Power and 

CHP plants  

EF2008 450 2499 2911 
8 43 49 

2 EF2009 161 893 1040 

3 Heating plants 90 365 291 12 49 39 

4 Total for hard coal EF2008 540 2864 3202 8 43 49 

5 EF2009 251 1258 1331 9 44 47 

6 Brown 

coal 

Power plants  EF2008 105 216 1769 
5 10 85 

7 EF2009 296 614 5018 

8 Heating plants 0 0 1 0 0 100 
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9 Total for hard and brown 

coal 

EF2008 645 3080 4972 7 35 57 

10 EF2009 547 1872 6350 6 21 72 

 

 
The total emissions of mercury from the power sector where coal is consumed with the use of 

emission factors for 2008 and 2009 are almost equal (Table 5-3). It amounted to 8697 kg and 

8769 kg, respectively. The significant differences appears in the estimation of emissions of 3 

forms of mercury (GEM, RGM and HgP). The coal type, hard or brown, strongly affects the 

share of emitted mercury forms. The combustion of brown coal causes high emission of GEM 

compared to other forms. Whilst power plants based on hard coal emit nearly the same 

amount of GEM and RGM. The emission of HgP in both cases is relatively low, because of 

the widespread use of PM emission control systems (Table 5-1). The final speciation of 

mercury emitted in the Polish power sector in the case of EF2008 emission factors i.e. 55% of 

GEM, 36% of RGM and 9% of HgP is consistent with the results reported in the literature and 

presented in Table 2-8 [84], [1], [47]. The results obtained with the emission factors for 2009 

(EF2009) show that elemental mercury is prevailing, because mercury is mainly released from 

brown coal power plants.  

Most of cadmium is emitted from heating plants, which have low stack heights that usually do 

not reach 70 meters as was presented in Figure 5-5. Lead is also mainly emitted from plants 

which have stack heights lower than 70 meters. The share of these stack heights in total 

emissions is 37% and 65% for lead and cadmium, respectively. As mercury is mainly emitted 

from big power plants, most of it is released into the air from stacks above 150 meters.   

5.3 Implemented chemical scheme of atmospheric mercury  

The chemical scheme used in this study takes into account the reactions and transitions of 

mercury in the gaseous, aqueous and particulate phases presented in Figure 5-6. This scheme 

is an upgraded version of the chemical model previously introduced in the PhD thesis of 

Yelva Roustan [224]. The main developments in this model are related to the reactions and 

transformations of mercury with bromine. It has been shown, that bromine is more effective 

in Hg-oxidation than chlorine to produce HgBr2(g) during coal combustion [225].  
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Figure 5-6. The implemented chemical model for mercury. In this picture, the gaseous and aqueous 
phases are marked in white and blue, respectively. The line arrows show possible transformations of 
mercury. The dashed arrows show additional species used in the model ,which react with mercury. 
The red arrows and species show the reactions implemented additionally in sensitivity analyses of the 
model. The species and arrows in black indicate the reactions and transformations, which were used in 

all simulations (otherwise the changes are marked in the text).  

 

In this model, the user can choose a number of particles size sections and define threshold 

limits of size sections for modelled particulate species. All the equilibrium constants and 

chemical rates used to quantify the physico-chemical processes considered in the chemical 

scheme are presented in Table 5-4. The values of parameters were determined based on          

a literature review (relevant references are provided in the last column of Table 5-4). 

The mechanism proposed in the CMAQ model was adopted to model the sorption and 

desorption of dissolved mercury compounds on particulate matter (black carbon is the 

primary sorbent) in the aqueous phase [160]. This mechanism was based on the previous 

study in which the adsorption of mercury onto black carbon is analysed in detail [157].  

 



88 
 

Table 5-4. Physico-chemical processes considered in the mercury chemistry model. In italics are 
written reaction which are used only in sensitivity studies.  

N. Reaction 
Rate / equilibrium 

constant 
Units Reference 

1 Gas-phase oxidation 

2 Hg
0

(g) + O3(g) →HgO(g) + O2(g) 
k1=2.1·10

-18
·exp(-

1246/T) 
cm

3
.molec

-1
.s

-1
 [96] 

3 Hg
0

(g) +
 
2

•
OH(g) →Hg(OH)2(g) k2=8.7·10

-14
 cm

3
.molec

-1
.s

-1
 [107] 

4 Hg
0

(g) + Cl2(g) →HgCl2(g) k3=2.6·10
-18

 cm
3
.molec

-1
.s

-1
 [117] 

5 Hg
0

(g) + 2HCl(g) →HgCl2(g) + H2(g) k4=10
-19

 cm
3
.molec

-1
.s

-1
 [126] 

6 Hg
0

(g) +H2O2(g) →Hg(OH)2(g) 
k4=8.4·10

-6
·exp(-

9021/T) 
cm

3
.molec

-1
.s

-1
 [113] 

7 Hg
0

(g) +BrO
•
(g) →HgO(g) + Br(g) k5=1.5·10

-14
 cm

3
.molec

-1
.s

-1
 [133] 

8 
Hg

0
(g) +Br

•
(g) →HgBr(g) k6=1.46·10

-32
· (T/298)

-

1.86
 

cm
6
.molec

-2
.s

-1
 [226] 

9 
HgBr(g) +Br

•
(g) →HgBr2(g) k7=2.5·10

-

10
·exp(T/298)

-0.57
 

cm
3
.molec

-1
.s

-1
 [111] 

10 HgBr(g) +
•
OH(g) →HgBrOH(g) 

k8=2.5·10
-

10
·exp(T/298)

-0.57
 

cm
3
.molec

-1
.s

-1
 [111] 

11 Hg
0

(g)+Br2 (g) →HgBr2(g)   k9=0.9·10
-16

 cm
3
.molec

-1
.s

-1
 [117] 

12 Hg
0

(g) + NO3
•
(g) →HgO(g) + NO2(g) k10=4.0·10

-15
 cm

3
.molec

-1
.s

-1
 [135] 

13 Hg
0

(g) + I2 (g) → HgI2(g) k11=1.27·10
-19

 cm
3
.molec

-1
.s

-1
 [136] 

14 Hg
0

(g) + F2(g) → HgF2(g) k12=1.8·10
-15

 cm
3
.molec

-1
.s

-1
 [106] 

15 Hg
0

(g)+ Cl
•
 (g) →HgCl(g) k13=1.0·10

-11
 cm

3
.molec

-1
.s

-1
 [117] 

16 Gas-phase reduction 

17 
HgBr(g) → Hg

0
(g) + Br

•
(g)    k14=1.2·10

10
·exp(-

8357/T) 

s
-1

 
[111] 

18 HgBr(g) + Br
•
(g) →Hg

0
(g) + Br2(g) k15=3.9·10

-11
 cm

3
.molec

-1
.s

-1
 [130] 

19 Aqueous-phase oxidation 

20 
Hg

0
(aq) +O3(aq) + H

+
(aq)

 
→ Hg

2+
(aq) + OH

-
(aq)

 
+ 

O2(aq) 
k16=4.7·10

7
 M

-1
.s

-1
 [140] 

21 Hg
0

(aq) +
•
OH(aq) →Hg

+
(aq) + OH

-
(aq) k17=2.0·10

9
 M

-1
.s

-1
 [142] 

22 Hg
0

(aq) +HOCl(aq) →Hg
2+

(aq) +OH
-
(aq) +Cl

-
(aq) k18=2.09·10

6
 M

-1
.s

-1
 [144] 

23 
Hg

0
(aq) +OCl

-
(aq) +H

+
(aq) →Hg

2+
(aq) +OH

-
(aq) +  

Cl
-
(aq) 

k19=1.99·10
6
 M

-1
.s

-1
 [144] 

24 Hg
0

(aq) +HOBr(aq) → Hg
2+

(aq) +OH
-
(aq) +Br

-
(aq) k20=0.279 M

-1
.s

-1
 [141] 

25 
Hg

0
(aq) +OBr

-
(aq) +H

+
(aq) →Hg

2+
(aq) +Br

-
(aq) + 

OH
-
(aq) 

k21=0.273 M
-1

.s
-1

 [141] 

26 Hg
0

(aq) +Br2(aq) → Hg
2+

(aq) +2Br
-
(aq) k22=0.196 M

-1
.s

-1
 [141] 

27 Hg
+

(aq) +(
•
OH, O2, HO2

•
)(aq) →Hg

2+
 (aq) fast  

[142] 

[149] 

[156] 

28 Aqueous-phase reduction 

29 
HgSO3(aq) →Hg

0
(aq) + products(SIV)(aq) k23=7.7·10

13
T·exp(-

12595/T) 

s
-1

 
[147] 

30 Hg
2+

(aq) +HO2
•
(aq) →Hg

0
(aq) +O2(aq) +H

+
(aq) k24=1.1·10

4
 M

-1
.s

-1
 [149] 

31 Gas/liquid equilibria 

32 O3(g) ↔ O3(aq) H1=1.13·10
-2

 M.atm
-1

 [227] 

33 SO2(g) ↔ SO2(aq)  H2=1.23 M.atm
-1

 [228] 

34 Cl2(g) ↔ Cl2(aq) H3=0.076 M.atm
-1

 [229] 

35 •
OH(g) ↔

•
OH(aq)  H4=25 M.atm

-1
 [230] 

36 HO2
•
(g) ↔ HO2

•
(aq) H5=2·10

3
 M.atm

-1
 [231] 

37 Br2(g) ↔ Br2(aq)  H6=0.76 M.atm
-1

 [232] 
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38 HOBr(g)↔ HOBr(aq) H7=6.1·10
3
 M.atm

-1
 [233] 

39 Hg
0

(g)↔ Hg
0

(aq) H8=0.11 M.atm
-1

 [234] 

40 HgO(g) ↔HgO(aq) H9=2.69·10
12

 M.atm
-1

 [235] 

41 HgCl2(g) ↔ HgCl2(aq) H10=1.4·10
6
 M.atm

-1
 [236] 

42 Hg(OH)2(g) ↔ Hg(OH)2(aq) H11=1.2·10
4
 M.atm

-1
 [236] 

43 HgBr(g)↔HgBr(aq) H12=1.4·10
6
 M.atm

-1
 [237] 

44 HgBr2(g)↔HgBr2(aq) H13=1.4·10
6
 M.atm

-1
 [134] 

45 HgBrOH(g)↔HgBrOH(aq) H14=1.4·10
6
 M.atm

-1
 [237] 

46 Aqueous phase equilibria 

47 Hg
2+

(aq) + SO3
2-

(aq) ↔ HgSO3(aq) K1=2.1·10
13

 M
-1

 [146] 

48 HgSO3(aq) +SO3
2

(aq) 
-
↔Hg(SO3)2

2-
(aq) K2=1.0·10

10
 M

-1
 [146] 

49 HgCl2(aq) ↔ Hg
2+

(aq) + 2Cl
-
(aq) K3=10

-14
 M

2
 [238] 

50 HgOH
+

(aq) ↔ Hg
2+

(aq) + OH
-
(aq) K4=2.51·10

-11
 M [228] 

51 Hg(OH)2(aq) ↔ Hg
2+

(aq) + 2OH
-
(aq) K5=1.0·10

-22
 M

2
 [238] 

52 HgOHCl(aq) ↔ HgOH
+

(aq) + Cl
-
(aq) K6=3.72·10

-8
 M [228] 

53 SO2(aq) + H2O(aq) ↔ HSO3
-
(aq) + H

+
(aq) K7=1.23·10

-2
 M [228] 

54 HSO3
-
(aq) ↔ SO3

2-
(aq) +H

+
(aq) K8=6.6·10

-8
 M [228] 

55 Cl2(aq) +H2O(aq) ↔ HOCl(aq) +Cl
-
(aq) + H

+
(aq) K9=5.0·10

-4
 M

2
 [144] 

56 HOCl(aq) ↔ OCl
-
(aq) + H

+
(aq) K10=3.2·10

-8
 M [144] 

57 Hg
2+

(aq) + Br
-
(aq) ↔ HgBr

+
(aq) K11=1.1·10

9
 M

-1
 [239] 

58 HgBr
+

(aq) +Br
-
(aq) ↔ HgBr2(aq) K12=2.5·10

8
 M

-1
 [239] 

59 HgBr2(aq) + Br
-
(aq) ↔ HgBr3

-
(aq) K13=1.5·10

2
 M

-1
 [239] 

60 HgBr3
-
(aq) + Br

-
(aq) ↔ HgBr4

2-
(aq) K14=2.3·10

1
 M

-1
 [239] 

61 HOBr(aq) ↔ H
+

(aq) + BrO
-
(aq) K15=2.51·10

-9
 M

-1
 [141] 

62 Br2(aq) + H2O(aq) ↔ HOBr(aq) + Br
-
(aq) + H

+
(aq) K16=5.75·10

-9
 M

-1
 [141] 

63 H
+

(aq) + Br
- 

(aq) + Hg(OH)2(aq) ↔ HgBrOH(aq) K17=2.7·10
-12

 M
-2

 [240] 

64 Gas/aerosol equilibrium 

65 BC (air) ↔BC(w) G1=1·10
5
 mwater

3
.mair

-3
 [241] 

66 Adsorption/desorption coefficients   

67 HgSO3(aq) ↔ HgSO3(p) 

kS, kD 
s

-1
 

 

Where kS, kD  

are the rate 

constants of 

sorption and 

desorption  

respectively. 

[160] 

68 HgSO2
2-

(aq) ↔ HgSO2
2-

(p) 

69 HgCl2(aq) ↔ HgCl2(p) 

70 HgOH
+

(aq) ↔HgOH
+

(p) 

71 Hg(OH)2(aq) ↔ Hg(OH)2(p) 

72 HgOHCl(aq) ↔ HgOHCl(p) 

73 HgBrOH(aq) ↔ HgBrOH(p) 

74 HgBr
+

(aq) ↔ HgBr
+

(p)  

75 HgBr2(aq) ↔ HgBr2(p) 

76 HgBr3
-
(aq) ↔ HgBr3

-
(p)  

77 HgBr4
2-

(aq) ↔ HgBr4
2-

(p) 

 

Gaseous phase 

In the gaseous phase the concentration of elemental mercury (Hg0
(g)) and six reactive mercury 

species i.e. mercury monoxide HgO(g), mercury(II) hydroxide Hg(OH)2(g), mercury(II) 
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chloride HgCl2(g), mercury bromide HgBr(g), mercury(II) bromide HgBr2(g), hydroxy mercury 

bromide HgBrOH(g) are modelled. Taken into account the mercury reactions in the gaseous 

phase (listed in Table 3-1) the changes of concentrations of considered species are expressed 

as follows:  

𝑑

𝑑𝑡
[𝐻𝑔(𝑔)

0 ] = −𝑗1 − 𝑗2 − 𝑗3 − 𝑗4 − 𝑗5 − 𝑗6 − 𝑗7 + 𝑗15 + 𝑗16                                                  R.5.1 

𝑑

𝑑𝑡
[𝐻𝑔𝑂(𝑔)] = 𝑗1 + 𝑗6                                                                                                             R.5.2 

𝑑

𝑑𝑡
[𝐻𝑔(𝑂𝐻)2(𝑔)] = 𝑗2 + 𝑗5                                                                                                    R.5.3 

𝑑

𝑑𝑡
[𝐻𝑔𝐶𝑙2(𝑔)] = 𝑗3 + 𝑗4                                                                                                           R.5.4 

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟(𝑔)] = 𝑗7 − 𝑗8 − 𝑗9 − 𝑗15 − 𝑗16                                                                               R.5.5                          

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟2(𝑔)] = 𝑗8                                                                                                                R.5.6 

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟𝑂𝐻(𝑔)] = 𝑗9                                                                                                             R.5.7 

 

where: 

j1=k1[Hg0
(g)][O3(g)]                                                                                                               R.5.8 

j2=k2[Hg0
(g)][OH(g)]                                                                                                             R.5.9 

j3=k3[Hg0
(g)][Cl2(g)]                                 R.5.10 

j4=k4[Hg0
(g)][HCl(g)]                                 R.5.11 

j5=k5[Hg0
(g)][H2O2(g)]                     R.5.12 

j6=k6[Hg0
(g)][BrO•

(g)]                                    R.5.13 

j7=k7[Hg0
(g)][Br•

(g)]                      R.5.14 

j8=k8[HgBr(g)][ Br•
(g)]                     R.5.15 

j8=k9[HgBr(g)][ •OH(g)]                   R.5.16 

j15=k15[HgBr(g)]                        R.5.17 

j16=k16[HgBr(g)][Br•
(g)]                      R.5.18 

 

In sensitivity studies, additionally mercury(II) iodide -HgI2(g), mercury(II) fluoride -HgF2(g), 

mercury chloride -HgCl(g) are modelled. Accordingly, suitable reaction rates are added to the 

model.  

Aqueous phase 

The reactions and transformations of mercury in the aqueous phase are modelled when 

sufficient liquid water is diagnosed in the atmosphere at the beginning or the end of the 
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simulation time step. The cloud presence diagnosis is simply based on a threshold (0.05 g.m-3) 

of the liquid water content in the atmosphere.  

The concentration of substrates taken part in the aqueous phase are calculated based on 

Henry's law and equilibria presented in Table 5-4: 

[𝑂3(𝑎𝑞)] = 𝐻1 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[𝑂3(𝑔)]                                              R.5.19 

[𝑆𝑂3
2−
(𝑎𝑞)

] =
𝐾7 ∙𝐾8

[𝐻+]
2 ∙ 𝐻2 ∙

𝑅∙𝑇

𝑁𝑎𝑣
[𝑆𝑂2(𝑔) ]                     R.5.20 

[𝐻𝑂𝐶𝑙(𝑎𝑞)] =
𝐾9

[𝐶𝑙−][𝐻+ ]
∙ 𝐻3 ∙

𝑅𝑇

𝑁𝑎𝑣
[𝐶𝑙2(𝑔)]                                          R.5.21 

[𝑂𝐶𝑙(𝑎𝑞)
− ] =

𝐾9∙𝐾10
[𝐶𝑙− ][𝐻+]2

∙ 𝐻3 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[𝐶𝑙2(𝑔)]                        R.5.22 

[ 𝑂𝐻𝑛
•

(𝑎𝑞)] = 𝐻4 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[ 𝑂𝐻𝑛
•

(𝑔)]                    R.5.23 

[𝐻𝑂2(𝑎𝑞)
• ] = 𝐻5 ∙

𝑅∙𝑇

𝑁𝑎𝑣
[𝐻𝑂2(𝑔)

• ]                      R.5.24 

[𝐵𝑟2(𝑎𝑞)] = 𝐻6 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[𝐵𝑟2(𝑔)]                         R.5.25 

[𝐻𝑂𝐵𝑟(𝑎𝑞)] = 𝐻7 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[𝐻𝑂𝐵𝑟(𝑔)]                    R.5.26 

[𝑂𝐵𝑟(𝑎𝑞)
− ] =

𝐾15
[𝐻+]

∙ 𝐻7 ∙
𝑅∙𝑇

𝑁𝑎𝑣
[𝐻𝑂𝐵𝑟(𝑔)]                       R.5.27 

 

where: 

[𝐻+] = 10−𝑝𝐻                           R.5.28 

R –ideal gas law constant, 82 atm.cm3.mol-1.K-1 or 8.13 J. mol-1.K-1; 

Nav –Avogadro constant, 6.022·1023 molec.mol-1; 

T –temperature [K]; 

pH –potential of hydrogen, pH of cloud water, assumed to be 4.5 [195].  

 

In the model only total divalent mercury (HgII
(aq)), and elemental mercury Hg0

(aq) are specified 

in the aqueous phase. However, at each simulation time steps the concentrations of particular 

oxidized mercury compounds i.e. HgSO3(aq), HgSO2
2-

(aq), Hg(OH)2(aq), HgCl2(aq), HgOHCl(aq), 

HgOH+
(aq), HgBrOH(aq), HgBr+

(aq), HgBr2(aq), HgBr3
-
(aq), HgBr4

2-
(aq) is calculated, if needed. The 

total divalent mercury in the models equals: 

[𝐻𝑔𝐼𝐼
(𝑎𝑞)

] = [𝐻𝑔2 +
(𝑎𝑞)

] + [𝐻𝑔( 𝑆 )
(𝑎𝑞)

] + [𝐻𝑔𝐶𝑙2(𝑎𝑞)] + [𝐻𝑔( 𝑂 )(𝑎𝑞)] + [𝐻𝑔( 𝐵𝑟 )(𝑎𝑞)]                      R.5.29 

where: 

[𝑯𝒈( 𝑺 )
(𝑎𝑞)

] = [𝐻𝑔𝑆𝑂3 (𝑎𝑞)] + [𝐻𝑔
(𝑆𝑂3 )2

2−
(𝑎𝑞)

]                                                 R.5.30 
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              [𝐻𝑔𝑆𝑂3(𝑎𝑞)] = 𝐾1 [𝐻𝑔
2 +

(𝑎𝑞)
][𝑆𝑂3

2−
(𝑎𝑞)

]                            R.5.31 

              [𝐻𝑔(𝑆𝑂3 )2
2−

(𝑎𝑞)
] = 𝐾2 [𝐻𝑔𝑆𝑂3(𝑎𝑞)][𝑆𝑂3

2−
(𝑎𝑞)

]                      R.5.32 

[𝐻𝑔( 𝑆 )
(𝑎𝑞)

] = [𝐻𝑔2+ ]𝐾1 [𝑆𝑂3
2−
(𝑎𝑞)

](1 + 𝐾2 [𝑆𝑂3
2−
(𝑎𝑞)
])

⏟                      
𝑔𝑟𝑜𝑢𝑝  𝐴

                      R.5.33 

[𝑯𝒈𝑪𝒍𝟐 (𝑎𝑞)] = [𝐻𝑔
2+

(𝑎𝑞)
]
[𝐶𝑙−(𝑎𝑞)]

2

𝐾3⏟    
𝑔𝑟𝑜𝑢𝑝  𝐵

                   R.5.34 

[𝑯𝒈( 𝑶 )
(𝑎𝑞)

]=[𝐻𝑔𝑂𝐻+
(𝑎𝑞)

] + [𝐻𝑔(𝑂𝐻)2(𝑎𝑞)] + [𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞)] + [𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)]                R.5.35 

𝐾4 [𝐻𝑔𝑂𝐻
+
(𝑎𝑞)

] = [𝐻𝑔2 +
(𝑎𝑞)

][𝑂𝐻−(𝑎𝑞)]                        R.5.36 

𝐾5 [𝐻𝑔(𝑂𝐻) 2(𝑎𝑞)] = [𝐻𝑔𝑂𝐻
+
(𝑎𝑞)

][𝑂𝐻−(𝑎𝑞)]                          R.5.37 

𝐾6[𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞)] = [𝐻𝑔𝑂𝐻
+
(𝑎𝑞)

][𝐶𝑙−(𝑎𝑞)]                   R.5.38 

𝐾17 [𝐻𝑔(𝑂𝐻) 2(𝑎𝑞)] [𝐻
+
(𝑎𝑞)][𝐵𝑟

−
(𝑎𝑞)] = [𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)]                      R.5.39 

[𝐻𝑔( 𝑂 )
(𝑎𝑞)

] = [𝐻𝑔2+
(𝑎𝑞)

]
[𝑂𝐻−(𝑎𝑞)]

𝐾4
(1 +

[𝐶𝑙−(𝑎𝑞)]

𝐾6
+
[𝑂𝐻−(𝑎𝑞)]

𝐾5
(1 + 𝐾17[𝐻

+
(𝑎𝑞)][𝐵𝑟

−
(𝑎𝑞)]))

⏟                                        
𝑔𝑟𝑜𝑢𝑝  𝐶

                   R.5.40 

[𝑯𝒈( 𝑩𝒓 )
(𝑎𝑞)

] = [𝐻𝑔𝐵𝑟+
(𝑎𝑞)

] + [𝐻𝑔𝐵𝑟2 (𝑎𝑞)] + [𝐻𝑔𝐵𝑟3
−
(𝑎𝑞)

] + [𝐻𝑔𝐵𝑟4
2−

(𝑎𝑞)
]                R.5.41 

              [𝐻𝑔𝐵𝑟+
(𝑎𝑞)

] = 𝐾11 [𝐻𝑔
2 +

(𝑎𝑞)
][𝐵𝑟−(𝑎𝑞)]                           R.5.42 

              [𝐻𝑔𝐵𝑟2 (𝑎𝑞)] = 𝐾12 [𝐻𝑔𝐵𝑟
+
(𝑎𝑞)

] [𝐵𝑟−(𝑎𝑞)]                                                                       R.5.43 

              [𝐻𝑔𝐵𝑟3
−
(𝑎𝑞)

] = 𝐾13 [𝐻𝑔𝐵𝑟2 (𝑎𝑞)] ⌈𝐵𝑟
−
(𝑎𝑞)⌉                               R.5.44 

              [𝐻𝑔𝐵𝑟4
2−

(𝑎𝑞)
] = 𝐾14 [𝐻𝑔𝐵𝑟3

−
(𝑎𝑞)

] [𝐵𝑟−(𝑎𝑞)]                                                                                    R.5.45 

[𝐻𝑔( 𝐵𝑟 )
(𝑎𝑞)

] = [𝐻𝑔2+ ]𝐾11[𝐵𝑟
−
(𝑎𝑞)](1 + 𝐾12[𝐵𝑟

−
(𝑎𝑞)](1 + 𝐾13[𝐵𝑟

−
(𝑎𝑞)](1+ 𝐾14[𝐵𝑟

−
(𝑎𝑞)])))⏟                                              

𝑔𝑟𝑜𝑢𝑝  𝐷

      R.5.46 

Finally, after reorganizing:   

[𝐻𝑔𝐼𝐼
(𝑎𝑞)

] = [𝐻𝑔2 +
(𝑎𝑞)

](1 + 𝑔𝑟𝑜𝑢𝑝  𝐴 + 𝑔𝑟𝑜𝑢𝑝  𝐵 + 𝑔𝑟𝑜𝑢𝑝  𝐶 + 𝑔𝑟𝑜𝑢𝑝  𝐷)                                            R.5.47 

 

The concentration of divalent mercury compounds are:  

[𝐻𝑔𝑆𝑂3(𝑎𝑞)] = 𝐾1 [𝑆𝑂3
2−

(𝑎𝑞)
] [𝐻𝑔𝐼𝐼

(𝑎𝑞)
] /(1 + 𝑔𝑟𝑜𝑢𝑝 𝐴 + 𝑔𝑟𝑜𝑢𝑝  𝐵 + 𝑔𝑟𝑜𝑢𝑝 𝐶 + 𝑔𝑟𝑜𝑢𝑝  𝐷)     R.5.48 

[𝐻𝑔(𝑆𝑂3)2
2−
(𝑎𝑞)
] = [𝐻𝑔𝐼𝐼 (𝑎𝑞)]𝐾2𝐾1 [𝑆𝑂3

2−
(𝑎𝑞)
]
2

 

                                 /(1 + 𝑔𝑟𝑜𝑢𝑝  𝐴 + 𝑔𝑟𝑜𝑢𝑝 𝐵 + 𝑔𝑟𝑜𝑢𝑝 𝐶 + 𝑔𝑟𝑜𝑢𝑝 𝐷)                R.5.49 

[𝐻𝑔𝐶𝑙2(𝑎𝑞)] = [𝐻𝑔
𝐼𝐼
(𝑎𝑞)

] / [
𝐾3

[𝐶𝑙−(𝑎𝑞)]
2 (1 + 𝑔𝑟𝑜𝑢𝑝 𝐴 + 𝑔𝑟𝑜𝑢𝑝 𝐵 + 𝑔𝑟𝑜𝑢𝑝 𝐶 + 𝑔𝑟𝑜𝑢𝑝 𝐷)]                        R.5.50 

[𝐻𝑔(𝑂𝐻)2(𝑎𝑞)] = [𝐻𝑔
𝐼𝐼
(𝑎𝑞)
] / [

𝐾4𝐾5

[𝑂𝐻− (𝑎𝑞)]
2 (1 + 𝑔𝑟𝑜𝑢𝑝 𝐴 + 𝑔𝑟𝑜𝑢𝑝 𝐵 + 𝑔𝑟𝑜𝑢𝑝  𝐶 + 𝑔𝑟𝑜𝑢𝑝  𝐷)]     R.5.51 
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[𝐻𝑔𝐵𝑟2 (𝑎𝑞)] = [𝐻𝑔
𝐼𝐼
(𝑎𝑞)
] [

1

𝐾12𝐾11 [𝐵𝑟
−]2
(1 + 𝑔𝑟𝑜𝑢𝑝  𝐴 + 𝑔𝑟𝑜𝑢𝑝  𝐵 + 𝑔𝑟𝑜𝑢𝑝 𝐶 + 𝑔𝑟𝑜𝑢𝑝  𝐷)]        R.5.52 

 

[𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)] = [𝐻𝑔
𝐼𝐼
(𝑎𝑞)
] [𝑂𝐻−(𝑎𝑞)]

2
𝐾17[𝐻

+
(𝑎𝑞)][𝐵𝑟

−
(𝑎𝑞)] 

                            /[𝐾4𝐾5(1 + 𝑔𝑟𝑜𝑢𝑝 𝐴 + 𝑔𝑟𝑜𝑢𝑝 𝐵 + 𝑔𝑟𝑜𝑢𝑝  𝐶 + 𝑔𝑟𝑜𝑢𝑝 𝐷)]                                R.5.53 

 

The changes of concentrations in the aqueous phase are calculated as follows: 

 
𝑑

𝑑𝑡
[𝐻𝑔(𝑎𝑞)

0 ] = −𝑗17 − 𝑗18 − 𝑗19 − 𝑗20 − 𝑗21 − 𝑗22 − 𝑗23 + 𝑗24 + 𝑗25                                 R.5.54 

𝑑

𝑑𝑡
[𝐻𝑔𝐼𝐼

(𝑎𝑞)
] = −𝑗17 − 𝑗18 − 𝑗19 − 𝑗20 − 𝑗21 − 𝑗22 − 𝑗23 − 𝑗24 − 𝑗25 + 𝑓1

𝑔→𝑎𝑞 + 𝑓2
𝑔→𝑎𝑞 −

𝑓2
𝑎𝑞→𝑔 + 𝑓3

𝑔→𝑎𝑞 −𝑓3
𝑎𝑞→𝑔 +𝑓4

𝑔→𝑎𝑞 +𝑓5
𝑔→𝑎𝑞 − 𝑓5

𝑎𝑞→𝑔 + 𝑓6
𝑔→𝑎𝑞 + 𝑓6

𝑎𝑞→𝑔
                       R.5.55 

and the changes of gaseous species due to transformation of gaseous to aqueous phase, or  

inversely, are calculated in the model: 

𝑑

𝑑𝑡
[𝐻𝑔𝑂(𝑔)] = −𝑓1

𝑔→𝑎𝑞 𝑁𝑎𝑣 ∙𝑊𝑇

103
                               R.5.56 

𝑑

𝑑𝑡
[𝐻𝑔(𝑂𝐻)2(𝑔)] = (−𝑓2

𝑔→𝑎𝑞
+𝑓2

𝑎𝑞→𝑔
)
𝑁𝑎𝑣 ∙𝑊𝑇

103
                  R.5.57 

𝑑

𝑑𝑡
[𝐻𝑔𝐶𝑙2(𝑔)] = (−𝑓3

𝑔→𝑎𝑞
+𝑓3

𝑎𝑞→𝑔
)
𝑁𝑎𝑣 ∙𝑊𝑇

103
                  R.5.58 

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟(𝑔)] = −𝑓4

𝑔→𝑎𝑞 𝑁𝑎𝑣 ∙𝑊𝑇

103
                   R.5.59 

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟2(𝑔)] = (−𝑓5

𝑔→𝑎𝑞
+ 𝑓5

𝑎𝑞→𝑔
)
𝑁𝑎𝑣 ∙𝑊𝑇

103
                  R.5.60 

𝑑

𝑑𝑡
[𝐻𝑔𝐵𝑟𝑂𝐻(𝑔)] = (−𝑓6

𝑔→𝑎𝑞
+ 𝑓6

𝑎𝑞→𝑔
)
𝑁𝑎𝑣 ∙𝑊𝑇

103
                 R.5.61 

where: 

j17=k17[Hg0
(aq)][O3(aq)]                        R.5.62 

j18=k18[Hg0
(aq)][ •OH(aq)]                    R.5.63 

j19=k19[Hg0
(aq)][HOCl(aq)]                     R.5.64 

j20=k20[Hg0
(aq)][OCl-(aq)]                    R.5.65 

j21=k21[Hg0
(aq)][HOBr(aq)]                   R.5.66 

j22=k22[Hg0
(aq)][OBr-

(aq)]                             R.5.67 

j23=k23[Hg0
(aq)][Br2(aq)]                    R.5.68 

j24=k24[HgSO3(aq)]                     R.5.69 

j25=k25[Hg2+
(aq)][HO2

•
(aq)]                     R.5.70 

𝑓1
𝑔→𝑎𝑞 = 𝑦1

103

𝑁𝑎𝑣
[𝐻𝑔𝑂(𝑔)]                   R.5.71 

𝑓2
𝑔→𝑎𝑞 = 𝑦2

103

𝑁𝑎𝑣
[𝐻𝑔(𝑂𝐻)2(𝑔)]                   R.5.72 



94 
 

𝑓2
𝑎𝑞→𝑔 = 𝑦2

1

𝐻11 ∙𝑅∙𝑇
[𝐻𝑔(𝑂𝐻)2(𝑎𝑞)]                    R.5.73 

𝑓3
𝑔→𝑎𝑞 = 𝑦3

103

𝑁𝑎𝑣
[𝐻𝑔𝐶𝑙2(𝑔)]                    R.5.74 

𝑓3
𝑎𝑞→𝑔 = 𝑦3

1

𝐻10 ∙𝑅∙𝑇
[𝐻𝑔𝐶𝑙2(𝑎𝑞)]                   R.5.75 

𝑓4
𝑔→𝑎𝑞 = 𝑦4

103

𝑁𝑎𝑣
[𝐻𝑔𝐵𝑟(𝑔)]                    R.5.76 

𝑓5
𝑔→𝑎𝑞 = 𝑦5

103

𝑁𝑎𝑣
[𝐻𝑔𝐵𝑟2(𝑔)]                    R.5.77 

𝑓5
𝑎𝑞→𝑔 = 𝑦5

1

𝐻13 ∙𝑅∙𝑇
[𝐻𝑔𝐵𝑟2(𝑎𝑞)]                   R.5.78 

𝑓6
𝑔→𝑎𝑞 = 𝑦6

103

𝑁𝑎𝑣
[𝐻𝑔𝐵𝑟𝑂𝐻(𝑔)]                   R.5.79 

𝑓6
𝑎𝑞→𝑔 = 𝑦6

1

𝐻14 ∙𝑅∙𝑇
[𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)]                   R.5.80 

𝑦𝑎 = (
𝐷2

𝐷𝑔 
+

4∙𝐷

3∙𝜑∙(
8∙𝑅∙𝑇

𝜋∙𝑀𝑎
)
1/2)

−1

                    R.5.81 

Where: 

a ranges from 1 to 6. 

𝐷𝑔 –the gas phase diffusivity [m2.s-1]. A gas phase diffusivity of 0.1628·10-4 m2.s-1 for 

reactive gaseous mercury compounds was assumed [207], [242],  

D –representative raindrop diameter [m] -set to 10 µm,  

𝑊𝑇  –the water content in the atmosphere [mwater
3.mair

-3], 

𝜑 –accommodation coefficient -set to 0.1 for all species of reactive mercury [243], 

y –mass transfer coefficient [s-1], 

M –molar mass of individual mercury compounds [kg.mol-1].  

When the aqueous phase is diagnosed the elemental mercury concentration is distributed into 

gaseous (Hg0
(g)) and aqueous (Hg0

(aq)) phases.  

Assuming that the total of Hg0 (in molec.cm-1) present in the atmosphere is in the gaseous 

(Hg0
(g)) (in molec.cm-1) or/and in aqueous (Hg0

(aq)) (in M) phases, the following relationship 

occurs: 

[𝐻𝑔0] = [𝐻𝑔(𝑔)
0 ] + [𝐻𝑔(𝑎𝑞)

0 ]
𝑁𝑎𝑣 ∙𝑊𝑇

103
                   R.5.82 

and Henry’s law for elemental mercury: 

[𝐻𝑔(𝑎𝑞)
0 ] = 𝐻8 ∙

𝑅∙𝑇

𝑁𝑎𝑣
[𝐻𝑔(𝑔)

0 ]                    R.5.83 
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then:  

[𝐻𝑔(𝑔)
0 ] =

1

1+𝐻8 ∙𝑊𝑇 ∙𝑅∙𝑇∙10
−3
[𝐻𝑔0]                   R.5.84 

[𝐻𝑔(𝑎𝑞)
0 ] =

1

𝑁𝑎𝑣
∙

𝐻8 ∙𝑅∙𝑇

1+𝐻8 ∙𝑊𝑇 ∙𝑅∙𝑇∙10
−3
[𝐻𝑔0]                  R.5.85 

In the case when no aqueous phase occurs [𝐻𝑔(𝑔)
0 ] is equal to [𝐻𝑔0].  

 

Concentrations of aqueous and gaseous species are expressed in M and in molec.cm-3, 

respectively. The rates are expressed in M.s-1 or molec.cm-3.s-1. In the model, the units are 

chosen as necessary. No mass transfer from HgII
(aq) to HgO(g) and HgBr(g) was assumed, 

because of the high solubility of HgO(g) and because HgBr(g) mercury has an oxidation state of 

one.  

 

In the case when the aqueous phase does not appear in the next step of a simulation run, 

because the liquid water content is below the given threshold, whole divalent mercury in the 

aqueous phase is equally splint among gaseous compounds i.e. HgOH2(g), HgCl2(g), HgBr2(g), 

HgBrOH(g). 

 

Adsorption/ Desorption 

 

The adsorption (or wider sorption) rates js [M.s-1] of aqueous Hg compounds i.e. HgSO3(aq), 

HgSO2
2-

(aq), Hg(OH)2(aq), HgCl2(aq), HgOHCl(aq), HgOH+
(aq), HgBrOH(aq), HgBr+

(aq), HgBr2(aq), 

HgBr3
-
(aq), HgBr4

2-
(aq) -the sum was named Hgcplx in [kg.mwater

-3 or M], onto black carbon 

aerosol (BC(w)) suspended in atmospheric water is calculated based on the approach described 

in chapter 2.5 [160]: 

𝑗𝑆 = 𝑘𝑠 · [𝐻𝑔𝑐𝑝𝑙𝑥]                     R.5.86 

where: 

𝑘𝑆 =
𝐾𝐸𝐶𝐴 ·[BC(𝑤) ]

𝑡∗·(𝐾𝐸𝐶𝐴 ·[BC(𝑤)]+1)
                               R.5.87 

[BC(𝑤)] –concentration of black carbon suspended in atmospheric water [kg.mwater
-3] which 

equals:  

[BC(𝑤)] =  𝐺1 · [BC(𝑎𝑖𝑟)]                      R.5.88 

[BC(𝑎𝑖𝑟)] –concentration of black carbon in air [kg.mair
-3], 

𝐺1 –equilibrium (Table 5-4),  

𝐾𝐵𝐶𝐴  –absorption coefficient, assumed to be 680·10-9 mwater
3.µgBC

-1 [157], [243], 
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𝑡∗ –time, constant value, assumed to be 3600 s. 

 

[𝐻𝑔𝑐𝑝𝑙𝑥] = [𝐻𝑔𝑆𝑂3(𝑎𝑞)] + [𝐻𝑔(𝑆𝑂3)2
2−
(𝑎𝑞)

]+ [𝐻𝑔𝐶𝑙2(𝑎𝑞)] + [𝐻𝑔𝑂𝐻
+
(𝑎𝑞)

]

+  [𝐻𝑔(𝑂𝐻)2(𝑎𝑞)] + [𝐻𝑔𝑂𝐻𝐶𝑙(𝑎𝑞)]+ [𝐻𝑔𝐵𝑟𝑂𝐻(𝑎𝑞)] 

+ [𝐻𝑔𝐵𝑟+
(𝑎𝑞)

]+ [𝐻𝑔𝐵𝑟2(𝑎𝑞)]+ [𝐻𝑔𝐵𝑟3
−
(𝑎𝑞)

] + [𝐻𝑔𝐵𝑟4
2−
(𝑎𝑞)

]                      R.5.89                

         
Finally, after reorganizng: 

[𝐻𝑔𝑐𝑝𝑙𝑥] = [𝐻𝑔
𝐼𝐼
(𝑎𝑞)

] · [1 − (1 + 𝑔𝑟𝑜𝑢𝑝 𝐴 + 𝑔𝑟𝑜𝑢𝑝 𝐵 + 𝑔𝑟𝑜𝑢𝑝  𝐶 + 𝑔𝑟𝑜𝑢𝑝 𝐷)−1]                 R.5.90 

 

The desorption rate jd [M.s-1] of mercury from BC can be defined as follows: 

𝑗𝑑 = 𝑘𝑑 · [𝐻𝑔𝑝𝑤
]                     R.5.91 

𝑘𝑑 =
1

𝑡∗·(𝐾𝐵𝐶 ·[BC𝑤]+1)
                                          R.5.92 

[𝐻𝑔𝑝𝑤] –concentration of mercury bound to black carbon suspended in atmospheric water 

[kg.mwater
-3 or M]. 

Then, the changes of the concentration of the mercury bound to black carbon suspended in 

atmospheric water is calculated as follows:  

𝑑

𝑑𝑡
[𝐻𝑔𝑝𝑤

] = 𝑗𝑠−𝑗𝑑                      R.5.93 

Keeping in mind that Hgcplx is a part of HgII
(aq) ([HgII

(aq) ]=[Hg2+
(aq)]+[Hgcplx]) the additional 

rates jd and js determine the changes HgII
(aq). Finally the concentration of HgII

(aq) in the model 

is calculated as follows: 

𝑑

𝑑𝑡
[𝐻𝑔𝐼𝐼

(𝑎𝑞)
]= 𝑗

𝑑
−𝑗
𝑠
                       R.5.94 

 

5.3.1 In-cloud scavenging 

In the base model, the in-cloud scavenging was calculated for elemental mercury (Hg0
aq), 

reactive mercury (HgII
(aq)) and particulate-bound heavy metals with the use of a scavenging 

coefficients of 8.4·10-5·I0.79 [244]. However, several other scavenging coefficients presented 

in Table 5-5 were applied to study the impact on mercury deposition and concentration.  

Table 5-5. Scavenging coefficients for in-cloud scavenging [s-1] (based on [245]).    

N. 
Scavenging 

coefficient [s
-1

] 
Remarks 

1 3.5·10
-4

·I
0.78

 Applied for soluble PMs, rain  

2 2.44·10
-4

·I
0.78

 Applied for soluble PMs, snow 

3 8.4·10
-5

·I
0.79

 Applied for PMs, dynamic rain 

4 3.36·10
-4

·I
0.79

 Applied for PMs, convective rain 
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5 8.0·10
-5

·I
0.305

 Applied for PMs, dynamic snow 

6 3.36·10
-4

·I
0.79

 Applied for PMs, convective snow 

7 

1 − exp  (−𝛼𝜏𝑐𝑙𝑑)

𝜏𝑐𝑙𝑑
 

 

Applied for gases and PMs 

8 4.17·10
-7

·I·E·D
-1

 Applied for soluble gases and PMs 

9 4.17·10
-4

·I
0.79

 Applied for soluble PMs 

I –intensity of rain [mm.h
-1

], 

D –representative raindrop diameter [m], 

𝜏𝑐𝑙𝑑  –a cloud timescale (set as 1 hour), 
1

𝛼
= 𝜏𝑤𝑎𝑠ℎ𝑜𝑢𝑡  = 

𝑊𝑇∆𝑍𝑐𝑙𝑑

𝐼
· 3.6 · 106 [s],                                                       R.5.95 

𝑊𝑇  –the total water content [mwater
3
.mair

-3
], 

∆𝑍𝑐𝑙𝑑 –the cloud vertical thickness [m], 

E –collision efficiency.  

 
 

Scavenging coefficients of 4.17·10-7·I·E·D-1 [s-1] depends on the representative raindrop 

diameter, which was proposed to be a function of the rain intensity in several studies (Table 

5-6). As the base reference value, the collision efficiency with raindrops of 0.9 for all forms of 

mercury was applied [211]. Additionally, one simulation was done with a collision efficiency 

of 0.4 [246]. This value was chosen based on studies where the collision efficiency for 

particulate matter from 0.3 to 0.5 was proposed. 

Table 5-6. Representative raindrop diameter [m] [208]. 

N. Representative raindrop diameter [m] 

1 1.238·10
-3

·I
0.182

 

2 7.88·10
-4

·I
0.3

 

3 3.97·10
-4

·I
0.37

 

4 0.9·10
-3

·I
0.21

 leads to 4.17·10
-4

·I
0.79

 if E=0.9 

5 8·10
-4

·I
0.34

 

6 1.3·10
-3

·I
0.14

 

7 7·10
-4

·I
0.25

 

8 1.18·10
-3

·I
0.2

 

9 1.06·10
-3

·I
0.16

 

10 9.7·10
-4

·I
0.158

 

11 1.16·10
-3

·I
0.227

 

 
Modelling of the transport of cadmium and lead 

 

The Polyphemus air quality system was also developed to track the atmospheric dispersion of 

lead and cadmium bound to particulate matter. It is a chemically invert version of the model 

where physical and chemical transformations of particulate matter are not considered. The 

ambient concentrations of lead and cadmium are calculated only with the use of the Polair3D 

transport model. The wet and dry deposition fluxes are modelled in the same way as in case of 

mercury bound to particulate matter.  
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 Simulation setting 6

Simulations were performed for the year 2008 for two domains covering Poland and Europe. 

The main aims of the simulation over Europe were: (i) to prepare boundary conditions for the 

finer domain covering Poland and (ii) to evaluate the results against the measurements 

available through the stations network operated in the context of EMEP [163]. The year 2008 

was chosen because most of the input data e.g. meteorological or emissions as well as the 

mercury measurement data used for the evaluation of the results were available. Moreover, 

the detailed inventory of the Polish power sector was prepared for 2008. The second domain 

was used to analyse the mercury transport over Poland in a more detailed manner. In the past, 

simulations had also been performed with other resolutions for 2005 [201]. Particulate 

mercury, lead and cadmium are distributed among 10 different size sections (between 0.01 to 

10 μm with the following threshold limits : 0.01 - 0.02 - 0.0398 - 0.0794 - 0.1585 - 0.3162 - 

0.6310 - 1.2589 - 2.5119 - 5.0119 - 10).  

6.1 Domains of simulation 

The European domain consisted of 140 x 120 cells with a horizontal resolution of 0.250 x 0.50 

(along latitude and longitude respectively), starting from 36.50N latitude and 12.80W 

longitude with a horizontal resolution of 1.00. The domain over Poland consisted of 80 x 118 

cells, starting from 47.950N latitude and 13.550E longitude with a horizontal resolution of 

0.10 (Figure 6-1). Ten vertical levels were used with the following limits [in meters above 

surface]: 0; 70; 150; 300; 500; 750; 1000; 2000; 3000; 4000; 5000.  

 

Figure 6-1. Domains of simulation and locations of measurement stations of mercury wet deposition 
(red circles), ambient concentration (blue triangles) or both parameters (red-blue squares) operated in 

2008 in the context of [163]. 
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6.2 Input data 

6.2.1 Land use data 

A database from the United States Geological Survey, the Global Land Cover Characteristics 

(version 2.0, Lambert Azimuthal Equal Area, 1km) was used to describe land use coverage 

[247]. This database includes 24 categories of land use coverage with a horizontal resolution 

of 1 km. The land use coverage data were used to: (i) compute the dry deposition velocity of 

mercury species, (ii) and conversion of mercury emission from EMEP grid into mercury 

model grid used in this work.  

6.2.2 Meteorological data 

The meteorological parameters were taken from The European Centre for Medium-Range 

Weather Forecasts (ECMWF) meteorological data for 2008 [248]. The ECMWF data for 2008 

are provided with a horizontal resolution of 0.250 on 54 vertical levels every 3 hours. The 

vertical turbulent transport is represented through a diffusion coefficient computed using the 

parameterization of Troen and Mahrt within the boundary layer and the Louis 

parameterization above it [249], [212]. As an example of metrological parameters of ECMWF 

disaggregated onto the simulation grid precipitation intensity in Europe is presented in Figure 

6-2. 

 

Figure 6-2. Annual precipitation intensity [mm.y
-1

] over Europe due to [248]. 

6.2.3 Boundary and initial concentrations 

The initial concentrations for both domains and boundary concentrations for the European 

domain were set to 0.185 ppt for Hg0
(g)

 and 0.0012 ppt for HgO(g), Hg(OH)2(g), HgCl2(g), HgP. 

At the first level, the concentration equals to approximately 1.5 ng.m-3 for Hg0 and 5 pg.m-3 
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for HgO(g), Hg(OH)2(g), HgCl2(g), HgP. The concentration of 2 ng.m-3 and 0.15 ng.m-3 were set 

to 0 for lead and cadmium, respectively.  The boundary and initial concentrations of HgP, lead 

and cadmium are equally distributed among the 10 size sections. The concentrations of other 

mercury compounds in the gas phase as well as concentrations of mercury compounds in the 

aqueous phase were set to 0. The chosen values were selected on the basis of simulation 

results and measurements of mercury compounds in the air over Europe [10], [224], [250], 

[251]. The modelling results from the simulation run for the European domain were used as 

the input boundary concentrations in the simulation over Poland.  

6.2.4 Concentrations of species that react with mercury 

The ambient concentrations of sulfur dioxide (SO2(g)), hydrogen peroxide (H2O2(g)), ozone 

(O3(g)), peroxyl radical (HO2
•
(g)), hydroxyl radical (•OH(g)), hydrogen chloride (HCl(g)), 

molecular chlorine (Cl2(g)), chlorine radicals (Cl•(g)), bromine oxide radical (BrO•
(g)) bromine 

radical (Br•
(g)), molecular bromine (Br2(g)), hypobromous acid (HOBr(g)), nitrate radical 

(NO3
•
(g)), molecular iodine (I2(g)), molecular fluorine (F2(g)), and black carbon aerosol (ECA) 

are provided to the model in each cell with a 3h time step. It was assumed that, if the 

concentrations of these species have a significant influence for mercury reactions in the 

atmosphere, mercury does not have an impact on the concentrations of these species, due to 

relatively small quantity of these species directly involved in the reactions with mercury. 

The concentrations of SO2(g), H2O2(g), NO3
•
(g), O3(g), HO2

•
(g), 

•OH(g) and black carbon in aerosols 

were generated by a simulation run for 2008 with the Polyphemus/Polair3D air quality model. 

The model was run for both domains (European and over Poland) with time step of 600 s and 

the average results were saved in each cell with a 3h time step. 

 In these simulations, are used: 

1. Anthropogenic emissions of SO2(g), PM2.5(g), PM10, NH3(g), CO(g), NMVOC(g), NOx(g) 

provided by the EMEP for 2008 [87]. 

2. The results for the year 2000 for gaseous species of the global model MOZART as the 

initial concentrations for both domains and boundary concentrations for the European 

domain [193]. 

3. The results of GOCART for the year 2001 for the European domain for boundary 

concentrations of aerosol species [252]. 

4. A nesting approach, the results from a simulation run in the European domain were 

used as the boundary conditions for simulation over Poland. 
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5. Estimated natural emissions of terpenes and isoprenes [253].  

6. Generated natural emission of sea salts [254]. 

7. Emission temporal profiles for SNAP sectors to distribute the annual emissions into 

months, days of the week and hours of the day [255].   

8. Dry deposition velocities generated with a time step of 3 hours based on dedicated 

models and parameters for gaseous and aerosols species [217], [218]. 

The meteorological and land data were generated in the same way as for the simulations 

dedicated to atmospheric heavy metals dispersion. The results of concentrations in ambient air 

of SO2(g), H2O2(g), NO3
•
(g), O3(g), HO2

•
(g), OH•

(g) and black carbon from simulations run are 

presented in chapter 7.3. The concentrations of HCl(g), Cl2(g), BrO•
(g), Br•

(g), Br2(g), HOBr(g),   

Cl-(aq), NO3
•
(g), I2(g), F2(g), Cl•(g) were assumed to be as presented in Table 6-1. 

Table 6-1. Concentration of species which react with mercury 

N. Species Concentration Units References 

1 
HCl(g) 

Linear interpolation from 1.210
10 

at surface level
 
to

 

10
8
 at 10 km altitude 

molec.cm
-3

 [256], [127]  

2 

Cl2(g) 

100 during night over sea at surface level 

50 during night over sea above surface level 

10 during day over sea 

ppt [121] 

3 BrO
•
(g) 0.3 ppt [131] 

4 Br
•
(g) 0.003 ppt [127] 

5 Br2(g) 0.003 ppt [131] 

6 HOBr(g) 1 ppt [131] 

7 Cl
-
(aq) 710

-5
 M [195] 

8 
NO3

•
(g) 

10
8
 during night  

0 during day  
molec.cm

-3
 [15], [257] 

9 I2(g) 20 over sea ppt [137] 

10 F2(g) 1 µg.m
-3

 [138] 

11 Cl
•
(g) 4·10

-4
 ppt [125] 

 
One should bear in mind that the concentrations of those species can vary significantly. This 

is very important in particular over Poland due to relatively still large emissions of pollutants 

into the air. The wide range of concentrations of those species reported in the literature were 

presented in Figure 2-9. For instance the reported atmospheric concentration of Br2(g) differs 

by a factor of four.  

   

6.2.5 Natural emissions 

Data on natural emissions and reemissions of heavy metals provided for 2005 by EMEP were 

used [29], [14]. It was assumed that natural emissions and reemissions of heavy metals do not 

change significantly during the period of 3 years (from 2005 to 2008) and theses data were 

used for a simulation run for 2008. The data provided by EMEP are stored as yearly average 
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emission fluxes with a resolution of 50 km x 50 km covering the whole Europe. For mercury 

EMEP accepted the global results presented in Table 2-2, row 3 [19]. Those emissions are 

distributed over land based on soil temperature and type of land surface: (i) background soil, 

(ii) soil of the geochemical mercuriferous belt, (iii) soil of mercury deposited areas and (iv) 

glacier with no emission of mercury. The emissions over sea water were distributed based on 

the assumption that it is proportional to the emission of organic carbon [258]. The natural 

emissions and reemissions of mercury provided by EMEP are around 15% higher than the 

anthropogenic emissions in the European domain. It has been assumed that all emissions of 

mercury from non-anthropogenic sources were in the form of Hg0
(g). The natural emissions 

are lowest in northern Europe and increase to the south with the increasing temperature 

(Figure 6-3). The natural emissions of lead and cadmium are spatially distributed equally over 

the land and water surfaces. The EMEP model, as input data, uses the assumed flux of natural 

emission of lead of 160 g.km-2.y-1 from sea surface and 220 g.km-2.y-1 from soil, while no 

emissions from the surface covered by snow were implemented. The natural flux of cadmium 

was assumed to be 12 g.km-2.y-1 over soil while it was 8 g.km-2.y-1 over sea surface. No 

emissions from the surface covered by snow were assumed and used in the EMEP model. The 

reemissions of lead and cadmium were calculated based on modelled historical deposition 

loads and measurement data. The obtained numerical results are displayed in Figure 6-3, 

Figure 6-4 and Figure 6-5. It was assumed that natural emission and reemission fluxes of lead 

and cadmium are constant over the period of a year. The amounts of naturally emitted and 

reemitted mercury were split into months of the given year with the assumption that in 

summer months (April -September) the flux is 4 times higher compared to other months. The 

natural emissions and reemissions occur at ground level. 

 

Figure 6-3. Natural emissions and reemissions of mercury over Europe [g.km
-2

.y
-1

], [29], [14]. 
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Figure 6-4. Natural emissions and reemissions of cadmium over Europe [g.km
-2

.y
-1

], [29], [14]. 

 

 
 
 

Figure 6-5. Natural emissions and reemissions of lead over Europe [g.km
-2

.y
-1

], [29], [14]. 

 

 

6.2.6 Anthropogenic emissions, simulations over Europe 

For the simulation over Europe anthropogenic emission data of mercury, cadmium and lead 

provided by the EMEP programme were used [14]. The yearly emission fluxes (total for all 

sectors) are provided by EMEP with a horizontal resolution of approximately 50 km x 50 km 

based on emission data reported by the membership countries. The emission of heavy metals 

stored in a grid 50 km by 50 km were transformed to the simulation domain grids with the use 

of land use coverage (LUC) data with a horizontal resolution of 1 km by 1 km [247]. The 24 

land use coverage categories are grouped into 4 main categories: urban, forest, water and 

others. The emissions from EMEP are distributed into all cells of LUC with the assumption 

that: (i) emissions from water equal 0, (ii) emissions of urban area cells are 16 times higher 

than those from cells with forests and 10 times higher than those from other areas. Finally, 

LUC cells and their emissions are assigned to cells of the simulations domains. 
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Anthropogenic emissions of these heavy metals disaggregated over the simulation domains 

are presented in Figure 6-6, Figure 6-7 and Figure 6-8.  

 

Figure 6-6. Anthropogenic emissions of mercury over Europe in 2008 due to EMEP [g.km
-2

.y
-1

], [14].  

 

Figure 6-7. Anthropogenic emission of cadmium over Europe in 2008 due to EMEP [g.km
-2

.y
-1

], [14]. 

 

Figure 6-8. Anthropogenic emission of lead over Europe in 2008 due to EMEP [g.km
-2

.y
-1

], [14]. 

 

The anthropogenic mercury emissions provided by the EMEP inventory and presented in 

Figure 6-6 were disaggregated into its three main forms: GEM, RGM and HgP with the 

following speciation: 61%, 32%, 7%, respectively [84]. It was assumed that emissions of 



105 
 

reactive gaseous mercury (RGM) are equally distributed into four mercury compounds:  

Hg(OH)2(g), HgBr2(g), HgO(g), HgCl2(g) [29], [237]. Two options for distribution of the aerosol-

bound mercury in ten size sections: (i) equal distribution or (ii) in proportion to the surface 

areas of aerosol size sections. Lead and cadmium were only equally distributed to 10 

particulate matter section. This assumption was made based on measurements of physical 

speciation of heavy metals in inhalable particulate matter conducted in Spain [171]. The mass 

distribution of mercury, cadmium and lead was investigated in 6 size sections of aerosols. The 

mass distribution of heavy metals from measurements and considered in the simulation in PM 

sections are presented in Table 6-2. 

Table 6-2. The mass distribution in PM size sections considered in the model and obtained from 
measurements.   

N. HM PM size sections considered in the model [µm] 

1 
 0.01-

0.02 

0.02-

0.0398 

0.0398-

0.0794 

0.0794-

0.1585 

0.1585-

0.3162 

0.3162-

0.631 

0.631-

1.289 

1.2589-

2.5119 

2.5119-

5.0119 

5.0119-

10 
>10 

2 Mass distribution of particulate-bound heavy metals tracked in simulation runs. 

3 

Hg 

Pb 

Cd 

10% 10% 10% 10% 10% 10% 10% 10% 10% 10% 0% 

4  PM size sections of measured heavy metals content [µm] [171] 

5 
0.00-0.61 

0.61-

1.3 1.3-2.7 2.7-4.9 4.9-10 

 

6 Measured mass distribution of particulate-bound heavy metals in PM sizes  

7 Hg 40% 8% 10% 13% 15% 14% 

8 Pb 66% 9% 5% 4% 8% 8% 

9 Cd 60% 10% 8% 6% 10% 9% 

 

The corresponding distributions of mercury emissions into various forms, compounds and 

aerosol diameters are presented in Table 6-5, column B. In addition, one simulation was run 

with distribution of HgP in proportion to aerosol surfaces (Table 6-5, column B). It was 

assumed that the concentrations of emitted particulate matter (dust) in all considered size 

sections are the same. These emissions were split among the three lowest vertical levels with 

the rates presented in Table 6-3. 

Table 6-3. Emission rates released at different levels [29].   

N. 
Limits of vertical 

levels [m] 

Emission rate [%] 

mercury cadmium lead 

1 0-70 37 40 61 

2 71-150 38 43 28 

3 151-300 25 17 11 

 

The temporal (monthly, weekly and hourly) emissions profiles presented in Table 6-4 were 

calculated based on: (i) EMEP data including emissions from different sectors over Europe 
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[87], (ii) time profiles of activity during a year for different sectors in Europe [255]. 

Emissions for each hour were provided as the product of these profiles. For example for 3:30 

pm, 2th April 2008, the factors for April, Monday and for 4 pm were multiplied. 

Table 6-4. Time profiles of emitted heavy metals in Europe. 

N.  

1 hours 19-6 7-18 

2 Hg factors 0.93 1.07 

3 Cd factors 0.86 1.14 

4 Pb factors 0.87 1.13 

5 days M T W T F S S 

6 Hg factors 1.05 1.06 1.07 1.06 1.06 0.86 0.84 

7 Cd factors 1.04 1.04 1.05 1.04 1.05 0.89 0.89 

8 Pb factors 1.04 1.05 1.05 1.04 1.05 0.88 0.89 

9 months J F M A M J J A S O N D 

10 Hg factors 1.21 1.22 1.15 1.05 0.92 0.87 0.83 0.77 0.83 0.97 1.04 1.14 

11 Cd factors 1.35 1.44 1.38 1.09 0.85 0.77 0.70 0.62 0.68 0.86 1.04 1.22 

12 Pb factors 1.13 1.19 1.19 1.08 0.95 0.92 0.87 0.78 0.83 0.96 1.03 1.09 

 

6.2.7 Anthropogenic emissions, simulation over Poland 

For simulations over Poland, four variants of input sets of anthropogenic mercury emission 

were prepared. 

1.  “Base” –for all sectors (including the Polish power sector) data of anthropogenic 

mercury emissions of EMEP, and time profiles presented in Table 6-6 were used [84], 

[14]. The emissions were further split into forms, compounds and size sections of 

particle with the use of factors presented in Table 6-5 -column B. The horizontal and 

vertical transformation and disaggregation of emission proceeds identically as in the 

case of simulation on the European domain (chapter 6.2.6),. 

2.  “EF2008-fix” -calculated point emission of three forms of mercury emitted by the 

Polish power sector, based on emission factors for 2008 (chapter 5), fixed mercury 

speciation into form, compound and size section, presented in Table 6-5 -column F and 

time profiles from Table 6-8 were applied. 

3. “EF2008” -calculated point emissions of three forms of mercury emitted by the polish 

power sector, based on emission factors for 2008 (chapter 5), the mercury split into 

mercury compound and size sections presented in Table 6-5 -column H and time 

profiles from Table 6-8 were used.  

4. “EF2009” -point emissions of mercury, all forms, plants of Polish power sector, based 

on emission factors for 2009 (chapter 5), the speciation presented in Table 6-5 -column 

H and time profiles from Table 6-8 were also applied.  
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In the case of using point emissions for power sector (EF2008-fix, EF2008, EF2009) the 

EMEP emissions are used for other sectors i.e: (i) non-industrial combustion plants (SNAP 2), 

(ii) combustion in manufacturing industry (SNAP 3), (iii) production processes (SNAP 4), 

waste treatment and disposal (SNAP 9), (iv) petroleum refining plants (SNAP 0103), (v) solid 

fuel transformation plants (SNAP 0104) and (vi) coal mining, oil/gas extraction, pipeline 

compressors (SNAP 0105). The time profiles presented in Table 6-7 and speciation factors for 

mercury form presented in Table 6-5 -column D for these emission were applied. It was 

assumed that the emissions of mercury from sectors beyond the power sector are distributed 

equally into two lowest vertical level of the simulation domain. The horizontal disaggregation 

of these emissions were done in the same way as for the European domain (chapter 6.2.6). 

In conclusion, in the sets “EF2008-fix” and “EF2008”, the emissions from the Polish power 

sector (SNAP 0101 and SNAP 0102) are the same while the speciation into mercury form is 

different. On the other hand “EF2009” is characterized by different emissions of mercury 

from the power sector compared to previous cases.  

In the case of the of different emissions from the power sector than EMEP in emission 

preprocessing program of Polyphemus, two additional steps were added. At the beginning, 

each cell of the EMEP database includes emissions for all sectors, the emissions from the 

Polish power sector included in “EF2008-fix”, “EF2008” and “EF2009” were subtracted. 

Therefore, to further transformation from the EMEP grid to the simulation domain grid, 

disaggregation into forms/compounds of mercury (Table 6-5 -column D) and temporal profiles 

(Table 6-7) are applied only for emissions from all sectors beyond the Polish power sectors. 

Then, the emissions from the power sector of various mercury forms and compounds with 

relevant times profiles are added to individual cells.  

The speciation factors presented in Table 2-8 were calculated based on factors proposed in the 

literature and emission of mercury in Poland from various source categories [84], [53]. In 

emission sets “Base”, “EF2008-fix”, “EF2008” and “EF2009”, the aerosol-bound mercury 

was distributed equally among ten size sections (Table 6-5 -columns B, D, F, H). Additional 

simulation were run with the use of emissions of HgP distributed among ten size sections of 

aerosols in proportion to their surfaces (Table 6-5 -columns C, E, F, I). The emission sets were 

named respectively: “Base-PM”, “EF2008-fix-PM”, “EF2008-PM” and “EF2009-PM”. 

The simulations for lead and cadmium were run with two types of emissions sets. The first 

used only those provided by the EMEP with a resolution of 50 km by 50 km for 2008 for all 

sectors and the emitted cadmium and lead were split into vertical levels as presented in Table 

6-3 and with temporal profiles presented in Table 6-6. The second simulation was run based 
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on (i) prepared amounts of emitted lead and cadmium together with location and height of 

stacks of power sector plants and (ii) emission from the EMEP for other sectors. The time 

profiles presented in Table 6-8 and Table 6-7 were applied respectively. The emissions of 

cadmium and lead were split equally among ten size of aerosols.  

 
 
Table 6-5. Mercury distribution factors according to different forms, compounds and aerosol size 
sections of mercury used in simulation. The speciation in columns B-G –taken from [84].  
N A B C D E F G H I 

1 

Forms, species or 

aerosol section of 

mercury 

All sectors, 

emission of 

EMEP, constant 

speciation, 

domain over 

Poland and 

Europe.  

All sectors in 

except polish 

power sector, 

constant 

speciation, 

domain over 

Poland 

Polish power 

sector EF2008-

fix   

Power sector, 

EF2008 and 

EF2009  

2 Hg
0
 0.60 0.70 0.50 em_Hg

0
 

3 Hg
II
 0.32 0.23 0.40 em_Hg

II
 

4        Hg(OH)2 0.08 0.0575 0.10 0.25·em_Hg
II
 

5        HgBr2 0.08 0.0575 0.10 0.25·em_Hg
II
 

6        HgO 0.08 0.0575 0.10 0.25·em_Hg
II
 

7        HgCl2 0.08 0.0575 0.10 0.25·em_Hg
II
 

8 HgP 0.08 0.05 0.10 em_HgP 

9 
      HgP_0           

size 0.01 - 0.02 μm 

0.008 0.03996 0.005 0.02491 0.01 0.04990 0.1· 

em_HgP 
0.4990· 

em_HgP 

10 
      HgP_1         size 

0.02 –0.0398 μm 

0.008 0.02000 0.005 0.01250 0.01 0.02500 0.1· 

em_HgP 
0.2500· 

em_HgP 

11 
      HgP_2  size 

0.0398 - 0.0794 μm 

0.008 0.01004 0.005 0.00628 0.01 0.01256 0.1· 

em_HgP 
0.1256· 

em_HgP 

12 
      HgP_3  size 

0.0794 –0.1585 μm 

0.008 0.00503 0.005 0.00315 0.01 0.00630 0.1· 

em_HgP 
0.0630· 

em_HgP 

13 
      HgP_4  size 

0.1585 –0.3162 μm 

0.008 0.00252 0.005 0.00158 0.01 0.00316 0.1· 

em_HgP 
0.0316· 

em_HgP 

14 
      HgP_5   size 

0.3162 –0.6310 μm 

0.008 0.00126 0.005 0.00079 0.01 0.00158 0.1· 

em_HgP 
0.0158· 

em_HgP 

15       HgP_6   size 

0.6310 –1.2589 μm 

0.008 0.00063 0.005 0.00040 0.01 0.00080 0.1· 

em_HgP 
0.0080· 

em_HgP 

16       HgP_7   size 

1.2589 –2.5119 μm 

0.008 0.00032 0.005 0.00020 0.01 0.00040 0.1· 

em_HgP 
0.0040· 

em_HgP 

17       HgP_8  size 

2.5119 –5.0119 μm 

0.008 0.00016 0.005 0.00010 0.01 0.00020 0.1· 

em_HgP 
0.0020· 

em_HgP 

18       HgP_9           

size 5.0119 –10 μm 

0.008 0.00008 0.005 0.00005 0.01 0.00010 0.1· 

em_HgP 
0.0010· 

em_HgP 

 
The temporal (monthly, weekly and hourly) emission profiles were generated with the use of 

national emission data of mercury and activity data of different sectors in Poland [53], [255].  

The results are presented in Table 6-6, Table 6-7 and Table 6-8.  

Table 6-6. Time profiles of emitted heavy metals from all sectors in Poland. 
N.  

1 hours 19-6 7-18 

2 Hg factors 0.95 1.05 
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3 Cd factors 0.83 1.17 

4 Pb factors 0.84 1.16 

5 days M T W T F S S 

6 Hg factors 1.05 1.05 1.07 1.07 1.06 0.88 0.83 

7 Cd factors 1.03 1.02 1.02 1.01 1.03 0.94 0.95 

8 Pb factors 1.05 1.05 1.05 1.05 1.05 0.87 0.88 

9 months J F M A M J J A S O N D 

10 Hg factors 1.28 1.27 1.21 1.05 0.88 0.80 0.75 0.75 0.79 0.93 1.09 1.20 

11 Cd factors 1.72 1.90 1.81 1.13 0.67 0.49 0.38 0.35 0.39 0.63 1.07 1.46 

12 Pb factors 1.40 1.49 1.46 1.09 0.82 0.72 0.62 0.59 0.65 0.82 1.07 1.27 

 

Table 6-7. Time profiles of emitted heavy metals from all sectors in Poland except national power 
sector. 
N.  

1 hours 19-6 7-18 

2 Hg factors 0.88 1.12 

3 Cd factors 0.82 1.18 

4 Pb factors 0.83 1.17 

5 days M T W T F S S 

6 Hg factors 1.06 1.05 1.06 1.05 1.06 0.86 0.86 

7 Cd factors 1.03 1.02 1.02 1.01 1.02 0.95 0.96 

8 Pb factors 1.05 1.05 1.05 1.04 1.05 0.87 0.88 

9 months J F M A M J J A S O N D 

10 Hg factors 1.36 1.42 1.39 1.08 0.84 0.74 0.66 0.65 0.69 0.84 1.07 1.25 

11 Cd factors 1.75 1.95 1.86 1.14 0.65 0.47 0.35 0.32 0.36 0.61 1.07 1.48 

12 Pb factors 1.41 1.51 1.47 1.10 0.82 0.71 0.61 0.58 0.64 0.81 1.07 1.27 

 

Table 6-8. Time profiles of emitted heavy metals (Hg, Cd, Pb) from Polish power sector. 

N.  

1 hours All hours 

2 factors 1 

1.07 5 days M T W T F S S 

6 factors 1.04 1.05 1.08 1.08 1.06 0.89 0.80 

9 months J F M A M J J A S O N D 

10 factors 1.21 1.15 1.06 1.03 0.91 0.85 0.82 0.83 0.87 1.00 1.10 1.17 

 

The distribution factors presented in Table 6-5 -columns B or C and time profiles presented in 

Table 6-6 were used also to disaggregate emissions of mercury in neighbouring countries of 

Poland, which are included in the domain of the simulation. The time profiles in Table 6-6 

were also used to disaggregate lead and cadmium in these countries. The EMEP emission data 

of mercury, cadmium and lead in all sectors in 2008 in these countries were used [14]. 

 Results 7

In this chapter are presented the most important results. At the beginning, the generated 

results, which are used as the input data to mercury and other heavy metals model are 

presented and evaluated. From the meteorological results the evaluation of rain intensity is 

presented as this parameter has crucial influence on wet deposition load of heavy metals. The 
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dry deposition velocity for mercury forms is presented and discussed in reference to other 

research conducted in this area. Afterwards, the obtained results of the ambient concentrations 

of species that react with mercury are presented and evaluated against observations. Finally, 

the evaluation for mercury, lead and cadmium results is carried out. For this evaluation, the 

observations from the EMEP network were used. The EMEP stations measure mainly the 

background concentrations and deposition of pollutants. This means that the impact of local 

sources on the measured values is minimized, mainly thanks to site locations far away from 

urban and industry areas with strong emission sources. In the evaluations, the average values 

of observed and model results, Pearson product-moment correlation coefficient (correlation) 

and root mean square error (RMSE) are calculated and presented. The evaluation of modelled 

results is presented for the European domain because this domain covers the locations of 

many European observation sites. In the domain over Poland, fewer stations are located.  

The Pearson product-moment correlation coefficient is defined as follows: 

correlation =
∑ (𝑜𝑖−𝑜)(𝑠𝑖−𝑠)
𝑛
𝑖=1

√∑ (𝑜𝑖−𝑜)
2𝑛

𝑖=1 √ ∑ (𝑠𝑖−𝑠)
2𝑛

𝑖=1    

                                               R.7.1 

and the root mean square error (RMSE) is calculated with the following relationship  

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑜𝑖 − 𝑠𝑖)

2𝑛
𝑖=1                                            R.7.2 

o –observation results value,  

s –simulation results value,  

𝑜 –mean from observation results, 

𝑠 –mean from observation results, 

n –numbers of pairs of results (observation and simulation).  

 

The evaluated models were used to run 150 simulations, which allowed one to obtain various 

results. These results are presented and discussed in this chapter as well. The selected results 

are dedicated mainly to: spatial distribution over Europe, sensitivity analyses, contribution of 

various sources to deposition in Poland, and the impact of the polish power sector. All results 

are for 2008.  

In this thesis, only the evaluation of the modelled results for the European domain 

measurements is presented despite the fact that the evaluation of the results was also the 

conducted over Polish domain. In this work, the modelled results from the domains over 
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Europe and Poland and their evaluations for particular stations are quite similar and relatively 

small differences have been noticed. The cause for the observed differences in the modelled 

results from Eulerian models run which the use of various domains and modelling resolutions 

is very complex and may results from several main factors, such as the issue of 

representativeness [259]. Therefore the discussion and comparison of results from various 

domain sizes and resolutions was omitted here because this was not the aim of this thesis. 

7.1 Evaluation of intensity of precipitation 

The monthly rain intensity data provided by the ECMWF and processed by Polyphemus 

meteorological pre-processing program were compared against measurements conducted at 

the EMEP stations [248], [163]. The corresponding results are presented in Table 7-1. In this 

table, the results are presented for stations where mercury wet deposition was observed and 

aggregated results for all 53 stations operated in 2008 for EMEP and located within the 

European domain are also presented.  

Table 7-1. Evaluation of monthly results of intensity of precipitation [mm] from the meteorological 
pre-processing run over the European domain with the use of ECMWF database and measurements of 
in stations of EMEP [248], [163].  

N. 
Stations 

code 

Number of 

month with 

valid 

observations  

Annual intensity 

of precipitation 

in EMEP stations 

[mm.year
-1

] 

Annual intensity 

of precipitation 

used the in 

model  

[mm.year
-1

] 

Correlation 

coefficient  

RMSE 

[mm.month
-1

] 

1 BE14 12 586 1036 0.81 42 

2 DE01 12 838 1156 0.96 33 

3 DE02 12 658 768 0.87 18 

4 DE03 12 1611 1332 0.77 36 

5 DE08 12 1119 978 0.34 41 

6 DE09 12 533 740 0.67 25 

7 ES08 11 1453 1469 0.91 95 

8 FI36 12 320 798 0.93 42 

9 GB13 12 1227 1303 0.71 32 

10 GB17 9 471 626 0.59 29 

11 GB48 12 919 1152 0.79 35 

12 GB91 12 613 986 0.29 51 

13 LV10 12 939 1108 0.96 20 

14 LV16 12 824 960 0.82 21 

15 NL91 12 771 1119 0.91 34 

16 NO01 12 1797 1660 0.95 36 

17 PL04 12 674 858 0.89 21 

18 PL05 12 592 805 0.54 28 

19 SE14 12 718 1228 0.81 54 

20 SI08 12 1159 1125 0.71 41 

21 All 625 41948 53388 0.79 36 

All–results for all observations from 53 stations located inside European domain, where precipitation intensity 

was measured together with heavy metals concentrations in precipitation.  
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Figure 7-1. The monthly intensity of precipitation [mm] from the meteorological pre-processing run 
over the European domain with the use of ECMWF database and measurements at the EMEP stations 

located in Poland PL04 –Łeba and PL05 –Diabla Góra.  

 

 
The annual amounts of precipitation intensity used in the model are 27% higher than at the 

EMEP stations observed. The average annual precipitation intensity observed at EMEP 

stations and extracted from ECMWF are 806 mm.y-1 and 1025 mm.y-1, respectively.   

At the same stations i.e. BE14, FI36 the observed preparation rates are two times lower than 

in the EMCWF database. Generally, the stations located near the sea measured higher 

precipitation intensity compared to stations within the main land. However, the PL05 station 

located in Łeba has a relatively low precipitation intensity. In Poland, in 2008 the highest of 

precipitation rates were observed in March and in August. The monthly results from the 

EMEP and EMCWF are highly correlated.  

 

7.2 Dry deposition velocity for mercury species 

 
With the use of a pre-processing program the dry deposition velocity fields were generated 

and were used to calculate the dry deposition flux of mercury. The generated yearly average 

values of dry deposition velocities for gaseous elemental mercury (GEM) and reactive 

gaseous mercury (RGM) from all cells in the European domain for meteorological parameters 

recorded every 3 hours for different land types are presented in Figure 7-2. The average dry 

deposition velocity of these forms in simulation domain are presented in Figure 7-3 and 

Figure 7-4. The monthly average dry deposition velocity of GEM and RGM in cell where 

Krakow is located is presented in Figure 7-5. 
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Figure 7-2. The average dry deposition velocity of RGM (blue, left axis) and GEM (red, right axis) for 

different land types over Europe [cm.s
-1

]. 

 

  

Figure 7-3. Annual average dry deposition 

velocity of GEM [cm.s
-1

]. 

Figure 7-4. Annual average dry deposition 

velocity of RGM [cm.s
-1

]. 

 
The dry deposition velocity of RGM is around 12 times higher compared to GEM (Figure 

7-2). The presented results are consistent with the measurements conducted in many places of 
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the world [176]. Over the urban and bare soil areas, the dry deposition velocity is low for both 

RGM and GEM. This is contrary to the modelling results with the use of resistance model for 

typical daytime condition (wind 6m.s-1 at 10 m), which showed a relatively high dry 

deposition velocity for urban area [176]. Generally, the obtained results are higher than 

assumed in the CTM-Hg model and were calculated in MSCE-HM-Hem model. In the CTM-

Hg dry deposition velocities of 0.25 cm.s-1 for RGM and 0.01 cm.s-1 over land for GEM were 

assumed, while in MSCE-HM-Hem a dry velocity of GEM from 0 to 0.03 cm.s-1 was 

calculated. The large differences in value of dry deposition velocity are observed between 

land and water surfaces (Figure 7-3). The low dry deposition velocity over water is caused by 

low solubility of GEM.   

 

 
 

 

Figure 7-5. The monthly average dry deposition velocity of RGM (blue, left axis) and GEM (red, right 
axis) in modelling cell where Kraków is located [cm.s

-1
]. 

 
 
The generated dry deposition velocity of GEM is highest in summer, while in the winter it is 

approximately 50% lower. For RGM, this parameter is characterized by relatively lower 

yearly variation, but the highest value is observed during spring and autumn, as presented in 

Figure 7-5.  

 
 

7.3 Results and evaluation of concentrations of species that react with mercury  

 
The concentrations of sulphur dioxide (SO2(g)), ozone (O3(g)), hydrogen peroxide (H2O2(g)), 

nitrate radical (NO3
•
(g)), peroxyl radical (HO2

•
(g)), hydroxyl radical (•OH(g)), and black carbon 

0.0

0.2

0.4

0.6

0.8

1.0

0.00

0.02

0.04

0.06

0.08

0.10

J F M A M J J A S O N D

RGM 
 
 

 
 
 

cm.s -1 

GEM 
 
 

 
 
 

cm.s -1 



115 
 

aerosol (BC) are presented in Figure 7-6 -Figure 7-31. The maps of the concentration are 

presented for a domain over Poland, while the time profiles of concentrations in cells where 

selected stations of EMEP are located and concentrations in 10 vertical levels are the results 

of simulations run over the European domain. It should be noted that the concentrations at 10 

levels are given in µg.m-3 and the changes of atmospheric pressure and density of air affect 

the presented quantitative results. The maps from the European domain are not presented 

because similar results for Europe are frequently presented in scientific reports and articles i.e. 

EMEP. On the other hand the maps that show the detailed modelled concentrations of 

compounds as hydrogen peroxide (H2O2(g)), peroxyl radical (HO2
•
(g)), hydroxyl radical 

(•OH(g)) over Poland have not been presented yet and are, therefore, of interest. The nitrate 

radical (NO3
•
(g)) was presented for the European domain because it was modelled and then 

used only in this domain. The nesting approach was applied –the results in the European 

domain were used as the boundary condition for the domain over Poland. The evaluation of 

modelling results of SO2(g) and O3(g) against observations at EMEP stations was also presented 

in Table 7-2, Table 7-3 and Table 7-4. In these tables, the detailed results are presented for 

stations where mercury air concentration or wet deposition was measured in 2008 and at all 

stations located in Poland. The presented results were shortly discussed, but it should be noted 

that the atmospheric behaviour of the considered species is complex and only some possible 

mechanisms and explanations are presented without going into details.  

 
 

 

 
Figure 7-6. Annual average 

concentrations of SO2(g) [µg.m
-3

] in 
the surface. 

Figure 7-7. Monthly average modelled concentrations 
of SO2 [µg.m

-3
] in the surface at selected stations.  
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Figure 7-8. Annual average concentrations of SO2(g) [µg.m
-3

] at vertical 10 levels according to the 
vertical split of simulation domain e.g. level 1 –the lowest, surface level from 0 to 70 m above ground, 

level 10 –the highest from 3000 to 5000 m above ground. 

 

The highest concentration of SO2(g) occurs over southern Poland where the most of the Polish 

power plants are located (Figure 7-6). In Poland, more than half of sulphur dioxide is emitted 

from the power sector (SNAP 01), whereas a quarter of sulphur dioxide is emitted from coal 

combustion in the residential sector (SNAP 02). The emissions from this sector occurs mainly 

during the winter season, which may explain the highest SO2(g) concentration in winter in 

cells where station PL05 is located (Figure 7-7). As presented in Figure 7-9, the highest 

ambient concentration is observed near the surface and decreases significantly with altitude.  

 

 

 
Figure 7-10. Annual average 

concentrations of O3(g) [µg.m
-3

] at the 
surface. 

 

Figure 7-11. Monthly average concentrations of O3(g) 

[µg.m
-3

] at the surface at selected stations.  
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Figure 7-12. Annual average concentrations of O3(g) [µg.m
-3

] at 10 vertical levels. 

 
The ambient concentrations of ozone presented in Figure 7-10 is highest over the sea because 

of low dry deposition velocity over water surfaces, which is shown in Figure 4-4. The results 

presented in Figure 7-11 and Figure 7-12 show that the concentrations of ozone over land in 

Europe is relatively of the same magnitude, and the differences in annual modelled 

concentration in various location do not exceed 20%. The maximal modelled concentration is 

noticed in levels 6 -8, i.e. 750 -3000 meters above surface. At most of the stations, the lower 

concentration occurs during the winter season. It results from lower solar radiation in the 

northern hemisphere during winter. 

 
 

 

 
Figure 7-13. Annual average 

concentrations of H2O2(g) [µg.m
-3

] at 

the surface. 

Figure 7-14. Monthly average concentrations of H2O2(g) 

[µg.m
-3

] at the surface at selected stations.  

 

 
Figure 7-15. Annual average concentrations of H2O2(g) [µg.m

-3
] in hours of day at the surface level. 
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Figure 7-16. Annual average concentrations of H2O2(g) [µg.m

-3
] at 10 vertical levels.  

 
 
The ambient concentrations of hydrogen peroxide show large spatial and seasonal variations 

(Figure 7-13 and Figure 7-14). The lower concentrations are noticed over sea and during the 

winter. Over land, the H2O2(g) concentrations are 30-50% higher compared to concentrations 

over sea. During the summer, the H2O2(g) concentration is 15 times higher than in winter. 

Vertical variations are not very large, however the clear maximum is visible in Figure 7-16 

at level 7 ranging in altitudes from 1000 to 2000 meters. The results presented in Figure 7-15 

show that the day and night time mechanisms of atmospheric production and consumption 

of H2O2(g) are similarly efficient, because no high daily variation in H2O2(g) ambient 

concentrations at the surface level are observed. 

 

 

 
 

Figure 7-17. Annual average 

concentrations of NO3
•
(g) [µg.m

-3
] in the 

surface level. 

Figure 7-18. Monthly average concentrations of NO3
•
(g) 

[µg.m
-3

] at the surface level at selected stations. 
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Figure 7-19. Annual average concentrations of NO3

•
(g) [µg.m

-3
] in hours of day at the surface.  

 

 
Figure 7-20. Annual average concentrations of NO3

•
(g) [µg.m

-3
] at 10 vertical levels. 

 
 

The ambient concentration of nitrate radical is higher over the sea as shown in Figure 7-17 

and Figure 7-18. The reason for this is that there are higher ozone concentrations over the sea 

and ozone is involved in the production reaction of NO3
•
(g). The concentration of NO3

•
(g) 

during the day quickly disappears due to photolysis, which was reported in previous articles 

where the reaction of NO3
•
(g)

 with mercury was discussed [15]. The concentrations of NO3
•
(g) 

increase with altitude up to approximately 500 meters and then decrease.  

 

 
Figure 7-21. Annual average 
concentrations of HO2

•
(g) [ng.m

-3
] at 

the surface. 

Figure 7-22. Monthly average concentrations of HO2
•
(g) 

[µg.m
-3

] at the surface at selected stations. 
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Figure 7-23. Annual average concentrations of HO2

•
(g) [µg.m

-3
] at vertical 10 levels. 

 
The average yearly ambient concentration of peroxyl radical ranges from 3.0 ng.m-3 over the 

west and south of Poland to 5.0 ng.m-3 over north-east parts (Figure 7-21). The highest values 

were noticed in summer because the peroxyl radical is produced in various photochemical 

reactions (Figure 7-22). The vertical changes of ambient concentrations are diverse for 

various location (Figure 7-23).  

 

 

 

 

Figure 7-24. Annual average 

concentrations of 
•
OH(g) [pg.m

-3
] at the 

surface level. 

 

Figure 7-25. Monthly average concentrations of 
•
OH(g) 

[µg.m
-3

] in 2008 at the surface at selected stations.  

 

 

Figure 7-26. Annual average concentrations of 
•
OH(g) [µg.m

-3
] in hours of day at the surface. 
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Figure 7-27. Annual average concentrations of 
•
OH(g) [µg.m

-3
] at vertical 10 levels. 

 

 
The hydroxyl radical is produced in photochemical reactions, therefore, the maximum of 

generation appears in summer and during the day (Figure 7-25 and Figure 7-26). The 

maximum concentrations occur in the levels 2 -5 from 70 to 750 meters above ground. Over 

Poland, the concentrations of hydroxyl radical are inversely proportional to concentration of 

peroxyl radical as are presented in Figure 7-21 and Figure 7-24. In the atmosphere, there are 

many reactions that lead to the production of peroxyl radical from hydroxyl radical and vice-

versa [95]. The results presented in Figure 7-21 and Figure 7-24 lead to the conclusion that 

the production hydroxyl radical from peroxyl radical is very slight, over Poland. Despite the 

increase of the ambient concentration of peroxyl radical the concentration of hydroxyl radical 

decreases. The average yearly ambient concentration of hydroxyl radicals is relatively low 

and reaches tens of picograms per cubic meter of air.  

 

 

 
Figure 7-28. Annual average 
concentrations of black carbon   
[µg.m

-3
] at the surface. 

Figure 7-29. Monthly average concentrations of black 

carbon [µg.m
-3

] at the surface at selected stations.  
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Figure 7-30. The share of different size section in total concentration of black carbon [µg.m

-3
] in all 

cells at the surface. BC_0, BC_1, BC_2, BC_3, BC_1 , BC_1 , BC_1 , BC_1 are black carbon particle 
size sections with the following threshold limits [in μm] 0.01 - 0.02 - 0.0398 - 0.0794 - 0.1585 - 

0.3162 - 0.6310 - 1.2589 - 2.5119 - 5.0119 -10, respectively.  

 

 

 
Figure 7-31. Annual average concentrations of

 
black carbon [µg.m

-3
] at 10 vertical levels. 

 

The results presented in Figure 7-28 show that the most polluted area of Poland by black 

carbon is Silesia. The ambient concentration of black carbon does not vary significantly as it 

is presented in Figure 7-29. The ambient concentrations of black carbon decrease together 

with altitude (Figure 7-31). The main share in overall concentrations correspond to particulate 

matter with representative diameters from 0.1585 μm to 2.5119 μm.  

 

Table 7-2. Evaluation of results of O3(g) concentrations from simulation run over the European domain 
at the surface against measurements of EMEP [163]. The concentrations were measured with time step 
of 1 hour.   

N. 
Stations 

code 

Share of valid 

observations 

Average annual  

observed 

concentration 

[µg.m
-3

] 

Average annual  

modelled 

concentration 

[µg.m
-3

] 

RMSE 

[µg.m
-3

] 

Correlation 

coefficient 

1 CZ03 0.985 62.0 60.4 19.1 0.72 

2 DE02 0.952 52.7 56.9 22.5 0.78 

3 DE03 0.958 79.1 59.2 27.7 0.48 

4 DE08 0.956 68.2 59.2 23.5 0.62 

5 DE09 0.948 54.8 59.9 18.2 0.75 
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6 ES08 0.989 69.0 68.1 16.3 0.47 

7 GB13 0.887 60.9 67.8 16.7 0.61 

8 GB48 0.977 60.4 62.3 14.9 0.68 

9 LV10 0.810 55.4 61.9 23.5 0.51 

10 LV16 0.800 52.9 58.9 18.9 0.45 

11 NL91 0.845 47.9 50.9 19.6 0.73 

12 PL02 0.991 52.4 58.0 19.7 0.68 

13 PL03 0.964 83.2 61.6 29.6 0.63 

14 PL04 1.000 62.7 63.6 19.7 0.68 

15 PL05 0.992 54.0 59.1 21.9 0.60 

16 SE14 0.996 61.7 61.2 17.2 0.63 

17 All 0.951 62.9 62.5 22.3 0.59 

All–results for all observations from 113 stations located inside the European domain, where O3(g) concentrations 

were measured and the share of valid results exceeded 75%. 

 

In general, the observed and modelled yearly average of ambient concentrations of ozone are 

similar (Table 7-2). However, at station PL03 located in Śnieżka the modelled concentration 

is lower approx. 20 µg.m-3. The high measured concentration of ozone probably results from 

the location of the station at 1603 meters above sea level. The correlation coefficients are 

higher than 0.6 at 12 stations where mercury concentration or deposition was also observed in 

2008. For all 113 stations correlation coefficients are equal 0.59.  

 

Table 7-3. Evaluation of results of sulphur dioxide concentrations from simulation run over the 
European domain at the surface against measurements of EMEP [163]. The concentrations were 
measured with time step of 1 hour.   

N. 
Stations 

code 

Share of valid 

observations 

Average annual  

observed 

concentration 

[µg.m
-3

] 

Average annual  

modelled 

concentration 

[µg.m
-3

] 

RMSE 

[µg.m
-3

] 

Correlation 

coefficient 

1 CZ03 1.000 1.15 1.25 1.13 0.22 

6 ES08 0.993 0.79 0.78 1.13 0.30 

11 NL91 0.750 1.07 4.05 3.67 0.23 

17 All 0.965 0.82 1.11 1.62 0.23 

All–results for all observations from 19 stations located inside the European domain, where SO2(g) concentrations 

were measured and the share of valid results exceeded 75%. 

Table 7-4. Evaluation of results of sulphur dioxide concentration from simulation run over the 
European domain at the surface against measurements of EMEP [163]. The concentrations were 
provided with time step of 1 day.   

N. 
Stations 

code 

Share of valid 

observations 

Average annual  

observed 

concentration 

[µg.m
-3

] 

Average annual  

modelled 

concentration 

[µg.m
-3

] 

RMSE 

[µg.m
-3

] 

Correlation 

coefficient 

2 DE02 0.651 0.44 1.31 1.04 0.44 

3 DE03 0.676 0.20 1.11 1.11 0.04 

4 DE08 1.000 0.54 1.05 0.72 0.40 

5 DE09 0.648 0.50 1.46 1.16 0.46 

9 LV10 1.000 0.40 0.70 0.63 0.39 

10 LV16 1.000 0.29 0.34 0.35 0.31 

12 PL02 0.986 1.75 3.08 1.89 0.38 
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13 PL03 0.997 1.06 4.79 5.53 0.01 

14 PL04 0.989 1.03 1.25 0.84 0.53 

15 PL05 0.986 0.58 1.29 1.07 0.51 

16 SE14 0.981 0.32 2.78 2.81 0.98 

17 All 0.960 0.49 1.30 1.74 0.34 

All–results for all observations from 25 stations located inside he European domain, where SO2(g) concentrations 

were measured and the share of valid results exceeded 75%. 

 

 

The modeled results of SO2(g) are in general overestimated by 2.5 times compared to 

observations. Moreover, the correlation coefficient is low. In case of evaluation against 1 hour 

observation it is equal to 0.23 and for 1 day observation it is 0.34. The performed results of 

O3(g) and SO2(g) evaluations agree with previous evaluation which had been done for the 

European simulation with the use of Polyphemus air quality system [203], [204]. The 

averages results and the correlation coefficient for O3(g) are very satisfactory, while the 

modelled SO2(g) is overestimated and the correlation coefficients are around 0.3.  

 

7.4 Evaluation of mercury concentrations and deposition 

The mercury dispersion models are usually evaluated against measurements of concentrations 

in ambient air and wet deposition (e.g. [183]). Due to the lack of separate measurements of 

the atmospheric concentrations of reactive gaseous mercury at the EMEP station, the 

concentration of mercury is dominated by a high concentration of elemental gaseous mercury, 

which is up to a dozen times higher than the concentration of its other forms. The relatively 

long residence time of GEM in the atmosphere makes it rather evenly distributed in the global 

atmosphere. Therefore, the modelled concentration of elemental gaseous mercury does not 

provide too much information on the scientific correctness of the applied model. However, 

elemental gaseous mercury is poorly removed in scavenging processes, therefore mercury 

measured in precipitation depends mostly on concentrations of reactive gaseous mercury and 

mercury bound to aerosols in ambient air. These forms are dispersed in the atmosphere locally 

and their deposition pattern strongly depends on local sources and chemistry of mercury in the 

atmosphere.  

The results of the model comparison against measurements for wet mercury deposition are 

presented in Figure 7-32 and in Table 7-5. To mitigate the influence of the amount of 

precipitation, the modelling results named “rain corrected” were multiplied by the ratio of 

precipitation measured at EMEP stations and precipitation from meteorological input data 

presented in Table 7-1. In Table 7-5 and in Figure 7-33 -Figure 7-51 evaluation results from 
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the model run over Europe are presented. Evaluation at stations PL05 of the results from 

simulation run over Poland is presented in Table 7-7 [87]. The correlation coefficients of 

monthly precipitation intensity and wet deposition mercury fluxes for both observations and 

modelled results are presented in Table 7-6. The graphical distribution of the monthly 

modelled results of precipitation intensity and amount of mercury wet deposited is presented 

in Figure 7-32. 

 

 
 

Figure 7-32. The annual modeled (model) and observed (observation) amounts of mercury wet 

deposition at the stations of EMEP.  

 
Table 7-5. The evaluation of monthly results from the model run over Europe against measurements 
for mercury wet deposition [µg.m

-2
.year

-1
]. At all stations, the observations were provided for the 

whole except stations ES08, FI36, GB17 and SI08 where mercury wet deposition were observed in 11, 
10, 6 and 7 months, respectively.  

N. 
Stations 

code 

Observed  

annual wet 

deposition  

[µg.m
-2 

.year
-1

] 

Model  Model –“rain corrected” 

Annual 

wet 

deposition 

[µg.m
-2 

.year
-1

] 

Correlation 

coefficient  

 

RMSE 

[µg.m
-2 

.month
-1

] 

Annual 

wet 

deposition 

[µg.m
-2 

.year
-1

] 

Correlation 

coefficient  

 

RMSE 

[µg.m
-2 

.month
-1

] 

1 BE14 6.64 10.53 0.70 0.57 5.85 0.57 0.54 

2 DE01 5.37 10.96 0.55 0.61 8.11 0.60 0.38 

3 DE02 6.17 8.21 0.50 0.36 7.21 0.54 0.31 

4 DE03 12.85 12.87 0.23 0.59 15.55 0.26 0.64 

5 DE08 10.28 9.65 0.23 0.46 12.44 0.31 0.54 
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6 DE09 3.69 8.13 0.36 0.42 5.93 0.68 0.27 

7 ES08 6.09 15.53 0.57 1.02 11.95 0.58 0.74 

8 FI36 2.40 5.53 0.82 0.31 1.99 0.94 0.14 

9 GB13 7.36 11.52 0.11 0.61 9.50 -0.03 0.56 

10 GB17 1.75 3.75 -0.05 0.46 4.03 0.66 0.71 

11 GB48 4.06 10.29 0.56 0.65 8.20 0.34 0.45 

12 GB91 3.14 8.82 0.50 0.60 6.09 0.49 0.35 

13 LV10 24.42 13.51 0.79 1.39 11.33 0.91 1.47 

14 LV16 18.02 10.09 0.50 1.02 8.74 0.50 1.09 

15 NL91 8.93 13.52 0.48 0.59 10.21 0.41 0.48 

16 NO01 11.00 17.34 0.36 0.81 18.97 0.26 1.09 

17 PL05 29.94 9.53 0.41 2.07 7.73 0.32 2.21 

18 SE14 6.20 12.75 0.08 0.78 7.09 0.47 0.28 

19 SI08 4.53 10.00 0.78 0.85 7.88 0.71 0.69 

20 All 172.85 202.54 0.30 0.86 168.81 0.34 0.85 

 

 

At 15 stations, the modelled results are overestimated (Figure 7-32). Only at 3 stations located 

in Poland and Latvia, the modelled results are lower than measured fluxes of wet deposited 

mercury. It should be underlined that for 11 stations the differences between observed and 

modelled annual wet deposition fluxes do not exceed 50% of the observed annual amounts. 

The station located in Poland reported the highest annual wet deposition of mercury of 30 

µg.m-2 (Table 7-5). Generally, when the influence of the amount of precipitation is mitigated, 

the statistical indicators are not improved significantly. The correlation coefficient for all 

results increase from 0.30 to 0.34 and RMSE decreases only by 0.01 µg.m-2.month-1. The 

annual wet deposition flux at in all stations decreased from 203 to 169 µg.m-2. At 10 stations 

the correlation coefficients were above 0.5.   

 

 

  

Figure 7-33. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station BE14 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

Figure 7-34. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station DE04 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 
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Figure 7-35. The comparison of results from the 
model run (M –model, M-CR –model “rain 
corrected”) over Europe against measurements 
(O) at station BE14 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

Figure 7-36. The comparison of results from 
the model run (M –model, M-CR –model “rain 
corrected”) over Europe against measurements 
(O) at station DE04 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

  

Figure 7-37. The comparison of results from the 
model run (M –model, M-CR –model “rain 
corrected”) over Europe against measurements 
(O) at station DE08 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

Figure 7-38. The comparison of results from 
the model run (M –model, M-CR –model “rain 
corrected”) over Europe against measurements 
(O) at station DE09 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

  

Figure 7-39. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station ES08 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

Figure 7-40. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station FI36 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 
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Figure 7-41. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station GB13 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

Figure 7-42. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station GB17 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

  

Figure 7-43. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station GB48 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

Figure 7-44. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station GB48 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

  

Figure 7-45. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station LV10 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

Figure 7-46. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station LV16 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 
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Figure 7-47. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station NL91 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

Figure 7-48. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station NO01 for mercury wet 
deposition [µg.m

-2
.month

-1
]. 

  

Figure 7-49. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station PL05 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

Figure 7-50. The comparison of results from 
the model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station DE04 for mercury wet deposition  
[µg.m

-2
.month

-1
]. 

 

 

Figure 7-51. The comparison of results from the 
model run (M –model, M-CR –“model rain 
corrected”) over Europe against measurements 
(O) at station SI08 for mercury wet deposition 
[µg.m

-2
.month

-1
]. 

 

The monthly amounts of wet deposited mercury measured at EMEP stations often change 

strongly from month to month e.g. at station BE14 presented in Figure 7-33. At this stations 
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the observed mercury wet flux was 20 times higher in March than in February and April. The 

precipitation intensity was 5.5 times and the concentration of mercury in precipitation was 3.7 

times higher in March compared to February and April 2008. According to the observation 

and modeled data, the highest wet deposition of mercury was in August and the lowest in 

February. The maximum of monthly wet deposition of mercury of 5.88 µg.m-2 was observed 

at a station located in Poland (PL05) in January (Figure 7-49). The modeled maximum 

monthly wet deposition of 2.97 µg.m-2 was obtained at station NO01 in January (Figure 7-48).  

 

Table 7-6. Correlation coefficient between monthly results of precipitation intensity and mercury wet 
deposition 

N. 
Station 

code 

Measured both: 

precipitation 

intensity and wet 

deposition load 

Modelled both: 

precipitation 

intensity and wet 

deposition load 

1 BE14 0.55 0.97 

2 DE01 0.70 0.95 

3 DE02 0.63 0.95 

4 DE03 0.56 0.89 

5 DE08 0.60 0.84 

6 DE09 0.75 0.68 

7 ES08 0.54 0.77 

8 FI36 0.96 0.89 

9 GB13 -0.03 0.92 

10 GB17 0.60 0.92 

11 GB48 0.48 0.94 

12 GB91 0.58 0.97 

13 LV10 0.95 0.92 

14 LV16 0.79 0.75 

15 NL91 0.65 0.93 

16 NO01 0.48 0.86 

17 PL05 0.11 0.72 

18 SE14 0.61 0.92 

19 SI08 0.85 0.83 

 

At most of the stations, there is some correlation between the monthly precipitation rate and 

the wet deposition load for measurements. The correlation coefficient is above 0.6 at 11 

stations. There is strong correlation between modelled results. At 17 stations, the correlation 

coefficient is above 0.8. A significant correlation between the wet deposition flux of mercury 

and the amount of precipitation was reported at sites in North America and in Japan [159]. 

Thus, most of the variance in mercury wet deposition is explained by the amount of 

precipitation, whereas the remaining variance is probably caused by the local and regional 

sources of RGM and HgP and also by other meteorological conditions. The lowest correlation 

coefficient of 0.75 is in the cell where the PL05 station is located. Therefore, at this location 

the impact of the local sources of RGM and HgP may be the highest.  
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Table 7-7. The evaluation of results from the model run over Poland against measurements for 
mercury monthly wet deposition at PL05 station [µg.m

-2
.year

-1
]. Observed annual wet deposition is 30 

[µg.m
-2

.year
-1

]. The emission option description are in chapter 6.2.7. 

N. Emission option  

Model  Model –“rain corrected” 

Annual wet 

deposition 

[µg.m
-2 

.year
-1

] 

Correlation 

coefficient  

RMSE 

[µg.m
-2 

.month
-1

] 

Annual wet 

deposition 

[µg.m
-2 

.year
-1

] 

Correlation 

coefficient  

RMSE 

[µg.m
-2 

.month
-1

] 

1 Base  9.60 0.28 2.09 7.80 0.22 2.22 

2 EF2008-fix 10.26 0.34 2.03 8.31 0.27 2.18 

3 EF2008 10.19 0.33 2.04 8.26 0.27 2.18 

4 EF2009 9.88 0.32 2.06 8.01 0.25 2.20 

5 EF2009-PM 9.72 0.30 2.21 7.89 0.24 2.21 

 

The impact of the amounts, speciation and location of mercury emitted into the atmosphere 

has an influence on the load of wet deposited mercury. However, due to the location of the 

PL05 station in Diabla Góra in the north-western part of Poland, far away from the main 

power plants, this impact is not very significant (Table 7-7). Compared to the results 

presented in Table 7-5 for station PL05, the simulation with higher spatial resolution with 

detailed data did not improved the statistical indexes.   

Table 7-8. The evaluation of results from the model run over Europe against measurements for 
mercury ambient air concentration [µg.m

-2
.year

-1
] 

N. 
Stations 

code 

Average 

modelled 

concentration 

[ng.m
-3

] 

Average 

observed 

concentration 

[ng.m
-3

] 

Share of 

valid 

observation 

RMSE 

[ng.m
-3

] 

Correlation 

coefficient 

Provided 

observation 

(average) 

1 BE14 1.34 1.84 1.00 0.88 -0.05 daily  

2 CZ03 1.14 1.55 0.88 0.78 -0.06 weekly  

3 FI36 1.25 1.37 0.24 0.22 0.14 daily 

4 GB17 1.27 1.71 1 observation, average 14.03-11.04  

5 GB91 1.23 0.83 0.79 0.60 -0.20 half months 

6 NO01 1.20 1.73 0.12 0.58 -0.03 daily 

7 PL05 1.16 1.47 0.15 0.63 -0.07 daily 

8 SE14 1.23 1.57 0.28 0.38 0.06 daily 

 

The modelled result of air concentration of mercury are significantly lower (Table 7-8). The 

additional simulation were performed and further results were presented to find a possible 

explanation of such behaviour of the model.  
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7.5 Evaluation of cadmium and lead ambient concentrations and deposition 

 

The obtained model results of cadmium and lead air concentrations and wet deposition fluxes 

were evaluated against measurements conducted at EMEP stations in 2008. The results of the 

air concentrations of cadmium and lead bound to PM10 were taken into accounting for this 

evaluation. The evaluation for cadmium air concentrations was done for 19 stations (Table 

7-9 and Table 7-10). The other 31 stations measured the cadmium concentrations in other PM 

size sections (mostly in total particulate matter) or outside the modelling domain in 2008. The 

lead air concentration in PM10 was measured in 2008 at 23 stations located within the 

European modelling domain (Table 7-12 and Table 7-13. The other 32 stations measured the 

lead concentration outside the domain or in other particulate matter size sections than PM10. 

The evaluation of the wet deposition flux was done at 52 stations for both lead and cadmium. 

 

Table 7-9. Evaluation of results of concentrations in ambient air of cadmium bound to PM10 from 
simulation run over the European domain at the surface against measurements of EMEP [163]. The 
observed concentrations were provided with time step of 1 day.  

N. 
Stations 

code 

Share of valid 

observation 

Average annual 

observed 

concentration 

[ng.m
-3

] 

Average annual 

modelled 

concentration 

[ng.m
-3

] 

RMSE 

[ng.m
-3

] 

Correlation 

coefficient 

1 AT02 0.300 0.15 0.15 0.12 0.63 

2 AT05 0.134 0.08 0.08 0.07 0.47 

3 AT48 0.153 0.05 0.08 0.05 0.55 

4 CZ01 0.139 0.19 0.19 0.16 0.53 

5 CZ03 0.525 0.15 0.16 0.08 0.56 

6 ES09 0.120 0.03 0.06 0.06 0.53 

7 SI08 0.464 0.10 0.13 0.09 0.22 

8 All 0.280 0.13 0.14 0.10 0.69 

All - results for all observations from 7 stations located inside the European domain, where Cd concentrations 

where observed in 2008 and results were provided with temporal resolution of 1 day. 

 

Table 7-10. Evaluation of results of concentrations in ambient air of cadmium bound to PM10 from 
simulation run over the European domain at the surface against measurements of EMEP [163]. The 
observed concentrations were provided as the average value 1 week.  

N. 
Stations 

code 

Share of valid 

observation 

Average annual 

observed 

concentration 

[ng.m
-3

] 

Average annual 

modelled 

concentration 

[ng.m
-3

] 

RMSE 

[ng.m
-3

] 

Correlation 

coefficient 

1 DE01 1.000 0.08 0.08 0.06 0.58 

2 DE02 0.980 0.17 0.15 0.10 0.57 

3 DE03 0.942 0.05 0.15 0.10 -0.11 

4 DE07 1.000 0.15 0.15 0.07 0.74 

5 DE08 1.000 0.09 0.13 0.09 0.05 

6 DE09 0.980 0.11 0.12 0.05 0.78 

7 GB13 0.365 0.04 0.06 0.02 0.93 

8 NO01 0.712 0.03 0.03 0.04 0.27 
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9 PL05 0.961 0.15 0.16 0.03 0.41 

10 All 0.670 0.11 0.12 0.06 0.52 

All- results for all observations from 12 stations located inside the European domain, where Cd concentrations 

where observed in 2008. Additionally to presented stations in Table 7-10, the observation were provided in 

GB17, GB91 and SK07, respectively only for 2, 1 and 2 weeks. 

 

 

Table 7-11. The evaluation of results from the model run over Europe against measurements for 
cadmium wet deposition [µg.m

-2
.year

-1
]. 

N. 
Stations 

code 

Observed  

annual wet 

deposition  

[g.km
-2 

.year
-1

] 

Model  Model –“rain corrected” 

Annual wet 

deposition 

[g.km-2 

.year-1] 

Correlation 

 coefficient 

 

RMSE 

[g.km-2 

.month-1] 

Annual wet 

deposition 

[g.km-2 

.year-1] 

Correlation  

coefficient 

 

RMSE 

[g.km-2 

.month-1] 

1 PL04 34.6 13.8 0.12 2.35 10.2 0.35 2.53 

2 PL05 31.1 20.7 -0.06 1.72 13.7 0.56 1.73 

3 All 3575 663 0.13 40 521 0.11 40 

All- results for all observations from 52 stations located inside the European domain, where Cd wet deposition 

where observed in 2008. In all stations the data for 597 months were provided.  

 

The model tracks the transport of cadmium in the atmosphere very well. The obtained results 

of the evaluation of air concentrations are satisfying. Unfortunately, the results of wet 

deposition are significantly understated. The measured annual wet deposition of cadmium at 

all 52 stations is 3575 g.km-2 and is over 6 times higher compared to results of the model.  

 

Table 7-12. Evaluation of results of lead concentrations in ambient air from simulation run over the 
European domain at the surface against measurements of EMEP [163]. The observed concentrations 
were provided with time step of 1 day.  

N. 
Stations 

code 

Share of valid 

observation 

Average annual  

observed 

concentration 

[ng.m
-3

] 

Average annual  

modelled 

concentration 

[ng.m
-3

] 

RMSE 

[ng.m
-3

] 

Correlation 

coefficient 

1 AT02 0.306 6.43 7.52 5.32 0.48 

2 AT05 0.144 4.96 5.70 3.86 0.56 

3 AT48 0.156 2.56 3.89 2.62 0.24 

4 CZ01 0.139 5.85 9.43 6.07 0.47 

5 CZ03 0.527 5.40 8.06 4.57 0.32 

6 DK03 0.948 2.96 3.12 2.44 0.53 

7 DK05 0.926 3.78 4.91 3.62 0.50 

8 DK08 0.918 2.54 3.06 3.54 0.42 

9 DK31 0.950 2.66 2.50 2.19 0.66 

10 ES09 0.120 0.82 2.90 2.66 0.52 

11 SI08 0.464 3.82 4.62 4.00 0.24 

12 All 0.518 3.60 4.55 4.04 0.50 

All -results for all observations from 11 stations located inside the European domain, where Pb concentrations 

where observed in 2008 and results were provided with temporal resolution of 1 day  
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Table 7-13. Evaluation of results of lead concentrations in ambient air from simulation run over the 
European domain at surface against measurements of EMEP [163]. The observed concentrations were 
provided as the average value 1 week.  

N. 
Stations 

code 

Share of valid 

observation 

Average annual  

observed 

concentration 

[ng.m
-3

] 

Average annual  

modelled 

concentration 

[ng.m
-3

] 

RMSE 

[ng.m
-3

] 

Correlation 

coefficient 

1 DE01 1.000 2.88 3.13 1.64 0.61 

2 DE02 0.980 4.93 5.85 2.46 0.65 

3 DE03 0.942 2.04 8.14 6.16 -0.18 

4 DE07 1.000 5.01 5.74 2.76 0.61 

5 DE08 1.000 2.96 6.96 4.63 0.16 

6 DE09 0.980 3.72 4.19 2.10 0.61 

7 GB13 0.365 1.77 3.26 1.72 0.93 

8 NO01 0.712 1.06 1.05 1.65 0.28 

9 PL05 0.961 5.38 2.92 1.13 0.72 

10 All 0.660 3.57 4.97 2.65 0.32 

All -results for all observations from 12 stations located inside the European domain, where Pb concentrations 

where observed in 2008. Additionally to presented stations in Table 7-13, the observation were provided in 

GB17, GB91 and SK07, respectively only for 2, 1 and 2 weeks.  

 
 

Table 7-14. The evaluation of results from the model run over Europe against measurements for lead 
wet deposition [µg.m

-2
.year

-1
]. 

N. 
Stations 

code 

Observed  

annual wet 

deposition  

[g.km
-2 

.year
-1

] 

Model  Model –“rain corrected” 

Annual wet 
deposition 

[g.km-2 

.year-1] 

Correlation  

 

RMSE 
[g.km-2 

.month-1] 

Annual wet 
deposition 

[g.km-2 

.year-1] 

Correlation 
coefficient 

 

RMSE 
[g.km-2 

.month-1] 

1 PL04 525 438 -0.30 25 329 -0.31 27 

2 PL05 409 525 0.56 20 371 0.82 11 

3 All 42347 27910 0.30 117 22558 0.34 118 

All- results for all observations from 52 stations located inside the European domain, where lead wet deposition  

where observed in 2008. In all stations the data for 592 months were provided.  

 

The modelling results of lead air concentrations are overestimated. The correlation 

coefficients for the majority of the presented stations are above 0.5 (Table 7-12 Table 7-13).  

On the other hand, the modelled amount of lead wet deposition are underestimated.  

One very important thing to be noticed, is that an average the observed the air concentration 

of cadmium is 30 times lower than the air concentration of lead, while the measured wet 

deposition of cadmium is only 12 times lower than the wet deposition of lead. The modelling 

ratios of lead and cadmium for both air concentration and wet deposition are approx. 40. This 

is understandable because the lead and cadmium in the air are associated together in similar 

particles. Therefore, the atmospheric transport, as well as, the removal processes are the same 

for both heavy metals. The differences in observation rates may result from different 

distributions of lead and cadmium in size sections of particulate matter. Most of cadmium is 

associated in PM with a diameter above 10 µm. The measurement of air concentration is 
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given for PM10 while deposition covers all particles, also above 10 µm. The underestimated 

results of air concentration and amount of wet deposition of lead and cadmium were obtained 

from simulation run with the use of the MSCE-HM model for 2008 [183]. 

 

7.6 Results of ambient concentrations and deposition of mercury 

The concentration of various mercury forms over Europe at the surface are presented in 

Figure 7-52 -Figure 7-54. 

 
 

 
 

Figure 7-52. Annual average concentration of GEM [ng.m
-3

] at the surface. 

 
 

 

Figure 7-53. Annual average ambient 
concentration of RGM [pg.m

-3
] at the surface. 

Figure 7-54. Annual average ambient 

concentration of HgP [pg.m
-3

] at the surface. 

 
 

 
 

The ambient concentrations of elemental gaseous mercury ranges from 1.10 -1.60 ng.m-3. The 

high value is noticed near the boundary of the domain, where the concentration of approx. 

1.50 ng.m-3 at the surface level was assumed. Inside the domain, mainly over land the 
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concentration is lower. It seems that there is a high sink of GEM. On the map, some parts with 

high anthropogenic emission are visible i.e. south Poland, the Czech Republic, the 

Netherlands, and Greece. However, the concentrations of GEM in these areas is about 0.20 

ng.m-3 higher (about 15% higher) compared to other places over land. On the contrary high 

variations in the spatial gradient of RGM ambient concentrations over Europe occur. Over the 

areas presented in Figure 6-6 where the high anthropogenic emissions of mercury occur the 

ambient concentration shown in Figure 7-53 reaches 80 pg.m-3. Whereas over other areas the 

concentrations oscillates at a value of 20 pg.m-3. Similarly to RGM, high variations in the 

spatial gradient of HgP ambient concentration occur. The places with high concentration 

correlate with location of large anthropogenic mercury emissions. Looking at Figure 7-54, 

one can notice that the boundary concentration of HgP used in simulations are overestimated. 

On the other hand the results obtained with MSCE-HM model show a higher air concentration 

of mercury over Europe. According to that result, the air concentration exceeds 1.7 ng.m-3 

over southern Poland, the Czech Republic, Hungary, Romania, Greece and northern Italy. The 

global simulation with the use of the GLEMOS model shows that over most of Europe the air 

concentration of GEM exceeds 2 ng.m-3 in 2010 [260].  

 

 
 
Figure 7-55. Annual average ambient air concentration of mercury forms and species at the surface at 
locations of EMEP measurement sites. The concentrations of reactive mercury are shown on the left 
[pg.m

3
] and GEM

 
on the right [ng.m

3
] axis.  
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In the atmosphere, at the surface, 41% of reactive mercury is in the aqueous phase (HgII
(aq)). 

Among the gaseous compounds, HgO(g) is prevailing with an average share in total reactive 

mercury atmospheric concentration of 23%, at all stations. The shares of HgP and Hg(OH)2(g) 

are almost on the same level and equal 12%. The contributions of HgCl2(g), HgBr2(g), 

HgBrOH(g) and HgBr(g) are 5.5%, 3.8%, 1.6% and 0.1% respectively. In the model, HgCl2(g), 

HgBr2(g), HgO(g) and Hg(OH)2(g) were equally emitted into the air, and the similar boundary 

and initial concentrations were applied for these compounds.  

 
 

 
 

Figure 7-56. Monthly average ambient air concentration of mercury forms and species at the surface at 

the PL05 observation site [pg.m
3
]. The results are from simulation over Europe.  

 

At the PL05 station, the highest concentration of atmospheric reactive mercury occurs in the 

winter (Figure 7-56). During this season, more than 50% of the total reactive mercury is in the 

aqueous phase, while in summer the share decreases down to 28%. In April, May and June, 

HgO(g) was a main component of reactive mercury present in the atmosphere. 
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Figure 7-57. Annual average ambient air concentrations of mercury forms and species in the whole 

European domain at 10 vertical levels.  

 

The concentration of reactive mercury slightly increases with the altitude up to 2000 meters 

and then decreases fairly quickly (Figure 7-57). Near the surface, mercury in the aqueous 

phase is prevailing, up to the third modelling level. At the fourth level, the concentrations of 

HgO(g) and HgII
(aq) are equal. Then, HgO(g) is a dominant form of reactive mercury. The 

concentration of Hg(OH)2(g) and HgCl2(g) increase with the altitude while HgBr2(g) decreases.  

 

 
 

 

Figure 7-58. Annual wet deposition of RGAM 

[g.km
-2

.y
-1

]. 

Figure 7-59. Annual wet deposition of HgP 

[g.km
-2

.y
-1

]. 

 
 

Looking at Figure 7-58 and Figure 7-59, the significant variations in the spatial gradient of 

wet deposition of reactive mercury in gaseous, aqueous and particulate forms appears. The 

highest deposition fluxes occur near large emission sources and over areas with the highest 

precipitation intensity (Figure 6-6 and Figure 6-2). The wet deposition flux of GEM is very 
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low and can be neglected. Rather similar results of wet deposition over Europe were 

calculated with the GLEMOS model [260]. 

 
 

 
 
Figure 7-60. Contribution of mercury forms and species to overall wet deposition at locations of 

EMEP measurement sites.   

 

The in-cloud scavenging for HgII
(aq), HgP and Hg0

(aq) and the below-cloud scavenging for 

RGM and HgP were implemented in to the model. The prevailing share of HgII
(aq) in the wet 

deposition flux of mercury is seen in Figure 7-60. Therefore, the aqueous chemistry and mass 

transfer as well as the implemented approach of in-cloud scavenging have a principal 

influence on the modeled amounts of deposited mercury. Additionally, as the mercury 

chemistry transport models are evaluated against wet deposition observations, the in-cloud 

scavenging models were carefully analyzed and the results are presented in the latter part of 

the manuscript.  

Looking at Figure 7-55 and Figure 7-60, one notes that the below-cloud scavenging is more 

effective for particulate matter than for gaseous mercury. Despite the fact that the average 

annual ambient concentrations of HgP and Hg(OH)2 were on the same magnitude, the wet 

deposition of HgP is higher than that of Hg(OH)2.   
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Figure 7-61. Annual dry deposition of GEM [g.km
-2

.y
-1

]. 
 

  
Figure 7-62. Annual dry deposition of RGM 
[g.km

-2
.y

-1
]. 

Figure 7-63. Annual dry deposition of HgP 
[g.km

-2
.y

-1
]. 

 

 
The large local mercury emission sources are not visible in Figure 7-61, and the deposition 

process of GEM is mainly led by dry deposition velocity of GEM. GEM is mainly deposited 

over the land, because the dry velocity deposition over the land is significantly higher 

compared to that oversea. On the contrary, the highest dry depositions of RGM and HgP are 

observed near large emission sources (Figure 7-62 and Figure 7-63).  
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Figure 7-64. Contribution of mercury forms and species to overall dry deposition at locations of 

EMEP measurement sites.   

 

Despite the fact that the dry deposition velocities of GEM are much lower compared to those 

of RGM (Figure 7-2, Figure 7-3, Figure 7-4), GEM is the prevailing form being dry deposited 

over land (Figure 7-64), because most of atmospheric mercury is in this mercury form (Figure 

7-52, Figure 7-53, Figure 7-55). In other model simulations, i.e. CMAx, STEM-Hg, 

MOZART, dry deposition of GEM was not calculated because it was assumed by default that 

the dry deposition of GEM is equivalent to emissions from natural sources and remission 

[181], [261], [194]. The obtained results from the model presented here in Figure 7-61 for 

GEM dry deposition over land are significantly higher in the north and similar in the south of 

the simulation domain compared to natural emission and reemission of GEM presented in 

Figure 6-3. Moreover, over the sea the fluxes of deposited GEM are lower than the natural 

upward flux of GEM.  

 
Figure 7-65. Annual deposition (wet +dry) of mercury [g.km

-2
.y

-1
]. 
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Figure 7-66. Contribution of mercury forms to overall deposition (dry and wet) at locations of EMEP 
measurement sites.   

 
 
The final results of the spatial distribution of all mercury forms for wet and dry deposition 

within the domain, show that mercury is mostly deposited over land (Figure 7-65). This is the 

result of the GEM dry deposition process, which is the pervading compound for mercury 

removal from the atmosphere. The results presented in Figure 7-66 show that the share of 

GEM reaches even 75% in the overall mercury deposition flux. Moreover, in Figure 7-65 the 

highest deposition occurs near locations with intensive mercury emissions e.g. southern 

Poland, Greece or northern Italy. There, a lot of mercury is removed from atmosphere through 

the wet scavenging. From the results presented in Figure 7-66, it can be concluded that the dry 

deposition of GEM and in-cloud scavenging play a crucial role in the atmospheric mercury 

mass balance. The result obtained over Europe are higher compared to the average deposition 

fluxes of 21 g.km-2.y-1, 12 g.km-2.y-1 and 14 g.km-2.y-1 calculated with the use of GEOS-

Chem, GLEMOS and CMAQ-Hg models, respectively [262] .  

 
 

7.7 Results of ambient concentrations and deposition of cadmium and lead 

The modelled results of concentrations and deposition in Europe in 2008 are presented in 

Figure 7-67 - Figure 7-72.   
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Figure 7-67. Annual average concentration of 

cadmium [ng.m
-3

] at the surface. 

Figure 7-68. Annual average concentration of lead 

[ng.m
-3

] at the surface. 

 

  
Figure 7-69. Annual wet deposition of cadmium 

[g.km
-2

.y
-1

]. 

 

Figure 7-70. Annual wet deposition of lead         

[g.km
-2

.y
-1

]. 

  
Figure 7-71. Annual dry deposition of cadmium  

[g.km
-2

.y
-1

]. 

 

Figure 7-72. Annual dry deposition of lead            

[g.km
-2

.y
-1

]. 

 

 

The high variability of average concentration and annual deposition fluxes of cadmium and 

lead is noted. The highest concentration and deposition fluxes occurs over industrial areas 

where cadmium and lead are intensively released into the atmosphere, mainly by the sector of 

production of various metals and alloys. Southern Poland is one of the most polluted areas in 

Europe. The ambient concentration of Cd is relatively very low and over a majority of the 

simulation domain does not exceed 0.5 ng.m-3. In some areas of the simulation domain, over 

4kg.km-2 of lead are deposited during the year. The obtained air concentration spatial 
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distribution of lead is similar to the calculations preformed with the MSCE-HM model [183], 

[262]. This model calculated a significantly higher ambient concentration of cadmium. Over 

the south of Poland, results exceed 0.5 ng.m-3. Rather similar results were obtained for 

deposition of lead and cadmium, e.g. the average annual deposition flux of lead of 1.6 kg.km-2 

and flux of cadmium of 90 g.km-2 over Poland were estimated with the MSCE-HM model.   

 

 

7.8 Sensitivity analysis of the mercury model 

 

To better understand the obtained modelling results and study the response of various factors 

on those modelling results, tens of sensitivity simulations were run. The sensitive analyses 

include the chemistry of mercury in gaseous and aqueous phases, the input data and 

scavenging models. The most valuable results are presented and discussed in this chapter.   

  

Figure 7-73. Differences in concentrations of 
GEM at the surface between base model run 
and model without dry deposition of GEM 
[ng.m

-3
].  

Figure 7-74. Differences in concentrations of 
GEM at the surface between base model run 
and model without atmospheric chemistry of 
mercury [pg.m

-3
]. 

 

The results presented in Figure 7-52 show that the concentration of GEM close to the 

simulation domain boundary is higher than its concentration inside the domain, which means 

that this region is a sink area. To investigate the possible causes of such results, the model was 

run without dry deposition and without atmospheric chemistry of GEM. The obtained results 

are presented in Figure 7-73 and Figure 7-74. The dry deposition of GEM, which is the main 

process for removing mercury from the atmosphere (Figure 7-66), reduces the ambient 

concentration of GEM by a maximum of 0.18 ng.m-3. The chemistry applied in the model 
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reduces the GEM concentration at the surface level above land by approx. 0.05 ng.m-3 (Figure 

7-74). The third possible way to explain  the sink of mercury from surface level is its transport 

to upper modelling levels. The results of the influence of model run without chemistry of 

mercury on the ambient concentration and deposition flux of mercury is presented in Table 

7-15. 

 

Table 7-15. The relative changes of amount of air concentration and deposition on the European 
domain by use of various options of model run. The presented values are ratios of the amounts of 
deposited and ambient concentrations of mercury from model run with the use of listed options to 
results of simulation with the use of reference options in base model.  

N. Model run option 

Ambient 

concentration 
Dry deposition Wet deposition 

Hg
0
 RGAM HgP  Hg

0
 RGM HgP  Hg

0
 RGAM HgP  

1 
No chemistry of mercury in 

gaseous phase  
1.04 0.42 1.00 1.04 0.43 1.01 1.03 0.42 1.01 

2 No chemistry of mercury  1.03 0.48 1.00 1.04 0.44 1.01 1.03 0.50 1.00 

3 No in-cloud scavenging of mercury   1.00 1.10 1.09 1.00 1.01 1.08 0.91 0.46 0.37 

4 
No below-cloud scavenging of 

mercury   
1.00 1.14 1.08 1.00 1.17 1.14 0.10 0.64 0.78 

 
 

The reactions of mercury in the gaseous phase play a crucial role in the mass balance of 

reactive gaseous compounds in the atmosphere (Table 7-15). The mass of produced RGM in 

these reactions is higher than the emissions of RGM from anthropogenic sources. The 

chemistry in the aqueous phase causes the reduction of quantity of RGAM in the atmosphere 

it can be concluded that the reduction processes of HgII
(aq) are prevailing over Hg0

(aq) 

oxidation. In Figure 7-60, it was concluded that divalent mercury in the aqueous phase 

(HgII
(aq)) has the largest contribution in the overall wet deposition of mercury. This form of 

mercury in the model is removed through in-cloud scavenging. The conclusions from Figure 

7-60 are confirmed by the results presented in Table 7-15. The in-cloud scavenging takes a 

main role in removal reactive mercury (RGM and HgP) by wet deposition. However, below-

cloud scavenging is also very important and is responsible for approx. 30% of the amount of 

wet deposited mercury in the simulation domain. The more detailed analyses of mercury 

chemistry and mercury scavenging are presented in Figure 7-75, Table 7-16,Table 7-17 and 

Table 7-18. 
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Figure 7-75.The increase or decrease of air concentration of reactive mercury (RGM+HgP) at selected 
stations at surface due to implementation of various reactions of mercury in gaseous and aqueous 
phases [pg.m

-3
]. A gas  - Hg
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The analysis of the results (Figure 7-75) shows that the oxidation of Hg0
(g) by bromine oxide 

radical is the most important. The second most effective oxidant of GEM is the hydroxyl 

radical, and the third place is the ozone reaction. In the aqueous phase, the reduction reactions 

of HgII
(aq) are much more effective than oxidation of Hg0

(aq). The reduction of HgII
(aq) by 

HO2
•
(aq) plays a significant role in the mass balance of atmospheric mercury. The reaction 

with chlorine and chlorine compounds in the gaseous phase and all oxidation reactions in 

aqueous phase have a rather low impact on the atmospheric concentrations of reactive 

mercury.  

Table 7-16. The relative changes amounts of air concentrations and deposition in the European domain 
by use of different coefficients for in-cloud scavenging. The presented values are ratios of the amounts 
of deposition and ambient concentrations of mercury from model run with the use of listed scavenging 
coefficients to results of simulation with the use of reference scavenging coefficients in base model of 
8.4·10

-5
·I

0.79 
[244], [245]. 

N. 

 scavenging coefficient [s
-1

] 

3.5·10
-4

·I
0.78

 3.36·10
-4

·I
0.79

 4.17·10
-4

·I
0.79

 
1 − exp  (−𝛼𝜏𝑐𝑙𝑑)

𝜏𝑐𝑙𝑑
 

1 Ambient Hg
0
 1.01 1.00 1.00 0.99 
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2 concentration  RGAM 0.92 0.90 0.89 0.66 

3 HgP  1.00 0.91 0.89 0.71 

4 Dry deposition Hg
0
 1.00 1.00 1.00 0.99 

5 RGM 0.99 0.98 0.98 0.94 

6 HgP  1.05 0.92 0.91 0.74 

7 Wet deposition Hg
0
 1.33 1.26 1.33 4.24 

8 RGAM 1.51 1.44 1.51 2.30 

9 HgP  1.57 1.45 1.52 2.25 

 

 
 
Table 7-17. The relative changes of amounts of mercury of air concentrations and deposition in 
European domain by use of scavenging coefficients of 4.17·10

-7
·I·E·D

-1 
proposed in CAMx model 

[263] and implementation of different representative raindrop diameter for in-cloud scavenging model. 
The presented values are the ratio of the deposition and ambient concentrations of mercury from 
model run with the use of listed representative raindrop diameter to results of simulation with the use 
of base model. E- collision efficiency with raindrops was assumed to be 0.9 for all forms of mercury 
[211]. One simulation is done with collision efficiency of 0.4 and representative raindrop diameter of  
0.9·10

3
·I

0.21
 [246]. In case of use of representative raindrop diameter of 0.9·10

3
·I

0.21
 and collision 

efficiency of 0.9, the scavenging coefficient equals 4.17·10
-4

·I
0.79

 and the results are presented in Table 
7-16. 

 

N. 

 collision efficiency 

0.9 0.4 

representative raindrop diameter D [m] 

1
.2

3
8

·1
0

-3
·I

0
.1

8
2  

7
.8

8
·1

0
-4

·I
0

.3
 

3
.9

7
·1

0
-4

·I
0

.3
7
 

8
·1

0
-4

·I
0

.3
4
 

1
.3

·1
0

-3
·I

0
.1

4
 

7
·1

0
-4

·I
0

.2
5
 

1
.1

8
·1

0
-3

·I
0

.2
 

1
.0

6
·1

0
-3

·I
0

.1
6
 

9
.7

·1
0

-4
·I

0
.1

5
8
 

1
.1

6
·1

0
-3

·I
0

.2
2

7
 

0
.9

·1
0

3
·I

0
.2

1
 

1 Ambient 

concentration  

Hg
0
 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

2 RGAM 0.75 0.86 0.79 0.85 0.92 0.86 0.91 0.91 0.90 0.90 0.95 

3 HgP  0.79 0.88 0.82 0.87 0.92 0.88 0.92 0.92 0.91 0.91 0.95 

4 Dry 

deposition 

Hg
0
 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

5 RGM 0.96 0.98 0.97 0.98 0.99 0.98 0.99 0.99 0.98 0.98 0.99 

6 HgP  0.81 0.89 0.84 0.89 0.94 0.89 0.93 0.93 1.00 0.92 0.96 

7 Wet 

deposition 

Hg
0
 2.65 1.40 1.82 1.41 1.21 1.45 1.24 1.27 1.30 1.25 1.11 

8 RGAM 2.04 1.60 1.85 1.62 1.36 1.61 1.42 1.44 1.46 1.44 1.25 

9 HgP  2.01 1.61 1.85 1.63 1.38 1.62 1.43 1.45 1.47 1.45 1.26 

 

The applied different scavenging coefficients for in-cloud scavenging presented in Table 7-16 

and representative raindrop diameters presented in Table 7-17 give the highest results of wet 

deposition compared to results from modelling with the use of reference value. Therefore, 

despite the fact that the modelling results are overestimated (Figure 7-32), there is no 

possibility to decrease the results of wet deposition by applying another scavenging 

coefficient reported in literature. 
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Table 7-18. The relative changes amount of air concentrations and deposition in the European domain 
by use of different raindrop velocity for below-cloud scavenging model. The presented values are ratio 
of the amounts of deposition and ambient concentrations of mercury from model run with the use of 
listed raindrop velocity to results of simulation with the use of reference raindrop velocity in base 
model of 4854.1·D·exp(-195·D), [206], [208]. D - representative raindrop diameter D [m]. 

N. Raindrop velocity [m.s
-1

] 

Ambient concentration Dry deposition Wet deposition 

GEM RGAM HgP  GEM RGM HgP  Hg
0
 RGAM HgP  

1 142·D
0.5

 1.00 1.01 0.99 1.00 1.01 0.99 1.00 0.97 1.02 

2 9.43·(1-exp((-1000·D/1.77)
1.47

)) 1.00 0.98 1.01 1.00 0.98 1.01 1.00 1.05 0.97 

3 386.577·D
0.67

 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

4 

3.075·10
7
·D

2   
  for          D<10

-4
 

3.8·10
3
·D   for          0

-4 
<D<10

-3
 

133.046·D
0.5  

    for         D>10
-3

 

1.00 1.01 0.99 1.00 1.01 0.99 1.00 0.98 1.01 

5 
-0.193+4.96·10

3
·D-

9.04·10
5
·D

2
+5.66·10

7
·D

3  
 

1.00 0.99 1.00 1.00 0.99 1.00 1.00 1.02 0.99 

 
All reported raindrop velocities for below-cloud scavenging model give very close results 

(Table 7-18). The relative changes of wet deposition of RGAM range from 0.97 to 1.05.  

 

Table 7-19. The relative changes amounts of mercury wet deposition in the European domain by use 
of various rate constants [cm

3
.molec

-1
.s

-1
] applied for oxidation of GEM by ozone and hydrogen 

peroxide. The presented values are the ratio of the amounts of deposition and ambient concentrations 
of mercury from model run with the use of listed rate constants to results of simulation with the use of 
base model. In the base model, the rate constants of 2.1·10

-18
·exp(-1246/T) [cm

3
.molec

-1
.s

-1
] and 

8.4·10
-6

·exp(-9021/T) [cm
3
.molec

-1
.s

-1
] for oxidation by ozone and hydrogen peroxide were applied 

[96], [113]. 

N. 

 
Hg

0
(g)+O3(g) →HgO(g)+O2(g) Hg

0
(g)+H2O2(g)→Hg(OH)2(g) 

Rate constants [cm
3
.molec

-1
.s

-1
] 

4.2·10
-19 

 1.7·10
-18

 4.9·10
-18

 7.5·10
-19

 4.1·10
-16

 6.0·10
-19

 

1 Ambient 

concentration  

GEM 0.93 0.76 0.51 0.88 0.48 1.00 

2 RGAM 2.10 4.77 8.48 2.90 9.84 1.03 

3 HgP  1.00 1.00 1.00 1.00 1.00 1.00 

4 Dry 

deposition 

GEM 0.92 0.73 0.48 0.87 0.39 1.00 

5 RGM 2.07 4.71 8.38 2.86 9.46 1.03 

6 HgP  0.99 0.99 0.99 0.99 0.99 1.00 

7 Wet 

deposition 

Hg
0
 0.94 0.79 0.57 0.90 0.53 1.00 

8 RGAM 2.20 5.22 9.76 3.08 9.13 1.03 

9 HgP  1.00 0.99 0.99 0.99 0.99 1.00 

 

The gaseous oxidation of Hg0
(g) with ozone plays one of the most important role in the mass 

balance of reactive mercury (Figure 7-75). Therefore, the model is very sensitive to the 

changes of the value of this rate constant. Application of a rate constant of 4.9·10-18 causes the 

octuple increase of concentration and deposition of reactive mercury. Similar changes are 

noticed when the rate constant of 4.1·10-16 is applied for the oxidations of Hg0
(g) by hydrogen 

peroxide.  
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Table 7-20. The relative changes of amounts of mercury of air concentrations and deposition in the 
European domain by use of various rate constants applied for oxidation of GEM by molecular chlorine 
and hydroxyl radical. The presented values are the ratio of the amounts of deposition and ambient 
concentrations of mercury from model run with the use of listed rate constants to results of simulation 
with the use of base model. In the base model, the rate constant of 2.6·10

-18
 [cm

3
.molec

-1
.s

-1
] and 

8.7·10
-14 

[cm
3
.molec

-1
.s

-1
] for oxidation respectively by molecular chlorine and hydroxyl radical were 

applied [117], [107]. 

N. 

 Hg
0

(g)+Cl2(g)→HgCl2(g) Hg
0

(g)+
 
2

•
OH(g)→Hg(OH)2(g) 

Rate constants [cm
3
.molec

-1
.s

-1
] 

4.8·10
-18

 5.7·10
-17

 1.82·10
-

19
 

4.3·10
-15

 1.6·10
-12

 1.2·10
-13

 3.2·10
-13

 

·(T/298)
-

3.06
 

1 Ambient 

concentration  

GEM 1.00 1.00 1.00 0.92 0.90 1.00 0.93 

2 RGAM 1.00 1.01 1.00 2.05 2.64 1.04 2.22 

3 HgP  1.00 1.00 1.00 1.00 1.00 1.00 1.00 

4 Dry 

deposition 

GEM 1.00 1.00 1.00 0.95 0.88 1.00 0.91 

5 RGM 1.00 1.02 1.00 2.33 2.68 1.04 2.24 

6 HgP  1.00 1.00 1.00 1.00 0.99 1.00 0.99 

7 Wet 

deposition 

Hg
0
 1.00 1.00 1.00 0.94 0.92 1.00 0.94 

8 RGAM 1.00 1.01 1.00 2.02 2.27 1.03 1.94 

9 HgP  1.00 1.00 1.00 1.00 0.99 1.00 1.00 

 

As the oxidation of GEM by chlorine is low (Figure 7-75), the changes of the value of the rate 

constants by factor of 4, as presented in Table 7-20, results are very similar. On the contrary, 

the changes of rate the constant of the reaction Hg0
(g) with hydroxyl radical affects 

significantly the reactive mercury concentrations and deposition, resulting in a threefold 

increase. 

 

Table 7-21. The relative changes of amounts of mercury air concentrations and deposition in the 
European domain by use of various rate constant applied to oxidation of Hg

0
(g) by bromine radical. The 

presented values are the ratio of the amounts of deposition and ambient concentration of mercury from 
model run with the use of listed rate constants to results of simulation with the use of base model. In 
the base model the rate constant of 1.46·10

-32
· (T/298)

-1.86
 [cm

6
.molec

-2
.s

-1
] by bromine radical was 

applied [226]. 

N.  Hg
0

(g)+Br 
•
(g) →HgBr(g) 

Rate constants [cm
3
.molec

-1
.s

-1
] 

3.2·10
-12

 1.01·10
-12

·exp
 

(209/T) 9.8·10
-13

·exp (401· (1/T-1/298)) 

1 Ambient 

concentration  

GEM 0.99 0.99 0.99 

2 RGAM 1.16 1.10 1.22 

3 HgP  1.00 1.00 1.00 

4 Dry 

deposition 

GEM 0.99 0.99 0.99 

5 RGM 1.13 1.09 1.19 

6 HgP  1.00 1.00 1.00 

7 Wet 

deposition 

Hg
0
 0.99 0.99 0.99 

8 RGAM 1.20 1.13 1.28 

9 HgP  1.00 1.00 1.00 
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The value applied in the base model for the reference rate constant of GEM oxidation by 

bromine radical is the least effective. The application of other possible values of the rate 

constant causes the increase of RGAM concentrations and deposition (Table 7-21).  

Additional reactions in the gaseous phase were also implemented in to the model. The 

oxidation of Hg0
(g) by molecular bromine, nitrate radical, molecular iodine, molecular fluorine 

and chlorine radicals were separately added to the base model. These reactions were  

confirmed in laboratory research studies, however, they have not been widely applied to 

mercury chemical transport models (Table 3-1and Table 3-2). The obtained results are 

presented in Table 7-22. 

 

Table 7-22. The relative changes amounts of mercury of air concentrations and deposition in the 
European domain by use of additional reactions of oxidation of Hg

0
(g) by molecular bromine, nitrate 

radical, molecular iodine, molecular fluorine and chlorine radicals. The presented values are the ratio 
of the amounts of air concentrations and deposition of mercury from model run with the use of listed 
reactions to results of simulation with the use of base model (without listed reaction).  

N. Reaction 

Ambient concentration Dry deposition Wet deposition 

GEM RGAM HgP  GEM RGM HgP  Hg
0
 RGAM HgP  

1 Hg
0

(g) +Br2 (g)  →HgBr2(g)   1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

2 
Hg

0
(g) +NO3

•
(g) →HgO(g) + 

NO2(g) 
0.98 1.32 1.00 0.98 1.30 1.00 0.98 1.34 1.00 

3 Hg
0

(g) +I2 (g) → HgI2(g) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

4 Hg
0

(g) +F2(g) → HgF2(g) 0.25 12.43 1.00 0.21 12.29 0.99 0.31 15.22 1.34 

5 Hg
0

(g) + Cl
•
(g) →HgCl(g) 0.99 1.17 1.00 0.99 1.17 1.00 0.99 1.19 1.00 

 

The oxidation of GEM by molecular bromine and molecular iodine is not very effective. The 

changes in depiction of concentrations over the domain are not visible (Table 7-22). The 

nitrate radical and chlorine radicals are significant oxidants of Hg0
(g). The ambient 

concentrations of RGAM increases by 32% and 17%, respectively. The implementation into 

the model of the reaction with molecular fluorine causes a large loss of gaseous elemental 

mercury and a quick rise of concentration of reactive mercury (RGAM and HgP).  

The obtained results from the model run are reconciled with the data presented in Figure 2-9. 

The most effective oxidants of GEM may be molecular fluorine, nitrate radical, ozone, 

hydroxyl radical and bromine oxide radical. It should be noted that the relatively narrow range 

of concentrations of oxidants were used in the model. For many oxidants only one fixed value 

of concentration was implemented. The rate constants used in the model were estimated in 
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laboratory conditions or were theoretically calculated with the use of the dedicated models. 

Another subject to keep in mind is that the many rate constants applied to this model as well 

as to other mercury chemical models are not given as a function of temperature and pressure. 

The value of the rate constants is applied to the model for all possible atmospheric conditions. 

The relative changes of value of five rate constants reported as a function of temperature are 

plotted in Figure 7-76.  

 

 

Figure 7-76. The relative changes of rate constants the temperature. The presented values are the ratio 
of the value of the rate constant at different temperatures to the value of the rate constant at a 
temperature of 20

0
C (293.16K). All rate constant linked to oxidation of Hg

0
(g) by: A –ozone – 2.1·10

-

18
exp(−

1246

𝑇
) ,[96]; B –hydroxyl radical –3.2·10

-13
· (T/298)

-3.06
 ,[111]; C –hydrogen peroxide –8.4·10

-

6
· exp(-9021/T), [113], D –chlorine radicals –1.38·10

-12
·exp(208.02/T), [123], E –bromine radical –

1.1·10
-12 

· (T/298)
-2.37

, [111].  

 

The plotted curves in Figure 7-76 of relative changes of the value of rates constants at 

temperatures ranging from -200C up to 400C show that the temperature has a rather significant 

influence on values of rate constants. The value of rate constants for oxidation of GEM by 

hydrogen peroxide increases 350 times in the considered temperature range. On the other 

hand, it should be noted that for many reactions, the rate constant differing by 4 orders of 

magnitude, gives similar modelling results of concentrations and deposition (Table 7-19 and 

Table 7-20)   

 

 

To analyse the possible influence of the implementation of reactive mercury adsorption onto 

particulate matter in the gaseous phase the model in which HgO(g) was assumed to be 

immediately adsorbed to PM was developed. The adsorbed HgO(P) was split into 10 size 

sections based on the surface area of aerosols. Equal concentrations in all sections of 

particulate matter onto which surface the HgO(g) is adsorbed were assumed. 
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Figure 7-77. Fractional bias (FB) of results of 
ambient concentration of RGPM (RGM + 
HgP) at the surface from models run when 
formed HgO is in gaseous ([gasHgO]) and 
particulate forms ([PMHgO]).   
FB = 2·([ gasHgO] - [PMHgO]) /([ gasHgO] + 
[PMHgO]). 

Figure 7-78. Differences (Diff) in ambient 
concentration of RGPM (RGM + HgP) at the 
surface from model runs when formed HgO is 
in gaseous ([gasHgO]) and particulate forms 
([PMHgO]) [pg.m

-3
]. 

Diff=[gasHgO] - [PMHgO]. 

  
Figure 7-79. Fractional bias (FB) of results of 
dry deposition load of RGPM (RGM + HgP)  
at the surface from model runs when formed 
HgO is in gaseous ([gasHgO]) and particulate 
forms ([PMHgO]).   
FB = 2·([ gasHgO] - [PMHgO]) /([ gasHgO] + 
[PMHgO]). 

Figure 7-80. Differences (Diff) in dry 
deposition load of RGPM (RGM + HgP) at the 
surface from model runs when formed HgO is 
in gaseous ([gasHgO]) and particulate forms 
([PMHgO]) [g.km

-2
.y

-1
].           

Diff=[gasHgO] - [PMHgO]. 

  
Figure 7-81. Fractional bias (FB) of results of 
wet deposition load of RM 
(RGM+Hg

II
(aq)+HgP) at the surface from 

model runs when formed HgO is in gaseous 
([gasHgO]) and particulate forms ([PMHgO]).   
FB = 2·([ gasHgO] - [PMHgO]) /([gasHgO] + 
[PMHgO]). 

Figure 7-82. Differences (Diff) in wet 
deposition load of RM (RGM+Hg

II
(aq)+HgP) at 

the surface from model runs when formed 
HgO is in gaseous ([gasHgO]) and particulate 
forms ([PMHgO]) [pg.m

-3
].           

Diff=[gasHgO] - [PMHgO]. 
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In general, the adsorption of HgO(g) onto particulate matters decreases the concentration and 

dry deposition and increases the wet deposition of reactive mercury. The changes in results 

are significant in many places of the simulation domain. For example, over the Mediterranean 

Sea the ambient concentration of reactive mercury (RGPM) decreased by 28 pg.m-3. The 

fractional bias over the majority of the domain does not exceed an absolute value of 0.5 for 

concentration as well as for deposition (wet and dry). It should be noted that the concentration 

of particulate matter, here assumed to be equal, varies widely for various aerosol size sections. 

Generally, a higher concentration is observed for small particles with the representative 

diameter up to 2.5 µm. This can cause that most of the mercury will be mainly adsorbed on 

very small particles, bearing in mind also that the total area of particles increases with the 

decreasing diameter of the particular particles (Table 6-5). Furthermore, the adsorption of 

mercury already exists in the process of release of mercury into the atmosphere. For example, 

during the coal combustion process in the boiler a part of mercury is adsorbed onto dust. In 

the base model the emission of HgP was assumed to be uniform across all considered PM size 

sections. Taking into consideration the adsorption process of mercury onto particles of dust, 

the model was also run with a distribution of Hgp in proportion to particle surface areas. In 

this case, the assumption that the concentration of aerosols is uniform across 10 the size 

sections of particulate matter was done. The corresponding results are shown in Figure 7-83 –

Figure 7-88.  

  
Figure 7-83. Fractional bias (FB) of results of 
ambient concentration of mercury bound to 
particulate matter at the surface from base 
model runs when emission of HgP were 
distributed equally ([HgP(eq)]) and in 
proportion to aerosol surface areas ([HgP(sf)]).   
FB = 2·([HgP(eq)] - [HgP(sf)]) /([HgP(eq)] + 
[HgP(sf)]). 

Figure 7-84. Differences (Diff) in ambient 
concentration of mercury bound to particulate 
matter at the surface from base model runs  
when emission of HgP were distributed equally 
([HgP(eq)]) and in proportion to aerosol surface 
areas ([HgP(sf)]) [pg.m

-3
].           

Diff=[HgP(eq)] - [HgP(sf)]. 
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Figure 7-85. Fractional bias (FB) of results of 
dry deposition of mercury bound to particulate 
matter at the surface from base model runs 
when emission of HgP were distributed 
equally ([HgP(eq)]) and in proportion to aerosol 
surface areas ([HgP(sf)]).   
FB = 2·([HgP(eq)] - [HgP(sf)]) /([HgP(eq)] + 
[HgP(sf)]). 

Figure 7-86. Differences (Diff) in dry 
deposition load of mercury bound to 
particulate matter at the surface level from 
base model runs when emission of HgP were 
distributed equally ([HgP(eq)]) and in proportion 
to aerosol surface areas ([HgP(sf)]) [g.km

-2
.y

-1
].         

 Diff=[HgP(eq)] - [HgP(sf)]. 

  
Figure 7-87. Fractional bias (FB) of results of 
wet deposition of mercury bound to 
particulate matter at the surface from base 
models run when emission of HgP were 
distributed equally ([HgP(eq)]) and in 
proportion to aerosol surface areas ([HgP(sf)]).   
FB = 2·([HgP(eq)] - [HgP(sf)]) /([HgP(eq)] + 
[HgP(sf)]). 

Figure 7-88. Differences (Diff) in wet 
deposition load of mercury bound to 
particulate matter at the surface from base 
model runs when emission of HgP were 
distributed equally ([HgP(eq)]) and in proportion 
to aerosol surface areas  ([HgP(sf)]) [g.km

-2
.y

-1
].           

Diff=[HgP(eq)] - [HgP(sf)]. 

 

The biggest changes in ambient concentrations and deposition of HgP are noted over Poland, 

as it is the place with the most intensive emission of mercury in Europe. The obtained ambient 

concentrations of HgP are higher compared to the results from the base model (Figure 7-86). It 

is the result of a lower dry deposition flux of HgP (Figure 7-88). The small particles are 

removed slowly from the atmosphere [95]. In case of the use of the distribution in proportion 

to the particle surface areas most of HgP is bound to small particles as is presented in Table 
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6-5. The modeling results for wet deposition show a high spatial variation over the whole 

simulation domain (Figure 7-87 and Figure 7-88).  

One of the most important issue in modeling of the quality are the input data used in the 

simulation run [183]. As an example of meteorological parameters the evaluation of 

precipitation intensity was presented in Table 7-1. The evaluation of ambient concentrations 

of the species that react with mercury was presented in chapter 7.3. Moreover, various 

combinations of anthropogenic emission of mercury were used in this work (e.g. Table 7-7, 

Figure 7-86 ). The sensitivity of the model to changes in input data provided to the model is 

presented in Table 7-23.  

Table 7-23. The relative changes amounts of mercury air concentrations and deposition in the 
European domain by use of various input data. The presented values are the ratio of results from base 
model run with the use of listed changed input data to modelling results with the use of reference input 
data. 

N. Changes in input data 

Ambient 

concentration 
Dry deposition Wet deposition 

GE

M 

RG

AM 

HgP  GE

M 

RG

M 

HgP  Hg
0
 RG

AM 

HgP  

1 
Concentration of species which react with 

mercury less than 20%   

1.01 0.90 1.00 1.01 0.89 1.00 1.01 0.91 1.00 

2 
Concentration of species which react with 

mercury is greater than 20% 

0.99 1.09 1.00 0.99 1.11 1.00 0.99 1.09 1.00 

3 
The boundary concentration of mercury 

species less than 20%   

0.82 0.84 0.86 0.81 0.84 0.85 0.81 0.82 0.83 

4 
The boundary concentration of mercury 

species is greater than 20% 

1.18 1.16 1.14 1.19 1.16 1.15 1.19 1.18 1.17 

5 
The initial concentration of mercury 

species less than 20%   

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

6 
The initial concentration of mercury 

species is greater than 20% 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

7 
The natural emission of mercury less than 

20%   

0.99 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.00 

8 
The natural emission of mercury is greater 

than 20% 

1.01 1.00 1.00 1.01 1.00 1.00 1.00 1.00 1.00 

9 
The anthropogenic emission of mercury 

less than 20%   

1.00 0.97 0.94 1.00 0.97 0.95 1.00 0.98 0.97 

10 
The anthropogenic emission of mercury is 

greater than 20% 

1.00 1.03 1.06 1.00 1.03 1.05 1.00 1.02 1.03 

 

The model is most sensitive to changes to boundary concentrations of mercury. The 

decreasing or increasing of concentrations of mercury of 20% at boundaries of modelling 

domain, causes the changes in the concentrations of GEM, RGAM and HgP of 18%, 16% and 

14%, respectively. The air concentration of mercury oxidation and reduction compounds have 

also a significant influence on the quantity of RGAM in the simulation domain. The model 

response is a 10% change in the concentration of RGAM due to changes in concentration of 
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these species of 20%. It should be noted that the measurement and modelling of ambient 

concentrations of these species give a wide spectrum of possible results, which are presented 

in Figure 2-9. The implementation of the detailed concentration fields of all of the species 

taking part in the reactions with mercury will be a great improvement in the modelling of 

mercury atmospheric transport. The amounts of emitted mercury from both anthropogenic and 

natural sources has a rather low influence on mercury mass balance in the modelling domain. 

However, the detailed information of the amount of emissions of mercury and location of 

sources has a great influence on the local quantity of deposited mercury.  

 

7.9 Contribution of different sources to mercury deposition in Poland 

The results of the simulations run (i) with all emissions, (ii) without natural emissions and 

reemissions (iii) without all anthropogenic sources, (iv) without anthropogenic sources in 

Poland and (v) without emission from the Polish power sector were used to investigate the 

contribution of different emission sources to total mercury deposition in Poland in the year 

2008 (Figure 7-89). In the simulation only emissions provided by EMEP were used.  

 

 

 

Figure 7-89. Contribution of national (Polish) power sector (NPS), national other anthropogenic 
(NOS), European anthropogenic (EAE), global (GLOB), and natural and re-emission sources (NRE) 

to total mercury deposition (dry +wet) in Poland in 2008.   
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The results in Figure 7-89 show the major contribution of global sources (GLOB) and a rather 

low contribution of natural and reemission sources (NRE). The contribution of the Polish 

power sector (NPS) varies in different months from 5% to 11% and national other 

anthropogenic sources (NOS) from 4% to 10%. The other anthropogenic European sources 

(EAE) contribute up to 20% to the overall annual deposition of mercury in Poland. The 

highest share of national sources (NPS +NOS) occurs during the winter heating season when 

large quantities of coal are combusted in the domestic sector and additionally the power sector 

activity is at its highest. The contribution of the national power sector (NPS) to all national 

sources varies from 45 to 55%. The majority of mercury is deposited in Poland through dry 

deposition process. The dry deposition contribution to the overall deposition ranges from 74% 

in January to 86% in June, with the annual average share of 79%. The obtained results of 

contribution of national sources are in contradiction with modelling results for 1999, where 

the Polish anthropogenic sources contributed the most to the deposition over Poland (range 

from 45% according to HYSPLIT model for August to 80% according to MSCE-HM model 

in February) [12]. The discrepancies between those results come from the amounts of 

deposited GEM from global sources (GLOB). In these models, dry deposition of mercury of 2 

-6 g.km-2.y-1 over land was estimated. The results presented in Figure 7-61 show dry 

deposition of GEM over land of approx. 29 g.km-2.y-1 [217]. This value of the dry deposition 

flux over land compared to recent studies does not seem to be overestimated [264]. The 

emissions of mercury in Poland of 25.6 Mg in 2000 were used in those studies, while in this 

work national emissions were reduced by 10 Mg (Figure 2-6). The contribution of 

anthropogenic European sources (NPS +NOS +EAS) over 50% to the overall mercury 

deposition was obtained from simulations preformed with use of GLEMOS model [260]. That 

model also calculates the lower dry deposition flux compared to the model presented in this 

work. The results presented in Figure 7-89 are similar to the relative contribution of global, 

natural and re-emission sources (GLOB +NRE) and anthropogenic sources located in Europe 

(NPS +NOS +EAS) in Europe for 2005 obtained with GEOS-Chem, GLEMOS and CMAQ-

Hg models [262]. 

7.10 The impact of the Polish power sector 

The simulation runs over Poland allowed one to estimate the contribution of emissions from 

the Polish power sector to the overall deposition and air concentrations of mercury, lead and 
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cadmium. In this chapter, the detailed spatial results of the impact of the Polish power sector 

regarding mercury, lead and cadmium are presented in Figure 7-90 -Figure 7-114.  

 

   
Figure 7-90. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of GEM [%]. 
EF2008-fix emission was 
applied.  

Figure 7-91. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of GEM [%]. 
EF2008 emission was 
applied. 

Figure 7-92. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of GEM [%]. 
EF2009 emission was 
applied. 

   
Figure 7-93. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of RGM [%].  
EF2008-fix emission was 
applied. 

Figure 7-94. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of RGM [%]. 
EF2008 emission was 
applied. 

Figure 7-95. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of RGM [%]. 
EF2009 emission was 
applied. 

   
Figure 7-96. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of HgP [%]. 
EF2008-fix emission was 
applied. 

Figure 7-97. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of HgP [%]. 
EF2008 emission was 
applied. 

Figure 7-98. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
average ambient 
concentration of HgP [%]. 
EF2009 emission was 
applied. 
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Figure 7-99. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
dry deposition of mercury 
[%]. 
EF2008-fix emission was 
applied. 

Figure 7-100. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
dry deposition of mercury  
[%]. 
EF2008 emission was 
applied. 

Figure 7-101. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
dry deposition of mercury  
[%]. 
EF2009 emission was 
applied. 

   
Figure 7-102. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
wet deposition of mercury 
[%]. 
EF2008-fix emission was 
applied. 

Figure 7-103. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
wet deposition of mercury  
[%]. 
EF2008 emission was 
applied. 

Figure 7-104. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
wet deposition of mercury  
[%]. 
EF2009 emission was 
applied. 

   
Figure 7-105. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
deposition of mercury [%]. 
EF2008-fix emission was 
applied. 

Figure 7-106. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
deposition of mercury [%]. 
EF2008 emission was 
applied. 

Figure 7-107. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from power sector to overall 
deposition of mercury [%]. 
EF2009 emission was 
applied. 

 

The atmospheric behaviour of forms of mercury, determines the contribution of mercury 

emission sources to the ambient mercury concentration and deposition at local and regional 

scale. As GEM is transported for long distances, the local contribution of even very 
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productive sources is relatively low and equals to at most 10%. While the contribution of 

mercury emissions from the power sector to the overall air concentration of reactive gaseous 

mercury and mercury bound to particulate matter exceed 50% near the large emission sources. 

The high influence of local sources on ambient concentrations of RGM and HgP determines 

the results presented in Figure 7-102, Figure 7-103 and Figure 7-104, which show that in 

many areas in Poland the power sector is responsible for more than 60% of the total wet 

deposition, because in the wet deposition process only mercury bound to particulate matter 

and reactive gaseous mercury are removed as Hg0 scavenging is very insignificant. Therefore, 

the high amount of mercury deposited with precipitation indicates a high concentration of 

mercury included in particulate matter and reactive gaseous mercury. These forms are 

deposited locally and can be treated as the indicators of local mercury emissions. The local 

impact of the power sector on the dry deposition flux is slightly lower compared to the wet 

deposition (Figure 7-99, Figure 7-100, Figure 7-101), because the dry deposition results are 

mainly led by the amounts of deposited GEM (Figure 7-64). Its impact is lower on the local 

air concentration compared RGM or HgP.  

The speciation and the quantity of emitted mercury by particular stacks have a significant 

influence on the obtained results. In three applied emission databases, the total emission from 

the power sector was nearly at the same level and equalled approx. 8.7 Mg.y-1. However, the 

structure of these emission was different. In case of emission databases EF2008-fix and 

EF2008, mercury was mainly emitted from hard coal power, CHP and heating plants, while in 

the EF2009 database most of the mercury was emitted from 5 power plants that were based on 

brown coal. This implies that in Figure 7-92 the high impact of brown coal power plants 

occurs, while in Figure 7-90 and Figure 7-91, the impact of these plants is slightly visible. In 

the Figure 7-90 and Figure 7-91 the highest percentage rate of emissions from power sector to 

overall average ambient concentrations of GEM are noted for hard coal power and CHP 

plants. In general, application of the emissions included in the EF2009 database resulting in 

significant reduction of the influence of the emission of the power sector to air quality 

regarding mercury air concentrations over Silesia where most of Polish power plants that are 

based on hard coal are located. The differences in the obtained results of the impact of the 

Polish power sector to the overall average ambient concentrations of the various mercury 

forms governs the observed differences in the results of the deposition presented in Figure 

7-99 -Figure 7-107. The role of the speciation of the emitted mercury is visible in Figure 

7-108. Despite the fact that the annual total emissions of mercury in all used databases was at 
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the same level, the applied speciation of emitted mercury from the power sector was different. 

This results in significant differences in the average of results of percentage rate of emissions 

from power sector to overall wet and dry deposition of mercury over the whole of Poland 

(Figure 7-108). In case of EF2009, emission the impact is lowest (6% to overall deposition) 

because in this database the share of reactive mercury (RGM +HgP) to the overall emission 

was also lowest and equalled 27%. In contrary, the highest share of reactive mercury of 50 % 

was in EF2008-fix. This caused that the yearly average impact of emissions from the power 

sector to overall deposition (wet +dry) is 9%. The share of reactive mercury in EF2008 and in 

emissions used in model runs over Europe (the results market as NPS) is 42% and 39%, 

respectively.  

  

 

Figure 7-108. The impact of the Polish power sector. The percentage rate of emissions from 
the power sector to overall wet and dry deposition of mercury [%]. NPS -national power 

sector, results from model runs over Europe, presented also in Figure 7-89.  

 

   
Figure 7-109. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from the power sector to 
overall average ambient 
concentration of cadmium 
[%]. 

Figure 7-110. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from the power sector to 
overall dry deposition of 
cadmium [%]. 

Figure 7-111. The impact of the 
Polish power sector. The 
percentage rate of emissions 
from the power sector to overall 
wet deposition of cadmium [%]. 
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Figure 7-112. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from the power sector to 
overall average ambient 
concentration of lead [%]. 

Figure 7-113. The impact of 
the Polish power sector. The 
percentage rate of emissions 
from the power sector to 
overall dry deposition of lead 
[%]. 

Figure 7-114. The impact of the 
Polish power sector. The 
percentage rate of emissions 
from the power sector to overall 
wet deposition of lead [%]. 

 

The impact of emissions of the power sector of lead and cadmium on ambient concentration 

and deposition is relatively low. The obtained results presented in Figure 7-109 -Figure 7-114 

show that the impact of emissions from the Polish power sector reaches at most 10%. This 

rather in significant impact is due to the fact that the share of emissions from the power sector 

is low compared to the total emissions of lead and cadmium in Poland. The share of coal-

based emission from the power sector in comparison to the overall cadmium and lead 

emissions, was approx. 5% in 2008. The highest rate in ambient concentration and deposition 

of lead and cadmium emitted from the power sector occurs near the largest emission sources. 

In Poland these are the brown coal power plants and hard coal industry heating plants.  

 

 Conclusions  8

The main aim of this work was to study the impact of the emissions of heavy metals 

(cadmium, lead and mercury) from the power sector on the air quality. To meet the declared 

aim, the new mercury chemical model was implemented into the Polyphemus air quality 

system. The main developments in this model are related to the reactions and transformations 

of mercury with bromine and the implementation of different sizes sections for mercury 

bound to aerosols. It should be underlined that the mercury chemistry in the atmosphere is 

very complex. The modelling of mercury behaviour in the atmosphere needs to be addressed 

with caution reviewed in detail. In this work, the scientific literature was reviewed in detail 

regarding mercury chemistry and mercury chemical models. In this part, it can be concluded 

that the chemistry of mercury is still not well known. There are many different reactions and 

transformations that were discovered under laboratory conditions but their occurrence in the 
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atmosphere is still not confirmed. Additionally for many reactions, the mechanism as well as 

the products of reactions were not fully investigated. For most of the mercury reactions, 

distinct values of rate constants exist. It implies that the chemistry of mercury implemented in 

the models may affect significantly among models. The models also differ in the way of 

calculating the dry and wet deposition of mercury. Additionally, the high uncertainties of the 

modelling results are related to the concentrations of compounds that react with mercury. 

Some of them are measured rarely and their air concentrations are only modelled. Overall, 

there are not many processes regarding mercury modelling which are common to all models. 

This causes the results of various models to differ significantly.  

In order to analyse the problem of the contribution of heavy metals emitted from the Polish 

power sector in more detail, a database of the Polish power sector was prepared. It contains 

detailed information about boilers, emission controls equipment, fuel consumption and stack 

location. Thanks to this, the emissions of the power sector were desegregated into plants and 

speciation of mercury was estimated with a bottom-up approach. The simulations of heavy 

metals dispersion into the atmosphere were done on the European domain and the domain 

covering Poland with finer resolution. The fields of ambient concentrations and deposition of 

mercury over Europe and Poland were modelled. The results revealed the areas that are most 

polluted by heavy metals and showed where the Polish power sector has the higher impacts. 

The elemental gaseous mercury ambient concentrations are evenly distributed (relatively low 

spatial variations exist). On the contrary, high variations in the spatial gradients of reactive 

gaseous and particulate forms of mercury air concentrations and deposition fluxes were noted. 

This detailed study shows that many components of the developed model have crucial impacts 

on the obtained results. In the model of mercury chemistry, the most effective pathway in the 

gaseous phase are the oxidation of gaseous elemental mercury by hydroxyl radical, ozone and 

most of all bromine oxide radicals, while in the aqueous phase the reduction reactions of 

elemental mercury dominate. These reactions have a crucial influence on the mass balance of 

reactive mercury, but a rather low influence on gaseous elemental mercury. The significant 

impact of the mass balance of gaseous elemental mercury includes the dry deposition process 

and implemented values of boundary concentrations. In this model, dry deposition of gaseous 

elemental mercury is the prevailing process for removing mercury from the atmosphere. Dry 

deposition of GEM over land is equally distributed, due to almost uniform ambient 

concentrations of this form. The relatively high dry deposition flux of gaseous elemental 

mercury has a huge influence on the presented results and differs significantly from other 

models where the dry deposition of GEM is often not taken into account in the models. It was 
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also shown that a change in the calculation of the scavenging coefficients or representative 

raindrop diameter for in-cloud scavenging has a significant impact on the amount of wet 

deposited reactive mercury. Equally important are also meteorological data, because the wet 

deposited amount of mercury is correlated with the precipitation intensity. The natural 

emissions as well as anthropogenic emissions have a rather low impact on the mass balance of 

mercury in the whole modelling domain, however, they have a crucial impact in particular 

areas. The detailed results show that the Polish power sector can be responsible for up to 80% 

of wet deposited mercury near large emission sources. However, the contribution from 

national sources over whole Poland is low and reaches only 21% during the winter heating 

season when large quantities of coal are burned in the domestic sector and additionally the 

power sector activity is at its highest. The fact that the spatial variations in GEM 

concentrations over Europe are moderate, on the contrary the high concentration of reactive 

mercury exists mainly near the emission sources which makes the latter mercury form a more 

relevant indicator of coal combustion. This mercury form plays an important role and has a 

large impact on mercury air concentrations and deposition, particularly at the local and 

regional scales. That is why national estimations of the amounts of emitted mercury should 

include the emissions of individual mercury forms and not only total emissions of mercury. 

However, the highest share in the total deposition in Poland derives from global sources of 

mercury and it is the reason why the adverse impact of mercury in Poland should be mainly 

reduced by global efforts to decrease mercury emissions and use. 

The impact of emissions of cadmium and lead from the power sector is lower compared to the 

obtained results for mercury. The modelling results showed maximal impacts of 30% and 

10% for cadmium and lead near large power sector sources on the ambient concentrations and 

deposition. The emissions of these heavy metals from the power sector where all plants are 

equipped with PM emission control systems are relatively low compared to other sources.  

In this work, several scientific achievements were completed. The national emissions of 

mercury were split into mercury speciation forms with the use of a bottom-up approach. The 

detailed locations of emissions of mercury, lead and cadmium from the power sector was 

indicated. An update mercury chemistry model was developed and implemented to 

Polyphemus air quality system. For the first time, many reactions of mercury were applied to 

the chemical model, i.e. reactions with bromine, fluorine, iodine and chlorine radicals. The 

complex chemistry of mercury and bromine compounds were implemented into the model. 

The particulate matter dispersion of mercury, lead and cadmium were modelled using 10 

particle size sections. The impact of many parts of the model (chemistry, deposition, input 
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data) on the results was investigated. The results on the impact of heavy metals emission from 

the Polish power sector and other sources were modelled. It should be emphasized that the 

scientific literature was reviewed in detail. However, it should be noted that in this scientific 

area there is still some lack of knowledge and the presented results show one possible solution 

and should be not treated as better than others obtained by different groups. To better 

understand the heavy metals behaviour, the model can be used to support measurements of 

mercury. This work shows that wide measurements of heavy metals are very much needed. 

The measurement stations in Europe should be mainly located in areas with high 

concentrations/deposition which were indicated in the modelling results. Due to a high 

uncertainty and simplification in the current assessment of mercury emissions, the amount of 

different mercury forms in exhaust gases should be monitored as well.  

In conclusion let us come back to the exemplary questions and theses mentioned at the 

beginning of this work.   

 

The first of them was “does the dry deposition of gaseous elemental mercury have the 

greatest influence on obtained mercury deposition results?” 

The obtained results of the model show that the share of dry deposition of gaseous elemental 

mercury in the overall mercury deposition over land is the highest. At all stations, on average 

nearly 60% of deposited mercury come from dry deposition of GEM. This process has also 

the crucial impact on the obtained results of impact of the Polish power sector on mercury 

deposition in Poland. 

 

The second question that was asked, was “what is the contribution of different atmospheric 

reactions to the atmospheric mass balance of reactive mercury?”. 

The contribution of various reactions is very diverse. The most effective reaction of gaseous 

elemental mercury is that with bromine oxide radical, it contribute nearly 60% to the 

atmospheric production of reactive forms of mercury. The second reaction is the oxidation of 

GEM by hydroxyl radical, which contributes 20% of RGM atmospheric production. The 

aqueous reduction of HgII
(aq) by HO2

•
(aq) covers 70% of the mass of the whole atmospheric 

flux of reduction of reactive mercury to elemental mercury.  

 

Another thesis was “is most of the deposited mercury in Poland emitted outside Poland?”. 

Yes, definitely. Three-quarters of deposited mercury in Poland was emitted outside Poland. 

The vast part comes even from outside the modelling domain, that is from outside Europe.  
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The other question that was asked, was “what is the contribution of the power plant sector to 

local mercury deposition in Poland?”  

Overall taking into account the whole territory of Poland, this contribution in not very high 

and reaches 22% of overall deposition in the winter season. However, the results differ very 

much for various estimations of emissions the from the power sector. Near the large sources, 

the impact is significantly higher and reaches even 60% of the overall wet deposition of 

mercury.  

 

The last question was “does the concentration of reactive mercury and lead and cadmium 

depend strongly on local emission sources?”. 

Yes, the high concentrations of reactive mercury and lead and cadmium are observed over 

areas were such species are emitted. In the maps of concentration of those species over 

Europe as well as maps showing the impact of the Polish power sector, the red spots indicate 

the areas with the high local emissions.   

 

Results obtained in this work are very important in the context of preparing a national strategy 

on mercury reduction as they show to what extent mercury concentrations and deposition can 

be reduced over Poland by means of cutting national emissions. They also show that mercury, 

to a large extent, is a global pollutant and international agreements and strategies on mercury 

reduction are necessary to effectively tackle the problem. The model can be used as a tool 

supporting decision making to improve the situation in areas with the highest mercury 

concentrations and deposition. 
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Appendix 1 

 

History of the development of the Polyphemus air quality system. 

 

N File name File role and task  History of development 

1 HeavyMetal.cxx Connection of code C++ 

code  with fortan routines 

dedicated for heavy metals  

Author(s): Janusz Zysk, Yelva Roustan 2010-2012 

2 aerosol.f Main routine for heavy 

metals in aqueous and 

aerosol  phases  

AUTHOR(S)   

Janusz Zysk, CEREA, January 2010. 

MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

3 chem.f Main routine for chemistry 

of mercury in gaseous 

phase  

-- AUTHOR(S) 

  Denis Quélo, CEREA, June 2001. 

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

2010/01/01: Upgrading and inclusion in Polyphemus  

   (Janusz Zysk, CEREA). 

2005/09/01: Adaptation for the Polair3D mercury 

mechanism 

  (Yelva Roustan, CEREA). 

4 fexchem.f Computes the chemical 

production term for the 

mercury  gas-phase 

chemical kinetic 

mechanism. 

 AUTHOR(S)    

 Yelva Roustan, CEREA, September 2005. 

MODIFICATIONS    

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

2010/01/01: Upgrading and inclusion in Polyphemus   

(Janusz Zysk, CEREA). 

5 jacdchemdc.f Computes the jacobian 

matrix for the mercurygas-

phase chemical kinetic 

mechanism. 

AUTHOR(S) 

Yelva Roustan, CEREA, September 2005. 

MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

2010/01/01: Upgrading and inclusion in Polyphemus  

 (Janusz Zysk, CEREA).     

6 kinetic.f Computes the chemical 

reaction rate coefficients 

for  the mercury gas-phase 

chemical kinetic 

mechanism. 

AUTHOR(S)   

Yelva Roustan, CEREA, September 2005. 

MODIFICATIONS 

2010/01/01: Upgrading and inclusion in Polyphemus  

(Janusz Zysk, CEREA). 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

7 roschem.f Computes one time step 

for the mercury gas-phase 

chemical kinetic 

mechanism. 

-- AUTHOR(S) 

Denis Quélo, CEREA, June 2001. 

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

2010/01/01: Upgrading and inclusion in Polyphemus  

(Janusz Zysk, CEREA). 

2005/09/01: Adaptation for the Polair3D mercury 

mechanism (Yelva Roustan, CEREA). 

8 chem_aq.f This routine computes one 

time step for the aqueous 

phase mercury chemical 

kinetic mechanism. 

Chemical kinetics is 

solved in each grid cell. 

  -- MODIFICATIONS    

 2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

     

9 fexchem_aq.f This routine computes the 

chemical production term 

for the mercury 

aqueous-phase chemical 

kinetic mechanism. 

-- MODIFICATIONS    

 2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 
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10 jacdchemdc_aq.f This routine computes the 

jacobian matrix for the 

mercury aqueous-phase 

chemical kinetic 

mechanism. 

-- MODIFICATIONS    

 2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

 

11 kinetic_aq.f This routine computes the 

chemical reaction rate 

coefficients for the 

mercury aqueous phase 

chemical kinetic 

mechanism. 

-- MODIFICATIONS    

 2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

 

12 roschem_aq.f This routine computes one 

time step for the mercury 

aqueous phase 

 chemical kinetic 

mechanism. The solver is 

based on a second-order 

 Rosenbrock method The 

linear systems to be   

solved are optimized.    

-- MODIFICATIONS    

 2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

 

13 chem_aer.f This routine computes one 

time step for the 

heterogeneous mercury 

chemical kinetic 

mechanism. Chemical 

kinetics is solved in each 

grid cell. 

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

14 fexchem_aer.f This routine computes the 

chemical production term 

for the mercury 

heterogeneous chemical 

kinetic mechanism. 

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

15 jacdchemdc_aer.f This routine computes the 

Jacobian matrix for the 

mercury heterogeneous 

chemical kinetic 

mechanism. 

    

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

16 kinetic_aer.f This routine computes the 

chemical reaction rate 

coefficients for 

the mercury heterogeneous 

mercury chemical kinetic 

mechanism. 

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

17 roschem_aer.f This routine computes one 

time step for the mercury 

heterogeneous 

 chemical kinetic 

mechanism. The solver is 

based on a second-order 

Rosenbrock method (see 

the user's guide). The 

linear systems to be 

solved are optimized.     

-- MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

-- AUTHOR(S) 

Janusz Zysk, CEREA, January 2010. 

18 solvlin.f Matrix decomposition  AUTHOR(S) 

Denis Quélo, CEREA, June 2001. 

MODIFICATIONS 

2012/02/01: Cleaning (Yelva Roustan, CEREA). 

2010/01/01: Upgrading and inclusion in Polyphemus  

(Janusz Zysk, CEREA). 
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2004/08/11: Adaptation for the Polair3D mercury 

mechanism (Yelva Roustan, CEREA). 

2001/11/05: Adaptation for the EMEP chemical 

mechanism (Jaouad Boutahar, CEREA). 

 

ACC CYFRONET AGH (PL-Grid Plus) is acknowledged for the computing time.    

 


