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SUMMARY 

In accordance with the EMEP work-plan for 2003 [ECE/EB.AIR/77/Add.2] Meteorological Synthesizing 
Centre-East (MSC-E) continued the investigations of the environmental pollution by persistent organic 
pollutants (POPs). On the basis of modeling approach the assessment of pollution of Europe and the 
Northern Hemisphere by a number of chemicals included to the POP Protocol (polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), 
polychlorinated biphenyls (PCBs), γ-hexachlorocyclohexane (γ-HCH) and by hexachlorobenzene 
(HCB)) was carried out. For these substances environmental levels, temporal trends and transport 
distances from European sources are evaluated. The approach to evaluation of source-receptor 
relationships for POPs is being developed by the examples of B[a]P (country-to-country matrices in 
the European region) and PCBs and γ-HCH (intercontinental transport). The work on elaborating of 
this approach to other POPs (in particular, PCDD/Fs) is now initiated. 

The present Technical Report is aimed at the description of these activities. 

An important input for POP transport models is emissions. Spatial emission distributions for 
calculations are prepared for a number of years by MSC-E on the basis of official emission data 
submitted by Parties to the Convention and on the basis of available expert estimates both on 
European and hemispheric scales. 

One of the most important points is further development of MSCE-POP model as an instrument of 
assessment of pollution levels in Europe and the Northern Hemisphere. At present there exist two 
versions of the model – regional version with resolution 150×150 km and 50×50 km and hemispheric 
version with spatial resolution 2.5×2.5º. Much attention is paid to model validation. This is made by 
comparison of the obtained results with available measurement data and by the analysis of model 
sensitivity with respect to different processes and parameters. An important activity in this direction is 
the intercomparison of various multicompartment POP models, which was initiated by EMEP/MSC-E 
this year. 

Besides, the developed models can be applied for evaluation of long-range transport potential and 
overall persistence for chemicals – candidates for the inclusion to the Protocol. In the report the 
method of evaluation of the above parameters is proposed and discussed. 

The main results on the environmental pollution by POPs under EMEP are described in the EMEP 
Status Report [Shatalov et al., 2003]. 
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Introduction 
 

INTRODUCTION 

Persistent organic pollutants (POPs) are chemicals of high toxicity. They inflict mutagenic, teratogenic 
and carcinogenic impact on human beings and environmental ecosystems. These substances are 
transported over long distances, and accumulated in soil, marine environment, plants, and in tissues 
of living organisms. Persistent organic pollutants can be found actually everywhere on the Earth even 
in regions located far away from emission sources (for example, in the Arctic) [AMAP, 1998]. 

The activity connected with the examination and prevention of the environmental pollution by these 
substances is in the spotlight of many international programmes and organizations: the United Nation 
Environment Programme (UNEP), the Organization for Economic Co-operation and Development 
(OECD), the World Health Organization (WHO), the World Meteorological Organization (WMO), the 
Arctic Monitoring and Assessment Programme (AMAP), the Baltic Marine Environment Protection 
Commission (HELCOM), the Oslo-Paris Commission for the Protection of the Marine Environment of 
the North-East Atlantic (OSPAR) and others. 

Thirty six Parties to the Convention on Long-range Transboundary Air Pollution (hereinafter 
Convention) signed the Protocol on Persistent Organic Pollutants (hereinafter the Protocol on POPs) 
in 1998. In compliance with the Protocol “in good time before each annual session of the Executive 
Body, EMEP shall provide information on the long-range transport and deposition of persistent 
organic pollutants” (Article 9) [ECE/EB.AIR/66]. 

The Technical Report describes the progress in the development of the regional and hemispheric 
versions of MSCE-POP model used for the investigation of environmental pollution by POPs and 
results of this investigation made by Meteorological Synthesizing Centre - East (MSC-E) in 2003. This 
work was fulfilled in accordance with the work-plan of EMEP for 2003 approved by the Executive 
Body for the Convention [ECE/EB.AIR/77/Add.2]. The basic activity was aimed at modeling of the 
environmental contamination by the following POPs: polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), polychlorinated biphenyls (PCBs), 
γ-hexachlorocyclohexane (γ-HCH), and hexachlorobenzene (HCB).  

It should be mentioned that in 2002 on the basis of the agreement between EMEP, AMAP and WMO, 
MSC-E participated in the project ”Persistent toxic substances, food safety and indigenous people of 
the Russian North”. The main output of this activity was described in the MSC-E Technical Report 
“Assessment of long-range transport of Hg, PCBs, and γ-HCH to the Russian North” [Dutchak et al., 
2002] that report was partially included in the present Technical Report. 

This year modules of the MSCE-POP model describing the behaviour of POPs in soil, and seawater 
were modified. Special attention was given to POP transport processes in soil. The modification of the 
oceanic module was connected with the parameterization of turbulent diffusion process. The model 
description of POP fate in the seawater compartment also takes into account POP transport with sea 
currents, POP partitioning in seawater and the influence of ice cover dynamics on their transport. The 
inclusion of these processes is of importance for proper description of POP fate in the environment. 
The analysis of sensitivity of model output to variations of the model parameters affecting POP 
behaviour in different environmental compartments was also made. 

Estimates of long-range transport potential  (LRTP) and overall persistence in the environment (Pover) 
for new substances - hexachlorobutadiene (HCBD), pentachlorobenzene (PeCBz), polychlorinated 
naphthalens (congener PCN-47), α-endosulfan, and dicofol - were carried out on the basis of the 
model approach worked out by MSC-E. This approach can be used for the consideration of new 
substances to be included to the environment-protection activities. 
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Extensive efforts were made for the preparation of the input data for modeling - meteorological and 
geophysical information, data on physical-chemical properties of the selected substances and on their 
emissions. Meteorological input data for modeling were generated with the use of the System of 
Diagnosis of the Lower Atmosphere (SDA). The system provides meteorological information for the 
Northern Hemisphere on the basis of the objective analysis of meteorological fields. Geophysical data 
consist of information on land cover, Leaf Area Index (LAI), organic carbon content in soil, on sea 
currents and on sea ice cover. These data were collected from different sources and redistributed 
over the model grid system. Physical-chemical properties of the selected POPs available in literature 
were reviewed and the model parameterization of main processes of POP behaviour in various 
compartments was modified.  

Available emission data including both official information and expert estimates were collected and 
processed. The information on POP emissions includes emission totals and their spatial distribution. 
Special attention was given to the investigation of the effect of emission intensity in different regions in 
the Northern Hemisphere on the environmental pollution of Europe as well as to the transport of 
pollutant from European sources outside European domain (hereinafter the EMEP domain).  

Modified versions (hemispheric and regional) of the MSCE-POP model allowed to estimate POP 
pollution levels in the EMEP domain. The study includes the assessment of PAH and PCDD/F 
dispersion in the environment and the analysis of pollution trends during 1970-2000; assessment of 
PAH transboundary transport between European countries in 2000 (exemplified by benzo[a]pyrene 
(B[a]P)); assessment of PCB, γ-HCH and HCB transport and accumulation in the Northern 
Hemisphere;  and evaluation of PCDD/F and PAH depositions to regional seas. The fate of these 
contaminants in different environmental compartments was also examined. 

Special attention was paid to the verification of the model and its results. Model estimates were 
verified by the comparison of calculated values with measurement data. Besides the MSCE-POP 
model is participating in the POP model intercomparison study initiated in 2002 under EMEP in 
accordance with the recommendation of the Executive Body for the Convention [ECE/EB.AIR/75] and 
of the OECD/UNEP Workshop held in Ottawa [Mackay et al., 2001]. The comparison of different 
approaches used for POP modeling by various groups of researches in the course of the model 
intercomparison is very beneficial for the improvement of current model description and 
parameterization.  

All the results, obtained in the framework of this study, including model development and testing, input 
data, and results of modeling, are described in this Technical Report. The report is organized in four 
chapters and five annexes. Brief outline of their contents is given below.  

The first chapter is devoted to the description of the MSCE-POP model including processes defining 
the transport and behaviour of POPs in the environmental compartments. Information on recent 
development of soil and ocean modules of the model, meteorological, and geophysical data are 
presented in this chapter. It also contains current parameterization of the multi-media POP model 
used for the calculations of the following pollutants: PAHs (B[a]P and benzo[b]fluoranthene (B[b]F)), 
four PCB congeners (PCB-28, PCB-118, PCB-153, and PCB-180), eight PCDD/F congeners (2,3,7,8-
TCDD, 1,2,3,7,8-PeCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD, 2,3,7,8-TCDF, 2,3,4,7,8-PeCDF, 
1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF), γ-HCH and HCB. The model approach elaborated for 
the evaluation of new substances (HCBD, PeCBz, PCN-47, α-endosulfan, and dicofol)  is also 
described in this chapter.  
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Chapter 2 provides information on emissions of the pollutants selected for this study. Identification of 
main groups of emission sources within the Northern Hemisphere for the pollutants which long-range 
transport was calculated at the hemispherical scale is presented in this chapter.  

Chapter 3 comprises the main results of the assessment of pollution of the EMEP domain and the 
Northern Hemisphere by the selected POPs. Calculated levels of PAH and PCDD/F air concentrations 
and of other environmental compartments and of deposition fields in the EMEP region formed by 
European emission sources are described. The investigation of the effects of PCB, γ-HCH, and HCB 
emissions from different regions of the Northern Hemisphere on the contamination of Europe is 
presented as well. The transport of these pollutants from European sources outside the EMEP 
domain is also analyzed. 

Chapter 4 is focused on the information about POP model intercomparison study providing brief 
description of the participating models, The Programme on POP model intercomparison, and the main 
objectives of the first stage are presented. At Stage I it was agreed to compare model description of 
the main processes of POP behaviour in the environment, their parameterization and results of model 
experiments. Necessary information on computational experiments to be performed under Stage I 
includes a “standard parameterization” together with input data for the three PCB congeners. 

Main conclusions are summarized in the end of the Technical Report. 

Additional information on model development and modeling results are presented in the annexes. 
Annexes A and B are focused on model sensitivity studies with respect to some processes affecting 
POP behaviour in the atmosphere, to processes of POP partitioning in the marine environment, and to 
the consideration of ice cover. Annex C is devoted to the selection of physical-chemical properties of 
PCBs and γ-HCH. Basic properties of the considered pollutants, which define their behaviour in 
various environmental media including partitioning between the gaseous and particulate phase, 
removal processes and chemical degradation reactions are discussed. Annex D contains tables with 
data on the comparison between measured and calculated results for PCDD/Fs. Annex E describes 
supplementary modeling results for PCB-28, PCB-118, and PCB-180. 

The basic outcome of the study on environmental pollution of the EMEP domain by POPs carried out 
by MSC-E in 2003 can be found in the Status Report [Shatalov et al., 2003].  
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Chapter   1 
POP MODEL DEVELOPMENT 

This Chapter is devoted to the description of MSCE-POP model and its recent development. The 
exposition in the Chapter goes as follows. 

First, we describe the model version elaborated in the course of joint WMO/AMAP/EMEP project in 
the previous year [Dutchak et al., 2002]. This description is split into two parts: description of the 
model itself (Section 1.1) and description of necessary input data (Section 1.2).  

Second, we present the results of recent work on refinement of two model blocks: the descriptions of 
POP behaviour in soil and seawater (Section 1.3). The behaviour of persistent organic pollutants in 
such environmental compartments as soil and seawater strongly influences their long-range transport. 
However, POP behaviour in these media is determined by a number of processes of different 
importance. The investigation of the influence of processes affecting POP behaviour in these 
environmental compartments (that is, sensitivity study with respect to processes) being a part of 
model development is also presented in this Section. Besides, in Annex A we perform sensitivity study 
with respect to some processes affecting POP behaviour in the atmosphere (variation of specific 
surface area of POP particles-carriers and diurnal variations of OH radical concentrations in the 
atmosphere). Sensitivity analysis of the oceanic transport module with respect to processes of POP 
partitioning in the marine environment and to consideration of ice cover are considered in Annex B.  

In Section 1.4 we describe current parameterization of the model for the following pollutants: PAHs 
(B[a]P and B[b]F), four congeners of PCBs (PCB-28, PCB-118, PCB-153, and PCB-180), eight 
congeners of PCDD/Fs (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD, 
2,3,7,8-TCDF, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF), γ-HCH and HCB. In 
Annex C we present a description of selection of physical-chemical parameters for model 
parameterization of PCBs and  γ-HCH carried out under the AMAP project [Dutchak et al, 2002]. 

Finally, a model approach to evaluation of new substances (HCBD, PeCBz, PCN-47, α-endosulfan, 
and dicofol) worked out by MSC-E is described in Section 1.5. This section is devoted to the 
description of model estimation of long-range transport potential  (LRTP) and overall persistence in 
the environment (Pover) for new substances. 

 

 

1.1.  Model description  

1.1.1.   General structure 

Modeling of POP transport requires the information on the physical-chemical properties of considered 
POPs, their emissions and also meteorological and geophysical data (Fig. 1.1).  
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Fig. 1.1.   Input and output data of the MSCE-POP multicompartment model 

 
Output model information includes: 

• fields of deposition and concentration in environmental media and long-term trends of 
contamination in them; 

• distribution of a pollutant between environmental media;  

• source-receptor relationships; 

• long-range transport potential and overall persistence. 

The main environmental compartments included in the model are (Fig. 1.2): 

• atmosphere; 

• soil; 

• seawater; 

• vegetation; 

• sea ice and snow. 

 

Fig. 1.2.   The scheme of processes included into the MSCE-POP hemispheric model 
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It is assumed that POPs are emitted to the atmosphere from which they may be uptaken by the 
underlying surface (soil, seawater, sea ice/snow, vegetation) or leave the calculation domain as a 
result of transport. The following processes affecting the long-range transport of POP are included in 
the model: 

The atmosphere: 

• transport with advection and diffusion; 

• partitioning of a pollutant between the gaseous and particulate phase; 

• wet and dry deposition of the particulate and gaseous phase to the underlying surface; 

• degradation. 

Vegetation: 

• gaseous exchange with the atmosphere; 

• defoliation. 

Soil: 

• gaseous exchange with the atmosphere; 

• partitioning between the gaseous, solid and liquid phase;  

• vertical transport of a pollutant by convective water fluxes and diffusion; 

• degradation. 

Seawater: 

• gaseous exchange with the atmosphere; 

• transport of a pollutant by sea currents and turbulent diffusion; 

• redistribution between the dissolved and particulate phase; 

• sedimentation; 

• degradation. 

Sea ice/snow: 

• accumulation of POPs in the snow and ice medium, 

• gas phase exchange between the snow and the atmosphere, 

• fluxes into the seawater as a result of snow and ice melting, 

• fluxes from the seawater to the ice cover during ice bottom/lateral accretion, 

• horizontal transport with drifting ice, 

• degradation in the snow pack and ice. 

We believe that these processes, included in the current version of the MSCE-POP hemispheric 
model, are vital for the description of POP transport in the environment. This statement is 
substantiated by a review of literature and a model sensitivity study. The latter is exemplified in 
Annexes A and B.  

There exist two versions of MSCE-POP model: regional version elaborated for the EMEP region with 
spatial resolution 50×50 km and 150×150 km, and hemispheric version with spatial resolution 
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2.5×2.5º. Besides, special version of the program with resolution 50×50 km for evaluation of country-
to-country matrices for B[a]P is elaborated. 

The following sections present the description of individual modules of the MSCE-POP model. 

1.1.2.   The atmosphere 

This section describes processes included in the atmospheric module of the MSCE-POP hemispheric 
model. These processes are: partitioning of a pollutant between the gaseous and particulate phase; 
wet and dry deposition of both phase to the underlying surface; and degradation. Advection and 
diffusion schemes of the model are the same as in the MSCE-Hg-Hem model, which is described in 
Section 3.2. 

 
Gas/particle partitioning 

Characterization of POP partitioning between the gaseous and particulate phase of a pollutant is 
performed using subcooled liquid vapour pressure pOL (Pa). According to the Junge-Pankow model 
[Junge, 1977; Pankow, 1987], the POP fraction ϕ adsorbed on atmospheric aerosol particles equals 
to: 

 
θ

θϕ
⋅+

⋅
=

cp
c

OL
, (1.1) 

where c is the constant dependant on the thermodynamic parameters of the adsorption process and on the 
properties of aerosol particle surface. It is assumed c = 0.17 Pa·m [Junge, 1977] for background aerosol; 

 θ  is the specific surface of aerosol particles, m2/m3 (θ = 1.5⋅10-4 m2/m3 for background aerosol [Whitby, 
1978]); to assess the influence of this assumption rough experimental calculations are made (see Annex A). 

Parameter pOL is pollutant-dependent and depends greatly on temperature. This dependence 
essentially affects the long-range transport of a pollutant and is included in the model in the form: 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

0

0 11exp
TT

app POLOL , (1.2) 

where     T is the ambient temperature, K; 
T0  is the reference temperature, K; 

0
OLp   is the value of  pOL at the reference temperature T0; 

aP  is the coefficient of the vapour pressure temperature dependence, K. 

 
Dry deposition of the particulate phase 

Dry deposition flux of the particulate phase P
dryF  (ng/m2/s) is a product of dry deposition velocity Vd 

(m/s) and air concentration CP (ng/m3) of a pollutant in the particulate phase taken at an air reference 
level coinciding with the middle of the lowest atmospheric layer: 

 Pd
P

dry CVF = , (1.3) 
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where the dry deposition velocity from the reference level za is calculated according to the resistance 
analogy using the equation:  

 ( ) 1/1 −+= surf
dad VrV . (1.4) 

Here   ra  is the aerodynamic resistance for turbulent transport of a pollutant from za to zb, s/m, where zb 
 is the height of the surface layer, m; 

surf
dV   is the surface dry deposition velocity from the surface layer height zb, which is estimated by special 

 models for different landcover. 

Aerodynamic resistance ra is calculated using the following equation [Tsyro and Erdman, 2000]: 

 ,ln74.0
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where κ = 0.4 is the van Karman constant; 

u*  is the friction velocity, m/s; 

ψh   is the similarity function for heat. 

The values of deposition velocity to the underlying surface surf
dV  are calculated for sea, soil and forest 

separately. 

Sea. Velocity of dry deposition to sea ( sea
dV , zb = 10 m), cm/s is calculated by the equation: 

 seasea
sea
d BuAV += 2

* , (1.6) 

where Asea and Bsea  are the constants dependant on the effective diameter of particle-carriers of a 
 considered pollutant; 

 u*  is the friction velocity, m/s; 

(regression equation obtained by M.Pekar  [1996] from [Lindfors et al., 1991] data). 

Soil.   Velocity of dry deposition over land ( land
dV , zb = 1 m), cm/s is given as follows: 

 ( ) ,0
2
*

soilC
soilsoil

land
d zBuAV +=  (1.7) 

where as above u*       is the friction velocity; 

z0  is the surface roughness, mm  

Asoil, Bsoil, Csoil are the constants dependant on effective diameters of particle-carriers of considered POP; 

(regression equation obtained by M.Pekar [1996] from [Sehmel, 1980] data).  

Forest. Velocity of dry deposition to a forest ( forest
dV , zb = 20 m), (adapted by L.Erdman [Tsyro and 

Erdman, 2000] from [Ruijgrok et al., 1997]), m/s: 

 
h

forest
d u

uEV
2
*= , (1.8) 
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where uh is the wind speed at forest height h = zb; 

 ( )( )( )20/80exp1* −+= RHuE γα β  (1.9) 

is the total collection efficiency for particles within the forest canopy and α , β  and  γ are the
 experimental coefficients, depending on effective diameters of particles-carriers. 

In the current model version it is assumed that the relative humidity of air (RH) is 80% of the average. 
Wind speed at forest height uh (m/s) is calculated using the following equation: 
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where κ  = 0.4 is the van Karman constant; 

d0 = 15 m is zero-plane displacement; 

z0 = 2 m is the roughness length; 

L  is the Monin-Obukhov parameter; 

ψm  is the universal correction function for the atmospheric stability for momentum. 

Two types of forest are distinguished in the model: deciduous forest and coniferous forest. It is 
assumed that dry deposition velocities to forest are calculated by Eq. (1.8) for deciduous forests 
during the vegetative period (from May to September). For the remaining time, dry deposition 
velocities for areas covered by deciduous forests are calculated as for soil Eq. (1.7). For areas 
covered by coniferous forests dry deposition velocities are calculated by Eq. (1.8) throughout the year. 

The amount of pollutant deposited to forest is distributed between soil and leaves/needles in 
accordance with the distribution coefficient Kvs, which is pollutant-dependent. 

The coefficients Asea, Bsea, Asoil, Bsoil, Csoil, α, β and γ, as well as the distribution coefficient Kvs between 
soil and leaves/needles for forests, are a part of model parameterization for a particular chemical. 

 
Wet deposition 

Wet depositions of the gaseous and particulate phase are distinguished in the model. For the 
description of gaseous phase scavenging with precipitation, the instantaneous equilibrium between 
the gaseous phase in the air and the dissolved phase in precipitation is assumed: 

 g
ag

d
w CWC = , (1.11) 

where    Cw
d is the dissolved phase concentration in precipitation water, ng/m3; 

Ca
g  is the gaseous phase concentration in air, ng/m3; 

 Wg  = 1/K’H  is the dimensionless washout ratio for the gaseous phase; 

 K’H  is the dimensionless Henry’s law constant. 

The latter is temperature-dependent and is given by the equation: 

 ,11exp'
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where T  is the ambient air temperature, K; 
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 T0 is the reference temperature; 

 R is the universal gas constant, J/(mol·K), 

 aH is the coefficient of Henry’s law constant temperature dependence, K; 

 KH0 is the value of Henry’s law constant at reference temperature, Pa⋅m3/mol. 

For the description of particle bound phase scavenging with precipitation, the washout ratio 
determined experimentally is used: 

 p
ap

s
w CWC = , (1.13) 

where Ca
p   is the particle bound phase concentration in the air surface layer, ng/m3; 

 Cw
s     is the suspended phase concentration in precipitation water, ng/m3; 

 Wp    is the dimensionless washout ratio for the particulate phase. 

Since the meteorological data used in the model provide information for precipitation intensity in all 
vertical layers, wet deposition is calculated in each layer both for the gaseous and particulate phase of 
the pollutant. 

The constants KH0, aH, and Wg are parameters unique to each POP.  

 
Degradation in air 

The process of POP degradation in the atmosphere is viewed only as a reaction of a pollutant with 
hydroxyl radicals.  In regional model version, this reaction is described by the equation of the first 
order: 

Ck
dt
dC

air ⋅−= ,          (1.14) 

where C    is the pollutant concentration in air (gaseous phase), ng/m3; 

 kair  is the degradation rate constant for air, s-1. 

Three different values of degradation rate constant kair are used for winter, spring/autumn and 
summer, respectively.  

In hemispheric version, the degradation process in the atmosphere is described by the equation of the 
second  order: 

 ],OH[⋅⋅−= Ck
dt
dC

air  (1.15) 

where C  is the pollutant concentration in air (gaseous phase), ng/m3; 

 [OH]  is the concentration of OH radical, molec/cm3; 

 kair  is the degradation rate constant for air, cm3/(molec⋅s). 

OH radical concentrations in the atmosphere vary substantially depending on many factors (latitude, 
cloudiness, day time, season, some atmospheric properties, etc.). At present, in the MSCE-POP 
model as a first approximation, OH radical concentrations have no diurnal variations and depend only 
on the season. At the latitude of 450N mean diurnal OH-radical concentration in the surface layer of 2 
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km depth is 2·106 molec/cm3 in summer, 0.8·106 molec/cm3 in spring and autumn and 0.09·106 
molec/cm3 in winter at mean annual concentration 0.8·106 molec/cm3 [Yu Lu and Khall, 1991]. To 
assess the influence of this assumption rough experimental calculations are made (see Annex A). 
Temporal and spatial variations of this parameter will be taken into account in the model in the near 
future. 

Temperature dependence of rate constant of the gas-phase reaction with OH-radical is taken in the 
form of Arrenius equation: 

 kair = A·exp(-Ea / RT),         (1.16) 

where A    is the pre-exponential multiplier; сm3/(molec⋅s); 

 Ea   is the activation energy of interaction with OH-radical in air, J/mol; 

 R    is the universal gas constant, J/(mol ⋅ K); 

 T   is the ambient temperature, K. 

Values of parameters A and  Ea depend on pollutant properties. 

This equation is applied for the gaseous phase of a pollutant only. Currently the process of 
degradation of a pollutant associated with particles is not included in the model due to lack of 
information on this topic.  

 
Gaseous exchange with underlying surface  

Gaseous exchange between the atmosphere and underlying surface is based on the resistance 
analogy. Gaseous exchange takes place with soil, vegetation, seawater and sea ice (snow).  Its 
description is given in sections devoted to the corresponding media (types of underlying surface).  

 
1.1.3.   Soil 

The soil module is based on the model developed by of C.M.J. Jacobs and W.A.J. van Pul [1996]. 

In the model, soil is separated into five horizontal layers of different thicknesses. The thicknesses of 
the layers are chosen individually for each pollutant considered, namely, for PCBs these are Δzi = 
0.01, 0.05, 0.2, 0.8 and 3 cm from above, and for γ-HCH – Δzi = 0.5, 0.5, 1, 2 and 11 cm [Shatalov et 
al., 2001]. In the current version of the model the following processes are included: partitioning of the 
pollutant between various phases in soil; vertical diffusion and advection with water flux; gaseous 
exchange with the atmosphere; and the degradation of the pollutant. 

 
Partitioning in soil 

The total volume concentration in soil C is expressed via the mass concentration Cs of a pollutant 
sorbed by the soil matter, the volume concentration Cd of a pollutant dissolved in the soil water, and 
the gas-phase volume concentration Cg of a pollutant in the soil air, ng/m3:  

 C = ρs Cs + θ Cd + aCg (1.17) 

where ρs = 1350 is the bulk soil density, kg/m3; 
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 θ = 0.3 is the volumetric water content in soil; 

 a = 0.2 is the volumetric air content in soil.  

The concentration in each phase may be represented by C using the soil partitioning coefficients Rs, 
Rd  and Rg : 

 C = Rs Cs = Rd Cd + Rg Cg,      (1.18) 

where Rd = ρsKd + θ + a KH ;     Rs = Rd / Kd;       Rg = Rd / K’H ; 

 Kd = fOC KOC  is the slope of the adsorption isotherm; 

 fOC   is the fraction of organic carbon in soil; 

 KOC   is the organic carbon distribution coefficient; 

 K’H   is the dimensionless Henry's law constant (see above). 

 

Vertical transport 

The migration of a pollutant over the vertical profile in soil is assumed to be due to diffusion and 
transport with the convective water flux Jw (equal to mean annual precipitation intensity hp, m/c). The 
corresponding equation is: 

 2
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where DE   is the effective gas-liquid diffusion coefficient, m2/s. 

The coefficient DE is determined by: 
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D ξξ
+=  (1.20) 

where Dg , Dl      are the molecular diffusion coefficients for gas and liquid; 

 23/10 /φξ ag = , 23/10 /φθξ =l  are gas and liquid tortuosity factors; 

 φ     is the porosity of soil (assumed φ = 0.5). 

 
Gaseous exchange with the atmosphere 

Gaseous exchange between soil and the atmosphere is parameterized using the resistance analogy. 

The gaseous flux of POP from the atmosphere into the soil is driven by the difference between 
atmospheric gas concentration Ca

g at the air reference level za (equal to half the height of the lower 
atmospheric layer) and the soil gas-phase concentration Cs

g at the soil reference level at depth 
zs=Δz1/2 (Δz1 – is the upper soil layer thickness). In the course of pollutant transport from the air 
reference level to the soil reference level it overcomes three resistances (see Fig. 1.3). 

• Turbulent air sublayer resistance ra, s/m that is, the resistance to transport through the 
turbulent air sublayer (from za to zb). The latter is laminar sublayer height); 
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• Laminar surface air sublayer resistance rb, s/m that is, the resistance to transport through the 
laminar surface air sublayer (zb) to the interface; 

• Surface soil resistance rs, s/m that is, the resistance to transport from the surface soil 
interface to the soil reference level (zs). 

 
g
aC   Air reference level 

Soil reference level  

 ra 

 rb 

 rs 

zb 

g
dryF  

za 

zs 

Atmosphere 

Soil 

Interface 

Turbulent air sublayer 

Laminar air sublayer  

g
sC

 

Fig. 1.3.   Resistance scheme used for the description of gaseous exchange between the atmosphere and the soil 

 
Hence, the formula for atmosphere/soil flux is: 

 ,
sba

g
s

g
ag

dry rrr
CCF
++

−
=  (1.21) 

where ra is given by formula (1.5), and: 
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where   Pr = 0.71  is the Prandtl number; 

Sc = n/Da is the Schmidt number;  

n = 1.5·10-5  is the kinematic viscosity of air, m2/s; 

Da   is the molecular diffusion coefficient of a pollutant in air, m2/s; 

DE   is the effective molecular gas-liquid diffusion coefficient, m2/s; 

Jw   is the convective water flux equal to mean annual precipitation intensity, m/c; 

Rd, Rg are the soil partitioning coefficients, dimensionless; 

u* is the friction velocity, m/s. 
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Degradation 

The degradation process in soil is described as a first-order process by the equation: 

 ,Ck
dt
dC

soil−=  (1.25) 

where C     is the pollutant concentration in soil, ng/m3; 

 ksoil  is the degradation rate constant for soil, s-1. 

The degradation rate constant ksoil is a part of model parameterization for a given pollutant. It is 
assumed, as a first approximation, that doubling of the degradation rate constant occurs with each 
10K temperature increase. This temperature dependence was adapted from [Lammel, et al., 2001]. 

 

1.1.4.   Vegetation 

Three types of vegetation are distinguished in the model: coniferous forest, deciduous forest, and 
grass. Coefficients governing exchange processes between the atmosphere and vegetation are 
determined separately for each of the above vegetation types. Furthermore, we consider forest litter 
as an intermediate medium between vegetation and soil. In essence this medium can be viewed as 
an upper soil layer. The description of these media is placed in this section. 

 
Gaseous exchange with the atmosphere 

The equation describing atmosphere/vegetation exchange has the following form: 

 ),/(1
VaV

g
a

tot

V KCC
Rdt

dC
−=  (1.26) 

where g
aC  is the air concentration of a pollutant; 

CV is the concentration in vegetation of a given type; 

Kva is the bioconcentration factor (BCF); 

Rtot is the total resistance to the gaseous exchange given by the formula: 

 ,/ kaRR Vatot +=  (1.27) 

where Ra is the aerodynamic resistance of the turbulent atmospheric layer (see formula 1.5 above); 

 k  is the mass transfer coefficient, m/s; 

 aV  is the specific surface area of vegetation, m2/m3 (assumed value is 8000,    
 see [Duyzer and van Oss, 1997]). 

The total amount of pollutant in vegetation of a given type in a certain grid cell is then expressed by 
the equation: 

 ,LAI
V

V a
SCQ ⋅

=  (1.28) 

where S     is the area covered by vegetation of a given type within a grid cell; 

 LAI  is the particular leaf area index for the considered type of vegetation. 
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Parameterization of BCF. The bioconcentration factor is determined by the following equation 
[McLachlan and Horstmann, 1998]: 

 ,n
OAVa mKK =  (1.29) 

where KOA   is the partitioning coefficient  between octanol and air; 

  m, n  are the regression coefficients presented in Table 1.1. 
 
Table 1.1.   Regression parameters for Equation (1.29) 

Forest, [McLachlan and Horstmann, 1998], 
 Grass               

[Thomas et al., 1998] Coniferous Deciduous 
m 22.91 38 14 
n 0.445 0.69 0.76 

 

While calculating BCF using Eq. (1.29) the temperature dependence of KOA should be taken into 
account. In the model it is assumed that: 
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where as earlier T0 = 283.15 K is the reference temperature; 

 0
OAK    is the KOA value at the reference temperature; 

 aK       is the coefficient of KOA temperature dependence, K. 

Parameterization of the mass transfer coefficient k. According to [Pekar et al., 1999], the mass 
transfer coefficient is directly proportional to the value of KOA. Hence, for the evaluation of the 
temperature dependence of k the following formula can be used: 
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where k0 is the k value at the reference temperature, based on the data given in [McLachlan and Horstmann, 
1998] for forests and in [Pekar et al., 1999] for grass. 

The values of 0
OAK  and aK are pollutant-dependent and their values are given in Chapter 2. 

 
Defoliation and transport to soil from forest litter 

A description of the defoliation process is also included in the model. It is assumed that part of the 
pollutant transported from vegetation to the forest litter is proportional to the decrease of leaf area 
index. For coniferous trees defoliation was described as a first-order process with a life-time T1/2 = 2 
years. In view of the permanent character of seasonal LAI variation in the tropical zone, for all types of 
vegetation in that zone defoliation was described as a first-order process with a life-time T1/2 = 0.5 
years. Mentioned life-times are preliminary and may be refined in the future. 

The transmission of a pollutant from fallen leaves to the underlying soil was described as a first order 
process with the life-time depending on the latitude. On the base of the Technical Note 1/2002 
[Vassilyeva and Shatalov, 2002], the life-time for the polar calculation cells was selected as T1/2 = 20 
years, for the equatorial the life-time was assumed as T1/2 = 0.1 year. Between polar and equatorial 
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zones, life-time is calculated using linear dependence in logarithmic scale. We admit that this is rather 
crude spatial parameterization, which may be improved in the future.  

 
Degradation 

There is very little data on degradation rates of considered chemicals in vegetation. For this reason, 
the degradation process in vegetation is not considered at present. A more detailed discussion of this 
question with rough estimation of degradation rates in vegetation for some POPs can be found in 
[Pekar et al., 1999]. On the basis of preliminary investigations, the degradation process in forest litter 
was introduced to the model as a first-order process with a degradation constant rate two times higher 
than that in soil. 

 
1.1.5.   Seawater 

This section contains a general description of the processes included in the seawater module of the 
current version of the hemispheric MSCE-POP model.  

The calculation domain is divided into 15 vertical layers with depths of 12.5, 37.5, 65, 105, 165, 250, 
375, 550, 775, 1050, 1400, 1900, 2600, 3500, 4600 metres. Horizontal resolution is 1.25°x1.25°, that 
is, two times less than the atmospheric one. More detailed spatial resolution for the ocean module 
allows for consideration of dynamical processes in the ocean on appreciably smaller scales than in 
the atmosphere. For example, this spatial resolution produces a reasonable description of sea 
currents nearby the coastal line.  

 
Basic equation 

The equation for the dynamics of total concentration, including a description of advection, turbulent 
diffusion, degradation and sedimentation can be written as follows:  

 ck
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where c, cp  are POP total and particulate phase concentrations;  

Dt
D   is the total derivative in time; 

ΔH   is the Laplace operator in horizontal variables; 
KV (z) and KH   are the coefficients of vertical and horizontal diffusion; 
νsed is the sedimentation rate constant, which is estimated by the Stokes formula:  
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where    g is gravitational acceleration, m/s2; 

ρp
 is mean density of particles, kg/m3; 

ρw  is water density, kg/m3; 

dp    is the diameter of seawater particles, m; 

μ   is dynamic viscosity of seawater, kg/m/s. 

Fields of sea current velocities, and the depth of the upper mixed layer, used to calculate vertical 
turbulent diffusion, are taken from the ocean dynamic model. 
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POP partitioning between different phases 

POP redistribution between the dissolved phase, and the phase associated with particles, essentially 
affects the dynamics of POP concentration fields in the marine environment. Under the condition of 
instantaneous phase equilibrium establishment it is possible to consider that the relationship is always 
fulfilled: 

cp = kp cd          
 (1.34) 

where cp      is the concentration of POP sorbed on particles; 

cd is the concentration of POP dissolved in water; 

kp is the partition coefficient between the particle and dissolved phase.  

In its turn kp may be estimated by the expression: 

prtp
o
p

p cKkk =           (1.35) 

where o
pk   is the fraction of organic matter in a particle; 

Kp is the equilibrium constant for sorption/desorption processes (proportional to the octanol-water 
coefficient KOW); 
Cprt is particle concentration. 

 
Air/seawater mass exchange 

For POP flux through the sea surface the following expression is used: 
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where: )15.0exp(0 aU⋅−= δδ , 

)18.0exp(75.075.11 aU⋅−−=α , 

)01.0exp(12 aU⋅−−=α . 

ca
g is the POP gas-phase concentration in the lower layer of the atmosphere; 

cd  is the dissolved POP concentration in upper layer of the sea; 

K’H(T)  is the dimensionless Henry’s law constant depending on temperature; 

Dw   is the molecular diffusion coefficient in water; 

δ0  is the surface molecular layer depth at zero wind speed; 

Ua  is the wind speed absolute value near the surface; 

fh
⋅

 is the foam settling rate at the sea surface;  

Fgw  is the POP gas-phase flux with precipitation; 

Fpd  is the flux of POP associated with particles in the atmosphere as a result of particle dry deposition; 

Fpw  is the flux of POP associated with particles in the atmosphere as a result of particle washout with 
precipitation; 

α1  is the coefficient introduced for the description of surface sea area increase due to wave disturbance; 

α2 describes the relative sea surface area covered with foam at strong wind.  

A more detailed description of these processes is given in [Strukov et al., 2000]. 
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Further development of the hemispheric model is associated with the refinement of the partitioning of 
a pollutant between the dissolved and particle phase, as well as sedimentation process. These 
processes strongly influence the fate of pollutants in the marine environment, and affect air 
concentrations over sea through gaseous exchange fluxes.  

 
POP transport with ice cover 

While POP transport modeling takes place within the scale of the globe it is necessary to consider the 
effect of ice coverage over the vast areas of the polar region. Sea ice plays the role of a screen 
between the seawater and the atmosphere. At the same time POP may be accumulated in ice itself 
and in the snow on it. The process of POP exchange with the atmosphere takes place on the upper 
snow-ice surface. When snow and ice are melting on the upper surface, or ice is melting on the lower 
or lateral surfaces, POP passes to the water environment. In the case of ice accretion on the lower or 
lateral ice surfaces, POP can penetrate into the ice medium.  Furthermore, POP trapped by the sea 
ice and snow may be transported with ice drift. The scheme of basic processes in the 
atmosphere/snow/ice/seawater system is presented in Fig. 1.4. 

 

 

Fig. 1.4. The scheme of POP fluxes in the system atmosphere-snow/ice-seawater 

FSA – flux between the atmosphere and the snow pack (snow on the ice surface), FSO - flux from the upper 
surface of the snow pack into seawater  (snow on the ice surface), FIA – flux from the atmosphere onto the upper 
ice surface (no snow), FIO – flux into the seawater from the upper ice surface (no snow), p

IOF  – flux between the 
seawater and the ice medium (particle phase only). Fluxes downward are considered to be positive 

 
POP flux between the atmosphere and seawater without sea ice may be represented as: 
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where g
dF   is POP gas phase flux between the seawater and the atmosphere; 

g
wF   is the gas phase flux from the atmosphere to the seawater with precipitation; 

p
dF   is the atmospheric dry deposition flux of POP with particles to the seawater; 

p
wF   is the flux of POP with particles depositing with precipitation.  

To take into account the screening effect of sea ice, 0
AOF  should be substituted for the expression: 

)1(01 AFF AOAO −= ,          (1.38) 

where A  is ice compactness in dimensionless units ( A = Si / S, Si – ice square on sea square S). 
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POP molecules in the snow-ice environment may be found in different physical states: in the gaseous 
phase, in snow-ice pores, sorbed on surface ice crystals (the surface phase), incorporated into 
organic particles contained in the snow-ice medium (the particle phase), dissolved in water, if any, in 
the snow or ice medium. As a first approximation the following simplifications are made: 

• equilibrium between POP different phases is instantly established; 

• snow and ice are not saturated by water, i.e. the POP aqueous phase is absent in the ice 
coverage; 

• POP entering the ice surfaces with the help of active vertical mixing mechanisms 
(hummocking and others) are distributed in the ice medium.  

In accordance with these assumptions the total concentration of the gaseous and surface phase 
(kg/m3) in snow pack is denoted as csn; the total concentration of the gaseous and surface phase in 
the ice medium (kg/m3) – as cic; concentration of the particle phase in the snow (kg/m3) – as p

scc ; and 

the concentration of the particle phase in the ice thickness (kg/m3) – as p
icc . The thickness of the snow 

cover on the ice and the ice thickness are denoted by hsn and hic, respectively. The values of hsn, hic, 
may depend on the horizontal co-ordinates λ, ϕ and time t concentration. Values csn, cin, p

snc , p
icc  may 

also depend on the vertical co-ordinate z. In view of the essentially smaller vertical scale, in 
comparison with the horizontal, vertically averaged values of concentrations csn, cin, p

snc , p
icc  will be 

considered. The area specific mass of different POP phases for the snow and ice, in accordance with 
ice compactness, may be represented by the expression: 

snsnsn hAcm = ,  sn
p
sn

p
sn hAcm = ,  ic

p
ic

p
ic hAcm = ,  icisis hAcm =     

 (1.39) 

The balance equation of the considered POP fluxes for snow and ice medium and for the ice surface 
may be written as: 

 for the sum of gaseous and surface phases of the snow pack: 
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where 
g
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  is the atmospheric dry deposition flux of gaseous POP between the atmosphere and snow; 

g
wF  is the atmospheric wet deposition flux of gaseous POP from the atmosphere (previously defined); 

FSO is the flux of the gaseous and surface phases of POP from the upper snow surface into seawater; 

FSd is the degradation rate of gaseous and surface phases in snow. 

 for the particle phase in the snow pack: 
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where p
w

p
d FF ,  are the atmospheric dry and wet deposition fluxes of POP with particles (previously defined); 

p
SOF  is the flux of the particle phase of POP from the upper snow surface into seawater; 

p
SdF  is the degradation rate of the particle  phase in snow. 
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 for the sum of the gaseous and surface phase in the ice: 
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where FIO   is the flux of the surface phase of POP from the upper ice surface into seawater; 

FId     is the degradation rate of the surface phase in ice.  

The gaseous phase in the ice medium is neglected due to the small volume of the pores in the 
ice. 

 for the particle phase in the ice medium: 
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where p
IOF    is the flux of the particle phase of POP between bottom and lateral ice surfaces and seawater; 
p

IdF    is the degradation rate of the particle phase in ice.  

In these balance equations the total derivative for the two-dimensional problem is taken into 
consideration. Horizontal POP mass transport is realized with the ice drift along velocity fields (uic, 
νic), where uic – meridian, vic – zonal components of ice velocities. 

The undefined mass fluxes in the right sides of Eq. (1.40 – 1.43) are represented by the following 
relationships. 

The flux of  the gaseous phase between the atmospheric and snow pack. 
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Here g
ac  is the gas phase concentration in the atmosphere; 

r      is resistance to the atmospheric flux; 
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Dg is the POP molecular diffusion coefficient in gas; 

w

snw

ρ
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φ
−

=  is snow porosity; 

ρw, ρsn are water and snow density respectively,  

The expression for g
dF '  may be derived from the model of POP exchange between soil and the 

atmosphere [Pekar et al., 1998] under the condition that the water phase is absent. The 
coefficient g

snR  in the relationship for csurf is expressed through snow porosity, snow density, 
specific surface area of crystals ssn and the coefficient of equilibrium between the gas and surface 
phase Kia [Koziol and Pudykiewicz, 2001]. 
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The values Kia are connected with the POP solubility CW and the Henry’s law constant: 

))('log(966.5)log(769.0)log( snHWia TKCK −−⋅= ,      (1.46) 

where   Tsn is snow temperature. 

 For the sum of gaseous and surface phase fluxes from snow surface into the seawater (snow on 
the ice surface), presuming that in the majority of cases melting water leaks into the seawater 
through cracks and ice-holes on the ice cover (because of ice compactness A almost everywhere 
is less than 1): 

snsnSO cdhF −=  at 0>snh ,        (1.47) 

where    dhsn is snow cover melting rate.  

 For the particle phase flux between the seawater and snow with the same assumptions  

p
snsn

p
SO cdhF −=      at      hsn > 0        (1.48) 

 For the surface phase flux into seawater from the upper ice surface. 

icisIO cdhF −=    at    his > 0,        (1.49) 

where dhis  is the ice melting rate on the upper ice surface. 

 For the particle flux into seawater from the upper ice surface. 

p
icis

p
IO cdhF −=    at    his > 0,        (1.50) 

For the particle phase between the ice medium and seawater on the bottom / lateral surfaces of ice: 

p
icib

p
IO cdhF −=     at dhib > 0     (melting)      (1.51) 

p
wib

p
IO cdhF −=     at 0≤ibdh ,   (accretion)  

where dhib   is the ice melting rate on the lower ice surface; 
p
wc    is concentration of the particle phase in the water surface layer. 

It is considered that at ice bottom/lateral surfaces accretion POP gas and surface phase do not enter 
the new ice (“freezing” effect). POPs on particles in water enter the forming ice with the particles. The 
availability of organic particles trapped by sea ice with POP adsorbed molecules is confirmed by 
numerous observations [Pfirman et al., 1995]. 

POP degradation rates are represented by appropriate linear dependence on POP concentration: 

FSd = ksndmsn,    p
sn
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p
Sd mkF = ,    Fid = kicdmic,    p

ic
p
icd

p
Id mkF = ,     (1.52) 

where    ksnd, p
sndk , kicd, p

icdk   are the degradation rate constants of a substance. 

Initial data for modeling, namely, fields of ice compactness, the snow cover and ice thicknesses, their 
melting rates, and surface temperatures are described in Section 1.2.5. They are calculated on the 
basis of the ice dynamic model, which is described in Annex B. 
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1.2. Input data for modeling 

1.2.1. Meteorological data 

The System of Diagnosis of the Lower Atmosphere (SDA) developed by Hydrometeorological Centre 
of Russia [Frolov et al., 1994; Rubinstein et al., 1997,1998; Frolov et al., 1997 a,b,c] provides a set of 
meteorological data for the hemispheric multi-compartment models. The list of these parameters is 
presented in Table 1.2. The horizontal resolution of information produced by SDA system is 2.5ºx2.5º. 
Along the vertical σ-coordinates are used with 9 layers up to the level of 0.26 hPa.  

The SDA system consists of the following main units:  

• unit of initial data including the control and correction of errors,  

• unit of boundary conditions,  

• hydrodynamic prognostic model,  

• post-processing unit.  

 
Table 1.2. Meteorological parameters supplied by the SDA system for the Northern Hemisphere with resolution 

of 2.5ºx2.5º 

Parameter Notation Type 
Wind velocity VΛ, VΦ bulk 
Air temperature Ta bulk 
Surface pressure ps surface 
Precipitation rate Ip bulk 
Water vapour mixing ratio qw bulk 
Large-scale cloudiness CL bulk 
Convective cloudiness CC bulk 
Surface temperature Ts surface 
Vertical eddy diffusion coefficient Kz bulk 
Roughness of the underlying surface  z0 surface 
Friction velocity u* surface 
Monin-Obukhov length LMO surface 
Soil humidity Ms surface 
Snow cover height hs surface 

 

1.2.2.   Land cover data 

Land cover information is used for correct description of deposition and exchange processes between 
atmosphere and different types of underlying surface. For this purpose we use 24-category USGS 
Land Use/Land Cover dataset obtained from NCAR Mesoscale Modeling System (MM5) [Guo and 
Chen, 1994]. This selection is conditioned by the availability of more detailed information on 
underlying surface types with high spatial resolution (10’x10’). Each grid cell is characterized by 
several types of surface proportional their area. Table 1.3 contains the description of USGS Land 
Use/Land Cover System Legend. 

Since the formulation of the models described in this report does not require detailed specification of 
data on the underlying surface, the original 24-categories of land cover were reduced to six general 
categories (deciduous forests, coniferous forests, grassland, urban and built-up land, bare land and 
glaciers, water bodies) and redistributed over the model grid.  
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Table 1.3.  USGS Land Use/Land Cover System Legend 

No Description 
1 Urban and Built-Up Land 
2 Dryland Cropland and Pasture 
3 Irrigated Cropland and Pasture 
4 Mixed Dryland/Irrigated Cropland and Pasture 
5 Cropland/Grassland Mosaic 
6 Cropland/Woodland Mosaic 
7 Grassland 
8 Shrubland 
9 Mixed Shrubland/Grassland 
10 Savanna 
11 Deciduous Broadleaf Forest 
12 Deciduous Needleleaf Forest 
13 Evergreen Broadleaf Forest 
14 Evergreen Needleleaf Forest 
15 Mixed Forest 
16 Water Bodies 
17 Herbaceous Wetland 
18 Wooded Wetland 
19 Barren or Sparsely Vegetated 
20 Herbaceous Tundra 
21 Wooded Tundra 
22 Mixed Tundra 
23 Bare Ground Tundra 
24 Snow or Ice 

 
As an example we present here the spatial distribution of two land cover categories from reduced set: 
deciduous forests and grassland within the Northern Hemisphere (Fig. 1.5). 

 

          

 
Fig. 1.5. Fraction of the area covered by deciduous forests (a) and grassland (b) in the Northern Hemisphere 

 
1.2.3.   Leaf Area Index (LAI) 

Leaf Area Index (LAI) data set is used for the description of POP gaseous exchange between the 
atmosphere and vegetation. The Leaf Area Index for a given grid cell implies the ratio between the 
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area of leaves in this cell to its total area (m2/m2). The geographically resolved leaf area index data 
with monthly resolution was adopted from CD-ROM of NASA Goddard Space Flight Center [Sellers et 
al., 1994, 1995] and translated from 1°×1° to 2.5°×2.5° model grid. Consistency of these data in 
relation to the land cover information was investigated by correlation analysis. 

 
1.2.4.   Data on sea currents 

The combined hemispheric model of the pollutants transport and diffusion, being developed under this 
project, consist of two main parts: atmospheric and oceanic. To determine the oceanic fields 
necessary for the transport-diffusion calculation (ocean currents, sea water properties), an ocean  
general circulation model (OGCM) is being used. The OGCM, which has been developing since early 
90s, is based on primitive equations written in spherical coordinates [Resnyansky and Zelenko, 1991; 
1992; 1999]. The following text will be put to the report instead of the above phrase: The former 
OGCM version had the limitation - the artificial zonal wall at 80N was placed, so that a near-pole area 
was excluded from the computational domain. During the second stage of the project implementation 
the model computational code was generalized in a special way to enable the inclusion of a near pole 
region into the model domain. The generalization involved the special finite differencing for the near-
pole grid points taking into account the singularity of the latitude-longitude coordinate system. The 
model grid and bathymetry was constructed basing on data from the electronic version WOA98 
oceanographic atlas [NOAA Atlas, 1998] (Fig. 1.6). 

 

 

Fig. 1.6.   The 1°×1° bathymetry (in meters) of the World Ocean used as input for the construction of OGCM 
computational domain 

 
The surface boundary conditions necessary to compute the evolution of oceanographic fields in 
OGCM are expressed in terms of atmospheric forcing: wind stress, heat and fresh water fluxes. This 
forcing, varying with time and horizontal space, has been determined from the NCAR/NCEP re-
analysis data [Kalnay et al., 1996]. 
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One more modification of the OGCM 
involves the incorporation of observed 
data on sea surface temperature and 
ice cover distribution, which permits to 
improve the quality of the derived 
ocean characteristics.  

A number of relatively short numerical 
experiments have been performed in 
order to tune the OGCM parameters. 
Fig. 1.7 shows the integral transport 
stream function obtained after a two-
month model integration in the global 
domain including the Arctic basin. As 
it is seen, the modified OGCM version 
quite successfully simulates basic 
circulation elements of the Arctic basin 
[Holland et al., 1996; Zhang et al., 
1998] – the transpolar water 
movement from the Chukot Peninsula to the Fram Strait, the cyclonic gyre northward of Severnaya 
Zemlya, the anticyclonic circulation in the Bofourt Sea. 

The final configuration of the OGCM has been formed for a global domain with a horizontal resolution 
1.25°×1.25° and with 15 levels in the vertical direction. Mean daily three-dimensional fields of ocean 
currents velocity and two-dimensional fields of the mixed layer depth were calculated for the further 
usage in hemispheric MSCE-POP transport model.  

To illustrate obtained results several examples of obtained data on sea currents are given below. The 
Atlantic water mass of the Arctic basin, as it follows from the name, comes into the Arctic basin from 
the Atlantic Ocean initially as a surface inflow – the extension of Norwegian current, West Spitsbergen 
current and then submerges under the Arctic surface water. Several places where the surface flow 
submerges to deeper layers are known. One of them indicated on the majority of three-dimensional 
circulation schemes is located to the west of Spitsbergen Island. This submerging is reproduced in the 
ocean general circulation model used for the contaminants transport simulations. Fig. 1.8 presents the 
distributions of the meridional current velocity component within two zonal sections across the Fram 
strait. It is clearly seen that the northward current detected in the latitude 76.25oN in the surface layer 
off the western coast of Spitsbergen Island is transformed into the flow submerging within the layer 
from 500 to 2500 m in the latitude 80oN. This pattern of abrupt submerging is typical of other places of 
inflow of the Atlantic water under the Arctic surface water. 

The Pacific Ocean is another source of water inflow to the Arctic Basin through the Bering Strait. The 
mean inflow transport is about 0.8 Sv (1 Sv = 106 m3/s.) [Coachman and Aagaard, 1988]. This 
average transport is superimposed by seasonal and interannual variations with amplitude of an order 
1 Sv and 0.2 Sv respectively. According to [Coachman, 1993] they can reach 3 Sv to the north and 5 
Sv to the south. 

 

Fig. 1.7.   Transport stream function in the Arctic basin. The water 
moves in such a way that higher function values are at right hand 
side of the observer moving with water. Values are in Sverdrups                   
(1 Sv = 106 m3/s) 



Chapter 1                                                                                                                            POP model development 

 31

a ba b

 
Fig. 1.8.   The distribution of the meridional current velocity component (cm/s) within two zonal cross-sections 
through Fram strait along the latitudes 76.25° N (a) and 80oN (b). The velocity is averaged over the last (1997) 
year of the tree year ocean general circulation model integration on the 1.25ox1.25o grid within the computation 
domain involving the North Pole. Note: The velocity color scale is non-uniform: contour interval is 1 cm/s for 
velocities up to ±2 cm/s and 2 cm/s for velocities modules over 2 cm/s 

These features of temporal variability of the water exchange through Bering Strait are fairly well 
reproduced (Fig. 1.9a) by the ocean general circulation model. Similar variability occurs in other 
passages, through which the Arctic Ocean communicates with neighboring basins, for instance in 
Fram strait (Fig. 1.9b). 
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Fig. 1.9.   Temporal variations of the overall transports through Bering strait (a) and Fram strait (b) over three 
years of 1.25ox1.25o grid model integration with daily atmospheric forcing derived from the NCEP/NCAR 
reanalysis. The flow transport is measured in Sverdrups (Sv, 1 Sv = 106 m3/s). Positive values correspond to the 
northward water transport (from the Pacific to the Arctic Ocean In the Bering Strait and from the Atlantic to the 
Arctic Ocean in the Fram Strait). During 1995 the flow transport values are derived in each 5 days, during 
1996-97- in a day. The bold line shows 45 days running mean 
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1.2.5.   Data on sea ice cover  

The sea ice in polar regions is a mixture of open water, thin first-year ice, thicker multiyear ice, ice 
hummocks, snow at the top surface of ice, etc., i.e. presents non-uniform, non-isotropic medium. In 
this version of a simple model the sea ice is represented by three media: uniform ice, snow pack on 
the top of ice and open water. The evolution of the sea ice cover is governed by dynamic and 
thermodynamic processes. Current sea ice model includes the following processes:  

• vertical heat fluxes between snow / ice and the atmosphere, 

• vertical heat fluxes between ice and ocean, 

• thermodynamic processes in polynyas, 

• evolution of snow cover on the top of sea ice, 

• ice cover dynamics in cavitational approximation, 

• horizontal advection. 

The heat balance equation at the upper ice surface (or snow if any) depends on heat flux due to 
evaporation from the surface (latent heat flux), sensible heat flux, downward long-wave radiation flux, 
downward short-wave (direct and scattered) solar radiation, surface albedo, and surface temperature. 

The formation of new ice at the water surface in polynyas and marginal regions is determined by the 
net heat flux directed from the ocean to the atmosphere. 

The snow pack dynamics involves precipitation, evaporation, melting and conversion of snow into ice. 

The cavitational approximation in dynamics implies the resistance to compression (convergence), but 
absence of shear stress and resistance to divergence.  In the dynamics equations there are terms of  
Coriolis forces, the stress induced by wind and sea currents, gravity forces arising due to sloping sea 
surface, and stress gradient due to ice compression. 

The advection transport in the model affects all mass and thermodynamic parameters connected with 
sea ice.  

Mean monthly output fields of the sea ice dynamics model, prepared as input data for sea ice POP 
transport model are  

• ice thickness,  

• ice compactness,  

• ice / snow surface temperature,  

• snow thickness on the top of ice,  

• snow melting rate,  

• ice melting rate at the upper boundary,  

• ice melting rates at the lower and lateral boundaries.   

Fig. 1.10 demonstrates the simulated distribution of sea ice thickness and compactness for December 
and August. A large-scale structure of simulated fields is mainly consistent with distributions obtained 
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from observations. The basic large-scale structure is well enough reproduced in fields of ice thickness 
in winter and summer – the region of the most powerful perennial ice (Fig. 1.10 c,d).  

Considering the obtained results as a whole it should be mentioned that model calculations make it 
possible to estimate characteristics of sea ice representing basic large-scale features of its evolution. 
In particular these data are applicable to the evaluation of impact on contaminants dispersion of such 
processes as ice screening impeding the exchange between the ocean and the atmosphere and 
comparatively long accumulation of contaminants in ice and their “rapid” discharge to the ocean 
during melting. To obtain more detailed and accurate data on ice cover evolution more 
comprehensive approach should be applied. 

 

 

 

 

 

Fig. 1.10.   Simulated distribution of ice compactness  (a,b) and thickness (c, d) in December and August 
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1.3.   Model modification 

The model estimation of POP pollution levels in the EMEP domain and in the other regions of the 
Northern Hemisphere was made with the use of the modified versions (hemispheric and regional) of 
the MSCE-POP model. In particular, the model description of POP behaviour in soil was improved. In 
Section 1.3.1, a special attention was given to POP transport processes in soil. Modification of the 
modeling POP behaviour in the marine environment was devoted to the parameterization of one of 
the most important transport process in the ocean - turbulent diffusion (Section 1.3.2). 

 

1.3.1.   Improvement of soil module 

This section is devoted to the improvement of the description of POP behaviour in soil and the 
atmosphere/soil exchange within the multicompartment MSCE-POP model. The preparatory work for 
this modification was performed in 2002 in accordance with EMEP work plan. The results of this work 
were presented in the EMEP Technical Note [Vassilyeva and Shatalov, 2002] where the analysis of 
literature on POP behaviour in soil was done, some processes were selected for investigation at the 
first stage and calculation experiments showing the importance of selected processes were 
performed. 

The present work on refinement of soil module is directed, in particular, to the improvement of the 
atmosphere/soil exchange process. As shown earlier [Shatalov et al., 2000 – 2002] the volatilization 
from soil is an essential process for some semi-volatile POPs (e.g. some PCB congeners, 
dioxins/furans and others). Previously in MSCE-POP model a simplified version of soil module was 
used. This led to the fact that the penetration into the soil for substances with high organic 
carbon/water partitioning coefficient Koc (e.g. PCBs, PCDD/Fs, PAHs) was underestimated by the 
model and to uncertainties in calculation of net gaseous flux. Now the work on improvement of this 
module by inclusion of some important processes characteristic for POP behaviour in soil is ongoing. 

Apart from the improvement of the atmosphere/soil exchange description, this work is directed to the 
improvement of the description of vertical profile of POP concentrations in soil. Below we describe the 
modifications done in soil module and evaluate model sensitivity with respect to the parameters of the 
newly introduced processes. In the course of evaluation of model sensitivity environmental parameter 
ranges characteristic of middle latitudes (in particular, in Europe) were used. We remark also that soil 
profiles of PCB-153 calculated with the help of the modified soil module agree with measurement data 
(see [Cousins et al., 1999]). 

Elaboration of model descriptions of POP behaviour in soil and of atmosphere/soil gaseous exchange 
was considered earlier by a lot of researchers. We mention here the recent work [McLachlan et al., 
2002] where a review of model approaches to simulation of POP fate in soil can be found. The 
authors of the latter paper, in particular, stress the importance of bioturbation process for the correct 
description of POP behaviour in soil. Below we use their approach for inclusion the bioturbation 
process to MSCE-POP model. 

 
Process description and parameterization 

At present stage of investigations the following processes have been added to the model description 
of POP behaviour in soil: 
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• POP transport with dissolved organic carbon (DOC). 

• Dynamic redistribution of POPs inside soil solid fraction. 

• POP transport with upward fluxes of soil solute. 

• Bioturbation in soil. 

This section is devoted to the description of the corresponding model realizations. This description is 
made below step-by-step including the above listed processes successively. 

POP transport with dissolved organic carbon. In the previous version of the model, the 
description of POP vertical transport worked out in [Jacobs and van Pul, 1996] was used (see above). 
In this description redistribution between different phases of POPs in soil (gaseous, dissolved and 
sorbed on soil solid organic carbon) is considered and the equations of POP vertical transport are 
derived on the basis of the obtained distribution coefficients. At this step of modification we follow this 
scheme in general but including one more POP phase in soil – sorbed on the dissolved organic 
carbon. Thus, the following POP phases in soil are considered: 

• gaseous phase; 

• dissolved phase; 

• phase sorbed on the dissolved organic carbon; 

• phase sorbed on organic carbon within solid soil fraction. 

Let us begin with the description of exchange processes between these phases. The scheme of the 
considered phases and exchange processes is displayed in Fig. 1.11. 

 

 

Fig. 1.11.   POP fractions in soil, exchange processes and partitioning coefficients 

 
At this stage it is assumed that the equilibrium for all these exchange processes is established 
instantaneously. These processes are governed with the following three partitioning coefficients: 

• Air/water partitioning coefficient (KAW, dimensionless): 

 
RT
K

K H
AW =  (1.53) 
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where KH is the air-water Henry’s law constant, Pa·m3/mol; 

  T is soil temperature, K; 

  R = 8.314 J/(mol⋅K) is the universal gas constant. 

• Organic carbon/water partitioning coefficient Koc, m3/kg. 

• Dissolved organic carbon/water partitioning coefficient Kdoc, dm3/kg. 

For the Henry’s law constant in the dimensionless form (K’H), temperature dependence determined by 
the Eq. (1.12) (Section 1.1) is assumed, where coefficients KH0 and aH are pollutant-dependant. 

The other two partitioning coefficients are calculated via the octanol/water partitioning coefficient Kow 
of a pollutant in question by the following regression equations: 

 KOC = 0.41 KOW   [Karikhoff, 1981] (1.54) 

and log Kdoc = 0.98 log Kow – 0.39        for PAHs                   (1.55a) 

 log Kdoc = 0.93 log Kow – 0.54        for PCBs  (1.55b) 

[Poershman and Kopinke, 2001].  

The latter relation obtained for a number of POPs with wide range of Kow can be also used for other 
POPs (PCDD/Fs, HCB, γ-HCH) [Vassilyeva and Shatalov, 2002]. 

Following [Jacobs and van Pul, 1996], we express total POP concentration in soil CT (ng/m3) via 
concentrations Cg (ng/kg), Cs (ng/m3), Cd (ng/m3) and Cdoc (ng/m3) of gaseous, solid, dissolved and 
sorbed on dissolved organics fractions by the equation: 

 ( ) gadocdwssT CCCCC ααρ +++= , (1.56) 

where ρs is the bulk density of solid soil material, kg/m3; 

 αw is the volumetric water content of the soil; 

αa is the volumetric air content of the soil. 

Relations between concentrations in different POP phases in soil are: 

 Cg = Kaw Cd, (1.57a) 

 Cdoc = cdoc Kdoc Cd, (1.57b) 

 Cs = foc Koc Cd, (1.57c) 

where foc  is the fraction of organic carbon in soil, 

cdoc  is the concentration of dissolved organic carbon in soil solute (mobile fraction, kg/l). 

The fraction foc of organic carbon varies widely depending on soil type (from 0.1 to 30% in Europe). 
The value of cdoc was chosen for calculations using the assumption that the fraction fdoc of soil organic 
carbon contained in mobile soil solute is about 0.5% of total organic carbon content in soil. This leads 
to the dissolved organic matter concentration in soil solute of about 170 mg/l at fraction foc of soil 
organic carbon equal to 5%. This value agree with that obtained by measurements (see [Vassilyeva 
and Shatalov, 2002]). 

From formulas (1.56), (1.57 a – c) we obtain: 
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 CT = Rl Cl = Rs Cs = Rg Cg, (1.58) 

where Cl = Cd + Cdoc = Cd(1 + cdoc Kdoc) is the POP concentration in soil solute, and the coefficients Rl, 
Rs and Rg are calculated by: 

 ( ) ( )docdocawaococswl KcKKfR +++= 1/αρα , (1.59a) 

 ( ) ( )ococdocdocls KfKcRR /1+= ,  (1.59b) 

 ( ) awdocdoclg KKcRR /1+= . (1.59c) 

Now, using the scheme described in [Jacobs and van Pul, 1996] we arrive at the equation describing 
POP vertical transport in soil:  
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In the latter formula the effective diffusion coefficient DE and effective solute velocity VE are given by 
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 ,/ lwE RJV =           (1.62)  

where ξ g and ξ l are gas and liquid tortuosity factors; 

Da and Dw are molecular diffusion coefficients in air and water,  

Jw is the convective water flux.  

At this stage the convective water flux Jw is assumed to be the same as the precipitation rate. 
Dynamic character of convective water flux will be simulated later.  

To complete the description of POP vertical transport in soil, it is necessary to write down the 
expression of fluxes through upper and lower boundaries of the soil calculation domain. The flux Fas at 
the atmosphere/soil interface is given by 
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where Ca is air concentration; 

ra is the aerodynamic resistance between atmospheric reference level and the aerodynamis 
roughness length; 

rb is the boundary layer resistance. 

The resistance of upper soil layer rs and effective air/soil distribution coefficient Kas are given by 
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where Δz1 is the thickness of the upper layer of the soil calculation grid; 

 p = 1, q = 0 for downward water flux (VE > 0) and p = 0, q = 1 for upward water flux (VE < 0). 
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The flux at the lower boundary of soil calculation domain is assumed to be zero. 

Equation (1.60) with the above boundary conditions is numerically solved by explicit scheme. The 
number of vertical calculation layers in the soil calculation domain and their thickness are chosen in 
an appropriate way for each pollutant individually. The criterion for the choice of these parameters is 
the stability of the value of net gaseous flux with respect to further subdivision of soil layers. As a 
result, 7 layers with thickness 0.1, 0.3, 0.6, 1, 2, 5 and 11 cm downwards are used. 

For fdoc = 0 we arrive at the scheme of POP behaviour in soil used in the preceding version of the 
model. The parameters governing the newly introduced process of POP transport with dissolved 
organic carbon are Kdoc and fdoc. Since these parameters enter the above equation in the product 
Kdoc·fdoc only, it is sufficient to perform the sensitivity analysis for one of these parameters. Below we 
present the sensitivity study for the parameter fdoc. In particular, it will be shown that switching on the 
process of POP transport with dissolved organics strongly changes the calculation results. 

Dynamic redistribution of POPs inside soil solid fraction. To take into account the dynamic 
character of the redistribution between POP sorbed on solid organic carbon and other POP phases in 
soil, at this step total content of solid organic carbon (OC) was split into two separate fractions: easily 
accessible and potentially accessible (see EMEP Technical Note [Vassilyeva and Shatalov, 2002]).  

It is supposed that the equilibrium between all POP phases except sorbed on potentially accessible 
soil OC fraction is established instantaneously (which was the case for all phases in the previous 
model version). On the contrary, the exchange of a pollutant between easily accessible and potentially 
accessible OC fractions is assumed to be a process of first order: 
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with mass transfer coefficient k chosen in such a way that the characteristic time for the exchange 
process equals 1 year. The fraction facc of easily accessible fraction was assumed to be 30% (see the 
above cited Technical Note). 

 

 

Fig. 1.12.   POP fractions in soil, exchange processes and partitioning coefficients with allowance of dynamic 
exchange 
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The degradation rates for all POP phases except sorbed on potentially accessible fraction are taken 
the same as in the previous model version. For POP sorbed on the potentially accessible fraction 
degradation half-life is assumed to be equal to the half-life of this fraction itself (about 25 years, see 
[Vassilyeva and Shatalov, 2002]). 

As it was shown in the cited report, sensitivity of model output with respect to the mass transfer 
coefficient is relatively low when the characteristic time of this process varies from one month to 
several years. So, it makes sense to evaluate the sensitivity of the results with respect to the 
parameter facc only. This is done below. 

POP transport with upward fluxes of soil solute. Soil environment is characterized by rather 
complicated dynamics of water fluxes which can affect the vertical transport of POPs in this medium. 
Current modifications of soil module are not directed to the detailed description of this dynamics and 
are aimed at calculation of monthly and annual averages of the output parameters. For preliminary 
description of POP vertical transport with upward water fluxes, the following phenomenological 
approach is used. 

It is supposed that during some period Tinv (inverse flux period) after each precipitation event an 
upward water flux takes place. This flux is supposed to be constant in time. Its value is chosen in such 
a way that the amount of water transported by this flux to soil surface during the inverse flux period 
constitutes certain fraction finv of the amount fallen down during the precipitation event. 

The parameter finv is chosen to be 0.6 (60%) since the fraction of evaporated water from land is 
estimated as 60% from total precipitation amount on the average over Europe [Atmosphere, 1991]. 
According to these data total precipitation amount equals 0.8 m per year, whereas the evaporation 
amounts to 0.485 m, that is, about 60% of total precipitation. 

The sensitivity analysis with respect to Tinv and finv shows that calculation results are rather sensitive 
with respect to finv and, hence, this parameter needs further refinement. On the contrary, sensitivity 
with respect to Tinv is very low (changing this parameter from 1 to 10 days leads to the change of 
model output parameters by less than 0.5%). Hence, the value of this parameter may be chosen more 
or less arbitrary and we have taken Tinv = 5 days as a model assumption. Besides, low sensitivity of 
model output with respect to Tinv confirms the possibility of usage of the above phenomenological 
approach for description of POP behaviour in soil as a first approximation. 

Bioturbation. As it was mentioned above, inclusion of bioturbation process to the description of POP 
behaviour in soil is based on the paper [McLachlan et al., 2002]. This process is described as 
additional diffusion process with the corresponding diffusion coefficient Db = 6·10-12 m2/s (see the 
above cited paper). Thus, mathematically inclusion of the bioturbation process leads to the 
appearance of an additional term in Eq. (1.61) which becomes: 
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Sensitivity study with respect to the parameter Db shows that bioturbation process considerably 
affects such output parameters of the model as soil concentrations, soil content, atmosphere/soil 
exchange flux and penetration depth. 
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Sensitivity with respect to the introduced parameters 

Here sensitivity of the model output with respect to the parameters of newly introduced processes is 
evaluated. These processes and the parameters selected for the sensitivity analysis are listed in 
Table 1.4. 

 
Table 1.4. Processes and parameters under evaluation 

Process Parameters 
POP transport with dissolved organics Relative fraction of the dissolved organics fdoc. 
Dynamic redistribution of POP between different 
phases in soil 

Fraction of soil organic carbon involved in the 
instantaneous redistribution facc. 

POP transport with upward water fluxes 
Fraction of water evaporated from soil finv. 
Time of evaporation Tinv. 

Bioturbation in soil Diffusion coefficient Db due to bioturbation 
 

Since one of the main tasks of the soil module is to describe gaseous exchange between atmosphere 
and soil, one of the most important output parameters is net gaseous flux through the atmosphere/soil 
interface. Further, vertical profile of soil concentrations is also of importance for description of 
atmosphere/soil gaseous exchange. Among the output parameters characterizing the vertical profile 
of soil concentrations average concentration in soil (over 5 cm depth) and depth of POP penetration in 
soil are chosen for the evaluation of sensitivity. The latter parameter is defined as the depth of upper 
soil layer containing half of total POP content in soil at the given location. In line with average 
concentrations total POP content in soil is also considered.  

Thus, the list of output parameters for which sensitivity is evaluated is: 

• Net gaseous flux at the atmosphere/soil interface. 

• Penetration depth (vertical profile). 

• Total POP content in soil and POP concentration in the upper 5 cm layer. 

For evaluation of sensitivity of all listed output parameters with respect to selected parameters of the 
three introduced processes, a simple dynamic box model based on the above descriptions of POP 
behaviour in soil and atmosphere/soil exchange is used (evaluation model). The scheme of this model 
is presented in Fig. 1.13. The model is designed in such a way that it is possible to switch on and off 
any of the above three processes and change their parameters.  

 

 

Fig. 1.13.   The scheme of box model used for evaluation of model sensitivity to newly introduces processes 
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In the model atmospheric concentrations are prescribed and then soil concentrations are calculated. A 
detailed description of all processes included into this model is given above. The model is able to 
calculate both steady-state at the given air concentration level and the dynamics of soil concentrations 
for a prescribed dynamics of the POP concentration in the atmosphere. The fraction of particulate 
phase in the atmosphere is assumed to be constant within the entire calculation period. Wet 
deposition flux from the atmosphere to soil is calculated on the basis of Henry’s law constant and 
prescribed precipitation amount. For the calculation of dry deposition flux, average deposition velocity 
for a pollutant in question is used. 

It must be taken into account that the values of all output parameters depend not only on values of 
atmospheric concentrations at the moment considered but also on the dynamics of these 
concentrations during a sufficiently long period. To take this into account, two types of calculation 
experiments with the evaluation model were performed for sensitivity analysis. The first is evaluation 
of POP concentrations in soil in steady-state with conventional value of atmospheric concentration of 
1 ng/m3 and constant precipitation intensity of 0.5 m/year. The second is the evaluation of soil 
concentration dynamics under the assumption that atmospheric concentrations is growing from zero 
to maximum value of 1 ng/m3 (accumulation stage, 40 years) and then falling down back to zero 
(clearance stage, 30 years), see Fig. 1.14. For 
simulating precipitation events it is supposed that 
these events take place for five days in the 
beginning of each second month. The total 
precipitation amount during the year is again taken 
to be 0.5 m. Such experiments allow one to examine 
both static and dynamic sensitivity of model output 
to the considered parameters.  

On the basis of the evaluation model the soil module 
in regional and hemispheric versions of MSCE-POP 
model was developed and global changes caused 
by usage of this module are evaluated. The analysis 
is done on the example of PCB-153. 

POP transport with dissolved organic carbon. Here the sensitivity of output parameters with 
respect to relative fraction of dissolved organic carbon (DOC) fdoc is presented. We recall that relative 
fraction of DOC is defined as mass fraction of total organic carbon content in soil being dissolved in 
the part of soil solute which can be transported in soil vertically along soil pores. The basic value of 
this fraction is assumed to be 0.5% (see above), and for sensitivity analysis we consider its values in 
the range from 0% to 1.5%. Since the process of POP transport in soil are strongly dependent on total 
fraction foc of organic content in soil, the analysis is carried out for wide range of values of this fraction 
(from 2% to 20%). The ranges of parameters used in the sensitivity analysis are typical for European 
soils (see [Vassilyeva and Shatalov, 2002]). For all the rest parameters, basic values are used in this 
calculation. POP transport with inverse water fluxes is not included into these calculations and will be 
considered later. 

The results of net gaseous flux calculation in steady-state are presented for the above described 
ranges of foc and fdoc. Each column of this table corresponds to a particular value of organic content 
fraction in soil foc are summarized in Table 1.5. Cells corresponding to negative flux (that is, directed 
from soil to atmosphere) are shadowed. For the corresponding values of the parameters re-emission 
flux in steady-state prevails. 
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Table 1.5. Net gaseous flux (ng/m2/hour) in steady-state calculated for different values of organic fraction in 
soil foc (columns) and relative fraction of dissolved organic carbon fdoc (rows) 

foc 
fdoc 2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 

0.0% -5.8 -5.2 -4.7 -4.4 -4.1 -3.9 -3.6 -3.5 -3.3 -3.1 
0.1% -5.0 -3.9 -3.1 -2.6 -2.1 -1.8 -1.5 -1.3 -1.1 -0.9 
0.2% -4.3 -3.0 -2.2 -1.7 -1.2 -0.9 -0.7 -0.5 -0.3 -0.2 
0.3% -3.8 -2.4 -1.6 -1.1 -0.7 -0.5 -0.2 -0.1 0.1 0.2 
0.4% -3.4 -2.0 -1.2 -0.7 -0.4 -0.1 0.0 0.2 0.3 0.4 
0.5% -3.0 -1.6 -0.9 -0.4 -0.1 0.1 0.2 0.4 0.5 0.6 
0.6% -2.7 -1.3 -0.6 -0.2 0.0 0.2 0.4 0.5 0.6 0.7 
0.7% -2.4 -1.1 -0.4 -0.1 0.2 0.4 0.5 0.6 0.7 0.8 
0.8% -2.2 -0.9 -0.3 0.1 0.3 0.5 0.6 0.7 0.8 0.8 
0.9% -2.0 -0.7 -0.1 0.2 0.4 0.6 0.7 0.8 0.8 0.9 
1.0% -1.8 -0.6 0.0 0.3 0.5 0.6 0.7 0.8 0.9 0.9 
1.1% -1.7 -0.5 0.1 0.4 0.6 0.7 0.8 0.9 0.9 1.0 
1.2% -1.5 -0.3 0.2 0.4 0.6 0.7 0.8 0.9 1.0 1.0 
1.3% -1.4 -0.2 0.2 0.5 0.7 0.8 0.9 0.9 1.0 1.0 
1.4% -1.2 -0.2 0.3 0.6 0.7 0.8 0.9 1.0 1.0 1.1 
1.5% -1.1 -0.1 0.4 0.6 0.8 0.9 0.9 1.0 1.0 1.1 

 
From the results obtained it is seen that changing fdoc from 0% (previous version of the model) to 1.5% 
strongly changes values of net gaseous flux. For low fraction foc of organic matter in soil (2 – 4%), this 
leads to essential decrease (up to 50 times) of the flux. For higher values of foc, this leads even to the 
change of the direction of net gaseous flux: being directed from soil to the atmosphere for low values 
of fdoc this flux is directed from atmosphere to soil for high values of this parameter. 

The result of calculation of penetration depth are shown in Table 1.6. 

 
Table 1.6. Penetration depth (cm) in steady-state calculated for different values of organic fraction in soil 

(columns) and relative fraction of dissolved organic carbon (rows) 

foc 
fdoc 

2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 

0.0% 0.13 0.09 0.07 0.05 0.05 0.04 0.04 0.04 0.04 0.04 
0.1% 0.33 0.31 0.30 0.29 0.29 0.29 0.29 0.29 0.29 0.29 
0.2% 0.48 0.47 0.46 0.46 0.46 0.46 0.46 0.46 0.46 0.46 
0.3% 0.67 0.65 0.65 0.65 0.65 0.64 0.64 0.64 0.64 0.64 
0.4% 0.83 0.82 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 
0.5% 0.97 0.96 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
0.6% 1.16 1.15 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 
0.7% 1.34 1.33 1.33 1.33 1.33 1.33 1.32 1.32 1.32 1.32 
0.8% 1.51 1.50 1.49 1.49 1.49 1.49 1.49 1.49 1.49 1.49 
0.9% 1.66 1.65 1.65 1.64 1.64 1.64 1.64 1.64 1.64 1.64 
1.0% 1.80 1.79 1.79 1.79 1.79 1.79 1.78 1.78 1.78 1.78 
1.1% 1.93 1.93 1.92 1.92 1.92 1.92 1.92 1.92 1.92 1.92 
1.2% 2.11 2.09 2.09 2.09 2.09 2.08 2.08 2.08 2.08 2.08 
1.3% 2.31 2.30 2.30 2.29 2.29 2.29 2.29 2.29 2.29 2.29 
1.4% 2.50 2.49 2.49 2.48 2.48 2.48 2.48 2.48 2.48 2.48 
1.5% 2.68 2.67 2.66 2.66 2.66 2.66 2.66 2.66 2.66 2.66 

 

Switching on the transport with dissolved organics (change of fdoc from 0 to 0.1%) changes 
penetration depth strongly (2 – 7 times depending on foc). Near basic value of fdoc = 0.5% each change 
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of this parameter by 0.1% leads to the change of penetration depth by 15 – 25%. Generally, 
penetration depth is higher for higher values of fdoc and is almost stable for different values of foc. 

The values of total PCB-153 content in soil for steady-state are presented in Table 1.7. 

 
Table 1.7. Total PCB-153 content (mg) under 1 m2 in steady-state calculated for different values of organic 

fraction in soil foc (columns) and relative fraction of dissolved organic carbon fdoc (rows) 

foc 
fdoc 

2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 

0.0% 0.57 0.74 0.87 0.96 1.04 1.11 1.18 1.23 1.28 1.32 
0.1% 0.80 1.11 1.32 1.48 1.60 1.70 1.78 1.85 1.91 1.96 
0.2% 0.98 1.35 1.58 1.74 1.86 1.95 2.02 2.08 2.12 2.16 
0.3% 1.13 1.52 1.75 1.90 2.01 2.08 2.14 2.19 2.23 2.27 
0.4% 1.25 1.65 1.87 2.01 2.10 2.17 2.23 2.27 2.30 2.33 
0.5% 1.35 1.75 1.96 2.09 2.17 2.24 2.28 2.32 2.35 2.37 
0.6% 1.44 1.83 2.03 2.15 2.23 2.28 2.32 2.36 2.38 2.41 
0.7% 1.52 1.90 2.08 2.20 2.27 2.32 2.36 2.39 2.41 2.43 
0.8% 1.58 1.96 2.13 2.23 2.30 2.35 2.38 2.41 2.43 2.45 
0.9% 1.64 2.00 2.17 2.27 2.33 2.37 2.40 2.43 2.45 2.47 
1.0% 1.69 2.04 2.20 2.29 2.35 2.39 2.42 2.45 2.46 2.48 
1.1% 1.74 2.08 2.23 2.32 2.37 2.41 2.44 2.46 2.48 2.49 
1.2% 1.78 2.11 2.26 2.34 2.39 2.42 2.45 2.47 2.49 2.50 
1.3% 1.82 2.14 2.28 2.36 2.40 2.44 2.46 2.48 2.50 2.51 
1.4% 1.85 2.17 2.30 2.37 2.42 2.45 2.47 2.49 2.50 2.52 
1.5% 1.89 2.19 2.32 2.38 2.43 2.46 2.48 2.50 2.51 2.52 

 

Total PCB-153 content is increasing with the increase both of fdoc and foc. Again most drastical 
changes take place when changing fdoc from 0 to 0.1% (from 30 to 60%). Near the basic value, the 
change of fdoc by 0.1% leads to the change of total content up to 12%. Further increase of fdoc changes 
the content very slowly. 

Let us pass to the investigation of sensitivity of output parameter dynamics with respect to fdoc. Fig. 
1.15 a shows the dynamics of net gaseous flux calculated for basic value of relative fraction of DOC 
(fdoc = 0.5%, marked “With DOC”) and under the assumption of the absence of DOC (fdoc = 0%, 
marked “Without DOC”) at fraction of OC in soil equal to 5% which is typical value for Europe. To 
show the sensitivity of net gaseous flux dynamics with respect to fdoc, the ratio of the results of these 
two calculations is also presented. Black thin lines show the dynamics of soil concentrations for 
adjacent values of fdoc, namely, fdoc = 0.4% and fdoc = 0.6%. 

It is seen that the ratio of net gaseous fluxes calculated with and without dissolved organic carbon 
varies from 0.01 to 0.35. For this parameter, the influence of transport with DOC is maximum in the 
beginning of accumulation period. To the end of this period net gaseous flux calculated with the 
allowance of DOC becomes 5 times lower than that calculated without DOC transport (ratio = 0.2). To 
the end of clearance period the ratio becomes 0.35, that is DOC transport diminishes net gaseous flux 
about three times. 

The consideration of adjacent values of net gaseous flux shows that change of fdoc by 0.1% leads to 
changes in net gaseous flux by 40 – 50% in the middle of accumulation period and by 10 – 20% by 
the end of clearance period. 
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Fig. 1.15.   Sensitivity of output parameter dynamics with respect to fdoc: a – net gaseous flux, b – soil 
concentration, c – penetration depth 

 
Similar plots for the dynamics of soil concentrations averaged over 5 cm depth and penetration depth 
are presented in Fig 1.15 b and c. These plots show that the transport with DOC changes soil 
concentrations 2 – 2.5 times whereas for penetration depth this change can reach up to 12 times. In 
general, maximum changes take place within the clearance period. The change of fdoc by 0.1% leads 
to changes by 2 – 3% for soil concentrations and by 10 – 20% for penetration depth. 

Thus, 

- Switching on PCB-153 transport with DOC strongly influences the process of atmosphere/gas 
exchange and vertical profile of soil contamination. The penetration depth is the most affected 
parameter which is changed up to 12 times. Net gaseous flux from soil to the atmosphere 
changes 3 – 5 times and the change of average soil concentrations reaches 2.5 times. 

- The change of basic value fdoc = 0.5% by 0.1% leads to the change in net gaseous flux and 
penetration depth by 10 – 20% and in soil concentrations – by 2 – 3%. Thus, sensitivity of 
output parameters with respect to fdoc near the basic value can be characterized as moderate. 

- Evaluation of sensitivity in steady-state gives results close to that for the dynamic process and 
can be used as a first approximation. However, sensitivity in dynamics can be different at 
different stages of the process (accumulation or clearance). 

Dynamic redistribution of POPs inside soil solid fraction. Here the sensitivity of output 
parameters with respect to the fraction facc of soil organic carbon involved in the instantaneous 
redistribution is presented. The basic value of this parameter is assumed to be 30% (see above), and 
for sensitivity analysis we consider its values in the range from 10% to 100% (the latter value means 
that the redistribution between soil solute and soil organics is established instantaneously). As above, 
the analysis is carried out for wide range of values of this fraction (from 2% to 20%). For all the rest 
parameters, basic values are used in this calculation. As above, inverse water fluxes are not included 
into these calculations. 

The results of net gaseous flux calculation in steady-state for the above described ranges of foc and 
facc are shown in Table 1.8. Each column of this table corresponds to a particular value of organic 
content fraction in soil foc. 
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Table 1.8. Net gaseous flux (ng/m2/hour) in steady-state calculated for different values of foc (columns) and 
facc (rows) 

foc 
facc 

2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 

10% -3.12 -1.71 -0.96 -0.50 -0.19 0.03 0.20 0.34 0.44 0.53 
20% -3.05 -1.65 -0.91 -0.46 -0.16 0.06 0.23 0.36 0.47 0.56 
30% -3.02 -1.62 -0.89 -0.44 -0.14 0.08 0.25 0.38 0.48 0.57 
40% -3.00 -1.60 -0.87 -0.43 -0.13 0.09 0.26 0.39 0.49 0.57 
50% -2.98 -1.58 -0.86 -0.42 -0.12 0.10 0.26 0.39 0.50 0.58 
60% -2.96 -1.57 -0.85 -0.41 -0.11 0.11 0.27 0.40 0.50 0.59 
70% -2.95 -1.56 -0.84 -0.40 -0.10 0.12 0.28 0.40 0.51 0.59 
80% -2.93 -1.55 -0.83 -0.39 -0.09 0.12 0.28 0.41 0.51 0.59 
90% -2.92 -1.53 -0.82 -0.38 -0.08 0.13 0.29 0.42 0.52 0.60 
100% -2.91 -1.52 -0.81 -0.37 -0.08 0.14 0.30 0.42 0.52 0.60 

 

From these calculations it follows that the change of net gaseous flux caused by change of facc from 
10 to 100% is about 30 – 40% except for values of foc for which change of the direction of the flux 
takes place (foc = 10 – 12%). The change of the basic value of facc (30%) to the adjacent values lead to 
the change in net gaseous flux by about 5% (again except for foc from 10 to 12%). We remark that the 
flux from atmosphere to soil increases with the increase of facc. 

The result of calculation of penetration depth for the steady-state are presented in Table 1.9. Since, 
as it was mentioned above, the dependence of penetration depth on the fraction of organic content in 
soil is week, only the results of calculations for foc = 5% are given. 

 
Table 1.9. Penetration depth (cm) in steady-state calculated for different values of foc (columns) and facc (rows) 

foc 
facc 

10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

h1/2 (cm) 1.25 1.03 0.96 0.92 0.89 0.86 0.84 0.82 0.80 0.79 
 

Total change of penetration depth caused by the change of facc from 10% to 100% is about 50%. The 
change of facc to the adjacent values (20% and 40%) leads to the change of penetration depth by 5 – 
10%. The values of penetration depth increase with the decrease of facc. 

The values of total PCB-153 content in soil for steady-state calculated for different values of foc and 
facc are presented in Table 1.10. 

Total increase of soil content due to the change of facc from 10 to 100% ranges from 17 to 22%. 
Passing to adjacent values of facc changes soil content by 2 – 3% only. 
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Table 1.10. Total PCB-153 content (mg) under 1 m2 in steady-state calculated for different values of foc 
(columns) and facc (rows) 

foc 
facc 

2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 

10% 1.40 1.83 2.06 2.19 2.29 2.36 2.41 2.45 2.48 2.51 
20% 1.38 1.79 2.01 2.14 2.23 2.30 2.35 2.38 2.41 2.44 
30% 1.35 1.75 1.96 2.09 2.17 2.24 2.28 2.32 2.35 2.37 
40% 1.32 1.71 1.91 2.03 2.12 2.18 2.22 2.26 2.29 2.31 
50% 1.29 1.67 1.86 1.98 2.06 2.12 2.16 2.20 2.23 2.25 
60% 1.26 1.63 1.82 1.93 2.01 2.07 2.11 2.14 2.17 2.19 
70% 1.23 1.59 1.77 1.88 1.96 2.01 2.06 2.09 2.11 2.14 
80% 1.20 1.55 1.73 1.84 1.91 1.97 2.01 2.04 2.06 2.08 
90% 1.18 1.52 1.69 1.80 1.87 1.92 1.96 1.99 2.01 2.03 
100% 1.15 1.48 1.65 1.76 1.83 1.88 1.91 1.94 1.97 1.99 

 

Let us pass to the investigation of sensitivity of output parameter dynamics with respect to facc. Fig. 
1.16 a – c show the dynamics of these parameters calculated for basic value of facc = 30% and under 
the assumption that all organic carbon in soil participates in the instantaneous equilibrium (facc = 
100%). Black thin lines show the dynamics of soil concentrations for adjacent values of facc, namely, 
facc = 20% and facc = 40%. 
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Fig. 1.16. Sensitivity of output parameter dynamics with respect to facc: a – net gaseous flux, b – soil 
concentration, c – penetration depth 

 
It is seen that switching on the process of dynamic redistribution inside soil solid fraction leads to 
changes in output parameters by 20 – 40% for net gaseous flux and penetration depth, and by about 
20% for soil concentrations. The increase of the penetration depth by about 20 – 40% takes place 
during the whole calculation period. The increase of soil concentrations occurs mainly in the clearance 
period. Switching on the dynamic redistribution leads to the decrease of net gaseous flux in the 
accumulation period and slight increase of this flux in the clearance period. It should be taken into 
account that for more rapid decrease of air concentrations the influence of dynamic redistribution in 
the clearance period may be much more essential. The sensitivity of the considered output 
parameters near the basic value of facc is moderate (about 20% per each 10% change of facc). 
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Thus, 

- Switching on the process of dynamic redistribution for PCB-153 considerably influences the 
process of atmosphere/gas exchange and vertical profile of soil contamination (by 20 – 40%). 
The main changes occur in the clearance period when air concentrations drop down. 

- The change of basic value facc = 30% by 10% leads to the change in net gaseous flux and 
penetration depth by 10 – 20% and in soil concentrations – by 2 – 3%. Thus, sensitivity of 
output parameters with respect to fdoc near the basic value can also be characterized as 
moderate. 

POP transport with upward fluxes of soil solute. Since accounting of upward fluxes requires 
change of the direction of vertical water flux in soil, the investigation of this process cannot be done on 
the level of steady state and here the evaluation of sensitivity on the dynamic level only is presented. 

Fig. 1.17 a – c show the dynamics of the considered output parameters calculated for basic value of 
finv = 60% and under the assumption that no evaporation takes place (finv = 0%). Black thin lines show 
the dynamics of soil concentrations for adjacent values of finv, namely, finv = 50% and finv = 70%. 
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Fig. 1.17.   Sensitivity of output parameter dynamics with respect to finv: a – net gaseous flux, b – soil 
concentration, c – penetration depth 

 
It is seen that switching on transport of PCB-153 in soil with upward water flux enlarges net gaseous 
flux by 40 – 60%. The rest two parameters – soil concentrations and penetration depth – are 
decreased by 10 – 15% and about 20%, respectively. The relative difference between results 
obtained with adjacent values of finv (50% and 70%) is 10 – 15% for net gaseous flux, about 5% for 
soil concentrations and about 10% for penetration depth. So, the process of POP transport with 
upward water fluxes is essential and the results are sensitive enough with respect to the values of the 
parameter finv. 

To evaluate the sensitivity of the results with respect to parameter Tinv the output parameters 
calculated with basic value of this parameter (5 days) were compared with those obtained with 
adjacent values (1 day and 10 days). It was obtained that the deviation of the output parameters 
obtained for two last calculations does not exceed 0.5%. This shows that for evaluation of the 
considered output parameters phenomenological approach described above is reasonable and the 
parameter Tinv can be taken equal to 5 days. 
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Thus, 

- The process of POP transport with upward water fluxes is essential and the results are 
sensitive with respect to the values of the parameter finv. 

- For evaluation of the considered output parameters on the level of annual or monthly means 
the above described phenomenological approach is reasonable and the parameter Tinv can be 
taken equal to 5 days. 

Bioturbation in soil. The evaluation of model sensitivity with respect to the parameter Db was 
carried out for the range of this parameter from 6·10–13 m2/s to 6·10–11 m2/s (the basic value equals to 
6·10–12 m2/s). 

We begin with steady-state calculations. These calculations were done with soil organic content 
fraction of 3%.  Vertical profile of soil concentrations calculated with these three values of Db is shown 
in Fig. 1.18. For comparison, Fig. 1.19 displays the comparison of calculation results for basic values 
of parameters with four measured soil vertical profiles [Cousins et al., 1999] obtained at four locations 
in the UK (one for grassland, one for moorland and two for 
woodland).  For the sake of comparison, all concentrations 
are reduced to the maximum value 1. 

Calculation results show that soil profiles are strongly 
affected by the value of the parameter Db. In particular, 
calculated values of the penetration depth are equal to 1.6 
cm for low value of the parameter, to 3.2 cm for its basic 
value and 6.8 cm for its high value. 

Comparison of calculated soil profile with measured values 
demonstrate reasonable agreement though in measured 
concentrations variations due to particularities in soil vertical 
structure are present. 

The plots of dependence of the rest output parameters on 
Db are displayed in Fig. 1.20. 
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Fig. 1.19. Calculated vertical soil concentration profiles in comparison with measurements at four locations in 
the UK; relative units 
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Fig. 1.20.   Dependence of output parameters of soil module on Db 

 
It is seen that with the increase of Db from 6·10–13 m2/s to 6·10–11 m2/s soil content increases by 30% 
whereas soil concentration averaged over 5 cm decreases by 60% due to penetration of the pollutant 
to deeper soil layers. Calculated values of net gaseous flux being negative at low value of Db (this 
means that the flux is directed from soil to the atmosphere) becomes positive at high value of Db. At 
basic Db value the direction of gaseous flux is from 
soil to atmosphere  with low value of 1 μg/m2/y. 

Let us proceed with calculations on the dynamic 
level. The sensitivity to the parameter Db at this level 
is the same as at the level of steady-state. We 
illustrate this on the example of soil content (Fig. 
1.21). 

It is seen that the value of parameter Db strongly 
affects value of soil content both at accumulation 
and clearance stages. The model output is also 
highly sensitive to this parameter near its basic 
value: change of Db by an order of magnitude 
changes soil content by about 20% (black lines on 
Fig. 1.21). 

Comparison with results of previous model version 

Here we describe integral differences of calculation results caused by all newly introduced processes. 
To evaluate these differences two simulations of the whole PCB mixture transport by modified model 
with physical-chemical parameters of PCB-153 for the period from 1970 to 1999 were made. In the 
first simulation (previous version) the processes of PCB transport with dissolved organics, dynamic 

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0 10 20 30 40 50 60 70
years

so
il 

co
nt

en
t, 

m
g/

m
2

no bioturbation basic
 

Fig. 1.21.   Sensitivity of soil content to Db 
at the dynamic level 
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redistribution between PCB phases in soil solid fraction, PCB transport with inverse water flux and 
bioturbation were switched off. In the second simulation (current version) base values of the 
parameters (fdoc = 0.5%, facc = 30%, finv = 60% and Db = 6·10–12 m2/s) were used. In both simulations 
initial concentrations in all environmental compartments were assumed to be zero. 

Let us begin with comparison of air and soil contents and annual net gaseous flux obtained by these 
two simulations. The plots of the dynamics of the three mentioned parameters calculated for the 
period from 1970 to 1999 by previous and current model versions are displayed in Fig. 1.22 b – d. For 
comparison the plot of emission dynamics for 1970 – 1999 used in calculations [Shatalov et al., 2001] 
is presented in Fig. 1.22a. 
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Fig. 1.22. Dynamics of calculation results obtained by previous and current model versions from 1970 to 1999: 
a – total European emissions, b – air content, c – soil content, d – average net gaseous flux over land 

 
For one and the same emissions, the difference in the atmospheric content between the two 
simulations is within 5 – 10%% in the end of calculation period (Fig. 1.22b). Soil concentrations differ 
much more: the difference of about 3 times for the first year of simulation reaches 9 times by the end 
of simulation period (Fig. 1.22c). Besides, the beginning of the clearance period for simulations by the 
current model version is shifted forward by 9 years in comparison with simulations by the old model. 

In both calculations volatilization prevails over gas dry deposition in 1988 and later which results in 
negative values of net gaseous flux (Fig. 1.22d). The previous version of the model shows higher 
values of net gaseous flux than the current one. This difference is the biggest in the beginning of 
calculations. At the end of simulation period (1980 – 99) the values of net gaseous flux are almost the 
same for both simulations. The reason for this is that soil concentrations obtained by previous model 
version are reduced much faster than obtained by the current model version which leads in turn to 
faster reduction of net gaseous flux. It can be expected that under further emission reduction the 
values of gaseous flux calculated by current model version will exceed the values obtained by 
previous version of the model. 
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Let us compare spatial distributions of contamination obtained by current and previous versions of the 
model at the end of simulating period. Since spatial distributions of atmospheric concentrations are 
almost the same for both simulations, we consider here spatial distributions of net gaseous flux and 
soil concentrations only. 

Spatial distributions on net gaseous flux obtained for 1999 by current and previous model versions are 
displayed in Fig. 1.23. 

 

a       b  

Fig. 1.23. Spatial distribution of net gaseous flux in 1999 obtained by: a – current version, b – previous version 
of the model 

 
It is seen that net gaseous flux from soil to the atmosphere (negative values) calculated by current 
model version is a little bit less than that calculated by previous version of the model. For some 
regions with high enough organic content (e.g. to the north from the Black Sea) the direction of the 
flux is reversed in comparison with calculations by previous model version (the flux is directed from 
the atmosphere to soil). At the same time there exist regions (e.g. in the UK and Spain) where the re-
emission flux calculated by current model version is higher than that obtained by the previous one. 

Spatial distributions of soil concentrations for 1999 calculated by the two model versions are shown in 
Fig. 1.24. 

a       b  

Fig. 1.24.   Spatial distribution of soil concentrations averaged over top 5 cm of soil in 1999 obtained by:                           
a – current version, b – previous version of the model 
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Similar to the case of soil content (see Fig. 1.22 c above) soil concentrations calculated by current 
model version are essentially higher than that calculated by previous one. Since for the previous 
version of the model underestimation of soil concentrations took place, the modification of soil module 
leads to the improvement of agreement between measured and calculated values of soil 
concentrations. 

 
Conclusions 

Model descriptions of four processes of POP behaviour in soil, namely 

• POP transport with dissolved organic carbon; 

• dynamic redistribution inside soil solid fraction; 

• POP transport with upward water fluxes; 

• bioturbation 

were elaborated and the corresponding module was included into the MSCE-POP model. The 
evaluation of sensitivity of output results with respect to the newly introduced processes and their 
parameters revealed that: 

• All four processes essentially affect both atmosphere/soil exchange fluxes and the profile of POP 
concentrations in soil. 

• As a first approximation sensitivity can be evaluated at steady-state. However, sensitivity to some 
parameters can be essentially different at different stages of the dynamic process. 

• The sensitivity of the output results with respect to the parameters of newly introduced processes 
is as follows: 

 Changing relative fraction fdoc of dissolved organic carbon from 0.4 to 0.6% (adjacent values 
for the basic value 0.5%) leads to: 

− the change of the direction of net gaseous flux for some values of foc (10 – 12%); 

− the increase of the penetration depth by about 35%; 

− the increase of soil content by 5 – 15% depending on foc. 

 Changing fraction of accessible OC in soil from 20 to 40% (adjacent values for basic value 
30%) leads to: 

− the change of values of net gaseous flux by 5 – 10% except for those values foc for which 
the change of flux direction takes place; 

− the change of penetration depth by about 10%; 

− the change of soil content by about 5%. 

 Changing the fraction of evaporated water from 50 to 70% (adjacent values for basic value of 
60%) leads to: 

− increase of net gaseous flux by 40 – 60%; 

− decrease of the penetration depth by about 20%; 

− decrease of soil concentrations by 10 – 15%. 
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 Changing diffusion coefficient Db due to bioturbation from 6·10– 13 to 6·10– 11 m2/s (adjacent 
values for basic value 6·10– 12 m2/s): 

− increase soil content by 30%; 

− decrease average soil concentration in to 5 cm layer by 60%; 

− changes the direction of gaseous flux. 

• The evaluation of POP transport with upward water fluxes can be done as a first approximation 
with the use of the simple phenomenological approach described above. 

• The modification of soil module have led to the improvement of vertical profile of soil 
concentrations. The obtained vertical soil concentration profile agrees with measurements. 

• The modification of soil module have led to the following changes of the calculation results: 

 Atmospheric content of PCB-153 calculated by current and previous model versions differ by 
about 5% – 10% in the end of simulating period. Spatial distributions of air concentrations for 
1999 is also the same for both simulations. 

 Soil concentrations calculated by current model version are much higher than that calculated 
by previous one. The difference reaches three times in the beginning of calculated period and 
about 9 times by its end. The clearance process is shifted by 9 years forward in calculations 
using the current model version.  

The difference of  net gaseous flux values obtained by the above two simulations is quite significant. 
However, since the decrease of net gaseous flux calculated by current model version is slower than 
by previous one, by 1990 its values  obtained by the two model versions occur to be comparable. It is 
expected that at further reduction of emissions the values of the flux calculated by current version will 
exceed that obtained by previous version of the model. 
 

1.3.2. The parameterization of large-scale turbulent diffusion in the ocean for the solution 
of POP global transport problems 

Problem formulation 

POP large-scale transport in the marine environment in realized mainly due to the following 
processes: 

• sea currents, 

• sedimentation with settling particles, 

• turbulent diffusion.  

The contribution of turbulent diffusion to the pollutant redistribution in a sea basin for one-dimensional 
case can be estimated by the transport equation  

)(
x
cK

xx
cu

t
c

∂
∂

∂
∂

=
∂
∂

+
∂
∂

,         (1.67) 

where t is the time; 

x is the spatial co-ordinate; 
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c is the pollution concentration; 

u is the water motion velocity in x-direction; 

K is the turbulent diffusion coefficient.   

For the considered characteristic scales L the ratio of the contribution of diffusion term (1.67)  

)(
x
cK

x ∂
∂

∂
∂  in comparison with the advection term 

x
cu

∂
∂  is estimated characterized by ratio 

uL
K . In 

problems under consideration for horizontal processes it can be assumed that K ~ 103 – 105 m2/s,  u ~ 

10-3 – 1 m/s,  L ~ 104 – 105 m, i.e. 
uL
K  ~ 10-2 – 104. In modeling large-scale processes of POP 

transport in the marine environment for the vertical co-ordinate allowing for sedimentation processes 

uL
K  ~ 10-4 – 102 it is necessary to consider three-dimensional turbulent diffusion. 

In a lattice model of POP global transport in sea basins [Malanichev et al., 2002] horizontal turbulent 
diffusion is constant, homogeneous and isotropic. Vertical turbulent diffusion is constant and 
homogeneous (but different) in the upper mixed layer and in the main water column. However, in 
reality the heterogeneity of subgrid-scale can define the dependence of turbulent diffusion coefficients 
on time and co-ordinates. In view of significance of diffusion processes for POP transport in sea water 
it is reasonable to refine this dependence. 

In lattice transport models the refinement of turbulent diffusion coefficient values includes the 
parameterization of stochastic advection processes [Aref, 1984] when the real velocity fields are 
substituted for their discrete representation. Obviously in such replacement of velocity fields  
stochastic advection features are changed. It can be efficiently compensated by the introduction of 
additional turbulent diffusion. 

Turbulent diffusion 

The notion of turbulent diffusion in the solution of large-scale transport problems by discrete methods 
(by grid scale methods, finite element and the like) requires some clarification. If turbulent diffusion in 

such problems is described by the diffusion term like )(
x
cK

x ∂
∂

∂
∂  in equation (1.67), turbulent diffusion 

coefficient K parameterizes the totality of subgrid processes. These processes include small-scale 
turbulence and large motions of water and different irregular and sufficiently regular (eddy or wavy) 
currents with characteristic sizes comparable with grid cell sizes. Small-scale turbulence represents 
eddy cascades being more precise heterogeneities [Monin and Yaglom, 1965], transferring the 
mechanical energy of perturbation from larger motions to smaller ones. Perturbation energy of rather 
small sizes is converted to heat due to viscous friction. At the same time it is assumed (the hypothesis 
suggested by A.N. Kolmogorov [1941]), that “eddy” small-scale motions are stable, locally 
homogeneous and isotropic. In this case to describe random small-scale turbulent motions it is correct 
to apply mathematical statistics. In this approach physical values (medium velocity, temperature, 
pollutant concentration etc.), characterizing the medium are considered as statistical assembly, with 
concrete realization for the fixed co-ordinates and time. It is impossible to find a specific realization 
due to the describing systems of equations is infinite and open. However, under some assumption of 
physical character it is possible to write an equation for statistical moments of physical values. As a 
rule one confine oneself by low moments: mean values and correlation function (or mean square 
deviation in the case of central moments). A complete description of statistical assembly of certain 
physical characteristic of the medium is equivalent to the knowledge of all statistical moments of this 
characteristic. For a value with a normal distribution (Gaussian distribution) all moments of higher 
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orders are determined via first (mean value) and second (correlation function) moments. For locally 
homogeneous and isotropic turbulence the distribution of passive (not affecting the velocity field) 
pollutant is the medium in close to normal thereby facilitating very much the description of turbulent 
diffusion of this pollutant. At present it is proved that in a general case passive pollutant distribution 
due to turbulent diffusion is not obeyed the normal probable distribution. At different regimes of 
medium motion frequency distribution of passive pollutant can be proportional to “stretched” exponent 
[Majda, 1993] 

)exp()( accp −= , 

where the value of a can vary from 0 to 2. For the solution of equations describing the motion of real 
liquid a number of computational methods are developed. The direct numerical simulation (DNS) of 
Navie-Stocks equations (DNS, Direct Numerical Simulation) [Bewley et al., 2001] is possible at high 
spatial and temporal resolution but requires much computer resources and is applied only to a small 
calculation domain and as a rule to cases with low Reynolds numbers. The method of Large-Eddy 
Simulation (LES) is based on the parameterization of subgrid-scale turbulent processes. Subgrid-
scale (SGS, SubGrid Scale) parameters are averaged by a certain function linked with parameters of 
a defined scale. Standard LES is described in the work [Smagorinsky, 1963]. Various modifications of 
LES method are used: DSGS (Dynamic SubGrid Scale) [Germano et al., 1991], in which the subgrid-
scale parameters are computed by means of kernel of averaging function on a scale larger than cell 
size, i.e. by parameters of defined scale, SM (Spectral Models) [Kraichnan, 1976] and other. Methods 
with more rough parameterization than in LES methods are RANS (Reynolds Averaged Navier-
Stokes) – based on Boussinesq’s hypothesis on linear connection of Reynolds stress with tensor 
deformation components [Galperin and  Orszag, 1993].    

In POP transport problems of a considered type POP distribution due to meso-scale water motions of 
subgrid level can be determined in explicit form without applying algorithms of their parameterization. 
In this case (contrary to small-scale turbulence of stochastic nature) in particular, it is possible to 
increase spatial and temporal resolution applied to discrete methods. For example, if the gridsize is 
decreased to 0.25° meso-scale oceanic eddies can be explicitly described as well as POP transport 
by these eddies. In MSC-E horizontal scale with the resolution 1.25°×1.25° meso-scale eddies are of 
subgrid scale and their influence on POP global transport can be considered only by 
parameterization. 

 
Large-scale turbulent diffusion in the ocean 

Large-scale oceanic turbulence in customary considered as a totality of irregular and quasiregular 
motions in the ocean with characteristic sizes essentially exceeding typical depths of the upper 
homogeneous layer [Monin and Ozmidov, 1978]. Such motions can be fluctuations of global ocean 
currents, Rossby waves, tidal events, motions in the upper layer caused by large-scale atmospheric 
formations etc. Examples of measured energetic characteristics of seawater motions characteristics 
and their fluctuations are demonstrated in Figs.1.25, 1.26. Fig. 1.26 shows that there are clear 
maxima within the spectrum of water motions. For example, one can distinguish the maxima 
corresponding 24- and 12-hour period. Motion energy decreases with depth, however, frequency 
dependence does not change. Fluctuation energy also declines with depth (Fig. 1.26). 
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Fig.1.25.   Spectral density of kinetic energy of 
horizontal velocity components in the Atlantic 1970 

1-4 – observation horizons  25, 100, 500, 1500 m 
respectively [Monin and Ozmidov, 1978] 

Fig. 1.26.   Velocity current micropulsation energy 
variations with depth according to data of Arabian 
test site, 1967 

Horizontal little lines – possible errors of observations 
[Monin and Ozmidov, 1978] 

 

All water motions in the ocean are of an extremely complicated character and cannot be described 
mathematically. To describe integral characteristics of transport processes of a passive pollutant in 
the ocean a number of authors carried out field experiments. One of the first summarized works in this 
field was the investigation by Okubo A. [Okubo, 1971]. Fig. 1.27 illustrates the experimental 
dependents of horizontal turbulent diffusion coefficient on characteristic scales of the processes 
considered. 

 

 

Fig.1.27.   Dependence of horizontal turbulent diffusion in the ocean on characteristic scales of the processes 
[Okubo, 1971] 
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In these experiments the diffusion coefficient was assumed to depend only on the scales of processes 
and did not depend on time and co-ordinations. 

The dependents of horizontal large-scale turbulent diffusion coefficient on time and co-ordinates is of 
ambiguous character and can be considered only in the context of the problem to be solved. In work 
[Smagorinsky, 1963] in the solution of temperature field distribution over large-scale horizontal grid 
the following expression for horizontal turbulent diffusion was used  

22
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where {u, v} - flux velocity components. 

 

Parameterization of turbulent diffusion of subgrid scale 

Let is consider an advection problem of passive pollutant in incompressible medium: 
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where c(x,y,z,t)  is pollutant concentration; 

),,,( tzyxuv  - Continuum velocity.  

In the one-dimensional case instead of Eq. (1.69) it is possible to write: 
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Then we consider the solution of expression (1.70) by the grid method. Let there be a uniform grid {xi} 
over the space and discrete points of time with step Δt. Under the condition that in discrete 
representation during time step ui-1 the pollutant advection flux to i cell from i-1 is equal to (Fig. 1.28). 
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can be considered to raise the accuracy of the difference scheme [Smolarkiewicz, 1983].  

 



POP model development                                 Chapter 1 
 

 58

                     ci-1                                      Fi-1 
                                                                                                                    

                                       ui-1 + u’ 

                              с*i-1                                                                                                              

                                        ui-1 – u’                                                                         ci+1                                                     

                                                                             ci 

                                                
                                               ui-1 
                      xi-1                                                 xi                                                xi+1 

Fig. 1.28.   Computation scheme for a pollutant flux for one-dimensional case 

 
Velocity field u in the problem is an input parameter and is prescribed in a discrete way in definite 
points of space {xi} in prescribed time intervals Δt. In realty, however, velocities in the considered 
medium can vary from one space point to another and during the time step in the prescribed point of 
space. Now we evaluate the influence of temporal variability of the velocity field. Let during a time 
step the velocity field deviates by a some value  

)( 11
'

1 tttu kki Δ+≤< −−− τ ,         (1.74) 

where tk-1 - initial time of the flux computation (1.71).  

The expression for flux (1.70) we write in the integral representation taking into account 

addition velocities (1.74): 
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In view of the absence of additional information on dependence (1.74) we have '
1−iu  to be random 

with zero average value 
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We apply averaging to expression (1.75) for flux. Using property (1.76) we obtain: 
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where  RL is autocorrelation function for velocity fluctuations; 

TL is “Lagrangian correlation time” [Monin and Yaglom, 1965], which is taken to be equal to a certain 
constant for further computation.  

Thus, at the availability of velocity fluctuations for advection flux a new term 
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and instead of (1.70) it is possible to write: 
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Certainly the above discussion implies the availability of a certain implicit mechanism of “mixing” in a 
cell keeping the mass and the first derivative of concentration over the spatial co-ordinate but 
smoothing concentration “perturbations”. This assumption is rather rough but allows to estimate the 
influence of input velocity field fluctuations on transport processes of a pollutant in the medium. The 
supposed mixing mechanism in a cell is apparently possible at the availability of turbulence with sizes 
of “eddies” less than a cell size. Similar assumptions are made, for examples, in calculations by LES–
method in the turbulent medium.  

Similar computations are valid for the two-dimensional case. Let in two-dimensional space {x, y} be 
two-dimensional medium flow with pollutant concentration c (Fig. 1.29). 

                    ui-1+u^ 
yi              

                                                                                                         ci+1 

 

                                                        

             ci-1                                      yΔ  

                         c*i-1   
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                  xi-1       ui-1  ui-1-u^                   xi                                             xi+1                      

Fig.1.29.   Computation scheme for one-dimensional flux in two-dimensional case 
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Let us consider the case u > 0, v = 0, i.e. plane-parallel flux in x-direction. Like in the one-dimensional 
case we write expression (1.71) for pollution flux to cell i from cell i+1 taking into account integration 
over y co-ordinate independent of y and of time during the time step of velocity ui-1. 
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Let there be velocity deviations ''
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where ^
1−iu  - some constant ( 1

^
1 −− << ii uu ).  

The expression for flux (1.81) in this case can be substituted for the following:  
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Thus in expression (1.82) for the flux in the case of variable velocity ui-1 over y in comparison with 

(1.81) a new term )2/)(
2/

2^
1

1 dxxx
i

i
x
ctu

+=
−

−
∂
∂

Δ−  is appeared. Here it is necessary to make an 

assumption on the availability of mixing mechanism in a cell, which is acceptable if deviations ''
1−iu  are 

not concentrated in a cell but distributed over y with a certain density. Certainly the deviation region 
size should be much larger than the region of complete mixing, for example, with sizes less than cell 
size by an ordered in magnitude. 

In the absence of additional knowledge on the character of medium subgrid motions it is reasonable 
to suppose that distributions ''

1−iu  are random with fulfillment of the condition: 

0)( ''
1

''
1 == −− ii uMu .          (1.84) 

Than we assume that there is superposition of random deviations of velocity ui-1: 

''
1

'
1

'''
1 −−− += iii uuu           (1.85) 

for temporal '
1−iu  and spatial ''

1−iu  scales with fulfillment of the condition: 

0)( ''
1

'
1 =−− ii uuM ,          (1.86) 

i.е. without correlation between '
1−iu  and ''

1−iu . Then expressing mean-square deviation for spatial 
fluctuations: 
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))(()( 2''
1

2^
1 −− = ii uMu          (1.87) 

and computing by analogy with (1.79) the “effective” turbulent diffusion coefficient cased by spatial 
fluctuations: 

tuK ixy Δ−
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we obtain  
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where  axt and axy are some coefficients, determined below. 

Independence of ''
1−iu  on time during Δt assumes either constant distribution of ''

1−iu  during integration 

period or discrete variations of distribution while transferring from one time step to another. It is more 
correct to suppose that there is life time of distributions ''

1−iu  determined as mean statistical time of 
mesoscale subgrid heterogeneities. Then instead of (1.88) we have: 

dixy TuK
2^

1~ − ,           (1.90) 

where Td  is life-time of distribution ''
1−iu . 

If pollution concentration c depends not only on x but also on y the expression for *
1−ic   instead of 

(1.72) will have the form: 

2/
11

*
1

1

)2/2/(
dxxx

iii
i

x
ctuxdy

y
ccc

+=
−−−

−
∂
∂

Δ−Δ+
∂
∂

+= .      (1.91) 

Under the condition of random distribution of velocity fluctuations over co-ordinate у and fulfillment of 

(1.84) the appearance of term dy
y
c

∂
∂  will not affect the estimate Kxy. 

By analogy with y-co-ordinate it is possible to add z-co-ordinate, i.е. to consider plane-parallel flux in 
x-direction in three-dimensional space. If for z-co-ordinate velocity mean-square deviation equals 

2~
1−iu , then introducing “effective” coefficient of turbulent diffusion due to spatial fluctuations over z-co-

ordinate we have: 

dixz TuK
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1~ − ,           (1.92) 

instead of (1.87) it is possible to write: 
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For medium motion more complex than plane-parallel one (with subgrid mixing) it is possible with the 
use of splitting method over directions to represent real medium motion as a superposition of plane-
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parallel sequential motions along individual co-ordinates. For a complete three-dimensional motion 
instead of Eq.(1.69) we have: 

)( cKKcu
t
c

t ∇+⋅∇=∇⋅+
∂
∂ rrrv ,         (1.94) 

where: Lkztjytixtztytxtt TwavauaKKKK },,{},,{
2'2'2'== ,        (1.95) 
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},,( '''
kji wvu  - velocity component fluctuations with time scale },,( ''''''

kji wvu  and },,( '''''''''
kji wvu - 

velocity component fluctuations along appropriate coplanar co-ordinate components. 

 

Computation of turbulent diffusion coefficients 

The computation of accurate values of tK , K  is not possible due to uncertainties of variances of 

current velocity fluctuations and coefficients included in these values. However, the form of 
relationships (1.95), (1.96) allow us to make some assumptions of physical character refining the 
values of turbulent diffusion coefficients versus current parameters. 

First, if for input velocity field in addition to values in knots {i,j,k} for discrete time moments there is 
additional information in knots of smaller grid and with shorter time step it is possible to perform direct 
computations by sample variance of velocity component fluctuations. In this case we should make 
some assumption on the quality of variance estimates involved in (1.95), (1.96) by sample variances. 
If there is no additional information (like in our case) it is possible to link variances of field fluctuations 
with some functional depending on velocity field derivative assuming that with the increase of 
derivatives the intensity of subgrid processes is also increases and consequently their fluctuations. In 
the simplest case by analogy with (1.68) it is supposed that fluctuations are specified by modules of 
the first derivatives of velocity components along appropriate co-ordinates or time. Normalization 
factors are computed from expressions 

∫∫ = hx VTKdvdtK ,   ∫∫ = hy VTKdvdtK ,     ∫∫ = vz VTKdvdtK ,     (1.97) 

where ∑
=

+=
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=
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yjytt KKK , ∑

=

+=
3

1j
zjztz KKK . 

Integration was made over the whole ocean volume (in the Northern Hemisphere) V and the 
calculation year T. Kh and Kv are the constant coefficients of horizontal and vertical turbulent diffusion 
previously used in the model.  

Some dependences of turbulent diffusion coefficient determined by such an algorithm are displayed in 
Figs. 1.30-1.31. Fig. 1.30 shows essential local perturbations in the dependence of coefficients. 
Especially it is characteristic of the upper ocean layer and obviously it is connected with perturbations 
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in the atmosphere. Fig. 1.31 demonstrates a characteristic dependence of horizontal turbulent 
diffusion coefficient on the depth. Coefficient values essentially decrease with depth. It is consistent 
with experimental dependences of energy fluctuations while water mass motion (Fig. 1.26). 
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Fig. 1.30.   Characteristic dependents of large-scale 
turbulent diffusion coefficient on latitude for the upper 
ocean layer, January, λ = 20° W (m2/s) 

Fig. 1.31.   Characteristic dependents of large-scale 
turbulent diffusion coefficient on depth , January,           
φ = 60° N, λ = 20° W (m2/s) 

 

Fig.1.32 illustrates the distribution of relative values of zonal turbulent diffusion in the upper ocean 
layer. As evident from the figure maximum coefficient values correlate with the zones of main ocean 
current and evidently with local perturbations of air masses. Vertical turbulent diffusion coefficient 
values (Fig. 1.33) are relatively higher also in the region of main ocean currents near coasts. Note 
relatively low values of horizontal and vertical diffusion coefficients in the Arctic zone. On the whole 
the determined dependences of turbulent diffusion coefficients satisfy the ideas of physical processes 
of transport in the considered problem and their application should adequately describe the pollution 
dispersion in the marine environment. 

 

                                

Fig.1.32.    Characteristic distribution of large-scale 
zonal turbulent diffusion coefficient for the upper 
ocean layer in January  

Fig.1.33.   Characteristic distribution of large-scale 
vertical turbulent diffusion coefficient, z = 1000 m in 
January  
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Experimental results 

For the investigation of the effect of the considered dependences of turbulent diffusion coefficients, 
experiments with a full MSCE-POP hemispheric transport model [Malanichev et al., 2002], which 
included POP transport in seawater were carried out. PCB-153 was selected as a pollutant. The 
calculation covered the period from 1970 to 1973. The main sources of the pollutants were located in 
Western and Central Europe and North America [Breivik et al., 2002]. 

The pollutant transport in water was computed by the grid method in spherical co-ordinates in the grid 
with horizontal resolution 1.25°×1.25° and 15 levels along the vertical at the depth (m) {12.5, 37.5, 65, 
105, 165, 250, 375, 550, 775, 1050, 1400, 1900, 2600, 3500, 4600}. For the advection transport the 
upwind scheme with correction was used [Smolarkiewicz, 1983]. Due to large gradients of diffusion 
coefficients, the diffusion transport was calculated by an implicit scheme with application of chase 
method [Samarsky, 1971]. 

The results of three series of experiments were compared: without diffusion, with constant diffusion 
coefficients and with variable diffusion coefficients. In Figs. 1.34–1.37 some experimental results are 
shown. 

Fig. 1.34 demonstrates that in the absence of diffusion PCB-153 mass is larger than the mass in other 
experiments (by ~ 15%). Obviously diffusion processes increase the removal of pollutant mass from 
the ocean. The sedimentation flux is the main mechanism of PCB-153 removal (Fig. 1.36). As seen 
from Fig. 1.36 the pollutant sedimentation is higher in the presence of diffusion than in the case of its 
absence. It is explained by the fact that due to diffusion processes the pollution reaches near bottom 
layers where sedimentation takes place faster. PCB-153 removal with sedimentation predominates 
over degradation of PCB-153 mass (Fig. 1.35) and PCB-153 transport through the equator (Fig. 1.37). 
Degradation mass of PCB-153 appeared to be smaller in experiments with diffusion. In the case of 
variable diffusion the accumulated degradation is lower than in the case of constant diffusion. It can 
be explained by the changed in PCB-153 mass. It is confirmed by the difference in the accumulated 
pollutant flux through the equator (Fig. 1.37)  
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Fig. 1.34.   PCB-153 content in the ocean in the 
end of 1972 

Fig. 1.35.   Total degradation of PCB-153 in the 
ocean in the end of 1972 
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Fig. 1.36.   Total sedimentation of PCB-153 in 
the ocean in the end of 1972 

Fig. 1.37.   Total flux of PCB-153 in the ocean to 
the Southern Hemisphere in the end of 1972 

 

Figs. 1.38-1.39 demonstrate relative PCB-153 concentration variation in the upper ocean layer in the 
considered experiments. Percent concentration variation in experiments with variable diffusion in 
comparison with the experiment without diffusion is illustrated in Fig.1.38. In general it can be 
mentioned that concentration increases in the region of main sea currents and decreases in other 
regions. Fig. 1.39 shows similar difference in concentrations in the experiments with variable diffusion 
in comparison with experiments with constant diffusion. In this case from the qualitative point of view 
the difference in concentrations is similar to the difference displayed in Fig. 1.38. It testifies to the fact 
that the main contribution to the concentration difference in the upper layer makes the variability of 
turbulent diffusion coefficient values.  

 

                              

Fig. 1.38.    PCB-153 relative concentration 
distribution in the upper ocean layer in the experiment 
with variable diffusion in comparison with the 
experiment without diffusion 

Fig. 1.39.   PCB-153 relative concentration 
distribution in the upper ocean layer in the experiment 
with variable diffusion in comparison with the 
experiment with constant diffusion 

 

Conclusions 
In this work we present dependences of large-scale turbulent diffusion coefficients on characteristics 
in the input fields of sea current velocities. The determined dependences make it possible to compute 
with high accuracy the features of persistent organic pollutant global transport. 
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The calculated coefficients of horizontal turbulent diffusion decrease with depth. In the upper ocean 
layer horizontal turbulent diffusion coefficients have dynamically variable regions of increased values 
due to the influence of the atmosphere on the ocean surface.  

The introduction of variable coefficients of turbulent diffusion leads to the redistribution of the 
concentrations. In particular in the upper ocean layer pollutant concentration is increases in the region 
of main ocean currents.  

In further works connected with the problems of pollution diffusion in the marine environment it is 
necessary to improve the parameterization of diffusion processes in coastal zones and near bottom 
regions.  

 

1.4. Model parameterization  

The parameterization of the multi-media POP model for PAHs (B[a]P, and B[b]F), PCDD/Fs (8 
congeners), PCBs (4 congeners), γ-HCH and HCB used in the calculations is presented in this 
Section. The selection of parameters for regional and hemispheric versions of POP model was carried 
out in [Pekar et al., 1999, Shatalov et al., 2000, Vulykh and Putilina, 2000, Erdman et al., 2001, 
Shatalov et al., 2001,  Mantseva et al., 2002, Shatalov et al., 2002, Malanichev et al., 2002,  Dutchak 
et al, 2002] on the basis of literature data on POP physical-chemical properties and measurement 
data.  

Basic differences in POP environmental behaviour result from some peculiarities of their physical-
chemical properties. The key characteristics required for POP modeling are the following: the 
saturated vapour pressure for subcooled liquid (p0

L, Pa); air-water Henry’s law constant (KH, 
Pa⋅m3/mol); the washout ratio for the particle phase (Wp); reaction rate constants of chemical 
degradation in different environmental compartments; coefficients of partitioning between different 
media (octanol-water partition coefficient (KOW), octanol-air partition coefficient (KOA), organic carbon-
water partition coefficient ( KOC, m3/kg); data on the distribution of low volatile POPs with particle sizes 
in the atmosphere; and molecular diffusion coefficients (DA, DW , m2/s).  

The above-mentioned characteristics used for modeling of selected POPs are presented below in 
relevant subsections. Temperature dependences of some physical-chemical characteristics 
(subcooled liquid-vapour pressure, Henry’s law constant, octanol-air partition coefficient) are given for 
all selected compounds. Temperature dependences of degradation rate constants are presented for 
those POPs which long-range transport was calculated on the hemispheric scale. The parameter 
values recommended for POP modeling are demonstrated in Table 1.11-1.20 in the end of each 
subsection. More detailed description of selection of physical-chemical parameters for model 
parameterization of PCBs and  γ-HCH carried out under the AMAP project [Dutchak et al, 2002] can 
be found in Annex C. 

 



Chapter 1                                                                                                                            POP model development 

 67

1.4.1. Subcooled liquid-vapour pressure 

The value of subcooled liquid-vapour pressure (p0L, Pa) depends on the air temperature in the form of 
the Eq. 1.2 (Section 1.1). It increases with increasing temperature for all considered compounds. 
Coefficients of p0L temperature dependences for the selected POPs are presented in Table 1.11. With 
the help of p0L one can characterise the partitioning of an organic compound between its particle and 
gaseous phase in the atmosphere in accordance with the Junge-Pankow model [Junge, 1977; 
Pankow, 1987] (Eq. 1.1 Section 1.1). Thus, POPs with lower vapour pressure are better sorbed on 
atmospheric aerosol particles thereby increasing the probability of their subsequent deposition and 
washout with precipitation. 

 
Table 1.11.   Coefficients of the dependence of subcooled liquid-vapour pressure (p0L, Pa) on temperature  

Values 
Compound 0

OLp , Pa aP, K T0, K 
Reference 

B[a]P 9.34·10-7 11488 283.15 Hincley et al., 1990 
PAHs 

B[b]F 2.05·10-7 10541 283.15 Paasivirta et al., 1999 
2,3,7,8-TCDD 8.11·10-5 10113 283.15 
1,2,3,7,8-PeCDD 1.06·10-5 11002 283.15 
1,2,3,6,7,8-HxCDD 2.8·10-6 11059 283.15 

PCDDs

1,2,3,7,8,9-HxCDD 3.19·10-6 11414 283.15 
2,3,7,8-TCDF 1.31·10-4 10002 283.15 
2,3,4,7,8-PeCDF 2.69·10-5 10608 283.15 
1,2,3,4,7,8-HxCDF 1.26·10-5 10718 283.15 

PCDFs 

1,2,3,6,7,8-HxCDF 1.22·10-5 10696 283.15 

Bulgakov and Ioannisian, 1998 

PCB-28 6.43·10-3 9383 283.15 
PCB-118 1.77·10-4 10739 283.15 
PCB-153 9.69·10-5 10995 283.15 

PCBs 

PCB-180 1.67·10-5 11610 283.15 

Falconer and Bidleman, 1994 

γ-HCH 1.424·10-2 8474 283.15 
HCB 2.88·10-2 8248 283.15 

Hinckley et al., 1990 

 

 



POP model development                                 Chapter 1 
 

 68

1.4.2. Henry’s law constant  

The temperature dependence of air-water Henry’s law constant in the dimensionless form (K’H) is 
expressed by Eq. 1.12 (Section 1.1). Coefficients of the temperature dependences of Henry’s law 
constants for the selected POPs are presented in Table 1.12. The value of the Henry’s law constant is 
used in the description of the gaseous exchange between the atmosphere and soil, between the 
atmosphere and seawater, and for the determination of wet scavenging of the POP gaseous phase.  

 
Table 1.12. Coefficients of temperature dependence of Henry`s law constant, dimensionless 

Values 
Compound KH 0  

Pa⋅m3/mol 
aH  
K 

T0,  

K 
Reference 

1.22·10-2 7513 283.15 fresh water : Pekar et al. 1999 
B[a]P 

1.35·10-2 9127 283.15 sea water: Vozhzennikov et al., 1997  PAHs 
B[b]F 2.166·10-2 7866 283.15 Ten Hulscher et al., 1992 cited by 

Galarneau et al., 2000 
2,3,7,8-TCDD 0.333 10104 283.15 
1,2,3,7,8-PeCDD 0.505 10182 283.15 
1,2,3,6,7,8-HxCDD 3.07·10-2 11366 283.15 

PCDDs 

1,2,3,7,8,9-HxCDD 4.2·10-2 11720 283.15 
2,3,7,8-TCDF 0.27 8998.5 283.15 
2,3,4,7,8-PeCDF 8.14·10-2 10288 283.15 
1,2,3,4,7,8-HxCDF 0.193 11126 283.15 

PCDFs 

1,2,3,6,7,8-HxCDF 7.97·10-2 11089 283.15 

Bulgakov and Ioannisian, 1998 

PCB-28 7.642 7430 283.15 
PCB-118 3.046 8082 283.15 
PCB-153 3.781 8347 283.15 

PCBs 

PCB-180 2.388 8575 283.15 

Burkhard et al., 1985; Dunnivant et al., 
1992 

0.1341 5485 283.15 distilled water:  Kucklick et al., 1991 
γ-HCH 

0.1361 6224 283.15 sea water:  Kucklick et al., 1991 

HCB 26.4 6190 283.15 
estimated with the use of temperature 
dependences of POL and SWL taken 
from [Beyer and Matthies, 2001] 
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1.4.3. Dry deposition velocities over land, sea, and forest 

Velocities of dry deposition over land, sea, and forest are used for modeling of PAHs, PCDD/Fs, and 
PCBs which exist in the atmosphere particle bounded. For γ-HCH and HCB, these parameters are not 
required because these pollutants are assumed to occur in the atmosphere only in the gas-phase. Dry 
deposition velocities over sea from 10 m height and over land (except forests) from 1 m height are 
determined by Eq. 1.6 and Eq. 1.7 (Section 1.1) with the use of constants presented in Table 1.13. 
The table also gives the constants defining velocities of dry deposition to a forest which are calculated  
by Eq. 1.8 and 1.9 (Section 1.1). 

 

Table 1.13. Constants for the calculation of dry deposition velocities over land, sea, and forest 

Values 
Dry deposition velocity over 

land 
Dry deposition     

velocity over sea 
Dry deposition velocity     

over forest Compound 

Asoil Bsoil Csoil Asea Bsea α β γ 
B[a]P 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 

PAHs 
B[b]F 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
2,3,7,8-TCDD 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
1,2,3,7,8-PeCDD 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
1,2,3,6,7,8-HxCDD 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 

PCDDs 

1,2,3,7,8,9-HxCDD 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
2,3,7,8-TCDF 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
2,3,4,7,8-PeCDF 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
1,2,3,4,7,8-HxCDF 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 

PCDFs 

1,2,3,6,7,8-HxCDF 0.04 0.02 0.3 0.15 0.023 0.06 0.3 0.25 
PCB-28 0.02 0.01 0.33 0.15 0.013 0.048 0.3 0.25 
PCB-118 0.02 0.01 0.33 0.15 0.013 0.048 0.3 0.25 
PCB-153 0.02 0.01 0.33 0.15 0.013 0.048 0.3 0.25 

PCBs 

PCB-180 0.02 0.01 0.33 0.15 0.013 0.048 0.3 0.25 
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1.4.4. Washout ratio for the particulate phase 

Wet deposition of POP particle bound phase is the dominant removal mechanism by precipitation for 
pollutants which are present in the atmosphere in the most part associated with particles. The 
washout ratio for the particle phase (Wp, dimensionless) can be calculated by the Eq. 1.13 (Section 
1.1). Table 1.14 gives washout ratio values for particulate phase of PAHs, PCDD/Fs, and PCBs 
determined on the basis of experimental and calculation methods. 

 
Table 1.14. Washout ratio for particulate phase, Wp , dimensionless 

Values 
Compound 

rain 
Reference 

B[a]P 1.0 ⋅ 105 Shatalov et al., 2001 

PAHs 
B[b]F 4.3 ⋅ 105 

Mean value determined from the literature data [Ligocki 
et al., 1985, Poster and Baker, 1992, Franz and 
Eisenreich, 1998] 

2,3,7,8-TCDD 14000 estimated as the average value of other congeners’ 
washout ratios  

1,2,3,7,8-PeCDD 9300 
1,2,3,6,7,8-HxCDD 10000 

PCDDs 

1,2,3,7,8,9-HxCDD 10000 
2,3,7,8-TCDF 19000 
2,3,4,7,8-PeCDF 12000 
1,2,3,4,7,8-HxCDF 9800 

PCDFs 

1,2,3,6,7,8-HxCDF 9800 

Lohmann and Jones, 1998 

PCB-28 2.1⋅ 104 * Granier and Chevreuil, 1997 
PCB-118 
PCB-153 

PCBs 

PCB-180 
1.5⋅ 105 Sweetman and Jones, 2000 

* - used also for the gas phase deposition 
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1.4.5. Degradation rate constants in environmental media 

Degradation process of POPs in the atmosphere is considered as the gas-phase reaction of pollutants 
with hydroxyl radicals and all other reactions are neglected. In regional version of MSCE-POP model, 
this reaction is described by the Eq. 1.14 (Section 1.1). Three different values of degradation rate 
constant kair

d for PAHs and PCDD/Fs used for winter, spring/autumn and summer are presented in the 
first part of Table 5. In hemispheric version of MSCE-POP model, the degradation process in the 
atmosphere is expressed by the Eq. 1.15 (Section 1.1). Temperature dependence of rate constant of 
the gas-phase reaction with OH-radical is taken in the form of Eq. 1.16 (Section 1.1). Values of the 
pre-exponential multiplier and the activation energy for the temperature dependence of PCB, γ-HCH, 
and HCB rate constant in the atmosphere are displayed in the second part of Table 1.15. 

The degradation of POPs in soil and seawater described as a first-order processes (Eq. 1.25 and 
1.32, respectively, Section 1.1) are also presented in Table 1.15. 

 
Table 1.15.   Degradation constants in environmental media kair

d, ksoil
d ksea

d 

Values 
air soil sea 

Reference 

1. For calculations carried out at the regional scale Compound 
summer 
kair

d, s-1 

spring/ 
autumn 
kair

d, s-1 

winter 
kair

d, s-1 
ksoil

d 

s-1 
ksea

d 

s-1 
 

B[a]P 2.31 · 10-6 1.16 · 10-6 7.72 · 10-7 1.13 · 10-8 3.5 · 10-9

kair
d : the mean value is taken 

from [Mackay et al., 1992] and 
a natural seasonal variation is 
introduced;  
ksoil

d: Mackay et al., 1992; ksea
d:  

Shatalov et al., 2000 PAHs 

B[b]F 3.71 ⋅ 10-5 1.48 ⋅ 10-5 1.67 ⋅ 10-6 1.13 · 10-8 1.13 · 10-7

kair
d : calculated with the use of 

data from [Meylan and Howard,
1993; Yu Lu and Khall, 1991]; 
 ksoil

d and ksea
d : Mackay et al., 

1992 
2,3,7,8-TCDD 2.10·10-6 8.40·10-7 9.45·10-8 2.14·10-10 4.81·10-8

1,2,3,7,8-PeCDD 1.12·10-6 4.48·10-7 5.04·10-8 1.93·10-10 2.67·10-8

1,2,3,6,7,8-HxCDD 5.4·10-7 2.16·10-7 2.43·10-8 3.5·10-10 1.3·10-8 
PCDDs 

1,2,3,7,8,9-HxCDD 5.4·10-7 2.16·10-7 2.43·10-8 3.5·10-10 1.3·10-8 
2,3,7,8-TCDF 1.22·10-6 4.88·10-7 5.49·10-8 3.5·10-10 3.01·10-8

2,3,4,7,8-PeCDF 6.0·10-7 2.4·10-7 2.7·10-8 3.5·10-10 1.46·10-8

1,2,3,4,7,8-HxCDF 2.8·10-7 1.12·10-7 1.26·10-8 3.21·10-10 6.88·10-9PCDFs 

1,2,3,6,7,8-HxCDF 2.8·10-7 1.12·10-7 1.26·10-8 3.21·10-10 6.88·10-9

kair
d : Atkinson, 1996 cited in 

Brubaker and Hites, 1997; 
ksoil

d and ksea
d : Sinkkonen, 

Paasivirta, 2000 
 

 
2. For calculations carried out at the hemispherical scale 

Compound А 
cm3/(molec⋅s) 

EA 

J/mol 
ksoil

d 

s-1 
ksea

d 

s-1 
Reference 

PCB-28 2.7 · 10 -10 13720 7.4·10-9 1.33·10-7 
PCB-118 6.15 · 10 -11 12920 3.21·10-9 3.21·10-9 
PCB-153 8.12 · 10 -11 15380 1.17·10-9 1.6·10-9 

PCBs

PCB-180 1.4 · 10 -10 17840 5.83·10-10 8.02·10-10 

kair
d : Anderson and Hites, 1996; 

Beyer and Matthies, 2001; 
ksoil

d and ksea
d :Sinkkonen and 

Paasivirta, 2000 

γ-HCH 6 ⋅ 10-11 14200 2⋅10-8 1.13⋅10-8 
kair

d : Brubaker and Hites, 1998; 
ksoil

d and ksea
d : Hornsby et al., 

1996; Mackay et al., vol.5, 1997 
HCB 4.9 · 10 -10 24300 5.24·10-9 5.24·10-9 

kair
d : Brubaker and Hites, 1998; 

ksoil
d and ksea

d : Sheringer, 1997 
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1.4.6. Octanol-water partition coefficient 

The octanol-water partition coefficient (KOW, dimensionless) is a measure of substance hydrophoby 
and characterizes its partitioning between water and lipid media replaced by octanol. It is determined 
as the ratio of equilibrium concentrations in octanol CO (mol/l) and in water CW (mol/l). KOW is used for 
the estimation of the partition coefficient in the organic carbon-water system (KOC), the partition 
coefficient in the octanol-air system (KOA), and the bioconcentration factor (BCF). Table 1.16 gives 
partition coefficients in the “octanol-water” system selected for modeling. 

 
Table 1.16. Octanol-water partition coefficient (KOW), dimensionless 

Value Compound 
KOW 

References 

B[a]P 1.1 · 106 Mackay et al., v.2, 1992 
PAHs 

B[b]F 6. 31 · 105 Mackay et al., v.2, 1992 
2,3,7,8-TCDD 6.31·106 
1,2,3,7,8-PeCDD 6.31·106 
1,2,3,6,7,8-HxCDD 9.55·107 

PCDDs 

1,2,3,7,8,9-HxCDD 2.0·107 
2,3,7,8-TCDF 3.39·106 
2,3,4,7,8-PeCDF 6.3·106 
1,2,3,4,7,8-HxCDF 3.39·107 

PCDFs 

1,2,3,6,7,8-HxCDF 3.72·107 

Mackay et al.., 1992 
Govers and Krop, 1998 
Howard and Meylan, 1997 
Paasivirta et al., 1999 
Sijm et al, 1989 
Harrad and Smith, 1997 

PCB-28 6.31·105 Mackay et al., v.1, 1992  
PCB-118 5.5·106 Hawker and Connell, 1988 
PCB-153 7.94·106 Mackay et al., v.1, 1992 

PCBs 

PCB-180 2.29·107 Hawker and Connell, 1988 
γ-HCH 7.943·103 Chu and Chan, 2000 

HCB 2.426·105 
estimated with the use of Koa from 
[Harner and Mackay, 1995] and 
estimated value of KH  
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1.4.7. Organic carbon-water partition coefficient  

The organic carbon-water partition coefficient (KOC, m3/kg) is used for the description of POP sorption 
by soil and bottom sediments in the form of Eq. 1.18  (Section 1.1). It can be calculated from KOW with 
the use of the Eq. (1.54) (Section 1.3.1) taken from [Karikhoff, 1981]. Partition coefficients in the 
“organic carbon-water” system selected for POP modeling are presented in Table 1.17. 

 
Table 1.17.   Organic carbon-water partition coefficient (KOC), m3/kg 

Values 
Compound 

KOC 
Reference 

B[a]P 4.496· 102 
PAHs 

B[b]F 2.59 · 102 
2,3,7,8-TCDD 2.59·103 
1,2,3,7,8-PeCDD 2.59·103 
1,2,3,6,7,8-HxCDD 3.92·104 

PCDDs 

1,2,3,7,8,9-HxCDD 8.2·103 
2,3,7,8-TCDF 1.39·103 
2,3,4,7,8-PeCDF 2.58·103 
1,2,3,4,7,8-HxCDF 1.39·104 

PCDFs 

1,2,3,6,7,8-HxCDF 1.53·104 
PCB-28 2.59·102 
PCB-118 2.255·103 
PCB-153 3.26·103 

PCBs 

PCB-180 9.39·103 

calculated from KOW by formula KOC = 0.41KOW  

from Karikhoff, 1981 

γ-HCH 1.08 Chu and Chan, 2000; Mackay et al., 1997  

HCB 9.946·104 calculated from KOW by formula KOC = 0.41KOW                  
from Karikhoff, 1981 

 

1.4.8. Octanol-air partition coefficient 

The octanol-air partition coefficient (KOA, dimensionless) is used for the description of a substance 
partitioning between air and the cuticle of plants, between the gaseous phase and the organic film of 
atmospheric aerosol particles, etc. In experiments this coefficient is determined by the ratio of 
equilibrium concentrations of a substance in octanol and air. Additionally, this coefficient can be 
defined with the use of coefficients “octanol-water” and “air-water”. 

 KOA = CO / C A=KOW /KAW = KOW⋅RT / KH, (1.98) 

where CO  is the equilibrium concentration of a substance in octanol;  

CA  is the equilibrium concentration of a substance in air; 

KOW  - octanol-water partition coefficient;  

R – universal gas constant equal to 8.314 J/(mol⋅K);  

T – temperature, K;  

KH – Henry’s law constant, Pa⋅m3/mol. 

Parameter KOA of the considered POPs depends on temperature. The temperature dependence of 
partition coefficient in the “octanol-air” system is expressed in the form of Eq. 1.30 (Section 1.1). 
Coefficients for KOA temperature dependence are presented in Table 1.18. 
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Table 1.18.  Coefficients of the temperature dependence of octanol-air partition coefficient (KOA), dimensionless 

Values 

Compound K°OA  

dimensionless

aK 

K 

To 

K 
Reference 

B[a]P 4.46 · 1011 11488 283.15 calculated on the basis of data from [Mackay 
et al., 1992]  

PAHs 
B[b]F 7.16 · 1010 7866 283.15 

estimated with the use of basic value of Koa 
at 250C calculated by equation (1.98) (KOW 
from Mackay et al., 1992; KH from Ten 
Hulscher et al., 1992) together with 
temperature dependence coefficient for 
Henry’s law constant 

2,3,7,8-TCDD 8.31·1010 10104 283.15 
1,2,3,7,8-PeCDD 3.20·1011 10182 283.15 
1,2,3,6,7,8-HxCDD 1.22·1012 11366 283.15 

PCDDs 

1,2,3,7,8,9-HxCDD 2.48·1012 11720 283.15 
2,3,7,8-TCDF 1.3·1010 8998.5 283.15 
2,3,4,7,8-PeCDF 7.65·1010 10288 283.15 
1,2,3,4,7,8-HxCDF 3.15·1011 11126 283.15 

PCDFs 

1,2,3,6,7,8-HxCDF 3.44·1011 11089 283.15 

estimated with the use of basic values of 
Koa at 250C taken from [Horstmann and 
McLachan, 1998] together with temperature 
dependence coefficients for Henry’s law 
constant 

PCB-28 5.78·108 8731 283.15 estimated  with the use of data [Harner and 
Bidleman, 1996] for PCB-29 

PCB-118 4.51·1010 10806 283.15 
PCB-153 3.64·1010 10811 283.15 

PCBs 

PCB-180 2.07·1011 10442 283.15 
Harner and Bidleman, 1996 

γ-HCH 1.45·108 5485 283.15 

estimated with the use of basic value of Koa 
at 250C calculated by equation (1) (KOW from 
Chu and Chan, 2000; KH from Kucklick et 
al., 1991) together with temperature 
dependence coefficient for Henry’s law 
constant for fresh water 

HCB 3.74·107 9045 283.15 Harner and Mackay, 1995 
 

1.4.9. Molecular diffusion coefficients in air and water 

Molecular diffusion coefficients (DA, DW , cm2/s) are used in the description of the POP air-soil 
exchange process. The molecular diffusion coefficient of an organic compound in air (DA, cm2/s) can 
be estimated by the formula [Schwarzenbach et al., 1993]: 

 DA = 10-3 [ ]
21/31/3

1/21.75

][

)(1/)(1/

mair

air

VVp

MMT

+

+
⋅    (1.99) 

where T is the absolute temperature, 298 K; 

Mair is the mean molecular air weight, ∼29 g/mol; 

M  is the molecular weight of an organic substance, g/mol; 

p  is the pressure, 1 atm; 

airV  is the mean molar gas volume in the air, ∼20.1 cm3/mol; 

mV   is the molar volume of an organic substance, cm3/mol. 

For the determination of molecular diffusion coefficients for organic substances in water (DW, cm2/s), 
the following ratio [Schwarzenbach et al., 1993] can be used: 
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 DW  = 
0.5891.14

5

)(
1013.26

mVμ ⋅

× −

   (1.100) 

where  μ    is the solution viscosity in centipoise at a certain temperature, taken to be equal to                                               
water viscosity,  0.894 cps at 298K; 

mV  is the mean molar volume of a substance, cm3/mol. 

In order to calculate molecular diffusion coefficients for the selected POPs, molecular weights and 
molar volumes of these compounds found in the literature (Table 1.19)  were used.  

 
Table 1.19.   Molar volume and molar masses 

Values 
Compound M 

g/mol 
mV  

cm3/mol 
Reference 

B[a]P 252.3 263 Mackay et al., 1992 
PAHs 

B[b]F 252.29 222.8 
Paasivirta et al., 1999; 
Ruelle and Kesselring,1997 

2,3,7,8-TCDD 321.98 206 
1,2,3,7,8-PeCDD 356.40 218.9 
1,2,3,6,7,8-HxCDD 390.87 231.8 

PCDDs 

1,2,3,7,8,9-HxCDD 390.87 231.8 
2,3,7,8-TCDF 306.00 199.4 
2,3,4,7,8-PeCDF 340.42 212.3 
1,2,3,4,7,8-HxCDF 374.87 225.2 

PCDFs 

1,2,3,6,7,8-HxCDF 374.87 225.2 

Mackay et al., 1992; 
Ruelle and Kesselring,1997 

PCB-28 257.5 247.3 
PCB-118 326.4 289.1 
PCB-153 360.9 310 

PCBs 

PCB-180 395.3 330.9 

Mackay et al., 1992 

γ-HCH 290.85 179.5   Mackay et al., 1997; Ruelle and Kesselring, 1997
HCB 284.8 166.8 Mackay et al., 1992; Ruelle and Kesselring, 

1997 
 

Table 1.20 demonstrates values of molecular diffusion coefficients for air and water calculated with 
the use of data from Table 1.19. 
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Table 1.20.  Molecular diffusion coefficients in air and water, m2/s 

Values 
Compound 

DA DW 
Reference 

B[a]P 5.0 · 10-6 5.66 · 10-10 
PAHs 

B[b]F 5.44 · 10
-6

6.24 · 10
-10

 
2,3,7,8-TCDD 5.58·10-6 6.53·10-10 
1,2,3,7,8-PeCDD 5.40·10-6 6.3·10-10 
1,2,3,6,7,8-HxCDD 5.24·10-6 6.09·10-10 

PCDDs 

1,2,3,7,8,9-HxCDD 5.24·10-6 6.09·10-10 
2,3,7,8-TCDF 5.67·10-6 6.66·10-10 
2,3,4,7,8-PeCDF 5.48·10-6 6.42·10-10 
1,2,3,4,7,8-HxCDF 5.32·10-6 6.2·10-10 

PCDFs 

1,2,3,6,7,8-HxCDF 5.32·10-6 6.2·10-10 

calculated by equation (1.99) and (1.100) from 
[Schwarzenbach et al., 1993] 

PCB-28 5.42·10-6 6.1·10-10 
PCB-118 4.82·10-6 5.40·10-10 

recalculated from molecular diffusion 
coefficients in air and water for PCB-153 

PCB-153 4.58·10-6 5.14·10-10 calculated by equation (1.99) and (1.100) from 
[Schwarzenbach et al., 1993] 

PCBs 

PCB-180 4.38·10-6 4.91·10-10 recalculated from molecular diffusion 
coefficients in air and water for PCB-153 

γ-HCH 6 · 10-6 7 · 10-10 
HCB 6.166·10-6 7.399·10-10 

calculated by equation (1.99) and (1.100) from 
[Schwarzenbach et al., 1993] 

 

 

1.5.   Model approach to evaluation of new substances    

Evaluation of new Persistent Toxic Substances (PTS) is of interest for a number of international 
bodies: Stockholm Convention on POPs, CLRTAP, OSPAR, AMAP, HELCOM, OECD. 

For evaluation of new substances the following criteria are applied [ECE/EB.AIR/66, 1999]: 

• Long-range transport potential. Half-life in the atmosphere exceeds two days or evidence of 
presence of a pollutant in regions remote from main emission sources. 

• Persistence. Half-life of a substance in seawater exceeds 2 months or half-life in 
soil/sediments exceeds 6 months. 

• Bioaccumulation. Bioaccumulation factor (BAF) or bioconcentration factor (BCF) for water 
biota exceeds 5000 or log Kow exceeds 5. 

• Toxicity or ecotoxicity. Data on adverse effects of a pollutant on human health or ecosystems. 

Two of these four criteria (long-range transport potential and persistence) can be evaluated using 
georeferenced modeling approach. Since due to POP physical-chemical properties both the 
persistence and the long-range transport potential of POPs strongly depend on environmental 
conditions (ambient temperature, precipitation type and amount, type of underlying surface, etc.), the 
application of georeferenced models is reasonable for evaluation of these characteristics. In addition 
output of such models provide the information on spatial distribution of contamination caused by a 
point source with particular geographic location or by a group of sources (country, region, continent). 
Such information can be useful within the negotiation process on inclusion of this or that POP to 
environmental protection activities. Preliminary results on MSC-E activities in this direction were 
included in [Health risks …, 2002]. 



Chapter 1                                                                                                                            POP model development 

 77

This section is devoted to the description of the progress in model estimation of the long-range 
transport potential  (LRTP) and the overall persistence in the environment (Pover) for new substances 
by MSCE-POP model. This estimation is based on simulation of POP transport over the Northern 
Hemisphere from a point source of conventional power. 

Modeling approach. At present there exists a lot of methods of numerical evaluation of the overall 
persistence and the long-range transport potential. An overview of these methods can be found in 
[Mackay et al., 2001]. Here the following numerical characteristics of LRTP and Pover are used: 

LRTP. One of possible numerical characteristics of LRTP is transport distance TD introduced by 
[Rodan et al., 1999]. In this paper, TD is defined as the distance from a point source with power of 
3000 kg/h at which atmospheric concentration of a pollutant drops to 10-11 g/m3 (threshold level). 
Here this definition was slightly modified by using another threshold level equal to 1/1000 from 
atmospheric concentration near the source. The 1000 time decrease from sources to remote regions 
at the Northern Hemisphere is characteristic for such substances as (-HCH and PCBs, which are 
transported by air over rather long distances. For example, atmospheric concentrations of (-HCH 
caused by European sources are calculated to be 2 –5 ng/m3 in Europe and about 0.002 ng/m3 over 
remote regions of Pacific Ocean. 

In the supposed approach, TD is calculated on the basis of simulation of POP transport from a point 
source (Fig.1.40). Since the values of TD strongly depend on direction from the source, to obtain 
numerical characteristic of LRTP these values are to be averaged. To do that the area S0.001 where 
concentrations have dropped less than 1000 times is determined. The transport distance TD0.001 is 
then calculated as the radius of a circle, with the same area.  

π
001.0

001.0
S

TD = .                  (1.101) 

 

Fig. 1.40.   Definition of transport distance, dimensionless 

 
Pover. Persistence of a pollutant in the environment is usually expressed as half-life T1/2 in the 
environment calculated with allowance of atmospheric transport, degradation and exchange between 
environmental media. Half-life T1/2 can be calculated as inverse value of weighted mean of 
degradation rate constants ki in the environmental compartments (atmosphere, soil, seawater, 
vegetation, sediments) with weights being the fractions fi of a pollutant in i-th compartment [Mackay et 
al., 2001]:  

T
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∑ ⋅= ifikln21/2T .                   (1.102) 

Here fractions fi are calculated on the basis of the model calculations. 

The values of TD and T1/2 calculated for new POPs can be compared against the above criteria for 
LRTP and Pover. First, if half-life of a pollutant in the atmosphere equals 2 days, the time needed for 
concentration to drop 1000 times (such reduction is characteristic for POPs with high long-range 
transport potential on the Northern Hemisphere) is about 20 days. Assuming average wind speed to 
be 4 m/s, the distance pollutant travels during this time is estimated as 7000 km. However, taking into 
account the tortuosity of trajectories along which the pollutant transport in the atmosphere occurs, this 
figure is to be reduced several times. Thus, the critical value of TD for the criteria can be chosen to be 
1000 – 3000 km.  

The above evaluation of the critical value for TD is rather rough. Another way of calculation of this 
critical value is to use model calculation of TD for a pollutant with half-life in the atmosphere equal to 2 
days. Among the pollutants considered here values of half-lives in the atmosphere for dicofol and α-
endosulfan are most close to the value of 2 days mentioned in the above criterion. The calculations on 
the basis of MSCE-POP model show the TD value for these pollutants to be about 1000 km. This 
value can be used as a critical one for the LRTP criterion. 

To establish the correspondence between T1/2 and the above criteria for Pover is a more complicated 
task because the half-life in the environment depends not only on half-lives in various environmental 
media but also on shares of a pollutant contained in these media. However, taking into account critical 
values mentioned in Pover criteria (2 months in seawater or 6 months in soil/sediments), it is 
reasonable to choose critical value of T1/2 of order 60 – 180 days. 

Simulations. To evaluate TD and T1/2 one-year simulations (1996) of transport from a point source 
located in Europe (France) were performed for the following substances: 

- Hexachlorobutadiene (HCBD). 

- Pentachlorobenzene (PeCBz). 

- Polychlorinated naphthalens (congener PCN-47). 

- α-Endosulfan. 

- Dicofol. 

Each simulation for one-year period for one pollutant takes about 2 hours at PC. To examine the 
dependence of LRTP and Pover on geographic location of the point source, two additional simulations 
with point source of the same power located in China and the USA (east coast) were made. 
Calculations were carried out with the help of the hemispheric version of multicompartment POP 
transport model MSCE-POP. 

For calculations, a set of physical-chemical properties of the listed substances was compiled on the 
basis of a number of literature sources and existing databases of POP physical-chemical properties. 
Values of main physical-chemical parameters used in calculations are presented in Table 1.21 
Temperature dependences of some physical-chemical characteristics (Henry’s law constant, 
subcooled liquid-vapour pressure, octanol-air partition coefficient) are given for the selected 
substances at reference temperature equal to 283.15 K 
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Table 1.21.    Model parameterization 

Value, 
dimension HCBD PeCBz PCN-47 α-Endosulfan Dicofol 

1. Coefficients of temperature dependence of Henry`s law constant in the dimensionless form determined by 
Eq. 1.12 (Section 1.1). 

KH0,          
Pa⋅m3/mol 443 32.6 2.91 5.3 2.44 ⋅10-2 

aH, K 4700 5638 9617 2288 0 

Reference NIST Chemistry 
WebBook, 2001 

estimated with      
the use of 
temperature 
dependences of 
POL and SWL taken
from [Beyer and 
Matthies, 2001] 

estimated with 
the use of 
temperature 
dependences of 
КОА taken from 
[Harner and 
Bidleman, 1998] 

estimated with 
the use of data 
from [Galarneau 
et al, 2000, Rice 
et al., 1997]  

HSDB 

2. Coefficients of the temperature dependences of subcooled liquid vapour pressure expressed by Eq. 1.2 
(Section 1.1). 

p0
0L, Pa 3.157 0.19 5.88 10-3 1.08 ⋅10-3 3.07⋅10-4 

aP, K 8787 7832 8666 9581 0 

Reference 

estimated with the 
use of coefficients 

taken from 
[Stephenson and 
Malanovski, 1987] 

Beyer and   
Matthies, 2001 

Lei et al.,1999 Hinckley et al.,     
1990 

estimated with 
the use of data
from HSDB,;  
Pesticide 
Properties in 
the Environ., 
1996 Mackay 
et al., 1997 

3. Degradation half-lives  in environmental media 

Tair ½, days 448 170 11 1 3 

Reference Howard and Meylan 
Eds., 1997 

Howard and      
Meylan  Eds.,     

1997 
HSDB  HSDB 

Howard and 
Meylan Eds., 
1997; Dicofol, 
2003 

Tsoil 
½, Month 3 12 57 2 2 

Reference Mackay et al., 1993 HSDB HSDB HSDB HSDB2002 
Tsea 

½, Month 6 12 12 1 1 
Reference HSDB HSDB HSDB HSDB HSDB2002 

4. Octanol/water partition coefficient 
Kow 60256 69500 8.65 105 3981 19100 

Reference Howard and Meylan 
Eds., 1997 

Beyer and       
Matthies, 2001 

estimated with 
the use of KOA  
value taken from 
[Harner and 
Bidleman, 1998] 

Mackay et al., 1997 HSDB 

5. Organic carbon/water partition coefficient 
Koc, m3/kg 24705 28504 3.54 105 12303 7812 

Reference 

estimated with the 
use of KOW  value 
taken from [Howard 
and Meylan Eds., 
1997] 

Beyer and       
Matthies, 2001 

estimated with the 
use of KOW  value Mackay et al., 1997 

estimated with 
the use of KOW 

value 
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Table 1.21.    Continued 

Value, 
dimension HCBD PeCBz PCN-47 α-Endosulfan Dicofol 

6. Coefficients of the temperature dependence of octanol-air partition coefficient (KOA) expressed by Eq. 1.30 
(Section 1.1) 

K0
oa 3.20 ⋅105 8.81 106 7.00·108 1.77·107 1.947·109 

aK, K 4435 8489 9257 2017.1 0 

Reference 

estimated with the use 
of  KOW  value taken 
from [Howard and 
Meylan Eds., 1997] 
together with 
temperature 
dependence of Henry’s
law constant from 
NIST Chemistry 
WebBook, [2001]  

Harner  and 
Mackay, 1995 

Harner and 
Bidleman, 1998 

estimated with 
the use of  KOW  
value taken  from 
[Mackay et al., 
1997] and 
Henry’s law 
constant  

estimated 
with the use 
of  KOW  and 
Henry’s law 
constant 
taken from 
[HSDB] 

 

Calculation results: spatial distributions. Calculated concentrations of the considered pollutants in 
the surface air caused by the European source are shown in Fig. 1.41. For convenience, the 
concentrations are given in relative values (maximum concentration value is taken as a unit). 

 

     

 

 
Fig. 1.41.   Spatial distribution of surface air concentrations by selected pollutants from the European point 

emission source  
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The results allow one to perform the qualitative ranking of the selected POPs with respect to their 
long-range transport potential. The maximum long-range transport potential among the considered 
POPs is characteristic of HCBD. For this pollutant, the “1/1000-area” where air concentrations drop 
not more than 1000 times (marked yellow) covers great bulk of the area of the Northern Hemisphere. 
Then come PeCBz, PCN-47, α-endosulfan and dicofol. For all considered substances, the “1/1000-
area” covers essential part of the European territory. This indicates that transboundary transport 
within Europe is essential for all these substances. 

Additional calculations of the transport of selected chemicals from sources with different locations 
allow one to reveal the influence of source geographical location on LRTP. For illustration, two 
substances with maximum long-range transport potential – HCBD and PeCBz – were chosen. The 
comparison of HCBD and PeCBz transport from American and European sources is displayed in Figs. 
1.42 and 1.43. 

 

                      

 

Fig. 1.42. Spatial distribution of HCBD atmospheric concentrations from European and American sources 

            

 

Fig. 1.43. Spatial distribution of PeCBz atmospheric concentrations from European and American sources  
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The comparison of spatial distributions of HCBD atmospheric concentrations originated by two 
sources with one and the same power but different locations (Fig. 1.42) shows that the area polluted 
by the source located in America is larger than that polluted by the source located in Europe. The 
reason for such difference is that the pollutant emitted from the American source travels mainly over 
oceanic surface where deposition fluxes from atmosphere are less. This difference leads in turn to 
different values of TD calculated for these two sources (see below). Similar (and even more 
pronounced) picture takes place for PeCBz (Fig. 1.43). 

Calculation results: source-receptor relationship. Calculations of transport of a substance from point 
sources of one and the same power located in different continents (Europe, America and Asia in our 
case) allow one also to evaluate the ability of this substance to intercontinental transport and to 
transport to remote regions (exemplified here by the Arctic which is the most vulnerable ecosystem in 
the Northern Hemisphere). To this end relative contributions of each of these sources to the total 
deposition to Europe and to the Arctic from all three sources together were calculated. Relative 
contributions of these sources to deposition to Europe are shown for HCBD and PeCBz in Fig. 1.44. 
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Fig. 1.44.   Relative contributions of European, American and Chinese conventional sources to deposition to 

Europe (HCBD and PeCBz) 

 
For HCBD, contributions of American and Chinese sources together amount to about 20% of 
contamination by all three sources, and for PeCBz these contributions are about 7%. For both these 
substances, the contribution of American source is larger than of Chinese one. These results show 
that intercontinental transport of HCBD and PeCBz can be essential for evaluation of contamination of 
the European region. For other three substances (PCN-47, α-endosulfan and dicofol), contributions of 
American and Chinese sources are negligible. 

Relative contributions of European, American and Chinese sources to deposition to the Arctic for all 
five considered substances are shown in Fig. 1.45. 

Calculations show that relative contributions of European and American sources to deposition to the 
Arctic are comparable being in the range from 30 to 55%. The contributions from Chinese source 
range from 8% for dicofol and α-endosulfan to about 20% for HCBD and PeCBz. Thus, for all 
considered substances the input of Asian sources to the contamination of the Arctic region can be 
noticeable. 
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Fig. 1.45. Relative contributions of European, American and Chinese conventional sources to deposition to the 

Arctic 

 
Calculation results: redistribution between environmental compartments. Model calculations allow 
one also to evaluate relative contents of a pollutant in various environmental compartments. This 
information is needed for evaluation of the overall persistence Pover for the substances in question. 
Distribution of all selected substances between environmental media obtained on the basis of the 
calculations of transport from European sources is presented in Fig. 1.46. 
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Fig. 1.46.   Distribution of considered substances between environmental media (calculated on the basis of 

transport from European sources) 
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Calculations show that most of the considered substances are accumulated in soil except for HCBD 
for which the share of atmospheric content is about 40%. The latter is explained by high value of 
HCBD half-life in the atmosphere (more than a year). 

The distribution of each of the considered pollutants between environmental media strongly depends 
on the location of the point source used in calculations. For instance, the share of HCBD accumulated 
by soil amounts to 58% for pollutant emitted in Europe and only 33% for pollutant emitted in China. 
On the contrary, the share of HCBD contained in the atmosphere equals to 39% and 63% for sources 
in Europe and China, respectively. This leads to differences in calculations of half-life T1/2 in the 
environment made on the basis of sources with different geographical locations (see below). 
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Fig. 1.47.   Distribution of HCBD between environmental media calculated on the basis of transport from 
European and Chinese sources 

 
Evaluation of LRTP and Pover. On the basis of the above described calculations, LRTP and Pover 
were evaluated for the selected pollutants. Values of TD calculated on the basis of long-range 
transport simulations from the European source are displayed in Fig. 1.48. The bars in the diagram 
show the range in TD values obtained for other locations of the point source (America and China). For 
the sake of comparison the corresponding values were calculated for some PCB congeners. The 
values of TD for PCB-28, PCB-118, PCB-153, and PCB-180 are: 2800 km, 2200 km, 2600 km, 
and 2350 km correspondingly. So they are interjacent between PCN-47 and PeCBz. 

According to calculations, HCBD has the maximum LRTP among the considered substances. Then, in 
descending order, come PeCBz, PCN-47, a-endosulfan and dicofol (the last two substances have 
very close values of TD). The difference in the values of TD due to geographical location of the point 
source used reaches about 45% for PeCBz. This leads to the conclusion that for more reliable 
evaluation of TD simulations of transport from sources with different locations are desirable. 

Calculated values of T1/2 obtained on the basis of simulations using the European emission source 
together with the range due to differences in source geographical location are presented in Fig. 1.49. 
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Fig. 1.48.   Values of TD calculated on the basis of 
simulations of long-range transport from European 
source. Bars denote the TD range due to 
geographical locations of a source 

Fig. 1.49.   Values of T1/2 calculated on the basis of 
simulations of long-range transport from European 
source. Bars denote the T1/2 range due to 
geographical locations of a source 

 
The ranging of the considered pollutants with respect to Pover is different from that obtained on the 
basis of LRTP. Namely, the largest half-life in the environment is characteristic of PCN-47, then come 
PeCBz, HCBD, dicofol and α-endosulfan. It is important to note that the difference of T1/2 calculated 
with the help of sources with different locations is even larger than of TD. For example, in accordance 
with calculations of PCN-47 transport from Chinese source T1/2 = 250 days whereas calculations 
using  American and European sources give T1/2 values equal to 400 and 700 days, respectively. The 
latter figure is almost three times larger than that obtained with usage of the Chinese source. The 
reason of low value of overall persistence for Chinese source is as follows. Due to relatively high 
ambient temperatures, about 4% of total environmental content of PCN-47 emitted from the Chinese 
source is contained in the atmosphere (the medium with the lowest half-life T1/2 = 11 days) whereas 
the content in soil (the media with the highest half-life T1/2 = 57 months) is about 90%. For PCN-47 
emitted from the European source, these fractions are 1% and 96%, respectively. Thus, for the 
pollutant emitted in China, degradation process in the atmosphere makes the environmental half-life 
much smaller than for European (and American) sources. 

Thus, 

• Modeling approach can be used in evaluation of new substances for their inclusion to the 
environment-protection activities. This allows: 

− to rank pollutants with respect to their LRTP and overall persistence; 

− to assess substances in accordance with existing LRTP and Pover criteria; 

− to evaluate substances from the viewpoint of intercontinental transport; 

− to obtain additional information on spatial distribution of contamination from emission 
sources of various locations which can be used in the negotiation process. 

• Simulations for one-year period for a pollutant takes about 2 hours at PC. 

• With the help of model (MSCE-POP) five substances (HCBD, PeCBz, PCN-47, α-endosulfan and 
dicofol) were examined. On this basis the following conclusions are drawn: 

− all considered substances are subject to transboundary transport within the European region; 
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− sources from the whole Northern Hemisphere can contribute noticeably to contamination of 
remote clean regions (such as the Arctic) for all considered substances; 

− at least two of the considered substances are subject to intercontinental transport; 

− the maximum long-range potential is characteristic of HCBD, then come PeCBz, PCN-47, α-
endosulfan and dicofol; 

− the maximum overall persistence in the environment is characteristic of PCN-47, then come 
PeCBz, HCBD, dicofol and α-endosulfan; 

− for obtaining reliable results evaluation of LRTP and Pover should be based on calculations of 
transport from sources with different geographical locations. 
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Chapter   2 
EMISSIONS 

The objective of the Protocol on POPs “is to control, reduce or eliminate discharges, emissions and 
losses of persistent organic pollutants” [ECE/EB.AIR/60]. The Protocol envisages that Parties shall 
submit official information about POP emissions to the UN ECE Secretariat. Data on emissions of 
POPs (PAHs, PCDD/Fs, PCBs, HCH, HCB) for the period from 1980 to 2000 (for at least one year) 
were submitted by 30 countries. It is worth noting that in recent years, the number of countries 
submitting data on POP emissions and their spatial distribution over the EMEP domain increased. 

Emission data used in the model computation of POPs are considered in this chapter. Total POP 
emissions and their spatial distribution were determined on the basis of official data and expert 
estimates. In model computations for PAHs and γ-HCH, the official data submitted to the UN ECE 
Secretariat in 2002 were used; for PCDD/Fs, the data submitted in 2003 were used. For modeling of 
PCBs and HCB transport, only expert estimates of their emissions were used. Numerical data on 
spatial distribution of POP emissions used in the calculations are available on the request. 

 

2.1. Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons belong to the most important by-products formed in thermal 
processing of organic raw materials and fuel combustion. Emissions of PAHs to the environment take 
place from a great number of natural and anthropogenic sources. However, anthropogenic 
contribution to PAH global emissions is considerably higher than natural one [Mantseva et al., 2002]. 
According to the Protocol on POPs [ECE/EB.AIR/60, 1999], major sources of PAH anthropogenic 
emissions  are domestic wood and coal heating, open fires (such as refuse burning, forest fires and 
after-crop burning), coke and anode production, aluminum production (via Soederberg process); wood 
preservation installations and mobile sources.  

For emission inventory purposes, the Protocol on POPs includes the following PAH indicator 
compounds: benzo[a]pyrene (B[a]P), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), and 
indeno[1,2,3-cd]pyrene (IP) [ECE/EB.AIR/60, Annex III]. Official data on emission totals of polycyclic 
aromatic hydrocarbons for 1980-2000 were submitted to the UN ECE Secretariat by 27 countries 
[EB.AIR/GE.1/2002/8].  

This year, model calculations were performed for the most toxic carcinogenic compounds from this 
group (B[a]P and B[b]F). 

 

2.1.1.   Benzo[a]pyrene 

Model calculations of B[a]P long-range transport within the European region were carried out for 
2000. According to the information submitted to the UN ECE Secretariat in 2002 [EB.AIR/GE.1/2002/8 
and Corr.1], official data on emission totals of polycyclic aromatic hydrocarbons for 2000 were 
presented by 20 countries (Table 2.1).  
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Table 2.1. Official data on PAH emissions (t/y) in European countries for 2000 submitted to UNECE 
Secretariat in 2002 

Country PAH emissions 
in 2000, t/y Comments from [EB.AIR/GE.1/2002/8] and national reports 

Austria 8.18 1. 4 indicator PAHs ; 
2. 8.39 t/y including NFR 11 (other sources and sinks). 

Belgium 100.38  No comments on composition 

Bulgaria 118.1 
1. No comments on composition 
2. Emissions are calculated on the base of the total quality of 

the used fuels by sectors. 
Czech Republic 487.6 No comments on composition 

Denmark 11.06 
1. Data include those located within the EMEP area only;  
2. 4 indicator PAHs; 
3. 3.047 t/y B[a]P . 

Estonia 2.963 1. No comments on composition; 
2.  Include 1,2,7 and 8 sectors only. 

Finland 15.16 No comments on composition 

France 321 

1. National totals do not include the international air traffic and 
the international sea traffic; 
2. No comments on composition; 
3. 324.35 t/y including NFR 11 and overseas territories. 

Hungary 54.75 Preliminary data, sum of 6 Borneff PAHs. 
Lithuania 34.02    4 indicator PAHs. 
Luxembourg 0    Sum of 6 Borneff PAHs. 

Monaco 0.012 1. No comments on composition; 
2. Include 1 sector only. 

Netherlands 636.33  No comments on composition 
Norway 13.56    4 indicator PAHs. 

Poland 167.3 1. 4 indicator PAHs; 
2. 48.298 t/y B[a]P. 

Russian Federation 15.43 Including only B[a]P 
Slovakia 17.5    4 indicator PAHs. 
Slovenia 22.66 No comments on composition. 

Spain 295 1. Data include those located within the EMEP area only; 
2. No comments on composition 

United Kingdom 27.02 No comments on composition. 
 

For modeling purposes, emission data reported officially should be used. However, one can see 
from Table 2.1 that the chemical composition of PAH emissions is not indicated in the reported data 
of some countries. This hampers an interpretation of emission data especially for B[a]P (or another 
indicator substances) as well as preparation of the input data for PAH  modeling. Three countries – 
Denmark, Poland and Russia – submitted official data on benzo[a]pyrene emissions for 2000. Five 
countries – Austria, Hungary, Lithuania, Norway, and Slovakia – presented appropriate comments 
on the PAH emission composition for 2000. Data on B[a]P emissions in countries mentioned above 
were used in model calculations. In addition, due to the absence of official data on PAH emissions in 
Germany for 2000, PAH emission value for 1994 was taken.  Emission values of B[a]P in the 
countries of the former USSR except Russia in 2000 were taken from expert estimates prepared by 
Tsibylski et al. [2001] for 1997. For the remaining countries, expert estimates [Pacyna et al., 1999; 
Berdowski et al., 1997; Coleman et al., 2001] were used. Official data and expert estimates of PAH 
emissions and values of B[a]P emissions  (lust column)  used in the calculations for 2000 are 
presented in Table 2.2. 
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Table 2.2. Official data and expert estimates of PAH emissions and total emission values of B[a]P used in 
the calculations for 2000, t/y (officially submitted data are in bold) 

Estimates of PAH emissions, t/y 

Official data for 2000 
Pacyna et al. 

[1999]  
for  1995  

Tsibylski et 
al. [2001]  
for 1997  

Berdowski et 
al. [1997] 
for 1990  

Coleman et 
al. [2001] 
for 2000 

Country 

PAHs Comments B[a]P B[a]P  6 Borneff 
PAHs  B[a]P 

Values of B[a]P 
emissions used in 
the calculations for 

2000, t/y  

Albania   0.221  35.8  0.221 
Armenia   6.028* 0.272   0.272 
Austria 8.39 4 indicator PAHs 6.112  243  2.517 
Azerbaijan   10.888* 2.062   2.062 
Belarus    5.246 3.628 191  3.628 
Belgium   3.352  818  3.352 
Bosnia& 
Herzegovina   4.520*  47.8  4.520* 

Bulgaria   6.707  54.9  6.707 
Croatia   4.665*  54.05  4.665* 
Cyprus     0.182  0.027 
Czech Republic   14.258  259  14.258 
Denmark 3.047 B[a]P 1.435  76.7  3.047 
Estonia   0.366 3.690 29.7  3.690 
Finland   6.881  104  6.881 
France     26.397  3479  26.397 
Georgia   10.149* 11.380   11.380 
Germany 396 6 Borneff (for 1994) 26.397  420  59.400 
Greece   2.889  153  2.889 
Hungary 54.75 6 Borneff 10.254  192  8.213 
Iceland     6.33  0.949 
Ireland   1.237  73.7  1.237 
Italy   13.904  694  13.904 
Kazakhstan   4.262*    4.262 
Latvia   2.997 6.853 38.4  6.853 
Lithuania 34.02 4 indicator PAHs 2.200 3.652 52.3  9.185 
Luxembourg 0.000  0.244  6.24  0.000 
Netherlands   2.291  184  2.291 
Norway 13.56 4 indicator PAHs 2.235  140  4.068 
Poland 48.298 B[a]P 65.159  372  48.298 
Portugal   1.639  138  1.639 
Rep. of Moldova   1.014 0.350 58.0  0.350 
Romania   18.982  723  18.982 
Russia 15.430 B[a]P 228.594* 29.073 3146  15.430 
Serbia& 
Montenegro   11.242*  172  11.242 

Slovakia  17.5 4 indicator PAHs 6.705  310  5.250 
Slovenia    2.410*  50.5  2.410 
Spain    9.607  521  9.607 
Sweden   6.777  282  6.777 
Switzerland   1.653  96.1  1.653 
The FYR of 
Macedonia   1.903*  21.7  1.903 

Ukraine   51.824 16.103 1137  16.103 
United Kingdom   11.993  1437 9.578 9.578 

*  estimated on the basis of emission spatial distribution [Pacyna et al., 1999] for the former USSR and                     
Socialist Federal Republic of Yugoslavia 
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In order to estimate B[a]P emissions from PAH emission totals, including 4 indicator PAHs or 6 
Borneff PAHs, total emission values were multiplied by coefficient 0.3, or coefficient 0.15, 
respectively.  These coefficients were obtained in [Shatalov et al., 2002] on the basis of relative 
contributions of B[a]P emissions to 4 indicator PAH and/or 6 Borneff PAH emissions calculated for 
Denmark, Lithuania and Poland which provided emission data on these PAH mixtures as a total value 
and on B[a]P individually. Taking into account data submitted  by these countries in 2002 (Table 2.3), 
relative contributions of B[a]P emissions to the emissions of 4 indicator PAHs for the period from 1990 
to 2000 vary from 27% to 30%,  and to the emissions of 6 Borneff PAHs – from 7 to 17%.  

 
Table 2.3. Relative contributions (%) of B[a]P emissions to 4 indicator PAH and 6 Borneff PAH emissions 

calculated on the basis of official data on emissions for 2000  

Country Year 4 indicator PAH 
emissions (t/y) 

6 Borneff PAH 
emissions (t/y) 

B[a]P 
emissions (t/y)

Relative contribution 
of B[a]P emissions to 

4 indicator PAH 
emissions 

Relative 
contribution of 

B[a]P emissions 
to 6 Borneff PAH 

emissions 
Denmark 2000 11.058 40.328 3.047 28 8 
Poland 2000 167.26 - 48.298 29 - 
 

B[a]P emission dynamics in the European region in 1970-2000  

Variations of annual B[a]P emissions in the European region for the period from 1970 to 2000 
estimated on the basis of expert estimates and official data are illustrated in Fig. 2.1.  Expert estimates 
[Pacyna et al., 1999] were used for the period from 1970 to 1997. Beginning with 1998 expert 
estimates and available official data were 
included into calculations. Of note, in the 
recent calculations for 2000 official data 
submitted by 10 countries are used.  

According to the data [Pacyna et al., 
1999], annual total emissions of B[a]P in 
Europe had their maximum in 1970 and 
amounted to 1253 tonnes. Total emissions 
of B[a]P decreased as much as 3.4 times 
in the period from 1980 to 2000. 
According to official data and expert 
estimates, total B[a]P emissions in the 
EMEP region amounted to 356 tonnes in 
2000. 
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Fig. 2.1.  B[a]P emissions in Europe for the period 
from 1970 tо 2000, t/y 

 
Spatial distribution of B[a]P emissions  

The spatial distribution of B[a]P emissions in 2000 was prepared on the basis of official data on spatial 
distribution of PAH emissions submitted to the UN ECE Secretariat by six countries (Bulgaria, 
Denmark, Finland, Norway, Poland, and Spain). In addition official data on spatial distribution of PAH 
emissions in the Netherlands for 1995, and in the United Kingdom for 1999 were included. For Iceland 
and Cyprus, we used the emission distribution estimated by [Berdowski et al., 1997]. For other 
countries, expert estimates [Pacyna et al., 1999] were used. Spatial distribution of B[a]P emission flux 
in 2000 used in the calculations is illustrated in Fig. 2.2. 
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Seasonal variations of B[a]P emissions 
 
Seasonal distribution of B[a]P emissions used in 
the calculations (Table 2.4) were estimated in 
[Baart et al., 1995] on the basis of data on the 
distributions of stationary combustion, industrial 
processes and mobile sources.  Seasonal 
variation of emissions from wood preservation 
was not taken into account in these expert 
estimates, “although in reality evaporation losses 
will depend on temperature and wind speed, 
which vary within a year”.   

 
 

Fig. 2.2.   Spatial distribution of B[a]P emission 
flux in 2000 

Table 2.4. Relative seasonal distribution (%) of 
annual European emissions of B[a]P in 1990 [Baart 
et al., 1995] 

Compound Quarter 1 Quarter 2  Quarter 3  Quarter 4  
B[a]P 30 20 20 30 

 

According to [Baart et al., 1995], in winter, the emissions are higher than in summer, that reflects the 
importance of residential wood and coal combustion as a source for PAH emissions.  “This difference 
is more  distinct in countries with cold winters and warm summers, than in countries with mild climate, 
as the Netherlands”. However, in model calculations for 2000, one and the same seasonal variations 
of B[a]P emissions were used for all countries. This introduces additional uncertainties in the 
calculation results.   

 
Uncertainties of B[a]P emission estimates 

Basic uncertainties of B[a]P emission estimates used in the calculations arise from the compilation of 
official data and various expert estimates which are rather uncertain themselves.   

According to [Pacyna et al., 1999], “previous studies [Berdowski et al., 1994; Berdowski et al., 1997 
and Slooff et al., 1989] have estimated uncertainties to be within factors ±2-5”. It was also 
emphasised that the temporal variability of the measured emissions for a single plant can be 
substantial between sampling periods. Following [Coleman et al., 2001], the national projections of 
B[a]P emissions in the United Kingdom used in the calculations are subject to considerable 
uncertainty. “This uncertainty arises from three sources: the uncertainty in the base inventory (limited 
emissions testing for both vehicles and industrial sources, high dispersion of many of the significant 
sources of B[a]P and a difficulty of their accurate quantifying, difficulties in estimation of important 
sources of B[a]P such as fires and domestic fuel burning); the uncertainty in changes in activity within 
industrial sectors; and the uncertainty introduced from possible changes in process”.  

Quantitative or qualitative characteristics of uncertainties in official estimates of B[a]P emissions used 
in the calculations are not available at present. However, according to [Pacyna et al., 1999], national 
reported data from individual countries are thought to represent the most accurate data on emissions. 
It is because national experts that report the data are supposed to know all the peculiarities of 
industrial technologies and production processes, characteristic of raw materials, advancement in the 
implementation of emission control installations, and specific activity data in their respective countries. 
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A substantial source of uncertainties also originates from the usage of coefficients converting 4 
indicator PAH and 6 Borneff PAH emissions to B[a]P emission values for other countries than 
Denmark, Lithuania and Poland. The reason is that the difference in relative contributions of B[a]P 
emissions to the total PAH emissions in specific countries was not taken into account.    

Another source of uncertainties in the emission estimates used in the calculations is connected with 
rather rough description of seasonal variations of B[a]P emissions.   

 

2.1.2.   Benzo[b]fluoranthene 

Model calculations of B[b]F long-range transport within the EMEP region were carried out for the 
period from 1970 to 2000. Official information about total B[b]F emissions for several years in the 
period from 1990 to 2000 was submitted by Denmark, Lithuania, and Poland (Table. 2.5). There is an 
expert estimate of B[b]F emissions in European countries only for 1990 [Baart et al., 1995]. Thus, in 
computations, as a first approximation, B[b]F emissions were taken to be equal to B[a]P emissions.  

This assumption was made on the basis of the relationship of B[b]F and B[a]P emission values in 
European countries, calculated using official information and data available in [Baart et al., 1995]. 
Ratios of official B[b]F emission values to official B[a]P emission values in Denmark, Lithuania, and 
Poland are presented in Table 2.5.   

 
Table 2.5.   Official data reported by Denmark, Lithuania and Poland on B[a]P and B[b]F emissions (t/y) and
       ratios B[b]F/B[a]P obtained from these values 

Country 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 
Denmark 

B[a]P emissions 2.220 2.491 2.472 2.608 2.583 2.581 2.713 2.715 2.483 2.508 3.047 
B[b]F emissions 2.955 3.305 3.294 3.485 3.454 3.474 3.680 3.688 3.375 3.433 4.123 
B[b]F/B[a]P 1.3 1.3 1.3 1.3 1.3 1.3 1.4 1.4 1.4 1.4 1.4 
Mean  B[b]F/B[a]P 1.4 

Lithuania 
B[a]P emissions         14.155   
B[b]F emissions         10.772   
B[b]F/B[a]P         0.76   
Mean  B[b]F/B[a]P 0.76 

Poland 
B[a]P emissions           48.298
B[b]F emissions           52.868
B[b]F/B[a]P           1.1 
Mean  B[b]F/B[a]P 1.1 

 

Scattering of the ratios of emission values (B[b]F/B[a]P) obtained on the basis of official emission data 
is not large and it varies from 0.76 to 1.4 at an average value amounting to 1.1.  

Ratios of B[b]F to B[a]P emission values in 25 European countries were evaluated on the basis of 
emission inventory for 1990 [Baart et al., 1995].  This expert estimate presents emission data for each 
of the six Borneff PAHs. Table 2.6 contains B[a]P and  B[b]F  emission values in Europe from the 
inventory [Baart et al., 1995] as well as emission ratios (B[b]F/B[a]P) calculated from these values. 
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Table 2.6. B[a]P and B[b]F emissions in Europe in 1990 (t/y) [Baart et al., 1995] and ratios B[b]F/ B[a]P 
obtained from these values 

Country B[a]P emissions B[b]F emissions B[b]F/B[a]P ratios 
Albania 2 2 1 
Austria 20 21 1.05 
Belgium 12 12 1 
Bulgaria 10 10 1 
Czechoslovakia 37 35 0.95 
Denmark 4 4 1 
Finland 8 9 1.13 
France 108 112 1.04 
Germany 103 106 1.03 
Greece 10 11 1.1 
Hungary 16 18 1.13 
Ireland 6 7 1.17 
Italy 47 42 0.89 
Luxembourg <1 <1 1 
Netherlands 14 8 0.57 
Norway 9 8 0.89 
Poland 69 61 0.88 
Portugal 10 10 1 
Romania 46 39 0.85 
Spain 28 26 0.93 
Sweden 7 7 1 
Switzerland 28 22 0.79 
United Kingdom 54 48 0.89 
USSR 465 455 0.98 
Yugoslavia 27 27 1 
Mean B[b]F/B[a]P 0.97 

 

According to [Baart et al., 1995], B[b]F emissions in Albania,  Belgium, Bulgaria, Denmark, Portugal, 
Sweden, and  Yugoslavia in 1990 were equal to those of B[a]P. For the remaining countries, the ratios 
of B[b]F and B[a]P emission values ranged from 0.57 to 1.17. The average value of the ratios for 25 
European countries amounted to 0.97 

On the whole, the mean of the ratios of B[b]F and B[a]P emissions in the European region obtained 
from official data and expert estimate [Baart et al., 1995] was estimated as 1.02. Therefore, as a first 
approximation, B[a]P emission values presumably can be used in model calculations of B[b]F without 
any revision. It should be mentioned that it is rather rough assumption and introduces a significant 
uncertainty to the estimate of B[b]F emissions.  

Expert estimates of B[a]P emissions in Europe estimated by [Pacyna et al., 1999] for basic years 
(1970, 1975, 1980, 1985, 1990, and 1995) and used in model calculations of B[b]F for 1970-2000 are 
demonstrated in Table 2.7. Between basic years a linear interpolation of emissions was used. In the 
period from 1996 to 2000, the annual values of emissions were accepted to be equal to those of 1995.  
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Table 2.7. B[b]F emissions in European countries taken from expert estimates of B[a]P [Pacyna et al., 1999], t/y 

Country 1970 1975 1980 1985 1990 1995 
Albania 0.069 0.075 2.329 0.135 0.111 0.221 
Armenia* 6.591 7.607 8.275 9.520 10.019 6.028 
Austria 20.895 13.580 12.491 7.032 4.543 6.112 
Azerbaijan* 11.906 13.741 14.947 17.196 18.097 10.888 
Belarus  6.634 6.295 6.003 6.591 9.256 5.246 
Belgium 29.215 16.744 11.829 11.623 4.361 3.352 
Bosnia&Herzegovina* 3.391 4.848 5.436 8.217 8.809 4.520 
Bulgaria 6.427 6.591 6.780 8.082 7.570 6.707 
Croatia * 3.500 5.004 5.611 8.481 9.092 4.665 
Czech Republic 17.305 17.927 22.340 21.808 18.669 14.258 
Denmark 1.801 1.412 1.976 2.732 1.755 1.435 
Estonia 0.453 0.435 0.439 0.466 0.432 0.366 
Finland 6.516 5.979 6.262 6.106 6.496 6.881 
France   112.422 76.235 64.949 45.470 30.175 26.397 
Georgia* 11.098 12.808 13.933 16.029 16.868 10.149 
Germany 224.376 198.570 199.143 170.937 191.692 26.397 
Greece 13.500 10.665 9.627 5.576 5.690 2.889 
Hungary 18.202 18.297 19.751 19.879 16.708 10.254 
Ireland 4.342 2.401 5.202 6.409 1.766 1.237 
Italy 30.356 26.530 26.508 18.389 15.203 13.904 
Kazakhstan *, ** 6.966 8.039 8.745 10.061 10.587 6.370 
Latvia 3.863 3.291 3.127 2.830 2.654 2.997 
Lithuania 5.922 4.675 4.078 3.308 3.163 2.200 
Luxembourg 0.349 0.295 0.262 0.257 0.211 0.244 
Netherlands 23.774 16.596 13.355 6.599 4.737 2.291 
Norway 43.937 31.638 28.166 12.773 10.614 2.235 
Poland 68.107 73.787 98.974 88.358 57.867 65.159 
Portugal 2.090 1.203 1.202 1.497 1.501 1.639 
Republic of Moldova 0.969 1.527 1.671 1.813 1.653 1.014 
Romania 22.111 31.329 38.189 40.791 27.903 18.982 
Russian Federation* 249.965 288.473 313.809 361.027 379.932 228.594 
Serbia&Montenegro * 8.434 12.058 13.521 20.437 21.908 11.242 
Slovakia  9.566 9.686 10.103 9.579 9.811 6.705 
Slovenia* 1.808 2.585 2.899 4.381 4.697 2.410 
Spain  23.598 22.779 24.522 15.475 12.417 9.607 
Sweden 13.429 12.004 11.259 11.322 8.740 6.777 
Switzerland 9.880 6.014 5.466 3.084 2.357 1.653 
The FYR of Macedonia* 1.428 2.041 2.289 3.459 3.708 1.903 
Ukraine 87.241 87.241 91.898 94.184 91.241 51.824 
United Kingdom 140.232 101.432 82.828 59.881 18.457 11.993 

* estimated on the basis of spatial emission distribution [Pacyna et al., 1999] for the former USSR and 
Socialist Federal Republic of Yugoslavia 

** part of Kazakhstan, Uzbekistan and Turkmenistan covered by the EMEP grid 
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B[b]F emission dynamics in the European 
region in 1970-2000  

Under the assumptions made, B[b]F emission 
dynamics over the European region for the period 
from 1970 to 2000 are plotted in Fig. 2.3.  

According to data [Pacyna et al., 1999], it was 
assumed that the maximum B[b]F emission value in 
the EMEP region amounted to 1253 tonnes in 1970. 
In the period from 1970 to 2000, emissions of B[b]F 
reduced twice. 

 

Fig. 2.3.  B[b]F emissions in Europe for the period 
from 1970 tо 2000 [Pacyna et al., 1999], t/y
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Spatial distribution of B[b]F emissions  

The B[b]F emission field was estimated 
with the use of expert estimates of B[a]P 
emissions in Europe prepared by Pacyna 
et al. [1999]. Spatial distribution of B[b]F 
emission flux in 2000 used in the 
calculations is presented in Fig. 2.4. 

 
Seasonal variations of B[b]F 
emissions 

For model calculations of B[b]F transport, 
emission seasonal variations  presented in 
[Baart et al., 1995] for 1990 were taken. 
Relative seasonal distribution of B[b]F 
emissions in  Europe is given in Table 2.8.   

 

Fig. 2.4.  Spatial distribution of B[b]F emission flux used 
in calculations for 2000 [Pacyna et al., 1999] 

 
Table 2.8. Relative seasonal distribution (%) of European emissions of B[b]F in 1990 [Baart et al., 1995] 

Compound Quarter 1 Quarter 2  Quarter 3  Quarter 4  
B[b]F 31 19 19 31 

 

As in the case of B[a]P emission sources, the largest contribution to total B[b]F emissions is made by 
residential wood and coal combustion. That leads to  higher emission values during winter time than 
those during warmer months. On the whole, the fraction of B[b]F emissions in winter slightly exceeds 
that of B[a]P emissions, and vice versa in summer.  

 
Uncertainties of B[b]F emission estimates 

The main uncertainty of B[b]F emission estimates used in the calculation  is connected with rather 
rough assumption that B[b]F emissions are equal to B[a]P emissions for all European countries. The 
difference in B[a]P and B[b]F emission factors for various source categories, peculiarities of 
contributions of these sources to total emissions in each specific country, and emission variations with 
time are not taken into account in this approach.  Basic uncertainties of B[a]P emission estimates 
made by [Pacyna et al., 1999] (subsection Uncertainties of B[a]P emission estimates) are also 
involved in the calculation of B[b]F. Seasonal variations of B[b]F emissions are rather uncertain.  

 

2.2.   Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) are formed as 
unintentional by-products in a wide range of processes. Major sources of PCDD/Fs emissions 
identified in the Protocol on POPs [ECE/EB.AIR/60, 1999] may be waste incineration, including co-
incineration; thermal metallurgical processes (production of aluminium and other non-ferrous metals, 
iron and steel); combustion plants generating energy; residential combustion; specific chemical 
production processes releasing intermediates and by-products; and mobile sources.  

 95



Emissions                                                                                                                                                    Chapter 2 
 

Model calculations of PCDD/F long-range transport were carried out for the period from 1970 to 2000.  
According to the data [EB.AIR/GE.1/2002/8], and also the data reported to the UN ECE Secretariat in 
2003, there is official information about total emissions of PCDD/Fs for the period from 1980 tо 2001 
for 24 European countries (for the period from 1980 tо 1989 only for 2 countries – Hungary and 
Austria). For countries submitted emission data not for each year within the period from 1990 to 2001, 
lacking emission values were estimated by linear interpolation and extrapolation.  For the remaining 
countries, we used expert estimates of PCDD/F total emissions in 1970-95 [Pacyna et al., 1999], for 
1996-2001 we used the emissions of 1995. PCDD/F total emissions in 1990-2001 used in model 
calculations are presented in Table 2.9.  

 
Table 2.9. PCDD/F total emissions in 1990-2001, g TEQ/y 

Country 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 
Albania 3 3 3 3 3 3 3 3 3 3 3 3
Armenia 43 40 37 34 31 28 28 28 28 28 28 28
Austria 160 134 75 67 56 58 59 59 55 51 50 52
Azerbaijan 77 71 66 61 55 50 50 50 50 50 50 50
Belarus  107 94 81 68 55 42 29 16 16 15 18 23
Belgium 625 593 562 531 499 468 407 346 285 224 163 164
Bosnia& Herzegovina 19 19 20 20 21 22 22 22 22 22 22 22
Bulgaria 554 535 515 495 476 456 341 310 288 245 233 181
Croatia 179 165 152 138 124 111 97 95 111 98 109 109
Cyprus 1 1 1 1 1 1 1 1 1 1 1 1
Czech Republic 1252 1220 1220 1140 1135 1135 922 830 767 643 744 620
Denmark 92 92 92 92 92 92 92 92 92 89 85 81
Estonia 15 14 14 13 13 12 12 12 12 12 12 12
Finland 30 33 31 32 33 34 32 32 32 32 31 31
France   1859 1933 1958 2023 2014 1809 1592 1105 957 658 560 468
Georgia 72 67 62 56 51 46 46 46 46 46 46 46
Germany 1196 1019 841 664 486 309 309 309 309 309 309 309
Greece 155 148 142 135 129 122 122 122 122 122 122 122
Hungary 157 151 126 122 104 116 108 103 94 93 99 104
Iceland 0 0 0 0 0 1 1 1 1 1 1 1
Ireland 17 17 16 16 15 14 14 14 14 14 14 14
Italy 870 856 842 827 813 799 799 799 799 799 799 799
Kazakhstan 38 35 32 30 27 24 24 24 24 24 24 24
Latvia 13 13 13 13 13 12 12 12 12 12 12 12
Lithuania 24 21 19 16 13 11 8 6 6 5 4 13
Luxembourg 40 36 32 27 23 24 16 16 8 8 8 8
Monaco 2 2 3 3 3 3 3 4 4 4 4 4
Netherlands 611 502 393 284 175 67 59 52 44 28 31 28
Norway 130 98 96 95 94 70 49 41 35 39 34 34
Poland 529 535 517 592 520 515 484 440 381 381 333 447
Portugal 41 40 38 37 36 34 34 34 34 34 34 34
Rep. of Moldova 18 16 15 13 11 10 10 10 10 10 10 10
Romania 129 119 110 100 91 81 81 81 81 81 81 81
Russian Federation 991 947 901 878 825 769 637 614 606 625 631 631
Serbia&Montenegro 46 48 49 51 52 54 54 54 54 54 54 54
Slovakia  189 183 176 170 163 157 141 125 138 127 145 130
Slovenia  9 8 7 6 6 5 5 4 4 4 3 3
Spain  181 189 200 195 187 158 159 132 134 141 146 142
Sweden 70 63 55 57 52 49 47 44 43 42 44 45
Switzerland 242 230 218 206 194 181 181 181 181 181 181 181
The FYR of 
Macedonia 8 8 8 9 9 9 9 9 9 9 9 9

Ukraine 925 855 784 713 642 571 571 571 571 571 571 571
United Kingdom 1181 1161 1136 1089 1002 874 644 471 411 395 346 341
Total, kg TEQ/y 12.9 12.3 11.7 11.1 10.3 9.4 8.3 7.3 6.9 6.3 6.2 6.0 
officially submitted data are bold; 
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PCDD/F emission dynamics in the European region in 1970-2000  

According to the official data and expert estimates, variations in PCDD/F emissions in Europe for the 
period from 1970 to 2000 are illustrated in Fig. 2.5. The maximum emission value was reached in 
1980; during the following years, it decreased substantially. PCDD/F emissions reduced 4.5 times 
during 1980-2000 and amounted to 6.2 kg TEQ/y 
in 2000.  

PCDD/F emission reduction in the whole EMEP 
region is due to emission decline in individual 
countries. The decrease of PCDD/F emissions in 
countries, which submitted official data for 1990 
and 2000 is illustrated in Fig. 2.6a,b. The 
emissions have decreased in all countries except 
Finland and Monaco. PCDD/F emission increase 
in Finland and Monaco is shown in Fig. 2.6a,b as 
negative values. According to official data, 
maximum relative decline of emissions 
(100⋅(E1990–E2000)/E1990, %) took place in the 
Netherlands (Fig. 2.6а), while  maximum absolute decline of emissions (E1990–E2000, g TEQ) was in 
France (Fig. 2.6b). 
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Fig. 2.5.  PCDD/F emissions in Europe for the 
period from 1970 tо 2000
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Fig. 2.6.  PCDD/F emission decrease in countries, which submitted official emission data                                              

(a - relative decline; b - absolute decline)  

 
Congener composition of PCDD/F emissions  

Of the entire diversity of PCDD/F congeners, only 17 are toxic. Since their properties are different for 
modeling purposes it is important to know the fraction of each in the overall emissions (emission 
congener distribution). Expert estimates of PCDD/F emissions by [Pacyna et al., 1999] are presented 
both in international toxicity equivalents and mass units. The information on emission congener 
distribution is available in mass units only. However, as stated in the above paper, TEQ emission 
estimates are more reliable. Thus, for modeling purposes, TEQ totals for each European country and 
for the whole EMEP domain from [Pacyna et al., 1999] were distributed between 17 toxic congeners 
according to the mass of each particular congener and its international toxic equivalent coefficient.  
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Relative contributions  for  each of the 17 toxic congeners to the toxicity of PCDD/F overall emissions 
in the EMEP region in 1970-95 estimated on the basis of data from  [Pacyna et al., 1999] are 
presented in Fig. 2.7. The major contribution to total emissions was made by 23478-PeCDF (above 
35%). 
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Fig. 2.7.   Relative contributions  of 17 toxic congeners to the toxicity of PCDD/F overall emissions in 1970-95 

Model calculations of PCDD/F long-range transport were performed for 8 toxic PCDD/F congeners 
(2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD, 2,3,7,8-TCDF, 2,3,4,7,8-
PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF) accounting for 80% of the overall toxicity of 
PCDD/F mixture. 

 
Spatial distribution of PCDD/F emissions 

There is official information about the spatial 
distribution of PCDD/F emissions for the period 
from 1990 tо 2000 for 9 countries: Belarus 
(2000), Belgium (2000), Bulgaria (1990, 1995 
and 2000), Finland (1990-2000), France (1995), 
the Netherlands (1990, 1995), Norway (1990, 
1995 and 2000), Poland (2000), and Spain 
(1990-2000). For the remaining countries, 
expert estimates of spatial distribution of 
PCDD/F emissions in 1970-1995 [Pacyna et al., 
1999] were used. The spatial distribution of the 
total emissions of the mixture of the eight 
selected PCDD/F congeners is illustrated in Fig. 
2.8.  

 
Fig. 2.8. Spatial distribution of emission flux of the 
mixture of the eight selected congeners of PCDD/Fs  
in 2000  

 
Seasonal variations of PCDD/F emissions 

In the model calculations for the eight selected congeners, seasonal variations of PCDD/F emissions 
with maximum values in winter  are taken into account in the form of sinusoidal dependence. It is 
assumed that the amplitude of these variations varies within 10%. Relative seasonal variations of 
PCDD/F emissions are presented in Fig. 2.9. 
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Fig. 2.9. Emission seasonal variations  of the mixture of the eight PCDD/F congeners 
 
 
Uncertainties in PCDD/F emission estimates 

The most important uncertainties are inherent in the PCDD/F emission estimates used in the 
calculations due to the uncertainties introduced both in official data and expert estimates. According to 
[Pacyna et al., 1999], major uncertainties of PCDD/F emissions in the expert estimates arise from the 
following reasons: 

• many sources of these pollutants are not well characterized, thus the actual emissions are 
supposed to be underestimated; 

• the variability at a single plant can be of an order of magnitude between different sampling 
periods [Parma et al., 1995]; 

• “allocation” of available emission factors between countries. 

Thus with the limited information available, the uncertainty of the TEQ emissions should be 
considered as an order-of-magnitude estimate [Pacyna et al., 1999]. Besides, usage of data on 
particular congener in mass units from [Pacyna et al., 1999] for evaluation of emission congener 
composition introduces additional uncertainties (emissions in mass units for the individual congeners 
in [Pacyna et al., 1999] are less reliable than total TEQ values). Official information submitted by 
countries is somewhat uncertain. It is difficult to estimate the uncertainties of official data because the 
countries do not provide such estimates. However, it can be supposed that national emission data are 
more accurate than expert estimates because they take into account peculiarities of PCDD/F 
emissions in these countries. In addition seasonal variations of PCDD/F emissions used in the 
computation are also rather uncertain. 

 

2.3.   Polychlorinated biphenyls  

Polychlorinated biphenyls (PCBs) as technical mixtures with different sets of individual homologues 
and congeners have been widely used for a long period of time.  Mixtures of these chemicals have 
been produced in many countries under various trade names: Aroclor (USA), Clophen (West 
Germany), Kanechlor (Japan), Delor (Czechoslovakia), Pyroclor (United Kingdom), Sovol, Sovtol 
(Russia) and others. The total global production of PCBs from 1930 to 1993 amounted to 
approximately 1.3 million tonnes [Breivik et al., 2002a]. PCB emissions to the environment occur from 
a great number of different categories of sources: open usage  (plasticisers, carbonless copy paper, 
lubricating oils, etc.), small capacitor usage, nominally closed usage (hydraulic and heat transfer 
fluids, etc.) and closed usage (transformers and large capacitors), landfills, open burning (open pit 
burning, backyard barrel burning, domestic incineration in stoves, etc.), waste incineration and 
destruction, spillage to soil and fires [Breivik et al., 2002b]. Official information about total emissions of 
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PCBs for the period from 1980 to 2000 was submitted to the UN ECE Secretariat by 14 countries 
[EB.AIR/GE.1/2002/8].  

The long-range transport of four selected PCB congeners (PCB-28, PCB-118, PCB-153, and PCB-
180) was simulated for the period from 1930 to 1996 by the MSCE-POP hemispheric model. 
Emissions data required were prepared with the use of a global emission inventory of 22 PCB 
congeners (High emission scenario) [Breivik et al., 2002 b]. The inventory was based on historical 
data on global production and consumption of these PCBs [Breivik et al., 2002a]. The emissions of 22 
individual PCB congeners were evaluated for 114 
countries for the period of 1930 to 2000, with 
allowance made for High, Middle and Low emission 
scenarios. The total historical global emissions of the 
22 PCB congeners for the High scenario in 1930-
2000 were 92 kt.  

In order to investigate the impact of PCB emissions 
from different sources of the Northern Hemisphere on 
the contamination of the EMEP domain, six main 
groups of regions-sources were set apart: Russia, 
North-western Europe, South-eastern Europe, 
America (both North and South), South-eastern Asia, 
and Central Asia and North Africa. The division of the 
Northern Hemisphere into aggregate regions of PCB 
emission sources is presented in Fig. 2.10.  

For brevity, some regions were combined under one 
name. For example, the region-source “Central Asia” includes the central, western, and southern 
parts of Asia, and North America and a part of South America are considered as one source 
(“America”). Emissions of 22 PCB congeners from the selected regions-sources of the Northern 
Hemisphere for some basic years of the period used in calculations are given in the Table 2.10 (High 
emission scenario). 

 
Fig. 2.10. Regions-sources of PCB emissions in 
the Northern Hemisphere considered in the 
source-receptor analysis 

 
Table 2.10. Emissions of 22 PCB congeners from the selected regions-sources of the Northern Hemisphere 
according to expert estimates [Breivik et al., 2002] (High emission scenario), t/y 

Regions-sources 1930 1940 1950 1960 1970 1980 1990 1996 
America  44.61 285.80 433.26 698.65 1931.22 1190.47 272.40 157.33 
North-western Europe 3.42 21.16 35.50 141.64 517.19 489.97 177.72 108.73 
South-eastern Europe 0.00 1.97 13.12 70.96 259.02 370.63 246.38 124.88 
Africa and Central Asia 0.00 1.05 6.91 39.52 187.34 271.70 169.93 81.59 
South-eastern Asia 0.00 0.00 0.44 29.15 342.83 238.71 86.71 37.71 
Russia  0.00 4.53 24.04 68.98 102.60 204.91 235.92 149.86 
Total 48.03 314.52 513.29 1048.90 3340.20 2766.38 1189.06 660.09 

 

According to emission data from the expert estimate used, contributions of these regions-sources to 
total historical emissions of 22 PCB congeners during the period from 1930 to 2000 are presented in 
Fig. 2.11.  
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To explain this emission distribution, the 
description of PCB production and 
consumption in the Northern Hemisphere 
from [Breivik et al. 2001a] will be used. The 
chief contribution of America to PCB 
emissions in the Northern Hemisphere (52%, 
46 kt) is accounted for the USA.  It is 
explained by the fact that the USA produced 
PCBs from 1930 to 1977 amounting to about 
642 kt making up more than half the 
historically produced PCBs. At the same 
time, the USA was responsible for 46% of 
the total historical global PCB consumption. 
A sizeable contribution of North-western 
Europe (15%, 14 kt) to historical total emissions in the Northern Hemisphere was made mostly by 
inputs from West Germany (total production approximately 159 kt), France (total production 
approximately 135 kt) and the United Kingdom (total production approximately 67 kt), the region being 
at the same time the major consumer of PCBs (7.1%, 4.1% and 2% of total historical global 
consumption, respectively). During the considered period Russia was responsible for 7% (6.5 kt) of 
the total emissions within the Northern Hemisphere. Russian production of PCBs amounted to 174 kt, 
60% of which was utilised in the national consumption, accounting for 7.9% of total global 
consumption. Southern and Eastern Europe contributions to historical total emissions in the Northern 
Hemisphere make up 11% (9.6 kt). The Czech Republic, Slovakia, Spain and Italy produced PCBs in 
substantial quantities in this region. The contribution of South-eastern Asia to historical emissions of 
the Northern Hemisphere was 7% (6.4 kt). In this region, Japan played a dominant role (total 
production approximately 59 kt; contribution to global consumption - about 4%). 
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Fig. 2.11.   The contribution of selected regions-
sources to historical emissions of 22 PCB congeners 
in the Northern Hemisphere (1930-2000) 

In comparison with the distribution of contributions of the major source groups to the total historical 
emissions of 22 PCB congeners in the Northern Hemisphere in 1930-2000 (Fig. 2.11), a similar 
distribution for 1996 (selected for model computations) differs appreciably. Fig.2.12 demonstrates the 
relative contribution of the major source groups to the total PCB emissions of the Northern 
Hemisphere in 1996, estimated on the basis of emission data from the expert estimate. Thus, the 
USA relative contribution to emissions within the Northern Hemisphere has almost halved by 1996 (in 
1930-2000 it was 52% against 24% in 1996). In contrast, the combined contribution of East and South 
Europe reached 19% and the contribution of Russia increased up to 23% and actually became equal 
to that of the USA.  

Thus, the main emission sources of 22 PCB 
congeners in the Northern Hemisphere in 1996 were 
America (24%), Russia (23%), South-eastern Europe 
(19%), and North-western Europe (16%). 

Russia 
150 t/y
23%

South-eastern Asia
38 t/y
6%

North-western Europe
109 t/y 
16%

South-eastern
 Europe
125 t/y
19%

Africa and 
Central Asia

82 t/y
12%

America   
157 t/y
24%

The total emission of 22 PCB congeners from the 
Northern Hemisphere in 1996 is equal to 662 t (High 
emission scenario). The four considered congeners 
made a combined contribution of about 20% to this 
value. At the same time, total emissions of PCB-28 
from the Northern Hemisphere in 1996 was about 80 t, 
that of PCB-118 – about 23 t, that of PCB-153 – about 
16 t and that of PCB-180 – about 4.5 t. 

Fig. 2.12.   The contribution of selected 
regions-sources to total emissions of 22 
PCB congeners in the Northern 
Hemisphere in 1996 
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PCB emission dynamics in the Northern Hemisphere in 1930-2000  

Emission dynamics of 22 PCB congeners in the major source groups of the Northern Hemisphere in 
1930-2000 estimated on the basis of data available in [Breivik et al., 2002a,b] is plotted in Fig.2.13. In 
the majority of countries, PCB emissions have reached their maximum by the 70s, i.e. during a period 
of widespread intensive consumption of products containing these chemicals. PCB peak production in 
1970 amounted to 75.5 kt. The total emission of the 22 PCB congeners in the Northern Hemisphere in 
1970 amounted to 3.34 kt (High emission scenario). At that time, the USA made the largest 
contribution to emissions. Western Europe (especially West Germany) and Japan also contributed 
significantly. In these countries and in a number of others, PCB emissions have drastically decreased 
by the 1980s due to limitation or complete prohibition of use of these species. Total PCB emissions in 
the European region reduced   5 times in 
the period from 1980 to 2000. In Russia 
emissions were at the maximum in the 
1990s. The temporal variation in emissions 
in Russia shown in Fig. 2.13 reflects a 
prolonged period of PCB production and 
consumption there. In fact PCB production 
ceased in Russia only in 1993 and the 
consumption of PCB-containing products 
still persists [AMAP, 2000]. Total PCB 
historical emissions decreased 7 times in 
the period from 1970 to 2000.  
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Fig. 2.13.   PCB emission dynamics in the major source 
groups in 1930-2000, t/y Spatial distribution of  PCB emissions  

Spatial distribution of PCB emissions in the 
Northern Hemisphere determined on the 
basis of the High emission scenario 
available in [Breivik et al., 2002b] is 
exemplified by 1996 in Fig. 2.14. For 
emission distribution over the grid with 
spatial resolution 2.5ox2.5o, 1990 population 
distribution data available on the CGEIC 
website (http://www.ortech.ca/cgeic) were 
used. Population density is considered a 
suitable surrogate parameter, as the PCB 
consumption is generally linked to the use 
of electrical equipment [Breivik et al., 
2002a]. In modeling, spatial emission 
distributions of the four selected PCB 
congeners in the Northern Hemisphere 
were used. 

 
Fig. 2.14. Spatial distribution of the total emissions of 
22 PCB congeners in the Northern Hemisphere in 1996 

 
Seasonal variations of PCB emissions 

Model calculations of individual PCB congeners were carried out on the basis of the global emission 
inventory of PCBs given in [Breivik et al., 2002b]. This expert estimate does not include the evaluation 
of seasonal variations of PCB emissions. The climatic (temperature) dependence of emissions was 
determined only for such source categories as soils and landfills. The emission factors (for 
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temperatures of 5, 10 and 20oC) estimated for these sources were allocated to the considered 
countries, based on global temperature maps. However, according to the emission inventory, these 
source categories presumably contribute less to total emissions. Nevertheless K.Breivik et al. [2002b] 
mentioned that temperature is expected to affect the emission pattern of PCBs that are capable to 
volatilization at ambient temperatures (the continuous sources). 

It can be supposed that in reality PCB emissions vary seasonally having higher values in summer 
(warmer months) due to more active volatilization depending on individual PCB congener volatility. At 
present, however, quantifying seasonal variations is difficult because of uncertainties in emission 
factors, absence of necessary data and peculiarities of contributions made by various source 
categories to PCB emissions in specific countries. Furthermore, in a number of other expert estimates 
of PCB emissions, for instance, for the European region [Baart et al., 1995] the characteristics of total 
emission variability over the year are also not available. Therefore in model calculations seasonal 
variations of PCB emissions are not taken into account. 

 
Uncertainties of PCB emission estimates 

Due to tremendous uncertainties at the temporal and spatial scales involved in this emission 
inventory, according to K. Breivik et al. [2002 a,b], the actual emission values should be considered as 
order-of-magnitude estimates. Basic uncertainties involved in estimates of the global consumption 
and emissions of PCB individual congeners are: 

1. Uncertainties in estimates of global production and consumption: 

− Due to deficient information, the inventory of PCB global production did not include the 
amount of these substances produced in factories of Poland, East Germany and Austria. 

− Data on production reported for a period in excess of one year (e.g. a 5-year period) were 
uniformly distributed over the indicated period. 

− The highest uncertainty in the global production estimate lies in default homologue and 
congener composition (e.g. for France, Spain and Italy) and variability between characteristic 
technical mixture compositions. 

− For individual congeners the uncertainty in the global production estimate increased for the 
period after the 70s due to the increased number of PCB producers. Nevertheless, recent 
data are more accurate than the data from the past. 

− In realization of the method of global consumption estimation, a number of assumptions were 
made. Reliable information was available only for countries with traditionally high 
consumption of PCBs. For other countries, assumptions based on trade between different 
countries and regions were made using Gross Domestic Product as a surrogate parameter. 

− Approximately 70 non-OECD countries are not involved in the estimate; otherwise, the 
probable consumption in them would be about 6% of the total export in countries of this 
category. It is presumed that it introduced minor uncertainties into the general inventory. 

2. Uncertainty in the emission estimate: 

− The representativeness and accuracy of emission factors are the major source of 
uncertainties in a given estimate of emissions. 

− The global movement of PCB-containing products and wastes between countries was not 
considered in detail. 
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− In view of the deficiency of reasonable estimates of the detailed spatial patterns, potential 
“point sources” of PCB atmospheric emissions were not considered separately. For the same 
reason incidental or unwanted formation of PCBs and emissions from the combustion process 
(de novo synthesis) were also not considered. 

Uncertainties of estimates in global consumption and emissions will grow with the increase of the 
specification level (e.g. more detailed usage and waste disposal categories). Clearly the supposed 
uncertainties in emission estimates appear to be higher than the uncertainty in production estimates. 

 

2.4.   γ- Hexachlorocyclohexane 

γ-Hexachlorocyclohexane (γ-HCH) is an isomer of hexachlorocyclohexane (HCH) which is an 
organochlorine insecticide of a complex action widely used all over the world since the 1940s [Li et al., 
1996].  This insecticide has two main compositions - technical HCH (with a range of γ-HCH content 
from 8 to 15%) and lindane (containing not less than 99% of γ-isomer). By the end of the 1970s the 
application of technical HCH was the basic source of γ-HCH. Its maximum usage in 1981 was 
approximately 334 kt [Li et al., 1998]. The majority of the developed countries prohibited the 
application of HCH in the 1970s. At that time the usage of technical HCH in North America was 
prohibited in Canada and the USA, but it was still used in Mexico until 1983 [Walker et al., 1999]. At a 
later time lindane becomes the basic source of γ-HCH. For instance, in China the production and 
application of technical HCH was prohibited in 1983 and in 1991 lindane was coming into use [Li et 
al., 1998, Macdonald et al., 2000]. In Europe 81 kt of lindane [Breivik et al., 1999] was applied from 
1970 to 1996. Due to the prohibition of lindane in a number of countries, according to [Breivik et al., 
1999] γ-HCH use in Europe in 1996 was about one third of its level observed in the 1970s. 
Nevertheless in some countries of the Northern Hemisphere it was still in use until the late 1990s 
[AMAP, 1998; Walker et al., 1999]. 

Modeling of γ-HCH long-range transport within the Northern Hemisphere was simulated for the period 
from 1990 to 1996.  Emissions data required were prepared on the basis of official data and available 
expert estimates. Only 13 countries have submitted their totals to the UN ECE Secretariat for at least 
one year for the period of 1990-2000 [EB.AIR/GE.1/2002/8]. In the 1990s a number of expert 
estimates of γ-HCH application and emissions both on the regional and global scale were made. In 
particular Y.-F. Li et al. [1996] have collected data on global use of technical HCH and γ-HCH for 1980 
and 1990 and distributed over the grid with spatial resolution 1o x 1o in accordance with the 
distribution of cultivated land areas. In further works [Li et al., 1998; Li, 1999a,b], the global inventory 
of HCH use and its spatial distribution have been refined. Within the framework of the POPCYCLING-
Baltic project an inventory of γ-HCH use and emissions and their spatial distribution in Europe from 
1970 to 1996 was made [Breivik et al., 1999; Pacyna et al., 1999]. As there is no integral pattern of γ-
HCH emissions in the Northern Hemisphere at the moment, for modeling purposes some emission 
scenarios based on official and expert estimates was worked out. A brief description of γ-HCH 
emission data for 1990-96 used in calculations is given below. 

Table 2.11 demonstrates the official data on γ-HCH emissions in Europe and in the USA used in 
modeling [EB.AIR/GE.1/2002/8]. It should be mentioned that application of these data to model 
calculations was complicated by the absence of information on HCH isomer composition. For this 
reason, it was accepted that the available data refer to γ-HCH emissions. 
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Since the official data are insufficient for the compilation of γ-HCH emission scenario for the Northern 
Hemisphere, they were complemented by expert estimates. In particular, data on γ-HCH emissions in 
Europe from 1970 to 1996 [Pacyna et al., 1999] determined under the POPCYCLING-Baltic project 
from the inventory of the application of this insecticide in European counties [Breivik et al., 1999] were 
used. In [Pacyna et al., 1999], γ-HCH emissions in Europe were distributed according to crop area as 
a surrogate parameter. 

 
Table 2.11.   Official HCH emission data used in modeling, t/y 

Official emission data 
Country 

1990 1991 1992 1993 1994 1995 1996 
Austria      12.000 8.056 8.640 
Croatia 9.400      12.800 
Denmark     0.061   
Germany     15.000   
Hungary 9.281 0.060 0.012 0.462 0.798 1.650 2.400 
Netherlands 0  0  0 0 0 
Norway   0 0 0 0 0 
Spain 9.204 9.204 6.705 5.917 10.650 9.598 9.730 
United Kingdom 100.013 86.189 74.756 65.250 57.301 50.616 44.963 
USA       0.235 

 

To assess emission totals, in some countries within 
the Northern Hemisphere we employed expert 
estimates of γ-HCH application on the global scale 
from [Li et al., 1996; Li et al., 1998 and Li et al., 
1999a]. To recalculate γ-HCH use to its emissions, an 
emission factor for lindane agricultural use equal to 
0.5 was employed [Atmospheric Emission Inventory 
Guidebook, 1999]. Table 2.12 presents data on the 
use of this insecticide in 1990 [Li et al., 1996 and 
Macdonald et al., 2000]. 

Table 2.12.   γ-HCH application in a number of 
countries of the Northern Hemisphere in 1990, t/y 

Country Use in 1990 
Algeria  14 
Canada 284 
China 100 
Honduras  137 
India  7650 
Mexico  261 
Niger  397 
Pakistan  3 

According to [Macdonald et al., 2000], from 1995 
usage of γ-HCH in China was approximately 500 t/y 
and from 1991 γ-HCH use in India remained at 
approximately 3600 t/y.  

USA 114 
Total 8960 

 

In the former USSR, γ-HCH was used extensively as a pesticide during the years 1987-91. In spite of 
its prohibition in 1990, the use of remaining quantities in agriculture, forest and municipal economy 
continued until 1996 [Fedorov and Yablkov, 1999, List of chemical and biological …, 1994]. Thus, γ-
HCH use in Russia in 1997 was assumed to be zero. The use of γ-HCH in the European part of 
Russia in 1990, equal to 923 tonnes was estimated on the basis of the data on pesticide application in 
this region [Revich et al., 1999]. For the Asian part of the Russian Federation, γ-HCH emissions in 
1990-96 were evaluated on the basis of information about the application of this insecticide in 
agriculture in different regions of the Russian Federation available in reports of Roshydromet [Year-
books, 1992, 1993, 1999]. Aside from that, the amount of γ-HCH used in the Irkutsk region were 
estimated on the basis of data from [Ignatieva and Savchenko,  1994]. Table 2.13 shows the 
dynamics of γ-HCH emissions over European and Asian Russia estimated by interpolation of 
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published national data on the use of this pesticide. Information about lindane use in Uzbekistan was 
found in [Ananieva et al., 1990]. 

 
Table 2.13.   Dynamics of γ-HCH emissions over European and Asian Russia, t/y 

Russia 1990 1991 1992 1993 1994 1995 1996 
European part 461.5 395.6 329.6 263.7 197.8 131.9 65.9 
Asian part 47.8 29.0 12.3 5.1 2.3 1.1 0.5 

 

In order to investigate the impact of γ-HCH 
emissions from different sources of the 
Northern Hemisphere on the contamination of 
the EMEP domain, nine groups of regions-
sources were considered: Russia, West 
Europe, East Europe, South Europe, America 
(both North and South), China, India, Asia, and 
North Africa. The division of the Northern 
Hemisphere into aggregate regions of γ-HCH 
emission sources is presented in Fig. 2.15.  

China and India were isolated as separate 
sources as historically they were significant 
producers and consumers of this insecticide 
over a long period of time. For instance, in 
connection with extensive application of 
technical HCH in the 60s and 70s China’s 
consumption of γ-HCH was highest in the world [Macdonald et al., 2000]. Beginning from 1994 North 
European emissions are assumed to be zero and for this reason this region was not included as a 
group of sources in model calculations for 1996. The scenario of γ-HCH emissions in the Northern 
Hemisphere for 1990-96 based on official data and expert estimates is shown in Table 2.14.  

 
Fig. 2.15.   Regions-sources of γ-HCH emissions in 
the Northern Hemisphere considered in the source-
receptor analysis 

 
Table 2.14.   γ-HCH emissions in the Northern Hemisphere based on official data and expert estimates, t/y 

Sources 1990 1991 1992 1993 1994 1995 1996 
America 398 389 379 370 360 351 341 
Asia 84 84 83 83 83 83 83 
East Europe 37 22 17 19 18 20 20 
West Europe 419 362 642 643 658 633 632 
South Europe 337 295 277 21 25 33 47 
North Europe 3 5 4 3 0 0 0 
Africa 206 206 206 206 206 206 206 
Russia 509 425 342 269 200 133 66 
China 50 50 50 50 50 250 250 
India 3825 1800 1800 1800 1800 1800 1800 

 

According to these data the total γ-HCH emissions from the Northern Hemisphere in 1996 amounted 
to 3445 tonnes. During the period considered, γ-HCH emissions in the Northern Hemisphere 
decreased 1.7 times.  
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Fig. 2.16 demonstrates contributions of major 
regions-sources identified in our scenario to γ-HCH 
overall emissions within the Northern Hemisphere in 
1996. 

As seen from the diagram the highest contribution 
made the following sources – India (53%), since it 
was the most significant consumer of this 
insecticide in agriculture in this time period and 
West Europe (18%). Russian contribution in the 
indicated year totalled 2%. 

India
1800 t/y

53%

West Europe
632 t/y 
18%

East Europe - 20 t/y (1%)

America
341 t/y
10%

Africa - 205 t/y (6%)
Asia - 82 t/y (2%)

Russia - 66 t/y (2%)

China - 250 t/y (7%)

South Europe - 47 t/y (1%)

 
Fig. 2.16.   The contribution of selected 
regions-sources to total γ-HCH emissions 
in the Northern Hemisphere in 1996 

 
Spatial distribution of γ-HCH emissions  

The evaluation of the spatial distribution of γ-HCH emissions in the Northern Hemisphere based on 
the approach of [Pacyna et al. 1999b] was carried out by MSC-E under the AMAP project [Dutchak et 
al., 2002]. The emission totals were redistributed over the model grid with spatial resolution 2.5o x 2.5o 

using cropland area distribution data from the CGEIC website (http://www.ortech.ca/cgeic). γ-HCH 
emission distribution for 1996 estimated by this approach is shown in Figure 17a.  It should be 
mentioned that in calculations performed within this project [Dutchak et al., 2002], a large discrepancy 
of observed and modeled air concentrations and depositions of γ-HCH was obtained for the Great 
Lakes region. Perhaps it was due to the use of the crop area distribution for emission data 
compilation. It seemed necessary to obtain more specific information on spatial distribution of γ-HCH 
emissions in America. That is why in the recent calculations for the USA and Canada we kept 
emission totals of the scenario but have redistributed them according to the spatial distribution of γ-
HCH emissions for this region used by Anna S. Koziol and Janusz A.Pudikiewicz [2001] in modeling 
of global POP transport. For all other regions-sources except America, the previous approach was 
applied. γ-HCH emission distribution for 1996 prepared for these new calculations is demonstrated in 
Fig. 2.17b.  

                            

Fig. 2.17a. γ-HCH emission spatial distribution in the 
Northern Hemisphere in 1996 used in the AMAP 
project [Dutchak et al., 2002] 

Fig. 2.17b.   γ-HCH emission spatial distribution in 
the Northern Hemisphere in 1996 used in the recent 
calculations 
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According to the spatial distribution of γ-HCH emissions over the North American continent used in 
the calculations under the AMAP project [Dutchak et al., 2002] (Fig. 2.17a), emissions were 
concentrated along the border between the USA and Canada. Substantial emission values took place 
in the Great Lakes region. In the adjusted emission distribution (Fig. 2.17b), γ-HCH emissions are 
distributed over the USA and Canada in somewhat different way. In particular emission flux 
decreased several times in the Great Lakes region.   

Seasonal variations of γ-HCH emissions 

Following [Strand and Hov, 1996], the use of pesticides varies over the year and is concentrated in 
the growing season. The seasonal trend is most characteristic in mid-latitudes where the growing 
season is short. In connection with this, the application in the 30°N - 60°N latitude zone is therefore 
assumed to follow the function: 
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where Fappl  is the daily emission to the atmosphere and soil; 

Ftotappl is the annual emission; 

day  is the Julian day. 

In the tropics the application of pesticides is assumed to be constant over the year [Strand and Hov, 
1996]. 

Uncertainties in γ–HCH emission estimates 

The main uncertainty is connected with the country-based usage of γ-HCH which may be uncertain in 
itself. K.Breivik et al. [2001] believe that uncertainties of γ-HCH consumption in Europe [Breivik et al., 
1999] are the consequences of the following peculiarities of the original data:  

• Uncertainties regarding whether usage in a given region reported for active ingredient or plus 
diluting agents; 

• The distinction between technical HCH and lindane usage when no information on the subject 
is given; 

• The use of ratios describing HCH to total insecticide usage in estimating HCH consumption 
(in countries where only information on insecticide usage was available). 

As it was mentioned in [Pacyna et al., 1999], the accuracy of data increases from the 1970s to the 
1990s reflecting the availability of more reliable information. According to [Li, 1999b] in some regions 
of the Northern Hemisphere data on the consumption of this insecticide were not kept while in other 
regions this information was confidential. 

Another source of uncertainties arises from the distribution of estimated emission over cropland areas 
as HCH consumption for other purposes unconnected with agriculture was not considered. In the 
assessment of emissions on the basis of consumption values we used averaged emission factor for 
lindane applied to agriculture thereby introducing an additional uncertainty. This approach does not 
take into account that the share of γ-HCH emitting directly to the air to a great extent depends on the 
method of the pesticide application. 

Substantial source of uncertainties in this emission scenario originates from rather rough description 
of seasonal variations of γ-HCH emissions used in the model. 
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2.5.   Hexachlorobenzene 

Emissions of hexachlorobenzene (HCB) arise from its usage in agriculture as pesticide (fungicide) as 
well as from the use of other pesticides containing HCB. This chemical is also an intermediate product 
or by-product in the production of other chlorinated substances. Besides, as stated in the Protocol on 
POPs [ECE/EB.AIR/60, 1999], major sources of HCB emissions from thermal and chemical 
processes in which it is formed by a mechanism similar to that of PCDD/Fs can be as follows: waste 
incineration plants, including co-incineration; thermal sources of metallurgical industries; and use of 
chlorinated fuels in furnace installations.  

In accordance with the Protocol on POPs, HCB is included to the list of chemicals which emissions 
should be inventoried and controlled. HCB total emissions are to be reduced on the annual basis and 
its production and use should be eliminated. Official data on HCB total emissions for the period from 
1980 to 2000 were submitted to the UN ECE Secretariat by 17 countries in 2002 
[EB.AIR/GE.1/2002/8]. According to these data, the HCB overall emissions in eight countries (Austria, 
Bulgaria, France, Poland, Russian Federation, Slovenia, Spain, the United Kingdom), submitted 
information for 1990 and 2000 at the same time, decreased 1.2 times during the period indicated. 

Preliminary calculations of HCB airborne transport in the Northern Hemisphere from 1985 to 1996 
were performed with the use of an emission scenario in which only European sources are considered. 
In these computations, we used expert estimates of HCB emissions in European countries for 1990 
[Pacyna et al., 1999]. These emission estimates are demonstrated in Table 2.15. According to these 
data, the total HCB emission from the European region in 1990 amounted to 27 tonnes. 

 
Table 2.15.   Expert estimates of HCB emissions in European countries in 1990 [Pacyna et al., 1999], kg/y 

Country 1990 Country 1990 
Albania 88 Kazakhstan * 817 
Armenia* 55 Latvia 155 
Austria 81 Lithuania 213 
Azerbaijan* 206 Luxembourg 3 
Belarus  573 Netherlands 93 
Belgium 73 Norway 45 
Bosnia&Herzegovina * 150 Poland 1321 
Bulgaria 398 Portugal 159 
Croatia* 236 Republic of Moldova 144 
Czech Republic 317 Romania 970 
Denmark 131 Russian Federation* 10868 
Estonia 87 Serbia&Montenegro * 416 
Finland 127 Slovakia  174 
France   1276 Slovenia * 47 
Georgia* 175 Spain  1175 
Germany 1654 Sweden 161 
Greece 195 Switzerland 59 
Hungary 427 The FYR of Macedonia * 92 
Ireland 47 Ukraine 2619 
Italy 839 United Kingdom 548 

* -  estimated on the basis of spatial emission distribution [Pacyna et al., 1999] for the former USSR and 
SFRY 
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Spatial distribution of HCB emissions  

The spatial emission distribution used in the 
calculations of HCB transport within the Northern 
Hemisphere for the period from 1985 to 1996 was 
taken from expert estimates of its emissions in 
Europe for 1990 prepared by Pacyna et al. [1999]. 
The spatial distribution of HCB emission flux in 
1990 is given in Fig. 2.18.  

 
Seasonal variations of HCB emissions 

The emissions of HCB at this stage of model 
calculations is assumed to be constant over the 
year. However, it can be supposed that HCB 
emissions due to its application as pesticide is 
really a subject to substantial seasonal variation. 
At present, taking into account seasonal variations 
is difficult because of the absence of necessary numerical data.  

 
Fig. 2.18. Spatial distribution of HCB 
emissions  from the European sources [Pacyna 
et al. 1999] used in calculations for 1985-96 

Uncertainties in HCB emission estimates 

According to the expert estimates [Pacyna et al., 1999], the major uncertainty of HCB emissions is 
originated from its agricultural use (contribution of the agricultural sector to the overall emissions is 
80%) since “there is a general lack of information in usage of pesticides on a compound-specific 
basis”. The expert estimates of HCB emissions from other activity sectors (solvents and other 
products use, production processes, waste treatment and disposal) also include some uncertainties.  

In further studies it is supposed to evaluate the contamination of European domain taking into account 
remote sources of HCB emissions in the Northern Hemisphere. 
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Chapter   3 

EVALUATION OF POP TRANSPORT AND POLLUTION LEVELS 
IN THE ENVIRONMENT 

 
This chapter presents estimates of pollution levels caused by persistent organic pollutants (PAHs, 
PCDD/Fs, PCBs, γ-HCH, and HCB), as well as the evaluation of the long-range transport of these 
substances and their accumulation in the environmental compartments. This investigation, covering 
the EMEP region, was performed with the use of the MSCE-POP regional and hemispheric models. 
Special consideration was given to the evaluation of depositions, concentrations, and accumulation 
of POPs in the main environmental compartments, to the analysis of contamination trends over a 
long period of time, and to the estimation of transboundary transport of these species. 

Subsection 3.1 describes levels of PAH and PCDD/F pollution in the EMEP region from European 
sources. 

Subsection 3.2 is dedicated to the study of effects of PCB, γ-HCH, and HCB emissions from different 
regions of the Northern Hemisphere on the contamination of Europe. The transport of these 
pollutants from European sources outside the EMEP domain is also analyzed. 

 

3.1.   Pollution levels in the EMEP domain 

This subsection provides estimates of the distribution of pollution by PAHs and PCDD/Fs over the 
European region and describes the results of investigation of long-term trends in their accumulation 
in different environmental compartments. In addition, a provisional estimate of the long-range 
transport of PCDD/Fs calculated by the MSCE-POP hemispheric model is given.  

 
3.1.1.   Polycyclic aromatic hydrocarbons 

In the model computations, we consider two compounds – benzo[a]pyrene (B[a]P) and 
benzo[b]fluoranthene (B[b]F) – from the group of four indicator polycyclic aromatic hydrocarbons 
(PAHs) [ECE.AIR/77/Add.2]. In previous studies, we evaluated the concentration distribution of B[a]P 
in the main environmental compartments and investigated its accumulation dynamics for the period 
from 1970 to 1999. In addition, we started to develop a model approach to the evaluation of B[a]P 
transboundary fluxes in the EMEP domain [Shatalov et al., 2000, 2001, 2002]. This year, we proceed 
with computations of air concentration levels and deposition to the underlying surface. Much attention 
is given to the assessment of transboundary transport and its impact on the pollution levels in 
European countries in 2000. The analysis of B[a]P transboundary transport in a particular country in 
details is made on the example of France. 

Tentative calculations of B[b]F transport and accumulation have been made this year. This work was 
aimed at the assessment of B[b]F pollution levels (deposition and concentrations in environmental 
compartments) in 2000 and at the evaluation of B[b]F accumulation within the time period from 1970 
to 2000. Reliability of the obtained results was examined by the comparison of the estimated values 
with monitoring data. 
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Benzo[a]pyrene 

Calculations of benzo[a]pyrene pollution levels in the EMEP region were performed with the model 
with spatial resolution 50x50 km2 and meteorological information for 2000. The emissions data 
include official data and expert estimates [Pacyna et al., 1999] if official information is not available 
(see Chapter 2). The spatial distribution of B[a]P emissions used in the simulation is illustrated in Fig. 
3.1. High values of emissions fluxes (100-200 μg/m2/y) are characteristic of some regions of Poland, 
Germany, the Czech Republic, Slovakia, Hungary, Georgia, and the countries of the former 
Yugoslavia.  

It should be mentioned that emission values for some countries used in calculations for 2000 differs 
from those used in calculations for 1999 [Shatalov et al., 2002] that affects the calculation results. The 
most substantial difference in emission data, which resulted in a noticeable change of pollution levels 
for 2000, is in Austria. According to official data emissions in this country dropped 2.4 times in 2000 in 
comparison with 1999. However, it resulted in only 1.5 fold decrease of mean annual concentrations 
and 1.7 fold decrease of deposition fluxes to this country (Table 3.1). In Lithuania, Slovakia, and the 
United Kingdom emissions decrease by 30%. 

 
Table 3.1.   The comparison of emissions and calculated values of mean annual air concentration and 

deposition fluxes in Austria for 1999 and 2000 

 1999 2000 
Emissions, t 6.1 (expert estimates) 2.52 (official data) 
Atmospheric concentrations, ng/m3 0.47 0.27 
Depositions, μg/m2/y 38.4 24.7 

 

Spatial distribution of pollution. The B[a]P deposition field estimated for the EMEP domain is shown 
in Fig. 3.2. High values of deposition fluxes (exceeding 100 μg/m2/y) were obtained for some regions 
of Poland and Germany with high emissions intensity; significant levels (50-100 μg/m2/y) are 
characteristic of the major part of Poland, Germany, the Czech Republic, Lithuania, and Latvia. In the 
most part of the Europe, deposition fluxes vary within 5-50 μg/m2/y. On the whole 167 tonnes of B[a]P 
deposited to the EMEP domain in 2000. 

  
Fig. 3.1. Spatial distribution of B[a]P emission flux 
in 2000 

Fig. 3.2. Spatial distribution of B[a]P deposition 
flux in 2000 
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Fig. 3.3. Mean annual air concentrations of B[a]P 
in 2000 

Fig. 3.4. Maximum mean diurnal air 
concentrations of B[a]P in 2000 

 
Fig. 3.5. Number of days with mean diurnal concentrations exceeding 1 ng/m3 in 2000 

 
Mean annual air concentrations of B[a]P are shown in Fig. 3.3. In some regions of Poland, Germany, 
the Czech Republic, and Georgia concentrations exceed 1 ng/m3, which is higher than the limit value 
established for a number of European countries [Policy on …, 1994; Zurek et al., 2000]. In regions 
with a high level of emissions – in the western part of Germany and in Poland – mean annual 
concentrations exceed 3 ng/m3. Maximum value (7.5 ng/m3) is calculated for the region of Katowice, 
Poland. In the rest of the European countries, concentrations vary within 0.1-1 ng/m3. The mean 
annual air concentration value of B[a]P in Europe equals to 0.16 ng/m3. 

Mean diurnal air concentrations of this pollutant vary during the year. In the cold season B[a]P 
emissions raise due to the increase of fuel combustion products released to the air. At the same time 
B[a]P degradation rate slows down due to the temperature conditions. For this reason, mean diurnal 
concentrations in winter are several times higher than in summer. The amplitude variation can be 
characterized by the maximum mean diurnal concentrations, which spatial distribution is illustrated in 
Fig. 3.4. On the average, maximum mean diurnal concentrations are as much as 5 times higher than 
mean annual concentrations. In the majority of countries of Central Europe, mean diurnal 
concentration values are within 0.5-5 ng/m3. In some regions of Germany and Poland, they reach 20 
ng/m3. A map of a number of days with mean diurnal concentrations exceeding 1 ng/m3 is shown in 
Fig. 3.5. It is seen that in regions with high emissions intensity the exceedance may last more than 
100 days per year. 
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General description of transboundary transport. 
The half-life period of B[a]P in the atmosphere is 
about 1 week; therefore, this pollutant can be 
transported with air masses over long distances. 
The transboundary transport from a country can 
be estimated by the quantity of pollutant exported, 
i.e., by the contributions to the total depositions to 
other countries. Fig. 3.6 shows a diagram 
illustrating contributions of a number of countries 
to transboundary transport exceeding 1 t/y. The 
highest exporters of B[a]P are Germany (13 t), 
Poland (11 t), France (5.5 t), Romania (4.5 t), and 
the Czech Republic (4.5 t). 

Transboundary transport can be also 
characterized by the contributions from external emission sources to the concentration levels of the 
country under study. Contributions of external sources to mean annual air concentrations in European 
countries are shown in Fig. 3.7. The most significant impact of transboundary transport is in Slovakia 
(0.4 ng/m3), the Czech Republic (0.33 ng/m3), and Luxembourg (0.27 ng/m3). 
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Fig. 3.7.   Contribution of external sources to mean annual air concentrations of B[a]P of European countries. 
The orange line shows the mean annual air concentration value for Europe, equal to 0.16 ng/m3 

Notice that the effect of the contribution of external sources to mean annual air concentrations is most 
pronounced in countries of Central Europe with relatively small territories. In order to perform more 
extended analysis, we consider the contribution of external emission sources to B[a]P total 
depositions to European countries (Fig. 3.8). The greatest external-source impacts on total 
depositions are characteristic of the Russian Federation (12 t), Poland (6 t), Ukraine (5 t) and 
Germany (4 t), i.e., countries with vast territories. 
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Fig. 3.8.   Contribution of external emission sources to B[a]P total depositions to European countries 
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Fig. 3.6. Contributions of some countries to 
B[a]P transboundary transport 
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To evaluate the extent to which pollution in 
European countries is affected by transboundary 
transport, we compare the contributions of 
external and internal sources to mean annual air 
concentrations (Fig. 3.9). In the majority of the 
countries considered, this contribution is within 
the range from 30 to 60%. The effect of 
transboundary transport on air concentration is 
more significant than that of domestic emission 
flux in such countries as Luxembourg (100% of 
the total concentration), Republic of Moldova 
(80%), and Albania (80%). At the same time, the 
contribution of transboundary transport to the 
total concentrations in Poland, Germany, and 
Georgia does not exceed 20% of these 
concentrations. 

The aggregated information about main sources of deposition to European countries is given in Table 
3.2. It provides deposition values from three main countries-sources contaminating the considered 
country. The table also contains values of emissions and total depositions to the country and the 
contribution of external sources to the depositions. 

 
Table 3.2.   B[a]P main sources contaminating European countries 

Depositions from main countries-sources  Emission Total  
depos.

External
sourcesCountry/region-

receptor 
kg % kg % kg % kg kg % 

Albania Serb.&Mont., 119 36 Macedonia, 48 15 Albania, 23 7 221 327 93 
Armenia Georgia, 107 54 Azerbaijan, 47 24 Armenia, 36 18 272 197 82 
Austria Germany, 668 28 Austria, 544 23 Czech Rep., 260 11 2517 2386 77 
Azerbaijan Azerbaijan, 321 67 Georgia, 118 25 Armenia, 11 2 2062 481 33 
Belarus Poland, 1270 30 Belarus, 903 22 Lithuania, 502 12 3628 4172 78 
Belgium Belgium, 322 37 France, 300 35 Germany, 166 19 3352 864 63 
Bosnia & 
Herzegovina Bosn.&Herz., 831 52 Serb.&Mont., 207 13 Croatia, 189 12 4520 1588 48 

Bulgaria Bulgaria, 1138 50 Romania, 541 24 Serb.&Mont., 201 9 6707 2254 49 
Croatia Croatia, 608 41 Bosn.&Herz., 188 13 Slovenia, 154 10 4665 1492 59 
Cyprus Romania, 2 14 Cyprus, 2 14 Greece, 1 7 27 14 88 
Czech Republic Czech Rep., 2926 54 Germany, 1208 22 Poland, 645 12 14258 5454 46 
Denmark Germany, 212 32 Denmark, 173 26 Boundary, 59 9 3047 664 74 
Estonia Estonia, 545 46 Latvia, 197 17 Poland, 100 8 3690 1185 54 
Finland Finland, 2091 56 Germany, 279 7 Poland, 226 6 6881 3747 44 
France France, 6508 78 Germany, 653 8 Spain, 349 4 26397 8396 22 
Georgia Georgia, 2490 94 Azerbaijan, 63 2 Russia, 38 1 11380 2646 6 
Germany Germany, 15748 81 France, 1080 6 Czech Rep., 643 3 59400 19494 19 
Greece Greece, 291 29 Bulgaria, 195 19 Serb.&Mont., 113 11 2889 1009 71 
Hungary Hungary, 1366 45 Serb.&Mont., 259 9 Slovakia, 232 8 8213 3040 55 
Iceland Iceland, 57 54 Boundary, 11 10 Un. Kingdom, 9 9 949 106 46 
Ireland Ireland, 133 52 Un. Kingdom, 57 22 Germany, 16 6 1237 257 48 
Italy Italy, 2577 67 France, 357 9 Germany, 254 7 13904 3839 33 
Kazakhstan Kazakhstan, 696 54 Russia, 136 11 Georgia, 98 8 4262 1286 46 
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Fig. 3.9. Contribution of external and internal 
emission sources to mean annual air concentrations 
for some countries 
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Table 3.2.   continued 

Depositions from main countries-sources  Emission Total  
depos.

External
sourcesCountry/region-

receptor 
kg % kg % kg % kg kg % 

Latvia Latvia, 1207 47 Lithuania, 513 20 Poland, 281 11 6853 2549 53 
Lithuania Lithuania, 1706 55 Poland, 576 19 Latvia, 229 7 9185 3075 45 
Luxembourg Germany, 30 43 France, 27 39 Belgium, 8 11 0 70 100 
Malta Italy, 0.2 45 France, 0.08 18 Spain, 0.02 5 0 0.4 100 
Netherlands Germany, 289 38 Netherlands, 160 21 France, 134 17 2291 771 79 
Norway Norway, 634 35 Germany, 352 20 Sweden, 143 8 4068 1803 65 
Poland Poland, 13159 69 Germany, 2241 12 Czech Rep., 1486 8 48298 19046 31 
Portugal Portugal, 308 65 Spain, 111 23 Boundary, 32 7 1639 477 36 
Rep. of Moldova Romania, 201 44 Ukraine, 73 16 Poland, 46 10 350 458 92 
Romania Romania, 4088 62 Serb.&Mont., 523 8 Poland, 381 6 18982 6560 38 
Russian 
Federation Russia, 6357 34 Poland, 2048 11 Ukraine, 1652 9 15430 18906 66 
Serbia & 
Montenegro Serb.&Mont., 2017 65 Romania, 182 6 Bosn.&Herz., 173 6 11242 3095 35 

Slovakia Slovakia, 825 34 Poland, 463 19 Hungary, 388 16 5250 2427 66 
Slovenia Slovenia, 393 51 Croatia, 117 15 Italy, 71 9 2410 778 50 
Spain Spain, 1939 79 France, 204 8 Portugal, 147 6 9607 2447 21 
Sweden Sweden, 1768 35 Germany, 892 18 Poland, 615 12 6777 5049 65 
Switzerland Switzerland, 265 32 Italy, 199 24 France, 164 20 1653 836 68 
FYR of Macedonia Macedonia, 268 45 Serb.&Mont., 144 24 Bulgaria, 66 11 1903 599 55 
Turkey Georgia, 380 24 Romania, 220 14 Bulgaria, 164 10 0 1572 100 
Ukraine Ukraine, 3732 41 Poland, 1728 19 Romania, 997 11 16103 8999 59 
United Kingdom Un. Kingdom, 1139 71 France, 146 9 Germany, 111 7 9578 1614 29 
Africa Italy, 167 17 France, 95 10 Romania, 84 9  968 100 
Asia Boundary, 123 30 Azerbaijan, 82 20 Georgia, 59 14  412 100 
Baltic Sea Germany, 851 23 Poland, 703 19 Sweden, 349 10  3624 100 
Red Sea Romania, 0.2 18 Greece, 0.2 18 Bulgaria, 0.1 9  1.1 100 
Black Sea Ukraine, 379 22 Romania, 366 21 Georgia, 261 15  1728 100 
Caspian Sea Georgia, 90 30 Azerbaijan, 68 22 Kazakhstan, 63 21  305 100 
North Sea Germany, 733 26 Un. Kingdom, 617 22 France, 479 17  2781 100 
Mediterranean Sea Italy, 1377 27 France, 757 15 Greece, 395 8  5184 100 
Atlantic Ocean Boundary, 1975 32 Un. Kingdom, 740 12 Spain, 648 10  6208 100 

 

Peculiarities of transboundary transport in a particular country. The analysis of B[a]P 
transboundary transport in a particular country is made on the example of France. First, we will 
consider the distribution of pollution over the EMEP region from internal sources; then, we will 
analyze pollution levels in the country resulting from internal and external sources.  

According to expert estimates, total B[a]P emissions in France in 2000 were 26 tonnes. Twelve 
tonnes of this amount deposited over the EMEP domain; the remaining quantity partly degraded in 
the air (6 t) and was partly exported beyond the calculation grid (8 t). Twelve tonnes of depositions 
are distributed between France (6.5 t, or 54%), adjacent sea basins (1.5 t, or 14%), Germany (1 t, or 
9%), and the remaining countries (less than 3 t, or 23%) (Fig. 3.10). 

Let us consider the contribution of French domestic sources to depositions to European countries and 
regions (Fig. 3.11). The shares of Luxembourg and Belgium exceed one-third of the total depositions 
of B[a]P to these countries. The shares of Switzerland, the Netherlands, Malta, and the North Sea 
basin vary from 17% to 20%. 
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Fig. 3.10. The distribution of B[a]P depositions 
from French sources to European countries and 
regions 

Fig. 3.11. The fraction of emissions from French 
sources deposited to some countries and sea 
surface 

 
The estimated field of B[a]P depositions from French sources is illustrated in Fig. 3.13. Significant 
B[a]P deposition fluxes (20-130 μg/m2/y) are observed in France in regions with high emissions 
intensity (more than 100 μg/m2/y; Fig. 3.12). In the larger part of the territory of France and Belgium, 
the deposition value varies from 5 to 20 μg/m2/y. In neighboring countries, the flux value is from 0.5 to 
5 μg/m2/y. The same range is characteristic of regions located rather far from France, namely, the 
southern parts of Norway and Sweden. 

Now, we will consider the contributions to B[a]P deposition levels to French territory from internal and 
external sources. The spatial distribution of the input from external sources is given in Fig. 3.14. It is 
clear that, over the major part of the territory, pollution import does not exceed 30%; however, in 
regions near boundaries with neighboring countries, the transboundary contribution to B[a]P 
deposition reaches 80%. The input of Germany to the total deposition of B[a]P to France is 
approximately 650 kg (8% of the total deposition to the country) (Fig. 3.15). Noticeable contributions 
to the contamination of France are made by Spain (349 kg, or 4%), Italy (244 kg, or 3%) and the 
United Kingdom (153 kg, or 2%). The integral contribution from the remaining European countries is 
489 kg, or 6%. Approximately the same values of contributions are characteristic of air concentrations 
of this pollutant in France. 

 

Fig. 3.12. Spatial distribution of B[a]P emission 
flux for French sources in 2000 

Fig. 3.13. Spatial distribution of B[a]P 
deposition flux from French sources in 2000 
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Fig. 3.14. Contribution of external sources to B[a]P 
deposition to France 

Fig. 3.15. Contribution of European countries to 
B[a]P deposition to France 

 
The assessment of the transboundary transport for other European countries can be found on the site 
http://www.msceast.org/countries/index.html. 

Levels of pollution by B[a]P in European regional seas. The assessment of pollution by B[a]P of 
regional seas (the Baltic Sea, the North Sea, the Black Sea, the Mediterranean Sea, and the Caspian 
Sea) is made for 2000. Average values of POP deposition fluxes to these seas are given in Table 3.3. 

 
Table 3.3.   Deposition fluxes of the selected POP to regional seas in 2000  

Sea Deposition flux of B[а]P, μg/m2/y Total depositions of B[a]P, t/y 
Baltic 8.5 3.6 
North 3.6 2.8 
Black 3.1 1.7 
Mediterranean 1.5 5.2 
Caspian 0.6 0.3 

 

According to the calculation results, the most intensive 
deposition fluxes of B[a]P  are characteristic of the Baltic 
Sea The pollution levels of the North and the Black Sea 
are similar. The least values are determined for the 
Mediterranean Sea and the Caspian Sea. Note that in 
calculations only European sources of these pollutants 
were considered. 

The contribution of B[a]P emission fluxes from individual 
European countries to the pollution of the regional seas 
is estimated. As an example the diagram in Fig. 3.16 
shows the distribution of contributions of different 
countries to B[a]P depositions to the Baltic Sea surface. 
Five countries making the greatest input to depositions 
of this pollutant are distinguished. 

 

Latvia 
223 kg/y

6% Sweden 
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10%
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19%

Germany 
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23%
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Other 
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Fig. 3.16. The contribution of European 
countries to B[a]P depositions to the Baltic 
Sea basin

http://www.msceast.org/countries/index.html�
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Comparison with measurements 

Reliability of the model estimates of B[a]P transboundary transport were verified by the comparison of 
the mean annual values of the calculated values with monitoring data. In order to make the 
comparison more complete pollution levels for five years 1996-2000 calculated with spatial resolution 
50x50 km. In the comparison available B[a]P measurement data obtained at EMEP stations for the 
indicated years and in the course of national measurement campaigns were used. The comparison 
results of concentrations in air and precipitation and deposition fluxes are discussed below. 

Air concentrations. Fig. 3.17 demonstrates the comparison of measured and calculated mean annual 
total (gas + particles) B[a]P air concentrations for 1996-2000. To represent on one diagram rather 
wide range of values – from 0.003 to 1.68 ng/m3 the logarithmic scale is used. Measured and 
calculated values used in the comparison, their ratios and appropriate references are presented in 
Table 3.4. 
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Fig. 3.17. Measured and calculated mean annual B[a]P concentrations in the surface air for 1996 - 2000, ng/m3 

 
Table 3.4. The comparison of measured and calculated mean annual B[a]P concentrations in the surface 

air for 1996-2000, ng/m3 

Country Station Year Measurement Calculation Meas/Calc References 
SE0012R 2000 0.05 0.16 0.3 Berg et al., 2002 

1996 0.09 0.48 0.19 Berg & Hjellbrekke, 1998 
1997 0.10 0.46 0.22 
1998 0.07 0.40 0.17 

Brorstrom-Lunden et al., 
2000 

Sweden 
SE2 

2000 0.08 0.38 0.2 Berg et al., 2002 
1996 0.02 0.02 1.04 Berg & Hjellbrekke, 1998 
1997 0.03 0.01 2.02 
1998 0.02 0.02 1.14 

Brorstrom-Lunden et al., 
2000 Finland FI96 

2000 0.006 0.03 0.2 Berg et al., 2002 
1996 1.26 0.46 2.75 
1997 1.33 0.37 3.56 
1998 1.47 0.48 3.07 
1999 0.58 0.43 1.33 

Milukaite, 2001 
Lithuania LT15 

2000 0.86 0.29 2.95 Berg et al., 2002 
1996 0.26 0.75 0.35 
1997 0.64 0.69 0.93 
1998 0.32 0.63 0.51 
1999 0.27 0.61 0.45 

Holoubek et al, 2000a Czech 
Republic CZ3 

2000 0.17 0.62 0.27 Berg et al., 2002 
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Table 3.4. continued 

Country Station Year Measurement Calculation Meas/Calc References 
1996 0.21 0.24 0.88 
1997 0.16 0.27 0.59 
1998 0.14 0.19 0.7 
1999 0.06 0.20 0.29 

Hazelrigg 

2000 0.06 0.09 0.64 
1997 0.14 0.20 0.71 
1998 0.17 0.18 0.96 
1999 0.11 0.14 0.81 

Stoke Ferry 

2000 0.09 0.13 0.71 
1997 0.13 0.18 0.72 
1998 0.09 0.17 0.53 
1999 0.06 0.15 0.40 

UK 

High Muffles 

2000 0.04 0.11 0.38 

Coleman et al., 
1998, 2001 

1997 0.015 0.003 4.63 
1998 0.01 0.004 2.62 
1999 0.007 0.004 1.65 

Norway NO42 

2000 0.011 0.004 3.02 

Berg et al, 
1999-2002 

1998 1.68* 0.621 2.70 
Jeleniow 

1999 0.75* 0.625 1.20 
1998 0.64* 1.05 0.61 

Poland 
Czerniawa 

1999 0.37* 1.14 0.32 

Abraham et al., 
2000 

Averaged 0.314 0.33 1.18 
Min 0.006 0.003 0.17 
Max 1.68 1.1 4.63  

*- particle phase only 

 
The ratio between measured and calculated values varies 
from 0.17 to 4.6 whereas measured values differ from each 
other more than 200 times. Consequently the model 
reasonably describes air concentrations in a sufficiently wide 
range of values. 

The mean value of measurement/calculation ratios is 1.18. 

Frequency distribution of obtained measured-to-calculated 

factor ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

meas

calc

calc

meas

c
c

c
c

F ,max is shown in Fig. 3.18. One half 

of the ratios does not exceed a factor of 2; 70% are within a 

factor of 3. 

Concentrations in precipitation. Numerical values used in the comparison, their relations and 
appropriate references are given in Table 3.5. The ratios between measurements and calculations 
vary from 0.31 to 1.2 (within factor 4). The calculated concentration values exceed measured ones on 
the average 1.3 times. Fig. 3.19 illustrates measured and calculated mean annual concentrations in 
precipitation for 1996–1999. 
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Fig. 3.18. Frequency distribution of 
measurements/calculation factor 
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Table 3.5. The comparison of measured and calculated mean annual concentrations of B[a]P in 
precipitation for 1996-1999, ng/l 

Country Station Year Measurement Calculation Meas/Calc Reference 
Finland FI96 1996 2.2 2.14 1.03 
Sweden SE2 1996 10.58 8.89 1.19 

1996 4.14 7.51 0.52 
1997 2.93 5.98 0.49 DE1 
1998 5.80 5.50 1.06 
1996 6.91 13.50 0.51 
1997 6.26 9.31 0.67 

Germany 

DE9 
1998 8.40 7.47 1.12 

Berg et al, 
1998-2000 

Greece Imathia 1996-97 2.23 7.25 0.31 Manoli et al, 2000 
1997 5.75 18.56 0.31 
1998 9.85 16.28 0.60 Czech 

Republic CZ3 
1999 4.64 17.41 0.27 

Holoubek et al., 
2003 

Averaged 5.6 10.0 0.65 
Min 2.2 2.1 0.27 
Max 10.6 18.6 1.19  

 

For detailed analysis of the calculated 
concentrations the set of simultaneous 
measurements of B[a]P concentrations in 
precipitation and air is useful. This year we 
can consider such set for the station CZ3 
(Kosetice, Czech Republic). In 1996-98 
model stably overestimates both 
concentrations in air and in precipitation 
with respect to measured values. This fact 
allow us to conclude that, by and large, 
the model adequately describes the 
process of wet scavenging of B[a]P. 
Refinement of emission data will improve 
agreement between calculated and 
measured results.  

Deposition fluxes. Numerical values of 
compared measured and calculated data, 
their ratios and appropriate references are 
presented in Table 3.6. Note that the 
calculated flux value includes the 
components of dry and wet deposition. 
The measurement/calculation ratios vary 
from 0.23 to 2.16 with averaged value 0.8; 
77% of calculated values of deposition 
fluxes are within a factor 3 with respect to 
measurements. Fig. 3.20 demonstrates 
measured and calculated values of total 
deposition fluxes for 1996-2000. 
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Fig. 3.19. Measured and calculated mean annual 
concentrations of B[a]P in precipitation for 1996-99 
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Fig. 3.20. Measured and calculated deposition fluxes 
of B[a]P in 1996-2000 
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Table 3.6.   The comparison of measured and calculated deposition fluxes of B[a]P in 1996-2000, μg/m2/y 

Country Station Year Measurement Calculation Meas/Calc Reference 
1996 4.02 13.54 0.30 
1997 6.92 16.64 0.42 
1998 3.64 16.04 0.23 

Brorstrom-Lunden et al., 2000
Sweden SE2 

2000 6.02 18.03 0.33 Berg et al., 2002 
1996 1.72 4.01 0.43 
1997 1.20 2.95 0.41 
1998 4.00 3.89 1.03 

Brorstrom-Lunden et al., 2000
Finland FI96 

2000 0.67 2.58 0.26 Berg et al., 2002 
1996 22.40 13.45 1.67 
1997 18.60 14.17 1.31 
1998 19.26 17.35 1.11 
1999 32.15 14.92 2.16 

Milukaite, 2001 
Lithuania LT15 

2000 24.38 8.87 2.75 Berg et al., 2002 
Averaged 11.2 11.5 0.80 
Min 0.7 2.58 0.23 
Max 32.2 18.03 2.16  

 
The main results: 

Essential deposition fluxes (100-180 g/km2/y) are characteristic of regions with appreciable B[a]P 
emissions: Poland, the Czech Republic, Slovakia, Germany, Lithuania and Latvia. For the majority of 
European countries mean annual concentrations in the surface air are within the range of 0.1-1 
ng/m3. Over vast areas of Poland and in some regions of Germany, the Czech Republic, Slovakia, 
Hungary, Yugoslavia and Georgia mean annual concentrations vary from 1 to 5 ng/m3. 

Maximum mean diurnal air concentrations on the average are 5 times higher than mean annual 
concentrations. High values of diurnal concentrations 2 – 20 ng/m3 are characteristic of Poland, 
Germany, the Czech Republic, Lithuania and Latvia. In the same countries mean diurnal 
concentrations exceeding 1 ng/m3 can occur for more than 100 days a year. 

B[a]P transboundary transport essentially influences the pollution level in European countries. In the 
majority of countries in 2000 the input of transboundary transport to concentration levels in air and to 
depositions is from 30% to 70%. 

The comparison of the calculation results with measurement data on depositions and mean annual 
concentrations of B[a]P in air and precipitation, revealed that more then 70% of the calculated air 
concentrations and deposition fluxes were within a factor of 3 relative to the measured values and all 
the calculated concentrations in precipitation were within a factor of 4. The uncertainty of the 
calculation results obtained for B[a]P transboundary transport is substantially conditioned by the 
uncertainty of emission data. 

 

Benzo[b]fluoranthene 

In this section the results of the investigation of benzo[b]fluoranthene behaviour in natural media are 
presented. The main objective of this investigation is to make a provisional estimation of B[b]F 
pollution levels in the main environmental compartments, to analyze their long-term trends and to 
compare the calculation results with measurements. Calculations of long-range transport and 
accumulation of B[b]F within the EMEP domain for sufficiently long period (1970 – 2000) were carried 
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out on the regional version of MSCE-POP model with spatial resolution 150x150 km. To take into 
consideration concentration levels in the environment due to accumulation prior to 1970, preliminary 
calculations for 15-year period with emissions and meteorology of 1970 were used. Expert estimates 
[Pacyna et al., 1999] were used as emission data (see Chapter 2). 

Analysis of B[b]F accumulation dynamics in the main environmental compartments. Accumulation 
processes in natural media essentially affect the behaviour of B[b]F in the environment. Plots of B[b]F 
content variations in the main environmental compartments as compared to emissions during 1970-
2000 are illustrated in Fig. 3.21. B[b]F emissions moderately decreased from 1970 to 1985 (Fig. 
3.21a). Then by 1995 the emission flux has drastically cut down (about 2 times). In calculations for 
1995-2000 the emission is assumed to be constant. The trends of B[b]F accumulation in air, sea, 
vegetation, and forest litter (Fig. 3.21b,c,e,f) actually follows the emission decrease (1.8-2.2 times). At 
the same time there are variations caused by meteorological conditions. 

The trend of accumulation in soil (Fig. 3.21d) differs from that observed in other media. In spite of 
emission reduction from 1970 to 1980, B[b]F content in soil increases reaching the maximum in 1982. 
Then it smoothly decreases up to 2000.  
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Fig. 3.21. B[b]F emission intensity variation (a) and accumulation dynamics in various environmental 
compartments of the EMEP domain (air (b), seawater (c), soil (d), vegetation (e) and forest litter (f)) 
during 1970-2000 

 
The soil contains practically the whole mass of this 
pollutant accumulated in the environment (about 97%, Fig. 
3.22).  

Spatial distribution of pollution. We proceed with the 
consideration of the calculated field of B[b]F environmental 
pollution and its deposition fluxes in 2000 and compare 
them with the emission spatial distribution. The average 
value of deposition flux for Europe is 15 μg/m2/y. The most 
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Fig. 3.22. Distribution of B[b]F between 
main environmental media in 2000 
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intensive fluxes of emissions (exceeding 200 μg/m2/y) are estimated over vast areas of Poland, the 
Czech Republic, and the central part of Russia (Fig. 3.23). As evident from Fig. 3.24 the same 
regions have high deposition fluxes (more than 50 μg/m2/y). Deposition flux values from 10 to 50 
μg/m2/y are characteristic of Central and East Europe, western France, northern Italy, and the 
southern part of Sweden and Finland.  

 

  
Fig. 3.23. Spatial distribution of B[b]F emission 
flux in 2000 

Fig. 3.24. Spatial distribution of B[b]F deposition 
flux in 2000 

  
Fig. 3.25. B[b]F concentration in air in 2000 Fig. 3.26. B[b]F concentration in soil in 2000 

  

Fig. 3.27. B[b]F concentration in vegetation in 2000 Fig. 3.28. B[b]F concentration in seawater in 2000 
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Deposition fluxes to a great extent are conditioned by B[b]F concentrations in the air surface layer 
(Fig. 3.25). The average value of surface air concentration of B[b]F for Europe is 0.28 ng/m3 In the 
polluted regions of Poland, the Czech Republic and Russia calculated mean annual concentration 
exceeds 1 ng/m3. The concentration level 0.5-1 ng/m3 is characteristic of Slovakia, Hungary, Ukraine, 
Republic of Moldova, Serbia and Montenegro, Georgia, Belgium, vast territories of Germany, Russia, 
and Romania. For the majority of remaining European countries, the estimated B[b]F concentrations 
lie in the range from 0.04 to 0.5 ng/m3. 

It might be well to point out that high levels of B[b]F concentration in soil are not always in line with 
high values of emissions in 2000 (Fig. 3.26). For example, in some regions of Germany, where in 
2000 soil concentration values are essential (> 5 ng/g) the emissions are relatively low (Fig. 3.23). 
The point is that the soil concentration has been accumulated for many years. Hence, in some 
regions high concentration levels in soil can be explained by intensive emission fluxes observed not 
only in the end of the calculation period, but at the previous time. High levels of B[b]F soil 
concentration are estimated for Poland, the Czech Republic, and for central Russia. In the majority of 
countries of Central and East Europe the concentration levels are within 2 - 5 ng/g. The same levels 
of concentration were estimated for the United Kingdom, France, the south of Norway, Sweden, and 
Finland. 

Calculated spatial distribution of concentrations in vegetation is shown in Fig. 3.27. B[b]F penetrate to 
vegetation by the means of gaseous exchange with the atmosphere and dry deposition of the 
particulate phase. Over vast territories of Russian Federation, Scandinavian Peninsula and Central 
Europe concentrations in vegetation exceed 100 ng/g. The maximum values in some regions exceed 
500 ng/g; the mean over Europe concentration in this medium is about 40 ng/g. 

Fig. 3.28 presents spatial distribution of B[b]F concentration in seawater. High concentration levels 
are obtained in the coastal waters not far from main emission sources. Te Baltic Sea and the Black 
Sea are the most contaminated among regional seas. The typical range of seawater concentrations in 
these seas is 0.03-0.05 ng/l. In some regions concentrations can reach 0.2 ng/l and more. 

Comparison with measurements. In this section reliability of the model estimates of B[b]F pollution 
levels is investigated by the comparison of the mean annual values of the calculated values with 
monitoring data. Since the set of measurement data is rather limited we used data obtained for wide 
range of time (1984-2000). The comparison results of concentrations in maim environmental 
compartments, precipitation, and deposition fluxes are discussed below. 

Air concentrations. Fig. 3.29 demonstrates the comparison of measured and calculated mean annual 
B[b]F air concentrations for 1991 - 2000. To represent on one diagram wide range of values the 
logarithmic scale is used. Measured and calculated values used in the comparison, their ratios and 
appropriate references are presented in Table 3.7. 
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Fig. 3.29.  Measured and calculated mean annual B[b]F concentrations in the surface air for 1991-2000 
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Table 3.7. The comparison of measured and calculated mean annual B[b]F concentrations in the surface air 
for 1991-2000, ng/m3 

Country Station Year Measurement Calculation Meas/Calc References 

Lake Gardsjon 1991 - 94 0.19 0.254 0.7 Brorstrom-Lunden et al., 
1998 

1995 0.21 0.191 1.1 
1996 0.32 0.270 1.2 
1997 0.19 0.202 0.9 

Sweden 
SE2 

1998 0.12 0.207 0.6 
1996 0.04 0.036 1.1 
1997 0.05 0.028 1.7 Finland FI96 
1998 0.05 0.031 1.6 

Brorstrom-Lunden et al.,
2000 

1994 - 95 0.25 1.028 0.2 Holoubek et al., 2000a 
1995 0.06** 0.014 4.4 
1996 0.73 1.320 0.6 
1997 1.32 1.274 1.0 
1998 0.52 1.168 0.4 
1999 0.43 1.256 0.3 

Czech 
Republic CZ3 

2000 0.27 1.063 0.3 

Holoubek et al., 2003 

1993 0.45 0.458 1.0 
1994 0.57 0.341 1.7 
1995 0.20 0.265 0.8 
1996 0.35 0.283 1.2 

Hazelrigg 

1997 0.28 0.296 0.9 
Stoke Ferry 1997 0.25 0.297 0.8 
High Muffles 1997 0.23 0.296 0.8 

Coleman et al., 1998 
United 

Kingdom 

Lake Esthwaite 
Water 1996 - 97 0.20* 0.090 2.2 Gevao et al., 1998 

1998 1.91* 0.546 3.5 
Jeleniow 

1999 0.86* 0.442 1.9 
1998 0.75* 1.076 0.7 

Poland 
Czerniawa 

1999 0.47* 1.170 0.4 

Abraham et al., 2000 

Averaged 0.42 0.55 1.21 
Min 0.04 0.014 0.24 
Max 1.91 1.3 4.4 

 

*- particle phase only; **- gaseous phase only 

 

The ratio between measured and calculated values 
varies from 0.24 to 4.4 whereas measured values 
differ from each other more than 50 times. Thus the 
model reasonably describes air concentrations in a 
sufficiently wide range of values. 

The mean value of measurement/calculation ratios is 
1.18. Frequency distribution of obtained measured-to-
calculated factor is shown in Fig. 3.30. About 70% of 
concentrations are within a factor of 2 relative to 
measurements, all the remaining values except one 
value of gaseous phase – within a factor of 4. 
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Fig. 3.30. Frequency distribution of 
measurements/calculation factor 
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Concentrations in precipitation. Fig. 3.31 
illustrates measured and calculated mean 
annual concentrations in precipitation for 
1996–1999. Numerical values used in the 
comparison, their relations and 
appropriate references are given in Table 
3.8. The ratios between measurements 
and calculations vary from 0.4 to 2 (within 
factor 3). On the average the calculated 
concentrations slightly underestimate 
measured ones (by 10%). 

 
Table 3.8. The comparison of measured and calculated mean annual concentrations of B[b]F in precipitation 

for 1995-1999, ng/l 

Country Station Year Measurement Calculation Meas/Calc Reference 
Finland FI96 1996 4.3 4.71 0.91 
Sweden SE2 1996 20.67 10.27 2.01 

1996 8.03 6.91 1.16 
1997 12.31 6.48 1.90 DE1 
1998 8.67 5.27 1.65 
1995 6.14 10.14 0.61 
1996 11.88 16.03 0.74 
1997 9.66 10.18 0.95 

Germany 

DE9 

1998 12.31 11.24 1.09 

Berg et al., 2000 

Greece Imathia 1996-1997 3.33 8.96 0.37 Manoli et al., 2000 
1997 21.35 8.79 2.43 
1998 22.73 29.68 0.77 Czech 

Republic CZ3 
1999 10.44 22.06 0.47 

Holoubek et al.,
2003 

Averaged 11.7 9.0 1.1 
Min 3.3 4.7 0.4 
Max 22.7 16.0 2.0  

 
Comparison of simultaneous measurements of B[b]F concentrations in air and precipitation with 
calculated values made for stations FI96, SE2 and CZ3 shows that on the whole the model 
adequately describes the process of wet scavenging. On the station FI96 the ratios between 
calculated and measured values are close to unity both for air and precipitation. On the other hand 
on station SE2 in1996 and station CZ3 in 1997 the modeled values of concentrations in air are close 
enough to measured ones whereas modeled 
values of concentrations in precipitation are less 
than measured about 2 times. In 1998 and 1999 
on station CZ3 the model overestimates both 
concentrations in air and precipitation. Perhaps, 
some refinement of washout ratio coefficient will 
improve the situation. 

Deposition fluxes. Fig. 3.32 demonstrates 
measured and calculated values of total 
deposition fluxes of B[b]F for 1991-98. 
Numerical values of compared measured and 
calculated data, their ratios and appropriate 
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Fig. 3.31. Measured and calculated mean annual 
concentrations of B[b]F in precipitation for 1995-99 
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Fig. 3.32. Measured and calculated deposition 
fluxes of B[b]F in 1991-98 
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references are presented in Table 3.9. The measurement/calculation ratios vary from 0.2 to 1.6 with 
averaged value 0.9; 75% of calculated values of deposition fluxes are within a factor of 2 with respect 
to measurements. It should be pointed out that the number of measurements in this case is rather 
limited (8 records). 

 
Table 3.9. The comparison of measured and calculated deposition fluxes of B[b]F in 1991-98, μg/m2/y 

Country Station Year Measurement Calculation Meas/Calc Reference 

Lake Gardsjon 1991-1994 27.01 23.85 1.13 Brorstrom-Lunden 
et al., 1998 

1995 9.86 7.51 1.31 
1996 7.69 9.65 0.80 
1997 15.33 9.55 1.60 

Sweden 
SE2 

1998 6.57 9.93 0.66 
1996 1.54 8.34 0.18 
1997 2.45 5.39 0.45 Finland FI96 
1998 5.48 7.21 0.76 

Brorstrom-Lunden 
et al., 2000 

Averaged 9.5 10.2 0.9 
Min 1.5 5.4 0.2 
Max 27.0 23.9 1.6 

 

 

Concentrations in seawater. All measured values of concentrations in seawater were collected in 
various basins of the Baltic Sea in 1993, 1994 and 1998 (Table 3.10), so the measurement database 
used in the comparison is rather limited. However, one can note, that on the whole the model 
adequately estimates concentrations of B[b]F in seawater. The measurement/calculation ratios vary 
from 0.16 to 2.09 with averaged value 0.73; 75% of calculated values of deposition fluxes are within 
a factor of 3 with respect to measurements.  

Table 3.10. The comparison of measured and calculated mean annual concentrations of B[b]F in seawater, 
ng/l 

Sea Site Year Meas. Calc. Meas/Calc Reference 
Station 69, Arkona Basin November 1993 0.10 0.106 0.95 
Station 213, Bornholm Basin May 1994 0.17 0.120 1.42 
Station 233, Gdansk Basin May 1994 0.10 0.164 0.61 
Station 259, Eastern Gotland Basin May 1994 0.20 0.164 1.22 
Station 271, Eastern Gotland Basin  May 1994 0.18 0.084 2.09 
Station 281, NW Gotland Basin May 1994 0.05 0.082 0.61 
Station 284, NW Gotland Basin May 1994 0.04 0.107 0.37 
Station 245, NW Gotland Basin May 1994 0.06 0.085 0.70 

Witt and 
Matthaus, 
2001 

Southern Baltic, offshore July 1998 0.02 0.124 0.16 
NW Gotland July 1998 0.02 0.106 0.17 
SE Öland July 1998 0.03 0.108 0.31 

Baltic Sea 

Lubeck Bay July 1998 0.02 0.125 0.19 

Pacyna 
J.M. et al., 
1999 

Averaged 0.08 0.11 0.73 
Min 0.02 0.08 0.16 
Max 0.20 0.16 2.09 
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Fig. 3.33 demonstrates measured and 
calculated mean annual concentrations of 
B[b]F in seawater. 

Concentrations in vegetation. Numerical 
values of compared measured and 
calculated mean annual concentrations of 
B[b]F in vegetation, their ratios and 
appropriate references are presented in 
Table 3.11. The measurement/calculation 
ratios vary from 0.2 to 4.3 with averaged 
value 1.1. About 60% of calculated values 
of B[b]F concentrations in vegetation are 
within a factor of 2 with respect to 
measurements, and all of them ate within 
a factor of 5. 

Fig. 3.34 demonstrates measured and 
calculated mean annual concentrations of 
B[b]F in vegetation. 

 
 

 

Table 3.11. The comparison of measured and calculated mean annual concentrations of B[b]F in vegetation, 
ng/g 

Country Site Year Measurement Calculation Ratio Reference 
Germany DE7 1984 219.1 51.3 4.27 Rovinsky et al., 1988 

1988-94 5.3 24.6 0.22 Holoubek et al., 2000b 
1996 12.4 19.3 0.64 
1997 20.9 16.7 1.25 
1998 13.7 15.1 0.91 
1999 13.0 15.6 0.83 

Czech 
Republic CZ3 

2000 9.8 15.2 0.65 

Holoubek et al., 2003 

1991-94 7.0 9.5 0.74 Brorstrom-Lunden et al., 1998 
1991 24.8 11.1 2.23 
1992 2.8 9.2 0.31 
1994 4.8 8.3 0.57 

Sweden Lake 
Gardsjon 

1995 3.2 6.8 0.47 

Pacyna J.M. et al., 1999 

Averaged 28.1 16.9 1.1 
Min 2.8 6.8 0.2 
Max 219.1 51.3 4.3 

 

 

Concentrations in soil. Numerical values of compared measured and calculated concentrations in 
soil, their ratios and appropriate references are presented in Table 3.12. Soil concentrations 
calculated for all the stations but CZ3 (Kosetice, the Czech Republic) differ from observation less 
than 5 times. The concentrations determined for the station Kosetice are underestimated as much as 
7 times and more for different years. It is likely due to the effect of local relief and meteorological 
conditions. 
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Fig. 3.33. Measured and calculated mean annual 
concentrations of B[b]F in seawater 

0

50

100

150

200

250

D
E7

_8
4

C
Z3

_9
6

C
Z3

_9
7

C
Z3

_9
8

C
Z3

_9
9

C
Z3

_0
0

C
Z3

_8
4-

94
G

ar
ds

jo
n_

91
-9

4
G

ar
ds

jo
n_

91

G
ar

ds
jo

n_
92

G
ar

ds
jo

n_
94

G
ar

ds
jo

n_
95

ve
ge

ta
tio

n 
co

nc
en

tra
tio

ns
, n

g/
g measurement calculation

 
Fig.3.34.  Measured and calculated mean annual 
concentrations of B[b]F in vegetation 
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Table 3.12. The comparison of measured and calculated mean annual concentrations of B[b]F in soil, ng/g 

Country Site Year Measurement Calculation Meas/Calc Reference 
Germany DE7 1984 20.8 13.01 1.60 Rovinsky et al., 1988 

Sokolov 37.6 8.02 4.69 
Usti nad Labem 14.7 6.50 2.26 

Teplice 14.3 8.02 1.78 
Prachatice 

1988 - 
96 

12.2 6.82 1.79 

Holoubek et al., 
2000a 

1996 300.26 7.53 39.88 
1997 114.79 7.28 15.77 
1998 68.89 7.07 9.75 
1999 60.10 6.89 8.72 

Czech 
Republic  

CZ3 

2000 47.91 6.68 7.17 

Holoubek et al., 2003 

 

The main results: 

• Tentative calculations of long-range transport and accumulation of B[b]F within the EMEP 
domain for sufficiently long period (1970 – 2000) were carried out. These calculations were 
used to assess contents in main natural media in 2000 and to examine the dynamics of the 
accumulation process. According to the modeling results the soil contains practically the 
whole mass of this pollutant accumulated in the environment (about 98%). 

• On the basis of long-term calculations carried out for the EMEP region spatial distribution of 
B[b]F congeners in various environmental compartments were obtained. The most significant 
pollution levels are characteristic of regions with high emissions levels. 

• Comparison between calculated and measured concentrations in various environmental 
compartments showed that the model reasonably describes concentrations in air, 
precipitations, seawater, and vegetation with discrepancy within factor of 2–4. Soil 
concentrations calculated for all the stations but CZ3 (Kosetice, the Czech Republic) differ 
from observation less than 5 times. Significant difference between calculated and measured 
values of soil concentrations on CZ3 is likely due to the effect of local relief and 
meteorological conditions. It is likely that after the refinement of emission data the agreement 
between measured and calculated values will be better. 

 

3.1.2.   Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 

The purpose of the study is further development of approaches for modeling PCDD/F transport in the 
environment.  On the previous stage of investigations (see [Shatalov et al., 2002]) the assessment of 
the EMEP domain contamination by dioxins/furans was fulfilled under the assumption that all 
PCDD/F mixture consists of the “indicator congener” - 2,3,4,7,8-PeCDF. However, taking into 
account the difference in physical-chemical properties of individual PCDD/F congeners, it is 
reasonable to perform calculations for each congener separately. Due to this reason annual transport 
and accumulation of eight congeners  of dioxins/furans (accounting for 80% of overall toxicity of 
PCDD/F mixture, see [Shatalov et al., 2002]) were simulated for each congener separately. These 
congeners (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD, 2,3,7,8-TCDF, 
2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF) belong to 6 homologous groups 
(TCDD, TCDF, PeCDD, PeCDF, HxCDD and HxCDF). PCDD/F overall toxicity is estimated as a sum 
of contributions of the above congeners. 
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For the investigation of the behaviour of PCDD/Fs in the environment, two types of calculations were 
performed. First, simulations of transport of each of 8 congeners over the Northern Hemisphere with 
resolution 2.5×2.5º during one-year period (1996) are used to evaluate long-range transport potential 
of the considered congeners and to reveal pathways of PCDD/F transport over the hemisphere. 
Second, simulations of long-range transport and accumulation of the above PCDD/F congeners 
within the EMEP domain with resolution 150×150 km for sufficiently long period (1970 – 2000) were 
done. To take into consideration concentration levels in the environment due to accumulation prior to 
1970, preliminary calculations for 15 year period with emissions and meteorology of 1970 were used. 
The results of these simulations are used for the analysis of long-term accumulation of PCDD/F 
mixture in the environment, examination of long-term trends of PCDD/F deposition and 
concentrations in various environmental compartments (atmosphere, soil, seawater, vegetation) and 
evaluation of congener composition of PCDD/F mixture in these compartments. For both hemispheric 
and regional calculations, emissions from European sources only were taken into account. These 
data were prepared on the basis of official emission data together with expert estimates by [Pacyna 
et al., 1999], see Chapter 2. Congener composition of the overall PCDD/F toxicity in emissions was 
evaluated on the basis of the above mentioned expert estimates available for the period from 1970 to 
1995. For subsequent years, as a model assumption, congener composition of 1995 is used. To 
refine calculated congener composition of PCDD/F mixture in the environment more recent data on 
congener composition in emissions are required. 

In this chapter main attention will be given to the following: 

Section 3.1.2.1: evaluation of long-range transport potential for selected PCDD/F congeners. Such 
evaluation is made on the basis of both hemispheric and regional calculations and the results of 
evaluation are compared.  

Section 3.1.2.2: evaluation of the distribution of PCDD/F toxicity between main environmental 
compartments for each of 8 considered congeners. This allows one to separate most vulnerable 
media and evaluate overall environmental persistence for each congener considered. 

Section 3.1.2.3: the analysis of long-term trends and seasonal variations of contamination in 
environmental compartments. 

Section 3.1.2.4: the analysis of spatial distribution of contamination in various media and the 
evaluation of levels of depositions to European regional seas. The results of this Section can be used 
for selecting hot spots of contamination in this or that environmental compartment. 

Section 3.1.2.5: the analysis of homologue profiles in the environmental compartments. Here we also 
perform the comparison between calculated and measured homologous profiles at various locations 
in Europe. 

Section 3.1.2.6: the comparison between measured and calculated contamination levels in different 
environmental compartments. 

3.1.2.1. Long-range transport potential of PCDD/F atmospheric transport 

In this section the process of the atmospheric transport of pollution from European sources is 
analyzed. At the same time these calculations are used for evaluation of long-range transport 
potential (LRTP) for the eight considered PCDD/F congeners. This evaluation is of preliminary 
character since better results may be obtained by simulations of atmospheric transport from a point 
source. This approach is described in detail in Chapter 1.5. 
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Spatial distribution of concentrations in the lower atmospheric layer for all PCDD/F congeners 
considered is displayed in Fig. 3.35. For the sake of comparison, atmospheric concentrations are 
given in relative units that are the ratio of concentrations to their maximum value.  

 

 

 

 

 

Fig. 3.35.   Spatial distribution of different PCDD/F congeners in the surface air obtained by simulations in the 
Northern Hemisphere for one-year period, relative units 

 
In Fig. 3.35 the congeners are ordered by decrease of their long-range transport potential. It is seen 
that, according to calculation results highest long-range transport potential is characteristic of heavy 
congeners 1,2,3,6,7,8-HxCDD and 1,2,3,7,8,9-HxCDD. Slightly less LRTP is obtained for congeners 
1,2,3,4,7,8-HxCDF and 1,2,3,6,7,8-HxCDF from the homologous group of hexachlorinated 
dibenzofurans. Then come pentachlorinated dibenzo-p-dioxins and dibenzofurans (2,3,4,7,8-PeCDF 
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and 1,2,3,7,8-PeCDD) with intermediate LRTP, and the lowest LRTP is characteristic of light 
congeners (2,3,7,8-TCDD and 2,3,7,8-TCDF). 

For comparison of various PCDD/F congeners with respect to LRTP it is convenient to introduce 
some its numerical characteristics. Such characteristic is always defined as a distance at which the 
concentration of a pollutant drops under some threshold level, and different methods of LRTP 
characterization differ by the choice of this level (see [Mackay et al., 2001]). The methodology of 
LRTP evaluation based on calculation of the transport from point emission sources is described in 
Section 1.5. For the evaluation of ability of long-range transport from Europe, European emissions 
are used as an emission source instead of a point source. The threshold level equal to 0.001 of 
maximum concentration value (area marked green in Fig. 3.35) is chosen for PCDD/Fs on the basis 
of numerical experiments. Thus, for numerical characterization of LRTP we use transport distance 
from European sources (TDEur

0.001) defined as the distance at which the concentrations of a pollutant 
in air caused by European emission sources drop 1000 times compared with their maximum value. 
The formulas for calculating TDEur

0.001 are just the same as those presented in Section 1.5. It must be 
emphasized that the value of TDEur

0.001 (calculated with use of simulations of transport from European 
sources) occurs to be much larger than the value of TD0.001 calculated on the basis of simulations of 
transport from a point source. For brevity below we omit the subscript 0.001. 

The calculated values of TD for all considered PCDD/F congeners is shown in Table 3.13. 

 
Table 3.13. Transport distance calculated for 8 PCDD/F congeners 

Congener TDEur, km 
1,2,3,6,7,8-HxCDD 7200 
1,2,3,7,8,9-HxCDD 6900 
1,2,3,4,7,8-HxCDF 6900 
1,2,3,6,7,8-HxCDF 6200 
2,3,4,7,8-PeCDF 6100 
1,2,3,7,8-PeCDD 6000 
2,3,7,8-TCDD 4900 
2,3,7,8-TCDF 4500 

 

As it was already mentioned, according to calculations heavy PCDD/F congeners (from 
hexachlorinated dibenzo-p-dioxin and dibenzofuran homologue groups) possess higher long-range 
transport potential than light ones (from penta- and tetrachlorinated homologue groups). 

To reveal the reason of this phenomenon, the analysis of TDEur sensitivity to different atmospheric 
processes is made. For this purpose, residence half-lives in the atmosphere due to different 
processes affecting long-range transport (degradation and wet and dry scavenging of gaseous and 
particulate phases) are evaluated. These half-lives are calculated for each process under the 
assumption that all other processes do not occur. Then, on the basis of the obtained half-lives the 
overall residence time in the atmosphere is calculated. The species with maximum residence times 
evidently possess maximum LRTP. 

Under this approach, half-lifes due to main atmospheric processes influencing the persistence of a 
pollutant in the atmosphere (degradation in air and scavenging) are evaluated. The value of the half-
life T1/2

degr due to degradation was evaluated on the basis of model parameterization. The values T1/2
i 

of half-lives due to scavenging processes (i = 1,2,3, or 4 for dry gaseous, dry particulate, wet 
gaseous and wet particulate scavenging) are calculated by 
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 i
atmi

F
hCT ⋅

=2/1   (3.1) 

where Fi is the flux due to the corresponding process, Catm is the average atmospheric concentration 
and h is the height of the atmospheric layer used in calculations. 

Then the residence time in the atmosphere (half-life due to all processes) is calculated by ([Mackay 
et al., 2001]) 

 

 wpwgdpdgr TTTTT
T

2/12/12/12/1
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2/1
2/1 /1/1/1/1/1

1
++++

=     (3.2) 

Since in calculations of residence time annual averaged values of all input parameters (Fi and Catm) 
are used, this method gives more rough estimation of LRTP than given by TDEur. However, the merit 
of this method is that it evaluates relative importance of different atmospheric processes. 

Calculated half-lives due to particular processes and residence time in the atmosphere for all eight 
considered PCDD/F congeners are presented in Table 3.14. The results of calculations show that 
degradation and (for some congeners) dry gaseous deposition (gaseous exchange with underlying 
surface) are mainly affecting long-range transport potential of the considered congeners. The 
processes of dry particular and wet deposition are less essential. 

 
Table 3.14.   Characteristics of long-range transport of 8 PCDD/F congeners 

Half-lives due to particular processes, days 

Deposition Congener Residence 
time, days Degradation

Dry gaseous Dry particulate Wet gaseous Wet particulate
1,2,3,4,7,8-HxCDF 35 63 105 390 4915 3248 
1,2,3,6,7,8-HxCDF 34 63 100 363 1981 3065 
1,2,3,6,7,8-HxCDD 26 33 246 334 2657 2387 
1,2,3,7,8,9-HxCDD 26 32 226 346 3294 2460 
2,3,4,7,8-PeCDF 19 30 69 376 1150 2943 
1,2,3,7,8-PeCDD 14 16 126 394 15615 3273 
2,3,7,8-TCDF 11 15 48 732 1938 4133 
2,3,7,8-TCDD 7 8 41 476 2202 3617 

 

Now one can see that light PCDD/F congeners (which are present in the atmosphere mainly in 
gaseous phase and, a priori, must have larger LRTP) are in maximal extent subject to degradation 
and dry gaseous scavenging which highly restricts their LRTP in comparison with other congeners. 
At the same time, heavy PCDD/F congeners are more stable with respect to degradation and are 
less scavenged in gaseous form, which leads to the increase of their potential to the long-range 
transport. 

We remark once more that ordering of PCDD/F congeners with respect to T1/2 may be slightly 
different from that with respect to TD (the difference takes place within the group of hexachlorinated 
dioxins/furans and between TCDD and TCDF). The reason for this is usage of averaged values of 
degradation rates and deposition velocities for LRTP evaluation. 
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Further, since gaseous exchange process is of importance, long-range accumulation of PCDD/Fs in 
soil, seawater and vegetation can also affect the results of LRTP evaluation. To examine the 
influence of long-term accumulation, calculations of residence time in the atmosphere based on long-
term calculations in the EMEP region (from 1970 to 2000) were also made. The results of 
calculations are shown in Table 3.15. 

 
Table 3.15.   Characteristics of long-range transport of 8 PCDD/F congeners (long-term calculations) 

Half-lives due to particular processes, days 

Deposition Congener Residence    
time, days Degradation

Dry       
gaseous 

Dry 
particulate

Wet 
gaseous 

Wet 
particulate 

To 
vegetation

1,2,3,4,7,8-HxCDF 25 62 79 123 2786 1729 480 
1,2,3,6,7,8-HxCDF 23 62 63 116 1173 1700 555 
1,2,3,7,8,9-HxCDD 20 32 166 92 1826 1273 1126 
1,2,3,6,7,8-HxCDD 20 32 147 91 1499 1253 1489 
2,3,4,7,8-PeCDF 16 29 57 147 750 1840 365 
1,2,3,7,8-PeCDD 13 16 – 112 7848 1587 238 
2,3,7,8-TCDF 11 14 72 348 1272 2732 247 
2,3,7,8-TCDD 7 8 65 242 1690 2663 176 

 

From these results it is seen that long-term accumulation can affect half-lives due to gaseous exchange. 
For example, for 12378-PeCDD gaseous exchange processes do not influence LRTP since for this 
pollutant gaseous exchange flux becomes negligible (or even change its direction). The differences 
between calculations in the EMEP region and in the Northern Hemisphere can be explained by different 
properties of underlying surface. However, the results of residence time calculations are close enough 
for these calculations. Hence, one-year simulations on the hemispheric scale are suitable for evaluation 
of LRTP. 

3.1.2.2. Redistribution of PCDD/Fs between environmental media and overall persistence 

Here we discuss calculated distributions of 8 PCDD/F congeners between environmental media 
(atmosphere, seawater, soil and vegetation) and evaluate on this basis overall persistence of these 
compounds in the environment. To reveal the importance of long-term accumulation for the evaluation of 
the overall persistence of PCDD/Fs in the environment, the calculations made for one-year period (1996, 
hemispheric) and for long period (31 year from 1970 to 2000; regional calculations) are considered. 

Fractions of overall environmental toxicity accumulated in various media by the end of one-year 
calculation period for 8 congeners considered are shown in Fig.3.36 (we present results for one 
congener from each homologous group only since the results are close for different chemicals from one 
and the same homologous group).  

For all considered congeners, the maximum fraction of the overall environmental toxicity is contained in 
soil, and considerable part – in vegetation. For light congeners of PCDD/F (except for 12378-PeCDD) 
the share of environmental content accumulated in soil is larger than for heavy ones.  
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Fig. 3.36.   Redistribution of selected PCDD/F congeners between environmental media obtained by 

calculations for one-year period 

 
On the basis of calculated fractions of PCDD/F mixture in the environmental compartments one can 
evaluate residence times in the environment (overall environmental half-life) for all considered PCDD/F 
congeners. These times are calculated taking into account only degradation processes in all considered 
environmental compartments [Mackay et al., 2001]. The formula for calculating residence time in the 
environment is as follows:  

 vegseasoilatm TTTT
T

2/12/12/12/1
2/1 /1/1/1/1

1
+++

=       (3.3) 

Here adjusted half-lives due to degradation T1/2
i (where i = 1,2,3,4 correspond to four considered 

media) are half-lives of a considered congener in the environment under the assumption that 
degradation occurs only in medium i. The values of are calculated via half-lives t1/2

i in particular media 
by the relation: 

 
i

i
i

f
tT 2/1

2/1 = ,          (3.4) 

where fi is the fraction of total environmental content (in TEQ units) containing in this medium. The 
values of T1/2

i may be essentially higher than t1/2
i for media with low fi.  

Calculated adjusted half-times for each media together with environmental residence times for all eight 
considered PCDD/F congeners (calculated on the basis of one-year simulations) are presented in Table 
3.16. The congeners in the table are ranged by decrease of their overall persistence.  

From the obtained results it is seen that residence time calculated on the basis of one-year 
simulations are mainly determined by atmospheric half-lives. However, the process of long-term 
accumulation in the environment may essentially change fractions of the overall toxicity contained in 
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various environmental compartments and, therefore, lead to essential changes both in calculated 
half-lives in media and in calculated residence time. 

Table 3.16.   Residence time in the environment and adjusted half-lives for environmental media for 8 PCDD/F 
congeners calculated on the basis of one-year simulations 

Environmental half-lives due to degradation in particular media, 
years Congener 

Residence 
time in the 

environment, 
years Atmosphere Soil Seawater Vegetation and forest litter 

1,2,3,6,7,8-HxCDF 3.1 3.4 130 41 228 
1,2,3,4,7,8-HxCDF 2.9 3.2 132 40 226 
2,3,4,7,8-PeCDF 1.9 2.1 108 23 226 
2,3,7,8-TCDF 1.1 1.3 93 14 296 
1,2,3,6,7,8-HxCDD 1.0 1.1 115 18 261 
1,2,3,7,8,9-HxCDD 1.0 1.1 119 18 245 
2,3,7,8-TCDD 0.8 0.9 186 10 312 
1,2,3,7,8-PeCDD 0.6 0.7 253 9 339 

 

To illustrate these changes the above parameters were calculated on the basis of long-term 
simulations (1970 – 2000) within the EMEP region.  

First, we note that by the end of simulation period redistribution between various environmental 
compartments differs drastically from that obtained in the end of one-year simulation period. Namely, 
the bulk of environmental toxicity is contained in soil (from 92 to 96%), and the fraction of overall 
toxicity contained in the atmosphere becomes quite small (hundredth parts of a per cent). This 
essentially changes values of adjusted half-lives due to degradation for particular media and 
residence time in the environment. The results of calculations are summarized in Table 3.17. 

 
Table 3.17. Residence time in the environment and adjusted half-lives for environmental media for 8 PCDD/F 

congeners calculated on the base of long-term simulations 

Environmental half-lives due to degradation in particular media 
(years) 

Congener 

Residence time 
in the 

environment 
(years) 

Atmospher
e Soil Seawater Vegetation and forest litter 

123678-HxCDF 56 1171.8 71 643 662 
123478-HxCDF 54 953.6 71 470 719 
23478-PeCDF 53 488.6 71 749 748 
2378-TCDF 51 379.1 71 832 625 
123678-HxCDD 50 390.2 72 601 588 
123789-HxCDD 47 208.1 71 1203 657 
2378-TCDD 41 152.4 76 1677 250 
12378-PeCDD 41 127.3 72 2081 440 
 

In this case residence half-times in the environment for selected PCDD/F congeners are mainly 
determined by degradation process in soil. For 2378-TCDD and 12378-PeCDD the influence of 
atmospheric degradation on overall persistence is also essential. 

Thus, we see that, contrary to the case of evaluation of LRTP, evaluation of overall persistence is to 
be carried out on the basis of long-term calculations. 
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3.1.2.3. Long-term trends of environmental pollution 

As it was shown in the preceding section, long-term processes in the environment essentially affect 
the behaviour of PCDD/F congeners in the environment. From this viewpoint it is interesting to follow 
processes of inter-media exchange during the whole simulation period. Since for the considered 
pollutants atmosphere and soil are of major importance, we restrict ourselves by consideration of 
these two media. 

The character of time dependence of emissions and toxicity accumulated in the considered media is 
similar for all considered congeners. Thus, to illustrate trends of PCDD/F accumulation we present 
only examples of most light (TCDF) and most heavy (123678-HxCDD) congeners. 

The trends of toxicity accumulated in the atmosphere and soil for these two congeners in comparison 
with trends of emissions are presented in Fig. 3.37. 
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Fig. 3.37.   Temporal trends of emissions and content in atmosphere and soil for two PCDD/F congeners 

 
From the calculation results it follows that soil content mainly follows emissions (except for 
variations caused by different atmospheric conditions in different years). On the contrary, trends 
of soil content are of quite different nature. The maximum value of soil content is reached in late 
80s – early 90s being far after the beginning of emission decrease. After reaching its maximum, 
the value of soil content is decreased very slowly in spite of fast enough emission decrease. Such 
temporal trend of soil content is clearly explained by large persistence of PCDD/F congeners in 
soil (half-lives are about 60 – 100 years). In view of this fact one can expect that soil 
contamination can support contamination in other media under strong emission reduction due to 
the re-emission process. 

As it follows from the calculation results, the fraction of dioxins/furans toxicity in the environment, 
accumulated during a long period of time (30 years), is 90% in soil, about 4% in vegetation and 
approximately 3% in seawater (taking into account the accumulation in sediments). 
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The above presented results represent only trends of annual averages of atmospheric and soil 
contamination. However, atmospheric concentrations (contrary to soil concentrations) are subject to 
pronounced seasonal variations for all considered PCDD/F congeners. Seasonal variability of 
atmospheric concentrations is illustrated again for most light and most heavy congeners (Fig. 3.38). 
Maximum values of atmospheric concentrations are characteristic of cold seasons. 
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Fig. 3.38.   Seasonal variability of atmospheric concentrations for two PCDD/F congeners 

 
Seasonal variability of atmospheric concentrations is caused both by seasonal variability of 
emissions and by temperature regime (affecting gas/particle partitioning and gaseous exchange with 
underlying surface). The influence of temperature regime is significant since variability of emissions 
(difference between maximum and minimum values in relation to maximum) accepted in the model is 
slightly less than 10% whereas the variability of atmospheric concentrations ranges between 40% 
and 60%. 

3.1.2.4. Spatial distribution of contamination 

As a result of long-term simulations, it is possible to evaluate spatial distribution of contamination by 
each of 8 selected PCDD/F congeners in various environmental compartments. The difference 
between the character of accumulation process for different PCDD/F congeners will be illustrated by 
comparison of emission and soil concentration spatial pattern of two congeners: 2,3,7,8-TCDD and 
1,2,3,7,8-PeCDD calculated for 2000 (Fig. 3.39). These two congeners have close emission totals 
(390 and 315 g TEQ/yr, respectively) but different spatial distributions. 

Comparing spatial patterns of soil concentrations for these two congeners one can see that soil 
concentrations in Belgium, the Netherlands and northern part of Germany for 2,3,7,8-TCDD are 
higher than that for 1,2,3,7,8-PeCDD in spite of the fact that emissions of the first congener in the 
considered region are lower than for the second. This can be explained by the fact that for 1,2,3,7,8-
PeCDD by the end of simulation period the equilibrium between atmospheric and soil concentrations 
is already established whereas for 2,3,7,8-TCDD gaseous flux from atmosphere to soil is still 
essential (see Table 3.2 above and subsequent discussion). Thus, evaluating environmental 
contamination levels of PCDD/F mixture in the environment one has to take into account the 
difference in long-term accumulation of particular congeners caused by their physical-chemical 
properties. 

On the basis of spatial distributions of contamination calculated for each of 8 selected congeners, 
spatial distribution of overall toxicity of their mixture is evaluated (Fig. 3.40). For the sake of 
comparison, spatial distribution of emissions of 8 congener mixture is also presented in the Fig.3.40 
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2,3,7,8-TCDD 

    emission flux                                                          soil concentrations 

          

1,2,3,7,8-PeCDD 

    emission flux                                                         soil concentrations 

         

Fig. 3.39. Spatial distributions of emissions and soil concentrations for two PCDD/F congeners in 2000  
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       emission flux                                                        air concentrations 

       
soil concentrations                                                seawater concentrations 

       
vegetation concentrations 

 
Fig. 3.40.   Spatial distributions of emissions and concentrations in environmental media for eight selected 

PCDD/F congeners in 2000 

 
The mean value of the emission flux from European countries varies from 0.004 to 8 ng TEQ/m2/y 
and amounts to 0.5 ng TEQ/m2/y in the EMEP region. High emission fluxes (more than 2 ng 
TEQ/m2/y) are estimated for the Czech Republic, Belgium, Switzerland, Luxembourg, Slovakia and 
Italy. 
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The comparison of spatial emission distributions with the calculated concentrations indicates that the 
high air concentrations coincide with regions of high emission intensity. The mean value of 
dioxins/furans concentrations in the surface air in different countries varies from 0.1 to 25 fg TEQ/m3 
and is 2.5 fg TEQ/m3 in the EMEP domain. Air concentration levels exceeding 8 fg TEQ/m3 were 
determined mainly for the countries listed above. The impact of the long-range transport, however, 
leads to the increase of contamination in countries with relatively low emission flux. For instance, 
according to the calculation results, the air pollution level in Poland appears to be higher than in Italy, 
in spite of the fact that the emission flux intensity in Poland is 2.5 times lower than in Italy.  

The marine environment can play the important role in the pollution accumulation and transport from 
sources to remote regions. According to the calculation results, the mean value of dioxins/furans 
concentrations in seawater is about 1.1 fg TEQ/l. High concentrations in seawater were estimated for 
the regional seas and coastal water near major emission sources. The spatial distribution of sea 
concentrations is affected by the pollution transport by sea currents along the northern boundary of 
the Scandinavian Peninsula and Greenland. 

Vegetation is important in the processes of the pollution transport from air to soil. The calculated 
mean concentrations in vegetation in different European countries vary from 0.04 to 5 pg TEQ/g and 
the mean value for the EMEP region is 1.3 pg TEQ/g. High concentration levels (exceeding 2 pg 
TEQ/g) are characteristic of Luxembourg, the Czech Republic, Belgium, Switzerland and Austria. 
Relatively high concentration values in vegetation over vast areas of the Scandinavian Peninsula and 
over the northern part of European Russia are explained by high deposition fluxes to forests. 

The estimated mean concentration level of PCDD/Fs in the topsoil layer (5 cm) for the EMEP domain 
is equal to 0.3 pg TEQ/g. Mean levels in soil of European countries vary from 0.01 to 3 pg TEQ/g. 
The highest soil pollution levels (more than 1 pg TEQ/g) were calculated for Luxembourg, Belgium, 
the Netherlands, Germany, the Czech Republic and Switzerland. The regions with high 
concentrations in soil (contrary to air concentrations) do not coincide with those of high emission 
intensity. For instance, in the Netherlands where emission fluxes are moderate the soil contamination 
considerably exceeds the mean European level. These differences can be caused by the long-range 
transport and by the long-term accumulation of dioxins/furans in soil. Relatively high PCDD/F 
concentrations in soil of some European regions (for instance, the Scandinavian Peninsula) can be 
explained by the role of forests in scavenging of dioxins/furans from the atmosphere and subsequent 
runoff to soil. 

Calculation results may be useful for selecting hot spots of contamination in various environmental 
compartments. For example, high enough soil contamination levels are characteristic for the above 
mentioned parts of Europe in contrast to comparably low emission fluxes there. 

Data on countries. On the basis of calculation results, information about mean annual levels of 
pollution by dioxins/furans of environmental compartments in Parties to the Convention is prepared 
(Table 3.18). This information can be also found in the Internet (www. msceast.org). 
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Table 3.18.  Mean annual pollution levels of some European countries (TEQ units) 

Country Air, fg/m3 Soil, pg/g Vegetation, pg/g Seawater, fg/l 
Albania 1.69 0.19 0.33 6.21 
Armenia 2.84 0.10 0.32 - 
Austria 5.73 0.93 2.06 - 
Azerbaijan 2.10 0.07 0.34 2.78 
Belarus 2.05 0.27 0.32 - 
Belgium 13.11 2.46 3.97 36.37 
Bosnia&Herzegovina 3.50 0.33 0.94 6.93 
Bulgaria 6.84 0.33 0.78 8.04 
Croatia 5.18 0.40 1.18 11.71 
Cyprus 0.55 0.02 0.00 1.60 
Czech Republic 23.65 1.44 4.67 - 
Denmark 3.18 0.36 0.24 5.42 
Greenland 0.21 0.01 0.00 0.15 
Estonia 1.20 0.26 0.22 3.96 
Finland 0.51 0.23 0.43 3.09 
France 2.98 0.94 1.42 7.03 
Georgia 2.57 0.12 0.42 3.57 
Germany 6.23 1.56 1.72 8.65 
Greece 3.55 0.19 1.03 4.72 
Hungary 7.02 0.48 0.88 - 
Iceland 0.13 0.01 0.04 0.26 
Ireland 0.50 0.18 0.86 1.41 
Italy 7.16 0.62 1.39 7.51 
Kazakhstan 0.55 0.03 0.04 1.16 
Latvia 1.26 0.26 0.24 4.44 
Lithuania 1.51 0.32 0.34 5.54 
Luxembourg 12.56 2.70 4.88 - 
Macedonia 3.04 0.26 0.53 5.55 
Malta 0.89 0.02 0.00 2.69 
Monaco 4.34 0.81 1.00 13.58 
Netherlands 6.21 1.54 1.77 17.70 
Norway 0.45 0.13 0.19 0.83 
Poland 8.32 0.65 1.15 9.65 
Portugal 0.97 0.18 0.47 1.28 
Republic of Moldova 3.48 0.25 0.62 8.58 
Romania 3.01 0.28 0.54 4.97 
Russian Federation 1.10 0.13 0.32 1.36 
Serbia&Montenegro 3.54 0.29 0.63 6.76 
Slovakia 12.85 0.71 1.55 - 
Slovenia 4.20 0.66 1.56 18.75 
Spain 1.04 0.21 0.38 1.98 
Sweden 0.76 0.29 0.49 4.07 
Switzerland 13.53 1.26 2.75 - 
Turkey 0.81 0.02 0.05 3.34 
Ukraine 4.46 0.32 0.48 6.08 
United Kingdom 2.50 0.70 1.20 3.45 

The evaluation of deposition flux of polychlorinated dibenzo-p-dioxins and dibenzofurans to regional 
seas (the Baltic Sea, the North Sea, the Black Sea and the Mediterranean Sea) is made for 2000 
with the use of the modified MSCE-POP regional model with resolution 150×150 km. The results of 
evaluation are presented in Table 3.19. For Baltic and Mediterranean seas evaluation of deposition 
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to their subbasins (the division of these seas to subbasins as accepted in HELCOM and MEDPOL 
projects is shown in Figs. 3.41 and 3.42) was also performed. 

              

Fig. 3.41. Division of the Baltic Sea to 
subbasins as it is accepted in HELCOM 

Fig. 3.42. Division of the Mediterranean Sea to 
subbasins as it is accepted in MEDPOL 

 

Table 3.19.   Deposition to regional seas 

Regional seas Subbasins Deposition flux, mg TEQ/km2/y 
Baltic Sea 99 

Baltic Proper 113 
Belt Sea 115 
Gulf of Bothnia 59 
Gulf of Finland 108 
Gulf of Riga 92 

 

Kattegat 152 
Black Sea 77 

North Sea 74 
Mediterranean Sea 54 

Alboran 15 
North-Western 60 
South-Western 15 
Tyrrhenian 86 
Adriatic 190 
Ionian 69 
Central 27 
Aegean 90 
North-Levantin 27 
South-Levantin 35 

 

Marmora Sea 75 

 
Average values of POP deposition fluxes to these seas are the following: to the Baltic Sea – 99 μg 
TEQ/km2/y, to the North Sea - 74 μg TEQ/km2/y, to the Black Sea - 77 μg TEQ/km2/y and to the 
Mediterranean Sea – 54 μg TEQ/km2/y. According to the calculation results, the most intensive 
deposition fluxes of PCDD/Fs are characteristic of the Baltic Sea The pollution levels of the North 
and the Black Sea are similar. The least values are determined for the Mediterranean Sea. Note that 
in calculations only European sources of these pollutants were considered. 
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3.1.2.5.   Homologue profiles 

Obtained spatial distributions of concentrations of different PCDD/F congeners in various 
environmental media give an opportunity to analyze homologue profiles of PCDD/F mixture in 
Europe as a whole and at its different locations. However, it must be taken into account that 
homologue profile of emissions was preliminary estimated on the basis of expert estimates by 
[Pacyna et al., 1999] available for the period from 1970 to 1995. Thus, the obtained estimates of 
homologue profile are also to be considered as preliminary ones and may be refined by refinement of 
emission homologue profile in future. 
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Fig. 3.43.   Homologue profiles of PCDD/F toxicity in main environmental media in the EMEP region 

 
Homologue profiles characteristic of the whole EMEP region in the main environmental media 
(atmosphere, soil and seawater) together with homologue profile of European emissions are shown 
in Fig. 3.43. It is seen that homologue profiles of PCDD/F toxicity in the environmental media are 
mainly determined by that in emissions. However, peculiarities of PCDD/F behaviour in various 
environmental media lead to some differences in homologue profiles for these media. For instance, 
the contribution of PeCDD homologue group to the atmospheric toxicity is larger than for other dioxin 
groups whereas in emissions this group takes only the second place. The contribution of HxCDF 
group to PCDD/F toxicity in soil is larger than that of TCDF group whereas in emissions contributions 
of these two groups go in the inverse order. Further, homologue profile in seawater is strongly 
affected by long-range transport potential of congeners in question since the bulk of seawater is 
located far from emission sources. This is a reason of comparably small shares of light congeners 
and comparably large shares of heavy congeners in homologous profile in seawater. 

Let us proceed now with the analysis of the obtained homologue profiles at particular locations within 
the EMEP region in comparison with measurements. Here we compare relative contributions of 
considered homologous groups (TCDD, PeCDD, HxCDD, TCDF, PeCDF, HxCDF) to the total toxicity 
of 8 congener mixture. The comparison of toxicity values themselves will be presented in the next 
section. 

The main parameter which will be used for comparison of measured and calculated homologous 
profiles is correlation coefficient between calculated and measured shares of the above 6 homologue 
groups to the toxicity of their mixture. On the whole, from 15 comparisons (see Table D1 in Annex D 
where calculated and measured shares of each homologous group in their total toxicity together with 
correlation coefficients are presented) for 7 of them correlation coefficient between measured and 
modeled homologue profiles are higher than 0.8, in 4 comparison correlation coefficient ranges 
between 0.5 and 0.8 and in 4 cases the correlation is poor. 
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Typical examples of comparison of calculated and measured homologue profiles in the atmosphere 
at some locations in Europe is presented in Fig. 3.44. 
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Fig. 3.44. Calculated and measured homologue profiles of PCDD/F toxicity in the atmosphere at some 
particular locations 

 
It is seen that reasonable agreement between calculated and measured homologue profiles takes 
place in German measurement site DE9 and in Bayreth [Pacyna et al., 1999]. Reasonable 
agreement takes place also for measurements in Sweden for coastal zones and remote locations 
taken from the same source. In this case significant discrepancy takes place only for shares of TCDF 
and PeCDF groups at coastal locations. Measurements in the United Kingdom at High Muffles and 
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Hazelrigg sites [TOMPS] show that the model underestimates the share of light congeners at the 
latter site and is in a good agreement with measurements at High Muffles. Similar underestimation of 
the share of light congeners takes place at Czech site CZ3. 

Similar (and even better) situation takes place for soil which is the most important media for 
PCDD/Fs (Table D2 in Annex D). Here from 6 available sets of measurement data in 4 cases 
correlation is 0.8 and higher, for 1 case correlation is 0.66 and for 1 case we have obtained poor 
correlation. For the latter case measurements took place near a hazardous  waste incinerator. The 
comparison between measured and calculated profiles for this case is displayed in Fig. 3.45. 

Here the difference takes place for the share 
of PeCDD group only. 

Up to the moment the comparison between 
homologue profiles in vegetation is not good 
(Table D3 in Annex D). From 6 available 
sets of measurements only for two the 
correlation coefficient exceeds 0.6, in one 
case obtained correlation value is close to 
0.4 and in two cases the correlation is poor. 

The discrepancies between measured and 
calculated homologous profiles at particular 
locations may be explained by influence of 
local sources or by uncertainties of emission 
data on particular PCDD/F congeners. As it was mentioned above, the agreement of calculated and 
measured homologue profiles can be refined by the refinement of homologous profile of emissions 
used for modeling. 

3.1.2.6. Comparison with measurements 

Here we compare toxicity values obtained by calculations with measured ones. The results of 
comparison of atmospheric concentrations are presented in Table D4, Annex D. For each set of 
measurement data, we present mean values and/or range of measured concentrations. If a set of 
measurement data refers to a particular location calculated result is presented as an annual average 
at this location. In the case when measurements refer to some area (country, region, etc.) calculation 
results presented contain annual means of air concentrations averaged over this area and the range 
of annual means over all cells of the calculation grid 
intersecting this area. In the case when averages are 
available both for calculations and measurements the 
measured-to-calculated ratio is given. 

Frequency distribution of obtained measured-to-calculated 
factor: 
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is displayed in Fig. 3.46. 
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Fig. 3.45.   Calculated and measured homologue 
profiles of PCDD/F toxicity in soil in Spain, 
Tarragona, near HWI  in 1996 
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Thus, more than 60% of calculated values of atmospheric concentrations are within a factor of 3 with 
respect to measurements. On the average measured-to-calculated ratio is 1.6 so that model slightly 
underestimates PCDD/F atmospheric concentrations. In calculations of measured-to-calculated ratio 
we assumed that the share of 8 selected congeners in the total PCDD/F toxicity in the atmosphere is 
about 80%. 

There are few measurements on deposition fluxes of PCDD/Fs (Table D5 in Annex D). From 6 
available measurement sets of data in 4 cases calculated values agree with measurements within a 
factor of four, in one case factor slightly exceeds four and in one case agreement within a factor of 
five takes place. On the average, the model underestimates deposition fluxes approximately 2 times. 

The comparison of measured and calculated values of soil concentrations (in TEQ units) is presented 
in Table D6, Annex D for 11 available sets of measurement data. In about 80% of cases calculated 
values agree with measurements within a factor of 3. Strong discrepancies between measurement 
and modeling estimates are observed for the Czech Republic and Ireland. In the latter case the 
discrepancies may be explained either by local sources or by the influence of transcontinental 
transport. 

There are 8 available sets of measurements of concentration in vegetation for the comparison. The 
results of the comparison show (Table D7, Annex D) that calculation results agree with 
measurements mainly within a factor of four. Large discrepancies between calculated and measured 
concentrations in vegetation are obtained (as in case of soil concentrations) for the Czech Republic. 
Possibly, these discrepancies are explained by peculiarities of relief and meteorological conditions at 
measurement locations. 

The only available set of measurements of concentrations in seawater is obtained in Baltic Sea under 
POPCYCLING-Baltic project. These measurements show that the model strongly overestimates 
seawater concentrations in this region. The reason for this overestimation is rough description of 
internal seas in the model. Namely, sea depth for internal seas is assumed to be 25 m everywhere, 
which clearly leads to overestimation of seawater concentrations. The refinement of the 
corresponding model block planned in future will refine the values of seawater concentrations. 

Thus, 

- In the current year simulations of transport and accumulation in the environment for each of 
8 selected congeners of PCDD/F was performed at the hemispheric scale (one-year period) 
and on the regional scale (31-year period from 1970 to 2000). On this basis evaluation of 
pollution levels in Europe by the mixture of 8 selected congeners (covering about 80% of the 
overall toxicity in emissions) is made. 

- On the basis of hemispheric simulations evaluation of long-range transport potential (LRTP) 
for all considered congeners was made. It was found that one-year simulations on the 
hemispheric scale are suitable for evaluation of LRTP.  

- Evaluation of the overall environmental persistence (Pover) requires the knowledge of 
redistribution of a pollutant between various environmental compartments. Evaluation of Pover 
made by one-year and long term calculations revealed that long-term accumulation process 
strongly affects the value of Pover. This may be essential for predicting of the influence of 
emission reduction to the decrease of overall environmental toxicity. 
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- On the basis of long-term calculations carried out for the EMEP region spatial distribution of 
8 selected PCDD/F congeners were obtained. This allowed to evaluate spatial distribution of 
total PCDD/F environmental toxicity (considered 8 congeners constitute about 80% of overall 
emission toxicity) and to select hot spots of contamination in various environmental 
compartments. 

- Homologue profiles of PCDD/F toxicity in main environmental media were evaluated. The 
correlation between calculated and measured homologue profiles is reasonable for the 
atmosphere and soil. Evaluation of homologue profiles in vegetation requires further 
refinement. 

- Comparison between calculated and measured concentrations in various environmental 
compartments showed that concentrations in the atmosphere, soil and vegetation are 
reasonably described by the model (the discrepancy is mainly within factor of 3 – 4). For 
evaluation of seawater concentrations in internal seas, further model modification is needed. 
To refine agreement between calculated and measured homologue profiles in environmental 
compartments the refinement relative contributions of PCDD/F congeners to PCDD/F toxicity 
in emissions is required. 

  

3.2.   Pollution levels in the Northern Hemisphere  

This subsection describes the results of the investigation of the spatial distribution of pollution by 
polychlorinated biphenyls, γ-hexachlorocyclohexane and hexachlorobenzene in air, seawater and soil 
in Europe and in the Northern Hemisphere. Particular emphasis has been placed to the evaluation of 
PCB and γ-HCH long-range transport and depositions to various European regions from emission 
sources located in the Northern Hemisphere and to the assessment of the impact of European 
sources on the pollution in remote regions. In addition we analyzed γ-HCH long-term trends of 
accumulation and distribution in environmental compartments and made a preliminary estimate of 
HCB long-range transport.  

The calculation results for each pollutant considered are discussed below in appropriate subsections. 

 
3.2.1.   Polychlorinated biphenyls  

The aim of this section is the assessment of environmental pollution by polychlorinated biphenyls 
(PCBs) on the basis of hemispheric simulations. Levels of concentrations and depositions of PCBs 
and contributions to the contamination made by major emission sources of Europe and other sources 
within the Northern Hemisphere are estimated. In addition we present the evaluation of source-
receptor relationship for PCBs exemplified by contamination of the Arctic caused by various sources 
of the Northern Hemisphere. 

At present PCBs continue to be detected in the environment far from areas where they were 
originally used and despite efforts to restrict their emissions. It is believed that the major reason for 
this is their ability to long-range transport and high persistence in the environment. Apart from the 
atmospheric and seawater transport these pollutants can undergo a number of deposition/re-
emission (multi-hop) cycles, which open another way to PCB transport, so-called “grasshopper 
effect”. 
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Modeling PCB transport and accumulation in the environment is complicated due to of a great 
number of PCB individual congeners (more than 200), which fate in the environment differs 
essentially. This is conditioned by a variety of physical-chemical properties of these congeners and 
also by various congener compositions of PCB mixtures used in different countries. Most 
investigated is the following group of 7 PCB congeners: PCB-28, 52, 101, 118, 138, 153 and 180. 
These congeners are included to the list of 7 congeners of ICES (International Council for the 
Exploration of the Seas), their physical-chemical properties are well studied and measurement data 
are available. Modeling of transport and accumulation of these congeners in the EMEP region was 
performed earlier (see [Shatalov et al., 2000, 2001]). The information on global emissions is at 
present available for 22 PCB congeners [Breivik et al., 2002] including the above mentioned group of 
7 congeners. On the other hand, main interest in PCB assessment is focused on toxic PCB 
congeners. International toxic equivalency factors are assigned to 12 PCB congeners: PCB-77, 81, 
105, 114, 118, 123, 126, 156, 157, 167, 169 and 189. For the toxic congeners, emission data are 
available only for three (PCB-105, 118 and 123). To describe a wide spectrum of PCB congeners’ 
behaviour in the environment we have selected PCB-28, 118, 153 and 180 in view of availability of 
emission and measurement data. These congeners have different physical-chemical properties and 
represent light (PCB-28), medium (PCB-118) and heavy (PCB-153 and 180) congeners. Besides, 
PCB-118 also represents the group of toxic congeners. A detailed description of main processes of 
PCB behaviour in the environment is made on the example of PCB-153. 

For proper model description of the re-emission process, long-term accumulations in environmental 
media should be assessed. On the base of numerical experiments [Shatalov et al., 2000, 2001] it 
was obtained that preliminary calculation covering 25-year period (model spin-up) is enough for 
medium saturation. Thus, for the pollution assessment in 1996 preliminary calculation were carried 
out from 1970 to 1995 for each congener considered. The initial conditions for calculations for 1996 
were taken from the model spin-up. To assess the contributions of different emission sources to 
contamination of different regions within the Northern Hemisphere, emission sources were split to 6 
large groups (see Chapter 2 above) and calculations were made separately for each group of 
emission sources. All the calculations were performed with the help of hemispheric MSCE-POP 
model with resolution 2.5×2.5º. 

In this section main attention will be given to: 

Section 3.2.1.1: the evaluation of long-range transport potential of PCBs and analysis of the 
pathways of their atmospheric transport. 

Section 3.2.1.2: the analysis of calculated distribution of PCB environmental content between main 
environmental media. On the basis of the calculated shares of PCB media contents in the 
environment the residence time in the environment for selected congeners is evaluated. 

Section 3.2.1.3: the analysis of trends of PCB long-term accumulation in main environmental media. 

Section 3.2.1.4: the analysis of spatial distribution of PCB contamination of main environmental 
media exemplified by PCB-153. The information on other three PCB congeners can be found in 
Annex E. 

Section 3.2.1.5: the analysis of PCB source-receptor relationship exemplified by contamination of the 
Arctic region by PCB-153. The contributions of main emission sources of the Northern Hemisphere to 
the contamination of the Arctic as a whole and of its particular regions are discussed. 
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Section 3.2.1.6: the analysis of PCB congener composition at various locations in the Northern 
Hemisphere. Here the influence of congener composition of emissions and of differences in physical-
chemical properties of selected PCB congeners is analysed. 

Section 3.2.1.7: the comparison of calculated PCB concentrations in surface air and precipitation and 
deposition fluxes. 

3.2.1.1.   Long-range transport potential and pathways of PCB atmospheric transport 

The evaluation of long-range transport 
potential (LRTP) for PCBs will be exemplified 
by PCB-153. Similar to the case of PCDD/Fs 
(Section 3.1.2) LRTP is numerically 
characterized by transport distance from 
European sources TDEur calculated at the 
threshold level 0.001. 

Evaluation of TDEur will be carried out with use 
of calculation of atmospheric concentrations 
caused by emission sources from North-
western Europe. The corresponding map of 
relative air concentrations (annual averages 
normalized to their maximum values) is 
displayed in Fig. 3.47. 

The value of transport distance calculated on 
the basis of this results is 7700 km. Close 
values are obtained for other three selected 
PCB congeners (5800 km for PCB-28, 6200 km for PCB-118 and 7500 km for PCB-180). 

Spatial distributions of monthly averaged values of air concentrations caused by North-western 
emission sources show main pathways of the atmospheric transport from North-western Europe to 
different locations in the Northern Hemisphere. Such distributions for three representative months 
(January, March and July) are shown in Fig. 3.48. 

 

 

 

Fig. 3.48.   Monthly averages of PCB-153 surface atmospheric concentrations caused by sources from North-
western Europe for the three selected months 

 
Fig. 3.47.   Relative air concentrations in the 
surface atmospheric layer caused by emission 
sources from North-western Europe 
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It is seen that in January PCB-153 is transported from Europe to eastern and northern directions 
Then, according to the changes in wind pattern, transport in western direction begins in July. At the 
same time due to anticyclonic activity PCB-153 is pushed out of the Arctic. The result of all these 
processes at annual scale is seen on Fig. 3.48. We remark that the obtained atmospheric pathways 
of PCB-153 transport are in line with the pattern of atmospheric circulation. 

3.2.1.2.   Redistribution of PCBs between environmental media and overall persistence 

Distribution of the selected PCB congeners between environmental media obtained by calculations 
by 1996 is shown in Fig. 3.49. 
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Fig. 3.49.  Distribution of PCB congeners between environmental media of the Northern Hemisphere by the 
end of 1996 

 
According to these results, the bulk of PCBs tend to be accumulated in the soil environment. PCB-
180 is accumulated in soil to a greater extent than PCB-153, PCB-118, PCB-28. A tangible part of 
PCB-28 is contained in vegetation, sea and air. 

Using calculated shares of the total environmental content containing in main media one can 
evaluate the residence times in the environment for each of the three selected using the approach 
described in Section 3.1.2. 

The results of calculations are presented in Table 3.20. 

 
Table 3.20. Residence times in the environment and environmental half-lives due to degradation in the 

environmental media for the selected PCB congeners 

Environmental half-lives due to degradation in a particular 
medium only, years Congener Residence time in the 

environment, years 
Atmosphere Soil Sea 

PCB-28 0.4 0.6 4 1.8 
PCB-118 4.6 12 7.9 137 
PCB-153 11 27 20 458 
PCB-180 29 113 39 1960 

 

It is seen that for PCB-28 degradation processes in all considered media are essential. For PCB-118 
and PCB-153 degradation process in seawater is negligible due to smaller fraction of this pollutant in 
seawater and higher persistence of these congeners in the marine environment. The contributions of 
degradation in the atmosphere and soil to the environmental residence times for these pollutants are 
close enough. Finally, for PCB –180 the residence time in the environment is determined mainly by 
degradation process in soil. 
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3.2.1.3.   Long-term trends of environmental pollution 

As it was shown in the preceding section, long-term processes in the environment essentially affect 
the behaviour of PCB congeners in the environment. From this viewpoint, it is interesting to follow 
processes of inter-media exchange during the whole simulation period. The analysis is presented 
mainly for PCB-153. 

The plots of PCB-153 content in main environmental media (atmosphere, soil, seawater and 
vegetation) together with emission trend during the simulation period is presented in Fig. 3.50. 
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Fig. 3.50.   Trends of PCB-153 emissions and content in main environmental compartments of the Northern 

Hemisphere during model spin-up 

 
It is seen that 5-fold emission decrease taking place beginning from 1985 (Fig. 3.50a) leads to the 
decrease of atmospheric and vegetation contents (Figs. 3.50b and c) about 4 times. At the same 
time the decrease of soil and seawater contents (Figs. 3.50d and e) lags emission decrease and 
goes slower than that of emissions. The reason for that is large accumulation capacities of these 
environmental compartments and high persistence of PCB-153 in soil and seawater. 

The trends of emissions and content in main compartments for other three considered PCB 
congeners are displayed in Fig. 3.51. 

 
PCB-28        PCB-118    PCB-180 

0

50

100

150

19
70

19
75

19
80

19
85

19
90

19
95

m
ed

ia
 c

on
te

nt
, t

0

200

400

600

em
is

si
on

s,
 t/

y

a
0

50

100

150

200

250

19
70

19
75

19
80

19
85

19
90

19
95

m
ed

ia
 c

on
te

nt
, t

0

30

60

90

120

150

em
is

si
on

s,
 t/

y

soil sea w ater vegetation air emissions

b
0

40

80

120

160

19
70

19
75

19
80

19
85

19
90

19
95

m
ed

ia
 c

on
te

nt
, t

0

10

20

30

40

em
is

si
on

s,
 t/

y

c

 
Fig. 3.51. Trends in emission and accumulation of PCB-28 (a), PCB-118 (b) and PCB-180 (c) In main 

environmental compartments of  the Northern Hemisphere during model spin-up 
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The peculiarity of PCB-28 is that emissions decrease just from 1970 (Fig. 3.51a). Beginning from 
1976 the content goes down since medium saturation is attained. PCB-118 and 180 accumulation 
(Fig. 3.51b and Fig. 3.51c) is similar to that of PCB-153. It should be noted that PCB-180 soil content 
decrease after emission reduction is the slowest in comparison with other congeners.  

Thus, we can conclude, that soil is the main reservoir for PCBs. According to model assessment, 
substantial soil content can inflict a noticeable impact on contamination of the atmosphere and other 
media against the background of emission reduction due to re-emission process. 

3.2.1.4.   Spatial distribution of contamination 

As a result of long-term simulations, it is possible to evaluate spatial distribution of contamination by 
each of 4 selected PCB congeners in various environmental compartments. The analysis is 
exemplified by PCB-153. The results on spatial distribution of deposition and atmospheric and soil 
concentrations in comparison with that of emissions for other three congeners are presented in 
Annex E. 

Calculated spatial distributions of emissions, concentrations in air, soil, vegetation and seawater, and 
depositions are shown in Fig. 3.52. As to depositions, we consider direct depositions, that is the sum 
of wet  depositions and dry depositions for the particulate phase. The interest to this value is 
explained by the possibility of its comparison with observed data. 

 

 

 

Fig. 3.52. PCB-153 annual emissions, depositions and concentrations in media in the Northern Hemisphere in 
1996 
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The most significant emission sources of PCBs are located in European and North American regions 
(Fig. 3.52a). The areas of highest atmospheric pollution are situated in the same regions (Fig. 3.52b). 
Air concentrations in contaminated regions range from 5 to 20 pg/m3 in America, and reach more 
than 20 pg/m3 in Europe. However, due to the atmospheric transport the area with considerable 
levels of atmospheric concentrations (1-3 pg/m3) is much wider and covers almost all American 
continent and essential parts of Asia and Africa. 

The deposition map is presented in Fig. 3.52.c. High deposition fluxes – more than 0.5 μg/m2/y occur 
in the central Europe. Considerable fluxes 0.01-0.05 g/km2/y take place in such remote regions as 
the Arctic, North Atlantic and a part of Pacific Ocean neighbouring to Asia. Considerable part of 
PCBs deposited over the Arctic Ocean is accumulated in the sea ice. The pollutant accumulated in 
sea ice can be transported with ice over long distance with subsequent discharge to the Ocean 
caused by ice melting. Description of the role of sea ice in the POP transport is given in Section 1.1. 

Depositions over land leads to PCB accumulations in soil. Fig. 3.52d presents spatial distribution of 
averaged concentrations in soil. Averaging is made over the whole depth of soil calculation domain. 
Pollutant accumulation in soil is determined by a long-term deposition process. For example, 
concentrations 0.1 – 2 ng/g are observed both in regions with high deposition fluxes over central 
Europe and in the region with low deposition, in particular, in the UK. This is explained by the fact, 
that in the 1970-s the UK PCB emission sources were rather significant, then their intensity 
decreased.  

Calculated spatial distribution of concentrations in vegetation is presented by Fig. 3.52e. The main 
ways of PCB penetration to vegetation are gaseous exchange with the atmosphere and dry 
deposition of the particulate phase. The typical range of concentrations in contaminated regions is 
10-30 ng/g. For the most areas of Asian concentrations in vegetation range is from 0.5 to 10 ng/g. 
The same level is characteristic of the North America. 

Fig. 3.52f presents the concentration field in seawater. High concentration levels are obtained in the 
coastal waters not far from main emission sources. For example, the typical range of seawater 
concentrations in the Mediterranean and Northern seas is 1.2-4 pg/l. In some regions these 
concentrations can reach 4 pg/l and more. 

In the marine environment, pollutant can be transported from one region to another by sea currents. 
For example, the exchange of water masses between the Atlantic Ocean and the Arctic Ocean 
occurs in two directions. The inflow to the Arctic Ocean takes place along Norwegian and Russian 
coast, the outflow – along Greenland coast. These pathways of pollution transport with seawater are 
evident in the considered map. Seawater with PCB concentrations of 0.4-1.2 pg/l inflows to the Arctic 
region along Norwegian and Russian coast and the water masses with concentrations in the range of 
0.1-0.4 pg/l flows from the Arctic Ocean to the Northern Atlantic along Greenland coast. Seawater 
pollution in the Arctic Ocean is noticeably affected by sea ice cover, which accumulates and 
transports a pollutant and hampers the gas exchange between the atmosphere and seawater. The 
detailed description of sea currents and the ice cover influence on seawater contamination is given in 
Section 1.1 above.  

Similar maps with the spatial distribution of calculated depositions and concentrations in atmosphere 
and soil in comparison with that of emissions for PCB-28, 118 and 180 are given in Annex E.  
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3.2.1.5.   Source-receptor relationship 

Here examination of relative inputs of different emission sources to contamination of various regions 
in the Northern Hemisphere (source-receptor relationship) is exemplified by contamination of the 
Arctic region by PCB-153. Splitting of main emission sources of the Northern Hemisphere used for 
evaluation of source-receptor relationship is displayed in Fig. 3.53. As receptors we consider five 
regions in the Arctic (European Arctic, Russian Arctic, Canadian Arctic, Greenland and Alaska, Fig. 
3.53b). 
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Fig. 3.53. Sources and receptors of PCB-153 used in source-receptor analysis 

 
The contributions of the considered emission sources to the hemispheric PCB-153 emissions are 
shown in Fig. 3.54. The most significant emission sources in the Northern Hemisphere are located in 
North-western Europe (about 4.4 t/y, 30%), then come South-eastern Europe, America, Africa and 
Central Asia. Russian emissions take the fifth place. 

To begin with, let us consider contributions of these emission source groups to the contamination of 
the Arctic as a whole. It is seen that the contributions of emission sources to the deposition to the 
Arctic (Fig. 3.54b) is essentially different from that to emissions. Thus, the contributions of North-
western Europe and Russia to the Arctic contamination (40% and 19%, respectively) are lower than 
their contributions to hemispheric emissions (30% and 11%). The contributions of American sources 
to the Arctic contamination is comparable with their input to emissions. The contributions of the rest 
sources to deposition to the Arctic is less than their input to emissions. It is however worth noting that 
such remote sources as Asia and Africa can considerably contribute to the contamination of the 
Arctic region (about 8% in sum). 
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It is interesting also to examine the contributions of different source groups to depositions to various 
regions-receptors in the Arctic (Fig. 3.55). 
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Fig. 3.55.   Contributions of different source groups to depositions to regions-receptors in the Arctic in 1996 

 
From the plots it is seen that sources from North-western and South-eastern Europe and Russia 
essentially contribute to the contamination of all regions-receptors (from 21% to 66%, from 14% to 
17% and from 7% to 40%, respectively). Sources from America contribute mainly to the 
contamination of Greenland, Canadian Arctic and Alaska (30 – 40%). Further, relatively significant 
contributions to Alaska and Canadian Arctic are made by sources from South-eastern Asia and 
Central Asia and Africa (14% – 19% together). This testifies the importance of long-range transport in 
formation of contamination of remote regions. 

3.2.1.6.   Congener composition analysis 

Simulations of long-range transport and accumulation of four PCB congeners (PCB-28, PCB-118, 
PCB-153 and PCB-180) make it possible to compare the peculiarities of environmental behaviour of 
different PCB congeners during their long-range transport. In particular, changing of PCB congener 
composition in air during their transport is of particular interest. Clearly, this analysis is of preliminary 
character and the results may be changed in the course of further refinement of PCB physical-
chemical properties and emission data. 

To analyse the dependence of PCB mixture congener composition on location we present calculated 
composition of the mixture of 4 selected PCB congeners in the atmosphere over five regions of the 
Russian North (Fig. 3.56). Assessment of pollution of these region by PCBs were carried out by 
MSC-E in the framework of joint  project of EMEP, AMAP and WMO - ”Persistent toxic substances, 
food safety and indigenous people of the Russian North” [Dutchak et al., 2002].  
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Fig. 3.56.   Regions of the Russian North used for the congener composition analysis: MUR – Murmansk 
Oblast, NEN – Nenets Autonomous Okrug, YNT – Yamalo-Nenets Autonomous Okrug and Taimyr, YAK – 
Republic of Sakha (Yakutiya), CHU – Chukotka Autonomous Okrug 

 
These regions form a kind of transect coming from regions with high emissions (Europe) in the 
latitudinal direction from west to east (that is, in the main direction of atmospheric transport). The 
diagrams of Fig. 3.57 present PCB congener composition in air of the above regions of the Russian 
North in comparison with that of emissions. Table 3.21 contains the list of abbreviations for regions’ 
names used below. 

 
Table 3.21.   Regions of the Russian North used for the congener composition analysis 

Region Abbreviation 
Murmansk Oblast MUR 
Nenets Autonomous Okrug NEN 
Yamalo-Nenets and Taimyr Autonomous Okrugs YNT 
Republic of Sakha (Yakutiya) YAK 
Chukotka Autonomous Okrug CHU 

 

The congener composition formed by all emission sources of the Northern Hemisphere during the 
period from 1970 to 1996 is displayed in Fig. 3.57a.  
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Fig. 3.57.   PCB congener composition in air of different regions-receptors of the Russian North in 1996 
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For all regions, the fraction of PCB-28 is highest and PCB-180 is lowest, in compliance with their 
fraction in emissions (last column in Fig. 3.57a). The other congeners are in the intermediate 
position. It should be noted that the congener composition of four selected PCB congeners vary from 
region to region. 

The congener composition for 1996 may be split into two parts: formed by re-emission process 
caused by PCB accumulations in media during the period from 1970-95 (Fig. 3.57b) and formed by 
emission in 1996 (Fig. 3.57c). In the first case, we consider results of the model run for 1996 with 
zero emission and initial concentrations obtained from model spin-up (1970-95). In the second case 
the results of the model run with zero initial concentrations in all the media and emission of 1996 are 
considered.  

The most contribution to the congener composition due to re-emission is made by PCB-28 and PCB-
153 (Fig. 3.57b). Considering the congener composition caused only by emissions of 1996 (Fig. 
3.57c), it should be noted that PCB composition in air in general follows that of emissions, being 
different for individual regions. 

Thus, one of the most important factors, influencing PCB congener composition in air, is congener 
composition of emissions. To demonstrate the role of physical-chemical properties and atmospheric 
transport in the formation of PCB congener composition, it is interesting to exclude the emission 
factor from the consideration. To this end we normalized air congener compositions to their 
emissions and show results in Fig. 3.58. By this normalization we have obtained PCB congener 
composition in air under the assumption that emissions of all four congeners equal one another. The 
congener composition caused by re-emission processes (Fig. 3.58a) is normalized by total emissions 
from 1970-95, and the congener composition caused by emissions of 1996 (Fig. 3.58b) is normalized 
by emissions of this year. 
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Fig. 3.58.   PCB congener composition in air of different regions-receptors in 1996 (equal emission totals) 

 
From Fig. 3.58a it is clearly seen, that the heavier congener is the greater re-emission influences on 
air pollution. This may be explained by higher persistence of heavy congeners in soil and higher soil 
capacity for them. As to emissions of 1996, Fig. 3.58b demonstrates that fraction of PCB-28 is higher 
than fractions of other congeners for all regions-receptors excluding Chukotka AO.  
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Simple normalization to emissions keeps the 
uncertainty of different congener 
composition of emission sources located in 
different countries. To get over this 
uncertainty it is interesting to consider the 
congener composition of air concentrations 
transported from a single emission source 
with equal fractions of each congener. More 
reliable estimates may be obtained if we 
consider one region-source and regions-
receptors located in increasing distance. 
This experiment is shown in Fig. 3.59, where 
normalized emissions only from Murmansk 
Oblast are considered. As seen from the 
diagram, there are certain variations in congener composition of PCB mixture transported from 
Murmansk Oblast to five regions-receptors. However, these differences are less significant than 
those caused by different congener composition of different emission sources. 

Thus, in the atmosphere of the Russian North PCB-28 dominates, then come PCB-118, 153 and 
PCB-180. For different regions-receptors, the composition of PCB mixture is different. The main 
factor affecting the air congener composition is emissions.  

3.2.1.7.   Comparison with measurements 

Here the computed PCB concentrations in air and precipitation and deposition fluxes are verified 
using the available measurement data. Data for the comparison were taken from several sources 
including measurements at sites within the AMAP region [Berg and Hjellbrekke, 1999], observations 
of the EMEP monitoring network [Berg et al., 1996, 1997; Berg and Hjellbrekke, 1998; Brorström-
Lundén et al., 2000], and literature data for 1989-96. The verification of model results is made by the 
comparison of mean annual concentration values. For this purpose available observations were 
analyzed. A number of studies of PCB concentrations obtained during quite short period or episodic 
measurement campaigns were not taken into account.  

Table 3.22.  Monitoring sites selected for the 
comparison with model results for PCBs 

Station Code Latitude Longitude 
Stórhöfdi IS91 63° 24’N 20° 17’W 
Rörvik SE2 57° 25’N 11° 56’E 
Pallas FI96 67° 58’N 24° 07’E 
Ny Ålesund NO42 78° 54’N 11° 53’E 
Kosetice CZ3 49° 35’N 15° 05’E 
Alert CA420 82° 28’N 62° 30’W 
Tagish CA1 60° 18’N 134° 16’W 
Dunai RU17 73° 59’N 124° 30’E 
Kårvatn NO39 62° 47’N 8° 53’E 
Svanvik NO47 69° 27’N 30° 02’E 
Hazelrigg  54 3’N 2 50’W 

 

 

Fig. 3.60.  Location of monitoring sites selected for 
the comparison with model results for PCBs 
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Fig. 3.59. PCB congener composition in air of 
different regions-receptors in 1996 caused by 
Murmansk emission sources (equal emission totals)  
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The locations of the sites are depicted in Fig. 3.60. Table 3.22 contains coordinates of these stations. 
Data on PCB concentrations measured at the EMEP network were available from the following sites: 
Storhöfdi (IS91), Rörvik (SE2), Pallas (FI96), Ny Ålesund (NO42), and Košetice (CZ3). 
Measurements of PCB concentrations within the Arctic region were available from Tagish, Dunai, 
and Alert sites. In addition data of two Norwegian sites Karvatn and Svanvik were used [Oehme et 
al., 1995]. Observations of PCB concentrations at semi-rural site Hazelrigg [Coleman et al., 1998] 
were also used in the comparison. The comparison of mean annual air concentrations of four PCB 
congeners (PCB 28, 118, 153, and 180) for the period of 1989-96 is presented in Fig. 3.61. Most of 
computed values of air concentrations (95%) are within a factor of 4 against observed levels. As it 
can be seen from the figure and Table 3.23 the model overestimates in general atmospheric 
concentrations of heavier congeners 180 and 153. For PCB-118 computed concentrations are rather 
close to measured ones. Computed mean annual air concentrations of PCB-28 are somewhat lower 
than observed ones. Although number of sites for the analysis is relatively small, it shows high 
enough correlation between observed and computed concentrations (0.5 – 0.8). This testifies to the 
fact that the model reasonably represents spatial distribution of selected PCB congeners in air. 
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Fig. 3.61.  Scatter plots of mean annual concentrations of four PCB congeners in the surface air, pg/m3. 
Measured and computed PCB air concentrations are shown using the logarithmic scale. Dashed lines on the 
diagrams limit the area with agreement between the measured and computed values within a factor of 4 

Table 3.23. Comparison of measured and computed mean annual air concentrations of four PCB congeners 
and correlation between measured and computed values 

 Mean observed, pg/m3 Mean computed, pg/m3 Mean ratio, Obs/Mod Correlation 
PCB-28 10.27 5.76 1.74 0.5 

PCB-118 2.14 2.13 0.98 0.7 
PCB-153 3.39 4.34 0.80 0.5 
PCB-180 1.58 1.24 0.87 0.8 

 

Next eight figures (Fig. 3.62 a-h) present more detailed comparison for individual years and sites 
grouped by two relatively large areas - European and Arctic region.  
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Fig. 3.62.  Comparison of mean annual concentrations of four PCB congeners in the surface air of European 
and the Arctic regions for the period 1989-96 

 
The comparison of measured and computed concentration in precipitation of four PCB congeners for 
site Stórhöfdi in 1995 and 1996 is given in Table 3.24. 

The most significant discrepancies were found for Hazelrigg site. This site is located in semi-rural 
area of the United Kingdom. It is the only semi-rural station for this region (others are urban), 
therefore it is included into the comparison. Significantly higher levels of measured PCB 
concentrations at this site in comparison with the computed ones are most likely connected with the 
proximity of local emission sources. 
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Table 3.24. Comparison of computed mean annual PCB concentrations in precipitation for 1995 and 1996 
with measurements made at Stórhöfdi (IS91), ng/l 

 Mean observed, 
1995 

Mean observed, 
1996 

Mean computed, 
1996 

PCB-28 0.243 0.160 0.028 
PCB-118 0.042 0.037 0.019 
PCB-153 0.037 0.070 0.031 
PCB-180 0.067 0.041 0.032 

 

Since the values of concentration in precipitation and of deposition flux strongly depend on 
precipitation amount, the comparison of measured and computed values for these parameters should 
be carried out only for 1996 (meteorology of this year was used in calculation). However, such 
comparison is complicated by the deficiency of available measurement data for 1996. Therefore, 
additional measurements for 1995 were used in the comparison. Deposition fluxes include dry and 
wet particle depositions and wet gas deposition. Data on concentrations in precipitation for 1995-96 
were found for Icelandic site Stórhöfdi (IS91) and on deposition fluxes - for Pallas (FI96) and Rorvik 
(SE2). 

The comparison of PCB concentrations in precipitation for this site shows that the computed values 
of three congeners (118, 153, 180) are quite close to the observed values. The comparison with 
measurement results of 1996 is better than with that of 1995 because in calculations meteorological 
parameters of 1996 were used. More significant disagreement is found for PCB-28. The computed 
value for this congener is significantly lower 
than measured one. It might be connected 
with uncertainties in emission data. It may 
be confirmed by the fact that the computed 
air concentration for this site is 
underestimated too (Fig. 3.62 b). The 
second reason for the discrepancy may be 
the uncertainty connected with 
parameterization of washout process for this 
congener. To improve the parameterization 
of this process more information about 
simultaneously measured concentrations in 
air and precipitation are needed.  

The comparison of computed and observed 
PCB deposition fluxes were made for two 
sites, Rörvik (SE2) and Pallas (FI96), for 
1995 and 1996 (Fig. 3.63). 

Results of the comparison show that the computed deposition fluxes for these two sites are 3-5 times 
higher than measured ones for PCB-118, PCB-153, and PCB-180. The same can be noted for the 
computed air concentrations, which are 2-3 times higher than measured values. For PCB-28 the 
computed deposition fluxes were in a satisfactory agreement with observed values.  

In conclusion it can be noted that the computed concentrations are close to measured PCB 
concentration levels at several sites located in the Arctic and European regions. Most of computed 
air concentration values are within a factor of 4 in comparison with measurements. Model air 
concentrations of four PCB congeners correlate rather well with observed ones.  
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Fig. 3.63. Scatter plot of calculated annual deposition 
fluxes of four PCB congeners in comparison with measured 
ones at Rörvik (1995, 1996) and Pallas (1996), g/km2/y. 
Observed and computed deposition fluxes are shown using 
logarithmic scale. Dashed lines limit the area of agreement 
within a factor of 5 between measured and computed values 
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The comparison of concentrations in precipitation and deposition fluxes was limited by the deficiency 
of available measurements for 1996. Computed concentrations of PCB-118, 153, 180 in precipitation 
for Stórhöfdi (IS91) are in a good agreement with measured ones. However, the model 
underestimated observed concentration levels of PCB-28 at this site within a factor of four. 
Computed deposition fluxes compared to observed ones at Pallas and Rörvik are 3-5 times higher. 
At the same time model estimates of PCB-28 deposition fluxes agreed rather well with 
measurements made at these sites. 

It should be mentioned that the measurement database for this comparison is rather limited. 
Therefore for more thorough verification of model results it is necessary to have more measurements 
in other regions of the Northern Hemisphere.  

Thus, 

• Model simulations allow one to evaluate long-range transport potential of PCBs. The 
transport distance from European sources is evaluated as 7700 km for PCB-153, 5800 km 
for PCB-28, 6200 km for PCB-118 and 7500 km for PCB-180. Hence, assessment of 
environmental contamination of this pollutant is to be carried out at hemispheric/global scale. 

• PCBs tend to be accumulated mainly in soil (the share of total environmental content 
containing in soil varies from 75% to 95% for different congeners). Consequently, residence 
time of PCBs in the environment is mainly determined by degradation in soil. For more light 
congeners, degradation in atmosphere and seawater is also essential. 

• Examination of long-term trends of contamination in main environmental media shows that 
the decrease of soil content goes much slower than emission decrease. Hence, it might be 
supposed that soil contamination can support contamination of other media for a long time 
after emission reduction. 

• Model evaluation gives spatial distribution of depositions and concentrations in air, soil, 
seawater and vegetation for PCB-28, 118, 153, and 180 for 1996. For model verification, air 
concentrations were compared with measurements. The comparison showed that for all 
considered congeners about 95% of results are within a factor of 4. 

• Source-receptor analysis shows that sources from North-western and South-eastern Europe 
and Russia essentially contribute to the contamination of the Arctic region. Sources from 
America contribute mainly to the contamination of Greenland, Canadian Arctic and Alaska. 
Relatively significant contributions to Alaska and Canadian Arctic are made by sources from 
South-eastern Asia and Central Asia and Africa. 

• Investigation of congener composition in air of the Russian North shows, that PCB-28 
dominates, then come PCB-118, 153 and 180. For various regions-receptors, the 
composition of PCB mixture is different. The main factor affecting the air congener 
composition is composition of emissions. 

 

3.2.2. γ- Hexachlorocyclohexane 

This year calculations of long-range transport and accumulation of γ-HCH (lindane) in main 
environmental media for the period from1990 to 1996 were carried out by using the hemispheric 
version of the MSCE-POP model with spatial resolution 2.5°x2.5°. Emissions data required were 
prepared on the basis of official data and available expert estimates (see Chapter 2). To take into 
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consideration concentration levels in the environment due to accumulation prior to 1990, preliminary 
computations for 5-year period with emissions of 1990 were performed. All the calculations were 
carried out with use of meteorological data for 1996. As a result of these calculations the spatial 
distributions of concentrations levels in main environmental compartments and deposition fluxes of 
γ-HCH in various parts of the Northern Hemisphere were assessed. Particular attention was given to 
estimation of pollution levels in Europe. The main emission sources affecting the pollution of different 
European regions were denoted. 

To estimate the influence of various emission sources on the contamination of remote regions in 
1996, nine groups of the emission sources were set apart (Fig. 3.64). Emission fluxes from East, 
West and South Europe were considered separately. Russia was examined as an individual source. 
Fig. 3.64b demonstrates contributions of chosen regions-sources to γ-HCH overall emissions within 
the Northern Hemisphere in 1996.  

 

a  b

India
1800 t/y
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West Europe
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18%

East Europe - 20 t/y (1%)

America
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Russia - 66 t/y (2%)

China - 250 t/y (7%)

South Europe - 47 t/y (1%)

 

Fig. 3.64. Regions-sources of γ-HCH emissions in the Northern Hemisphere and their contribution of 
selected regions-sources to total emissions in the Northern Hemisphere in 1996 

 
The values of γ-HCH emissions in the Northern Hemisphere for 1990-96 based on official data and 
expert estimates is shown in Table 3.25.  

Table 3.25. γ-HCH emissions in the Northern Hemisphere, t/y 

Sources 1990 1991 1992 1993 1994 1995 1996 
America 398 389 379 370 360 351 341 
Asia 84 84 83 83 83 83 83 
East Europe 37 22 17 19 18 20 20 
West Europe 419 362 642 643 658 633 632 
South Europe 337 295 277 21 25 33 47 
North Europe 3 5 4 3 0 0 0 
Africa 206 206 206 206 206 206 206 
Russia 509 425 342 269 200 133 66 
China 50 50 50 50 50 250 250 
India 3825 1800 1800 1800 1800 1800 1800 

 
Separate model runs were carried out for the assessment of pollution transport from each source 
group with the assumption of zero emissions from other sources and with zero initial γ-HCH content 
in the environment. A special run, with zero emissions and initial γ-HCH content in the environment 
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obtained during 1990-95, was performed to evaluate the influence of historical emissions on the 
contamination in 1996.  

One more computation was performed with the use of entire emission data for the period from 1990 
to 1996. Comparison between pollution levels obtained as a result of this run, on the one hand, and 
by summing up values obtained after calculations described in the previous paragraph, on the other 
hand, shows, that the difference does not exceed 3%. Thus, such approach seems to be suitable for 
evaluation source-receptor relationships for various regions. 

 
Analysis of γ-HCH accumulation dynamics in main environmental media. First of all let us 
consider results concerning overall distribution of the pollutant between main environmental 
compartments (air, soil seawater, and vegetation). For evaluation of γ-HCH pollution levels in the 
environment long-term trends of this substance accumulation in the media were analyzed. Fig. 3.65 
displays trends of γ-HCH accumulations during the period from1990 to 1996 in these media. For the 
sake of comparison, the trend of γ-HCH emissions used in modeling is also presented. 
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Fig. 3.65.   The trends of γ-HCH emissions (a) and accumulation in air (b), vegetation (c), soil (d) and 
seawater (e) during 1990-96 

From 1990 to 1991 emission intensity sharply decreased, and then remained at an approximately 
constant level (Fig. 3.65a). It is clearly seen that the process of accumulation is different in each 
environmental compartment. The trends of γ-HCH accumulation in air and vegetation actually follow 
that of emission reduction (Fig. 3.65b and c). The content of this pollutant in soil and seawater 
diminishes very slowly due to a long half-life of γ-HCH in these media (Fig. 3.65d and e). According 
to our estimates, seawater contains more than 80% of this pollutant accumulated in the environment 
by the end of 1996; the soil contains about 15%, the atmosphere – less than 3% of the γ-HCH total 
mass (Fig. 3.66). 
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Spatial distribution of contamination. Analysis 
of spatial distribution of the pollutant over the 
Northern Hemisphere gives us more detailed 
information about contamination. It should be 
noted, that due to the lack of emission data the 
obtained results are quite tentative, but as a 
whole the picture of lindane spreading seems to 
be reliable enough. The spatial distributions of γ-
HCH emission and deposition fluxes as well as 
concentrations in the main environmental 
compartments in 1996 are demonstrated in Fig. 
3.67. Substantial levels of γ-HCH depositions 
and concentrations in air, soil, and vegetation 
take place in regions with high lindane emission 
intensity (India, China, West Europe and North America). At the same time, elevated air 
concentrations over the oceans and seas caused by the γ-HCH long-range transport with 
atmospheric fluxes and sea currents are detected.  

 

 

 
Fig.3.67.  Spatial distribution of γ-HCH emission (a) and deposition (b) fluxes; concentration in air (c), soil 
(d), vegetation (e), and seawater (f) 
 

Typical levels of air pollution by γ-HCH remote from emission sources regions are from 0.01 to 1 
ng/m3. Higher air pollution levels are estimated for some regions in West Europe (up to 6 ng/m3) and 
over southeastern Asia (above 7 ng/m3). The mean value is about 0.16 ng/m3. Deposition fluxes over 
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Fig. 3.66 Calculated redistribution of γ-HCH 
between environmental compartments by the end of 
1996
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the most territory of the Northern Hemisphere vary from 0.1 to 10 μg/m2/y. In polluted regions they 
reach more than 100 μg/m2/y. The averaged over the hemisphere value is about 6.5 μg/m2/y. 

Fig. 3.67d presents spatial distribution of averaged concentrations in soil. Averaging is made over the 
whole depth of soil calculation domain. Pollutant concentration in soil is mainly determined by the 
long-term accumulation of this species in this compartment rather than by emissions in 1996. For 
example, concentrations about 0.7 ng/g are observed both in regions with high deposition fluxes over 
Western Europe and in the region with low deposition, in particular, in Russia. The point is that 
according to emission scenario used in calculations, in the beginning of 90’s Russian emissions were 
rather significant, then they decreased. 

Spatial distribution of concentrations in vegetation is shown in Fig. 3.67e. The main way of lindane 
penetration to vegetation is gaseous exchange with the atmosphere. In the most regions the typical 
range of concentrations is 1-50 ng/g. Concentrations in contaminated regions amount to about      
250 ng/g.  

Fig. 3.67f presents the concentration field in seawater. High concentration levels are obtained in the 
coastal waters near the main emission sources. For example, the typical range of seawater 
concentrations in the Mediterranean Sea and northern part of the Indian Ocean is from 1 to 15 ng/l. 
In the marine environment, pollutant can be transported from one region to another by sea currents. 
The map of marine concentrations illustrates the inflow of γ-HCH from European sources with sea 
currents through the North Atlantic to the Arctic Ocean: higher concentrations are calculated near the 
Northern part of the Scandinavian Peninsula and Spitsbergen. Seawater pollution in the Arctic Ocean 
is noticeably affected by sea ice cover, which accumulates and transports a pollutant and prevents 
the gaseous exchange between the atmosphere and seawater. 

Pathways of atmospheric γ-HCH transport from the main emission sources. Now we consider the 
processes of formation of the above described pollution levels by long-range atmospheric transport 
of pollutant from the main emission sources. Separate model runs carried out taking into account 
emissions from only one source with the assumption of zero emissions from other sources allow one 
to evaluate pathways of γ-HCH transport from different sources over the Northern Hemisphere. Here 
we present the analysis of γ-HCH transport from the three largest groups of sources: India, West 
Europe, and America.  

The process of atmospheric transport of γ-HCH from Indian sources in 1996 under the assumption of 
zero initial concentrations in all environmental compartments is displayed month by month in Fig. 
3.68. One can see that in the beginning of the year (January – March) γ-HCH transport takes place 
mainly in eastward and westward directions. From April to August γ-HCH is transported in a 
northward direction to the North of Asia and the Arctic region due to the cyclonic character of wind 
patterns in the region. γ-HCH from Indian sources can be transported to the Arctic region passing 
around Tibet from its southern-eastern side. Then the character of wind patterns change and from 
September the process of atmospheric outflow from the Arctic and transport in an eastward direction 
takes place. 

The process of atmospheric transport γ-HCH from West European sources is shown in Fig. 3.69. It is 
seen, that the prevailing transport of γ-HCH from West-European sources takes place in eastward 
and north-eastward directions during the year. In April and September transport in northward 
direction is also pronounced. The decrease of air concentrations in the period from October to 
December is explained by an emission decrease due to seasonal variations assumed in the model 
for this group of sources (see Chapter 2). 
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Fig.3.68. Monthly dynamics of γ−HCH transport from Indian sources for 1996 (air concentrations) 
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Fig. 69. Monthly dynamics of γ−HCH transport from West-European sources for 1996 (air concentrations) 

Finally, we present the analysis of intercontinental γ-HCH transport by the example of the American 
sources. (Fig. 3.70). One can see that in the beginning of the year (January - February) γ-HCH 
transport takes place mainly in westward direction over the Pacific Ocean. From March to August γ-
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HCH is transported in northward direction to the Northern Europe through the Arctic. At the same 
time the pollutant is also transported in eastward direction and penetrates to the atmosphere over 
vast regions of the Europe and North Africa. At the end of the year the transport in westward 
direction prevails again. 

     

     

     

     

 
Fig. 3.70. Monthly dynamics of γ-HCH transport from American sources for 1996 (air concentrations) 
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This analysis can be extended to the analysis of source-receptor relationships by the example of 
different European regions. 

Source-receptor relationship. We considered the contributions of regions-sources to γ-HCH 
depositions to five European regions (Fig. 3.71). The influence of long-term accumulation of the 
pollutant in the environment was also estimated. 
Contributions of emissions in 1996 and re-
emissions of the accumulated toxic substance to 
depositions to different European regions are 
shown in Fig. 3.72. The most prominent effect of 
media accumulation of the pollutant on the 
depositions levels is characteristic of the European 
part of Russia and Northern Europe (20% and 
14% correspondingly) that is in regions where 
emissions dropped drastically in previous years 
and remote enough from powerful emission 
sources. Note, that depositions include wet and 
dry depositions of the particulate phase and wet 
deposition of the gaseous phase. 

Fig. 3.73 contains diagrams of contributions of 
different emission sources to depositions to East, 
West, South and North Europe, and European part 
of Russia in 1996. Note that the contributions are 
calculated without taking into consideration the 
influence of re-emissions processes. The sources of 
West Europe make the greatest contribution to 
deposition levels of all the considered regions-
receptors except European Russia. It is worth noting 
that such remote regions-sources as India and 
America make a noticeable input to the 
contamination of North Europe (about 5% each). 
This testifies the importance of intercontinental 
transport of γ-HCH in formation of contamination of 
European region. 

Mean levels of γ-HCH concentrations in air and depositions and their spatial variations in different 
parts of Europe were also assessed. According to the obtained results West Europe is the most 
contaminated area. It should be mentioned that in spite of an utter absence of lindane emission flux 
in North Europe the pollution level here is not much less than, say, in East Europe due to γ-HCH 
transboundary transport. 

Table 3.26.   Mean annual levels of γ-HCH pollution in different European regions in 1996 

Air concentrations, ng/m3 Depositions*, μg/m2/y Region 
Min Max Aver Min Max Aver 

East Europe 0.1 1.1 0.5 1.7 25.8 7.3 
European part of Russia 0.03 0.5 0.3 0.8 7.1 3.5 
North Europe 0.03 0.31 0.1 0.6 3.5 1.9 
South Europe 0.03 2.7 0.7 0.2 30.8 5.4 
West Europe 0.1 5.8 2.2 0.6 36.6 18.8 

  * depositions include wet and dry depositions of the particulate phase and wet deposition of the gaseous 
phase 
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Fig. 3.71.  The conventional division 
of Europe into regions 
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Fig. 3.72. Contributions of emissions in 1996 
and re-emission processes to γ-HCH 
depositions to different European regions 
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Fig. 3.73. Contributions of different regions-sources of emissions to γ-HCH depositions to European regions 

 
Comparison with measurements. Reliability of the model estimates of lindane pollution levels in the 
Northern Hemisphere was verified by the comparison of the mean annual values of the calculated 
values with monitoring data. For the comparison we used annual averages of measured γ-HCH 
concentrations in the ambient air and precipitation for the period from 1986 to 1996, available in the 
EMEP database (Chemical Coordinating Centre of EMEP). Part of the air concentration values 
calculated for the Arctic region was compared with measurement data available in [AMAP, 1999].  In 
addition, results of national measurement campaigns and some literature data were also included in 
the comparison study. 

Fig. 3.74 presents a map of the geographical 
locations of measurements used for the 
comparison. The map indicates that 
measurement data are available for different 
regions: North-west Europe, the Arctic zone, the 
Great Lakes region, and the Baikal region. As 
evident from the map, spatial coverage of air 
concentration measurements is much larger 
than that of precipitation. The majority of sites 
monitoring γ-HCH concentration in precipitation 
are located in Europe. Certainly, for better 
validation of calculation results more 
measurements both in air and in precipitation 
are needed. 

All the measured values were statistically processed. Additionally, all data have been checked for 
outliers. For example, very high values in the EMEP database, which are beyond the scope of four-
fold mean root square deviation in the log-normal distribution, have not been taken into account. 

 

Fig. 3.74. Location of measurement sites used 
for the comparison. Circles: measurements of 
air concentrations, triangles: measurements of 
concentrations in precipitation 
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Air concentrations. Table 3.27 contains the comparison results of measured and calculated 
concentrations in the surface air layer of the European and Arctic regions for the period from 1986 to 
1996. 
Table 3.27. Comparison of measured and calculated values of concentrations of γ-HCH in the surface air 

layer, pg/m3 

Site Year Measurement Calculation Meas/Calc  
1994 51.20 214.97 0.24 
1995 25.00 196.27 0.13 SE2 
1996 26.00 195.73 0.13 

Brorström-Lundén et al., 2000 

SE12 1996 83.43 90.83 0.92 AMAP, 1999 
1991 84.90 181.41 0.47 
1992 86.25 227.53 0.38 
1993 53.52 189.08 0.28 
1994 122.89 170.70 0.72 
1995 64.98 159.46 0.41 

Berg et al., 1996 NO99 

1996 60.72 173.43 0.35 Berg and Hjellbrekke, 1998 
1992 31.60 41.57 0.76 
1993 14.40 41.59 0.35 
1994 16.10 39.13 0.41 
1995 13.13 37.80 0.35 

Berg et al., 1996 NO42 

1996 12.85 32.64 0.39 AMAP, 1999 
NO47 1992 46.3 53.21 0.87 
NO39 1992 78.60 63.57 1.24 Oehme et al., 1995 

FI96 1996 11 66.96 0.16 Brorström-Lundén et al., 2000 
1995 14.19 41.43 0.34 Berg et al., 1996 IS91 1996 9.64 38.23 0.25 Berg et al., 1997 

Leipzig 1990 1580 857.81 1.84 Popp et al., 2000 
1992 6.87 25.96 0.26 
1993 10.95 22.06 0.50 Tagish 
1994 14.21 22.03 0.64 
1992 11.31 20.34 0.56 
1993 18.5 18.57 1.00 Alert 
1994 10.7 17.92 0.60 

AMAP, 1999 

Ice Island 1986 43.5 69.91 0.62 Hargrave et al., 1988 
Resolute Bay, N.W.T 1992 9.8 53.89 0.18 Falconer at al., 1995 

1994 32.12 93.37 0.34 Hoff et al., 1996 Superior, Eagle 
Harbour 1996 16 76.40 0.21 IADN Results to 1996 

1994 210.26 98.21 2.14 Hoff et al., 1996 Michigan, Sleeping 
Bear Dunes 1996 21 84.97 0.25 IADN Results to 1996 

1994 56.2 122.14 0.46 Hoff et al., 1996 Erie, Sturgeon Point 
1996 30 113.09 0.27 IADN Results to 1996 
1990 36 142.41 0.25 
1991 46 130.52 0.35 
1993 41 123.20 0.33 
1994 27.1 120.26 0.23 

Ontario, Point Petre 

1996 15 111.04 0.14 

Ridal et al., 1996 

1993 15 137.68 0.11 
1994 38 119.71 0.32 Barguzin BR 
1995 154 112.13 1.37 

Reviews of the environmental 
background. 1994-1996 

Dunai 1993 9.83 62.67 0.16 Hallsall et al., 1998 
Bering Sea 1989 - 90 42 36.15 1.16 
Chukchi Sea 1989 - 90 28 36.93 0.76 
Gulf of Alaska 1989 - 90 57 20.14 2.83 

Iwata et al., 1993 

Barents Sea 1996 36.2 38.60 0.94 
North East Arctic 1996 14.9 33.59 0.44 
North Pole 1996 15 56.78 0.26 

Harner et al., 1999 

Averaged 71.1 104.7 0.6 
Min 6.9 17.9 0.11 
Max 1580 857.8 2.83 
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The ratio of measured to calculated values (see last column of Table 3.27) show that the model on 
average overestimates air concentrations 1.7 times and the correlation between calculated and 
measured values is 0.9. A good agreement is obtained at the Canadian sites Alert and Tagish; 
measurement data were taken from [AMAP, 1999]. Large discrepancies are obtained at Swedish site 
SE2 (Rörvik) [Brorström-Lundén et al., 2000]. However, at Swedish site SE12 (Aspvreten), 
calculations and measurements [AMAP, 1999] agree well enough. The most likely reason for these 
discrepancies is connected with uncertainties in spatial distribution of emissions. 

The results of the comparison are also presented in the form of a scatter plot. The scatter plot in the 
Fig. 3.75 illustrates differences between calculated and measured annual air concentrations. The 
majority of computed concentrations are within a factor of five with respect to measured values. The 
zone of “factor of five” is shown in the diagram by the dashed lines. When the station is located within 
this zone, annual average computed value for this station is no more than five times higher or no less 
than five times lower than the measured value. Nearly 80% of comparisons are within a factor of four. 
A logarithmic scale is applied for better display of the entire range of measured and computed 
values. It should be noted that the ratio between measured and calculated values varies from 0.11 to 
2.8 whereas measured values differ from each other more than 200 times. Thus, the model 
reasonably describes air concentrations in a sufficiently wide range of values. 

Concentrations in precipitation. Table 3.28 presents the comparison between calculated and 
measured mean annual concentrations in precipitation. 
Almost all available measurement data on γ-HCH 
content in precipitation were obtained at the EMEP 
monitoring stations.  

For the concentration in precipitation, 86% of 
computed values are within a factor of three with 
respect to measurements, with an average 
measurement to calculation ratio of 1.1. The 
correlation between measured and computed values is 
0.8.  

The scatter plot in Fig. 3.76 illustrates differences 
between calculated and measured annual 
concentrations in precipitation. The ‘factor of two’ 
agreement between computed and measured annual 
concentrations lies between the dashed lines. As in 
the case of air concentrations, logarithmic scale is 
applied. 

It is seen that more than 70% of all computed 
concentrations are within a factor of two with respect 
to measured values. 
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Figure 3.75. Computed versus measured annual 
average γ-HCH concentrations in air, pg/m3 
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Fig. 3.76. Computed versus measured annual 
average γ-HCH concentrations in precipitations 
in 1996, ng/l 



Evaluation of POP transport and pollution levels in the environment                                                       Chapter 3 
 

 176

Table 3.28. Comparison of measured and calculated values of concentrations in precipitation, ng/l and 
measurement to calculation ratio 

Site Year Measurement Calculation Meas/calc Reference 

1990 4.54 6.86 0.66 
1992 18.22 8.98 2.03 
1993 9.28 7.60 1.16 
1995 6.32 7.02 0.86 

DE1 

1996 10.38 7.09 1.35 

Lövblad et al., 1995 

DE9 1995 6.52 5.57 0.85 
1990 16.98 8.73 1.94 
1991 11.91 7.63 1.56 DK31 
1992 15.82 9.42 1.68 
1994 1.43 2.65 0.50 
1995 2.15 2.63 0.75 IE2 
1996 2.04 2.74 0.67 

Berg et al., 1996 

1995 0.44 0.89 0.19 IS91 1996 0.27 0.76 0.13 
Berg and Hjellbrekke, 1999 

1991 4.05 3.9 1.04 
1992 5.02 6.03 0.83 
1993 8.45 4.34 1.85 
1994 9.98 4.06 2.33 
1995 5.54 3.88 1.36 

NO99 

1996 8.01 4.47 1.63 

Berg et al., 1996 

Villeroy 1992 2.62 7.97 0.33 Poissant et al., 1997 
Averaged 6.9 5.5 1.1 
Min 0.3 2.1 0.13 
Max 18.2 9.4 2.3 

 

 

Main results: 

The analysis of long-term trends of γ−HCH accumulation in environmental compartments reveals, 
that the content of this pollutant in soil and seawater diminishes very slowly due to a long half-life of 
γ-HCH in these media. The main medium accumulating lindane is seawater. About 80% of all γ−HCH 
content in the environment over the Northern Hemisphere is contained in this medium.  

The spatial distributions of γ-HCH emission and deposition fluxes as well as concentrations in the 
main environmental compartments in 1996 were examined.  Substantial levels of γ-HCH depositions 
and concentrations in air, soil, and vegetation take place in regions with high lindane emission 
intensity (India, China, West Europe and North America). At the same time, elevated air 
concentrations over the oceans and seas caused by the γ-HCH long-range transport with 
atmospheric fluxes and sea currents are detected. 

Pathways of γ−HCH transport from emission sources were examined. The influence of the main 
emission sources to the contamination of Europe was revealed. 

The ratios of measured and calculated values of γ-HCH concentrations in air and precipitation 
indicate that the model overestimates air concentrations 2.5 times and the correlation coefficient 
between them is 0.5. Nearly 60% of calculated air concentrations and 100% of calculated 
concentrations in precipitation are within a factor of 3 relative to the observed levels. The mean ratio 
of measured concentrations in precipitation to calculated values equals 1.15. The correlation 
coefficient between calculated and measured values is 0.8. The most likely reason for the 
discrepancies between measured and calculated values is connected with uncertainties in spatial 
distribution of emissions. 
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3.2.3.   Hexachlorobenzene  

In 2003, the investigation of long-range transport and accumulation of hexachlorobenzene (HCB) in 
the environment is continued. In previous study (see [Shatalov et al., 2002]) simulation of HCB 
atmospheric transport from European emission sources for the period from 1970 to 1998 was 
performed on the regional scale.  

The aim of the present stage of investigation is to examine the processes of HCB transport and long-
term accumulation in the environment, and to reveal pathways of HCB transport within the Northern 
Hemisphere. To do this, simulations of HCB long-range transport and accumulation in the 
environment for 12-year period  (1985-1996) with the use of the hemispheric version of MSCE-POP 
model with resolution 2.5×2.5º were performed. In simulations only European emission sources were 
considered. For evaluation of accumulation rates in various environmental compartments, one and 
the same European emissions (of 1990) are used for each year of the simulation period. More 
detailed description of emission data used for modeling is presented in Chapter 2 above. These 
simulations can be also used for tentative evaluation of environmental contamination in Europe by its 
own emission sources. 

In this Chapter main attention is given to the following: 

Section 3.2.3.1: estimation of long-range transport potential for HCB using the methodology 
described above (see Sections 1.5 and 3.1.2). 

Section 3.2.3.2: overall persistence of HCB in the environment is evaluated on the basis of calculated 
shares of HCB in various environmental compartments. Here the influence of long-term accumulation 
on the values of residence time in the environment is analyzed. 

Section 3.2.3.3: the results of long-term trends of HCB accumulation in main environmental media 
(atmosphere, soil and seawater) are presented and evaluation of time period sufficient for correct 
assessment of contamination in these environmental compartments is done. Seasonal variations of 
HCB contamination in the atmosphere are also analyzed in this Section. 

Section 3.2.3.4: the analysis of spatial distribution of contamination caused by European emission 
sources in Europe itself and in regions remote from European emission sources is given. 

3.2.3.1.   Long-range transport potential and pathways of HCB atmospheric transport 

We begin with evaluation of long-range transport potential (LRTP) of HCB. Following the scheme 
described earlier in Section 1.5 LRTP is evaluated by transport distance (TDα) corresponding to a 
threshold level α: 

 
π

α
α

S
TD = , (3.5) 

where S α is the area over which atmospheric concentrations drops not more than 1/α times with 
respect to their maximum value, that is: 
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To make an appropriate choice of the threshold level let us consider the map of relative atmospheric 
concentrations Crel obtained by simulations by the last year of the simulation period (Fig. 3.28). 

We recall that both for new substances and PCDD/Fs 
the threshold level was chosen to be α = 0.001. 
However, it is seen that Crel exceeds 0.001 almost 
everywhere within the Northern Hemisphere and, hence 
such choice is not appropriate for HCB. From the other 
hand, to obtain comparable results, the value of α is to 
be chosen in unique way for all pollutants considered. 

To overcome this difficulty, somewhat more general 
approach can be used for evaluation of TDα for HCB. 
First, the transport distance is calculated for different 
values of the threshold level α. The plot of the 
dependence of TDα on ln(1/α) calculated on the basis of 
calculated spatial distribution of HCB surface 
atmospheric concentrations (Fig. 3.77) is displayed in 
Fig. 3.78. 

Now let us take into account that under steady-state 
conditions (when all fluxes and concentrations are stable 
in time) and under assumption of independence of 
environmental parameters on the location, relative air 
concentration depends on the distance r from sources 
exponentially: 

 ar
rel eC −=                        (3.7) (3.14) 

with some constant a. Hence, the dependence of TDα on 
ln(1/α) must be in this case linear with the constant 1/a.  

The declination of calculated dependence of TDα on 
ln(1/α) from linear one is explained by the influence of spatial distributions of emissions for small 
values of ln(1/α) and by overlapping of different trajectories on the hemisphere for large values of this 
parameter. For the evaluation of the constant a from relation (3.7), linear trend is used (see Fig. 
3.78). For HCB, the value of the parameter 1/a is about 1500. Now the value of TDα for any value of 
α is given by 

 
a

TD )/1ln( α
α =   (3.8) 

which for α = 0.001 equals to TD0.001 = 10400 km. This is exactly the estimate of LRTP for HCB. 

Thus, it can be expected that simulations taking into account emission sources of the Northern 
Hemisphere located outside the EMEP region can essentially improve the evaluation of European 
contamination by HCB. Such simulations are planned at the following stages of investigation. 

 
Fig. 3.77. Spatial distribution of HCB in the 
surface air 
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Fig. 3.78.   Dependence of TDα on ln(1/α) 
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3.2.3.2.   Redistribution of HCB between environmental media and overall persistence 

The aim of this section is to evaluate the distribution of HCB between main environmental 
compartments and to estimate environmental residence time for this pollutant (the definition of this 
notion with more detailed discussion see Sections 1.5 and 3.1.2). The shares of HCB content in main 
environmental compartments in the beginning (1985) and the end (1996) of the simulation period are 
given in Fig. 3.79.  

1985
Soil
94%

Seawater
1%

Vegetation
1%

Atmosphere
4%

             

1996
Soil
99%

Atmosphere
0.1%

Seawater
0.5%Vegetation

0.1%
 

    Fig. 3.79.   Redistribution of HCB between main environmental media for the beginning (1985) and the end 
(1996) of the simulation period 

 
It is seen that the bulk of environmental HCB content is accumulated in soil even for the first year of 
the simulation period. By the end of this period almost all HCB (99% of the overall environmental 
content) is contained in this compartment. 

Table 3.78 presents calculated HCB environmental residence time together with particular 
environmental half-lives due to degradation in main environmental compartments (we recall that at 
present the degradation in vegetation for HCB is not considered in the model). These half-lives are 
calculated for the overall environmental content under the assumption that degradation process 
takes place only in the considered medium. 

Table 3.29. Residence time in the environment for different years of the simulation period and half-lives in the 
environment due to degradation in particular media, years 

Half-lives in the environment due to degradation in 
particular media  Residence time in the 

environment  
Air Soil Sea 

4.15 246 4.24 805 
 

From the calculation results it is seen that the main process determining residence time is 
degradation in soil. The influence of degradation in the atmosphere is less important and degradation 
process in the marine environment is almost negligible. 

3.2.3.3. Long-term trends of accumulation in the environmental media and seasonal 
variations 

Calculated trends of HCB content in main environmental media (atmosphere, soil and seawater) are 
displayed in Fig. 3.80 (we recall that the emissions within the simulation period were assumed to be 
constant).  
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Fig. 3.80.   Trends of HCB accumulation in main environmental compartments during the simulation period 

 
It is seen that by the end of simulation period accumulation process in the atmosphere is completed. 
On the opposite, accumulation process in seawater and, especially, soil takes much longer time. 
Namely, rough approximation of soil concentration trend by “accumulation function”:  

 ( )t
acc eCF λ−−= 10 ,                   (3.9) 

where C0 and λ are some constants and t is time in years allows to evaluate the characteristic 
accumulation time (the time by which half of maximum accumulation level is achieved) to be close to 
10 years. This shows that for correct evaluation of environmental contamination by HCB simulations 
with real emission trends for 20 – 30 year period are desirable. 

Further, within each year strong seasonal variations of atmospheric concentrations take place. 
Seasonal variations of surface atmospheric concentrations averaged over three last years of 
simulation period are given in Fig. 3.81a. 
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Fig. 3.81.   Seasonal variations of HCB surface atmospheric concentrations (a) and temperature regime (b) 

 
It is seen that in cold season surface atmospheric concentrations drop by about 40% compared with 
their maximum value taking place in the warm season (in August). Since no seasonal variations of 
emissions is assumed for simulations, the reason of the high variability of atmospheric 
concentrations is purely temperature regime. The plot of average temperatures over land and sea is 
presented in Fig. 3.81b. The reason of high concentrations in warm season is high volatilization rate 
of HCB under high values of temperature.  

Calculations do not show pronounced seasonal variations for concentrations in soil and seawater.  
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3.2.3.4.   Spatial distribution of contamination 

Spatial distributions of HCB concentrations in main environmental media (atmosphere, soil and 
seawater) calculated for 1996 (last year of the simulation period) with allowance of long-term 
accumulation in various environmental compartments is displayed in Fig. 3.82. For comparison the 
figure contains also spatial distribution of emissions used in calculations and of flux of gaseous 
exchange with the underlying surface.  

According with emission spatial distribution used, main emission sources in Europe are located in its 
central, southern and eastern parts (Fig. 3.81a). The highest HCB concentrations in the atmosphere 
(over 10 pg/m3) are calculated for the regions with high emissions. At the same time regions with 
high enough atmospheric concentration levels (up to 0.7 pg/m3) embrace appreciable areas of 
Europe and Asia and sea basins (Fig. 3.81c). 

 

 

         
Fig. 3.82.   Spatial distribution of HCB contamination for 1996: a – emission flux used in calculations, 

μg/m2/y, b – flux of gaseous exchange with the underlying surface, c – surface atmospheric concentrations, 
pg/m3, g/km2/y , d – concentrations in top soil layer, ng/g, e – concentrations in the surface oceanic layer, pg/l 

 

Values of HCB air concentrations caused by European emission sources averaged over various 
regions of the Northern Hemisphere are shown in Table 3.30. To analyze the spatial pattern of 
atmospheric contamination more detailed splitting is used in Europe (the region with non-zero 
emissions). 
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Table 3.30. Calculated atmospheric contamination levels in various regions of the Northern Hemisphere 
caused by European emission sources, pg/m3 

Region Eastern 
Europe 

Southern 
Europe 

Western 
Europe 

European 
Russia 

Northern 
Europe 

Arctic 
region 

Northern 
America 

Surface air 
concentration 13 8.9 8.0 7.9 2.4 0.34 0.11 

 

Maximum values of atmospheric concentrations are obtained for Eastern, Southern and Western 
Europe (8 – 13 pg/m3). The air contamination level in Northern Europe is less (2.4 pg/m3). 
Concentrations in regions remote from emission sources considered (the Arctic and the North 
America) are considerably lower (0.34 pg/m3 in the Arctic and 0.11 pg/m3 in the North America). 

The impact of European emission sources on soil contamination is also not limited by the EMEP 
domain but extends to wide areas over the Northern Hemisphere (Fig. 3.82 d). As it follows from the 
above analysis of atmosphere/soil gaseous exchange and of long-term trends (see Fig. 3.81 above) 
soil concentration will grow with the increase of the calculation period. However, for the EMEP region 
modeling covering 12-year period (1985-96) provides reasonable values of concentrations in soil 
(slightly underestimated). In the marine environment (Figure 3.31e), HCB pollution is transported 
from regions close to main emission sources to some remote regions. 

Preliminary computations indicate that during the whole calculation period more than half (60%) of 
the HCB mass emitted during the simulation period is kept in different environmental compartments 
and only 40% is removed from the environment due to degradation processes and export beyond the 
calculation grid. 

The comparison of atmospheric and soil concentration levels in Europe shows that modeling gives 
reasonable levels of HCB concentrations in these media. Reasoning from preliminary estimates, the 
model underestimates air concentrations as much as several times. Measured background soil 
concentration levels are equal to units of ng/g and calculated ones are 0.3-0.7 ng/g. It might be well 
to point out that the modification of air/soil exchange module improved considerably the consistency 
between calculated and measured concentration in soil. The data on HCB concentrations measured 
in seawater are insufficient for model verification. Calculations with emission sources from the whole 
Northern Hemisphere may essentially improve the comparison. 

Thus, 

• HCB possesses extremely high long-range transport potential. The calculated value of 
transport distance (TD) for this pollutant is about 10000 km which exceeds TDs for all other 
considered pollutants (for example, TDs for PCDD/F congeners are evaluated as 4500 – 
7000 km depending on congener and for PCBs as about 8000 km). 

• Residence time in the environment for HCB is evaluated as about 4 years. Main process 
affecting HCB persistence in the environment is degradation in soil compartment. For correct 
evaluation of HCB residence time in the environment long-term calculations are required. 

• The analysis of long-term trends of accumulation in main environmental compartments show 
that for correct evaluation of HCB contamination levels in soil and seawater simulations for 
20 – 30 year period with real emission data on the Northern Hemisphere is required. 
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Chapter   4 

POP MODEL INTERCOMPARISON STUDY 

POP model intercomparison study was initiated under EMEP in accordance with the recommendation 
of the Executive Body for the Convention on Long-Range Transboundary Air Pollution 
[ECE/EB.AIR/75] and of the OECD/UNEP Workshop on the use of multimedia models for estimating 
overall persistence and long-range transport held in Ottawa in 2001. The main aim of POP model 
intercomparison is the comparison of different approaches used for POP modeling by various groups 
of scientists all over the world and improvement of model description and parameterization. 

Taking into account discussion on POP model intercomparison issues during the third EMEP/TFMM 
meeting in Geneva, March 2002 [EB.AIR/GE.1/2002/4], EMEP/MSC-E has elaborated the draft 
Programme and organized the first meeting on the intercomparison of POP models. It was held in 
Moscow, Russia in 13 -14 November 2002. The main aim of the meeting was to consider and accept 
the Programme on POP model intercomparison study; to discuss in depth the goal of the first stage 
and elaborate its time-schedule.  After discussion the Programme was accepted (Section 4.1). 

The first meeting on the POP model intercomparison was attended by 11 national experts from 
Canada, the Czech Republic, France, Germany, Japan, Norway, Switzerland, the United Kingdom, 
the USA and representatives of EMEP/MSC-E. Experts introduced their models to be involved in the 
intercomparison study. Since that time modelers from Denmark and the Netherlands have jointed this 
activity. 

Table 4.1 displays a list of the participating models together with brief descriptions of model type and 
resolution.  It should be mentioned that both generic and spatially resolved dynamic models are 
involved in this intercomparison study.  

 
Table 4.1.   Participating models 

 Model name Type/ resolution Reference 
person Institution 

1 HYSPLIT 4 Lagrangian, regional P. Bartlett CBNS, Queens College, 
USA 

2 
EVN-BETR 
(European 
scale) 

Dynamic box/5x5º, regional 

3 UK-MODEL 
(UK scale) 

Dynamic, box model, regional (UK) 

K. Jones and 
A. Sweetman 

Lancaster University, 
UK 

4 ELPOS Box model, regional, parameterization 
close to EUSES 1.0 M. Matthies Univ. Osnabrück, 

Germany 
5 ChemRange one-dimensional, steady-state box model 

6 ClimoChem two-dimensional box model with temporal 
resolution 

M. 
Scheringer, F. 
Wegmann 

ETH Zürich, Switzerland 

7 CAM/POPs Gridded, regional/global S. Gong Air Quality Research 
Branch, Canada 

8 G-CIEMS 
multi-box with geo-referenced 
geographical resolution (10x10 km2), 
regional  

N. Suzuki 
National Institute for 
Environmental Studies, 
Japan 
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Table 4.1.   continued 

 Model name Type/ resolution Reference 
person Institution 

9 INERIS Box model, regional, parameterization 
close to EUSES and ChemCan R. Farret Chronic Risks Division, 

INERIS, France 

10 GLOBO-POP 
zonally averaged non-steady state global 
multimedia fate and transport model 

K. Breivik (on 
behalf of F. 
Wania) 

NILU, Norway 

11 POPCYCLING-
Baltic 

regional multimedia fate and transport 
model 

K. Breivik and 
F. Wania NILU, Norway 

12 MEDIA gridded (2x2º), global J. Pudykiewicz Meteorological Service 
of Canada 

13 ADOM-POP 3D-Eulerian atmospheric transport and 
chemistry model 50x50 km G. Petersen GKSS 

14 DEHM-POP 

3D-Euleraian atmospheric transport and 
chemistry model, 
northern hemisphere: 150×150 km, 
EMEP: 50×50 km 

K.M. Hansen 
and                    
J. Christensen 

National Environmental 
Research Institute, 
Denmark 

15 SimpleBox and 
EUROS 

nested multimedia environmental fate 
model,  generic, 
five spatial scales: regional, continental 
and global (arctic, moderate and tropic 
geographic zones) 

D. van de 
Meent and A. 
van Pul 

RIVM Laboratory for 
Ecological Risk 
Assessment, 
the Netherlands 

16 MSCE-POP  
EMEP: 50×50 km or 150×150km, 
hemispheric: 2.5×2.5º 

V. Shatalov 
and M. 
Fedyunin 

EMEP/MSC-E 

 

4.1.  Programme on POP model intercomparison 

The objectives of the current intercomparison study are: to strengthen the exchange of scientific 
experience between different groups working in the field of POP modeling; to increase the 
transparency of existing POP models and their results: model concept, parameterizations, time and 
spatial resolution, output and uncertainties; to harmonize the output of POP models of different types 
and complexity for obtaining comparable results at different levels of regulatory activities; to consider 
model approaches for evaluation of new substances. The full text of accepted Programme is 
presented on the MSC-E website: www.msceast.org. 

The Programme consists of four stages and is planned to be extended for four years period. The POP 
model intercomparison study involves the following stages: 

Preliminary Stage. Overview of description and parameterisation of models involved into the 
intrcomparison study. 

Stage I. Comparison of descriptions of main processes determining POP behaviour in various 
environmental compartments. 

Stage II. Comparison of mass balance estimates (contents of POPs in different environmental 
compartments: atmosphere, soil/sediments, seawater, vegetation). 

Stage III. Comparison of calculated deposition and concentration fields in various environmental 
compartments between models and against measurements. 

Stage IV. Comparison of calculated overall environmental persistence and long-range transport 
potential for new substances evaluation. 
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Computation experiments with PCB-153 (substance of first priority) are agreed to be a subject of this 
intercomparison. For other selected pollutants - PCB-28, PCB-180,  B[a]P, lindane, new substance 
(substances of second priority), it is proposed to carry out computational experiments on the voluntary 
basis. 

At present the first stage of POP model intercomparison is ongoing (Section 4.2.). At this stage it is 
envisaged to compare model description of the main processes determining behaviour of the selected 
pollutants in various environmental compartments, their parameterization and results of model 
experiments.  

 

4.2.   Stage I 

At the Stage I of POP model intercomparison study, model descriptions of main processes 
determining POP fate in the environment (partitioning, scavenging, gaseous exchange between the 
atmosphere and different types of underlying surfaces) used in different models are compared. This 
implies the comparison of process descriptions  and relevant computation experiments for PCBs. 
Computational experiments are based on the “standard parameterization” representing the agreed set 
of key physical-chemical parameters for model testing (Section 4.2.1) and/or on own parameterization 
of an individual model.  

At the first stage the following computational experiments are performed: 

• Calculations of PCB gas/particle partitioning in the atmosphere; 

• Calculations of dry deposition fluxes of particulate phase from the atmosphere to agreed 
types of underlying surfaces (grass, forest, bare soil, and seawater); 

• Calculations of wet deposition fluxes both for gaseous and particulate phases; 

• Calculations describing gaseous exchange processes between the atmosphere and other 
environmental compartments (soil, water, and vegetation) at given atmospheric 
concentrations. 

Input data for computational experiments are presented in Section 4.2.2. The results of the 
computational experiments will be compared between models. The procedure on processing of the 
obtained results received from participating models are now under elaboration. This stage can result 
in an intermediate report and/or scientific paper. 

It should be mentioned that POP model intercomparison study is still opened for any new participants.  
We welcome another modelers to take part in this activity!   Necessary information on computational 
experiments to be performed in the framework of Stage I are presented below. Progress in model 
intercomparison study can be found on the MSC-E website: www.msceast.org.  

The second EMEP meeting on POP model intercomparison study is planned to be held in Moscow in 
autumn 2003. It is planned to consider the results of Stage I and approve detailed work programme of 
Stage II. 
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4.2.1.  Standard parameterization 

MSC-E together with national experts have prepared a “standard parameterization” for the three 
PCB congeners. For other selected pollutants (B[a]P, lindane, new substance), in the framework of 
this Stage it is proposed to carry out computational experiments on the basis of own 
parameterizations of the models.  

Proposed “standard parameterization” is worked out taking into account recommendations of the first 
meeting on POP model intercomparison. This information includes descriptions of the Henry’s law 
constant (or the air-water partition coefficient), the subcooled liquid vapour pressure, degradation 
rate constants in the environmental media, the octanol/water partition coefficient, the octanol/air 
partition coefficient, organic carbon/water partition coefficient, water solubility and scavenging ratio 
for the particle phase. “Standard parameterization” is based on the temperature dependencies of 
self-consistent PCB properties taken from [Li et al., (in press)]. For models, which include this or that 
parameter without temperature dependency, it is proposed to choose its value at standard 
temperature. For simplicity, degradation rate constants in various environmental media are assumed 
seasonally independent. These values were taken from [Mackay et al. 1992]. For the organic 
carbon/water partition coefficient and scavenging ratio for the particle phase, the values most 
frequently used by the models are proposed for the “standard parameterization”.  

 
Table 4.2. “Standard parameterization” 

Numerical values Reference 
Description and comments 

 PCB-153 PCB-28 PCB-180  
Temperature dependence  of Henry’s law constant, KH(Pa⋅m3/mol):  
LogKH = LogKH (Tref) - (ΔUaw + R x Tref)/(ln(10) x R) x (1/T-1/Tref) 
Temperature dependence  of Henry’s law constant, Kaw (dimensionless):  
LogKaw = LogKaw(25) - ΔUaw/(ln(10) x R) x (1/T - 1/Tref) 

KH (Tref), 
Pa⋅m3/mol 19.8 30.5 8.13 

Tref, K 298.15 298.15 298.15 

where: 
T is temperature; 
KH(Tref) is Henry ’s law constant at Tref, Pa⋅m3/mol; 
Tref is reference temperature; 
ΔUaw is internal energy of phase transfer; 
R is Universal Gas Constant 

ΔUaw , 
kJ/mol 62.8 52.3 63.6 

Li N., Wania F., Lei Y.D., 
Daly G.L., (in press) 

Temperature dependence  of subcooled liquid vapour pressure: LogpL = Log p0L (Tref)-( ΔUa + R x Tref)/(ln(10) x R) x (1/T - 1/Tref)

p0L(Tref) 
Pa 6.06·10-4 2.70·10-2 1.08·10-4 

Tref,  K 298.15 298.15 298.15 

where 
T is temperature; 
p0L (Tref) is vapour pressure at Tref, Pa; 
Tref is reference temperature; 
ΔUa is internal energy of phase transfer; 
R is Universal Gas Constant 

ΔUa 
kJ/mol 87.7 74.2 89.6 

Li N., Wania F., Lei Y.D., 
Daly G.L., (in press) 

Degradation rate constants in the following media are conversed from half-life values given in  [Mackay et al. 1992]: 
kd = 0.693/t1/2 
(Temperature dependencies of degradation rate constants in the considered media are proposed to be not taken into account). 

where kd is the first-order rate constant (s-1) and 
t1/2 is the half-life (s).      

Degradation in atmosphere kair, s-1 3.50·10-8 3.50. 10-7 3.50. 10-8 
Degradation in water  kw,, s-1 3.50. 10-9 1.13. 10-8 3.50. 10-9 
Degradation in soil  ksoil, s-1 3.50. 10-9 3.50. 10-9 3.50. 10-9 
Degradation in sediment  ksed, s-1 3.50. 10-9 3.50. 10-9 3.50. 10-9 

Mackay et al. [1992] 
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Table 4.2.   continued 

Numerical values Reference 
Description and comments 

 PCB-153 PCB-28 PCB-180  

Temperature dependence  of octanol/water partition coefficient: LogKow = LogKow(Tref) - ΔUow/(ln(10) x R) x (1/T - 1/Tref) 

Kow(Tref) 7.44·106 4.61·105 1.45·107 

Tref,  K 298.15 298.15 298.15 

where T is temperature; 
Kow(Tref) is Octanol/water partition coefficient at Tref 
(Pa); 
Tref  is reference temperature; 
ΔUow is internal energy of phase transfer; 
R is Universal Gas Constant 

ΔUow 
kJ/mol -31.1 -26.3  -29.1  

Li N., Wania F., Lei Y.D., 
Daly G.L. (in press) 

Temperature dependence  of octanol/air partition coefficient: LogKoa = LogKoa (Tref) - ΔUoa/(ln(10) x R) x (1/T-1/Tref) 

Koa(Tref) 2.76·109 7.05·107 1.46·1010 

ΔUoa 
kJ/mol -93.9   -78.5  -92.8  

where T is temperature; 
Koa(Tref) is Octanol/air partition coefficient at Tref , Pa
Tref  is reference temperature; 
ΔUoa is internal energy of phase transfer; 
R is Universal Gas Constant Tref, K 298.15 298.15 298.15 

Li N., Wania F., Lei Y.D., 
Daly G.L. (in press) 

 
Organic carbon/water partition coefficient is estimated from Kow with the use of eq.:  

Koc= 0.41⋅ Kow Karikhoff [1981] 

Water solubility 

Temperature independent 
Swl, 
mol.m-3 

3.07⋅10-5 8.85⋅10-4 1.32⋅10-5 Li N., Wania F., Lei Y.D., 
Daly G.L., (in press) 

Scavenging ratio (washout ratio for the particle phase)  

a-used also for the gas phase deposition 
W 

dimension-
less 

200000 21000a 200000 

Mackay and Paterson, 
[1991]  
a Granier and Chevreuil, 
[1997] 

 

 

4.2.2.   Input data for computational experiments 

For the basic processes, necessary input data for a number of computational experiments, and 
templates for results of these experiments are gathered together in this section. For every participant 
it is proposed to fill in these templates according to results obtained by his model. In some cases 
output data will be in the form of tables, in others – in the form of plots. This Section consists of two 
parts. The first one is devoted to obligatory experiments with PCB-153 (substance of first priority) 
and the second – to experiments with PCB-28 and PCB-180 (substances of second priority). 

The input data for modeling includes several sets of given PCB air concentrations in different phases 
(if needed) and environmental conditions (averaged ambient temperatures, organic content in the 
atmospheric aerosol, TSP, precipitation intensity, mean wind velocity,  etc.) relevant for each 
experiment. As long as the selection of the input data was performed on the basis of available 
monitoring data, references of monitoring data used are presented in each subsection. Appropriate 
information was collected from several sources including measurements of PCBs at different sites 
within the Northern Hemisphere. In the absence of information on some parameters or 
characteristics required for this or that process, expert estimates were used. However, all input data 
used in these calculations are to be considered as conventional, not strictly concerned with particular 
geographic location and time period. 
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Experiments with PCB-153 (first priority) 

1. Gas/particle partitioning 

The output of computation experiments describing gas/particle partitioning process are PCB 
particulate fractions calculated for a range of temperatures from – 12ºC to 32ºC. 

Input data  

Nine sets of input data (different ambient temperatures in the range from − 12º C to 32º C) are 
proposed for modeling experiments with PCB-153.  

N Experi-
ment 1 

Experi-
ment 2 

Experi-
ment 3 

Experi-
ment 4 

Experi-
ment 5 

Experi-
ment 6 

Experi-
ment 7 

Experi-
ment 8 

Experi-
ment 9 

Averaged ambient 
temperature, C  -12 -5 0 6 10 15 20 26 32 

Total Suspended 
Matter, TSP, μg/m3 30* 30* 30* 30* 30* 30* 30* 49 66 

Organic content in 
the aerosol, % 20* 20* 20* 20* 20* 20* 20* 20* 20* 

Measured fraction 
of particulate phase 0.250 0.485 0.354 0.462 0.300 0.149 0.192 0.063 0.014 

Period of 
observations 1.1.97 11.3.98 29.1.97 1.12.99 10.9.97 9.7.97 22.7.98 20.07.00 24.07. 00

* - conventional value, not given in the monitoring data used. 

 
Monitoring data used: 

Experiment 1-7: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiment 8:  Penteli (background, 38.05N; 23.56E) [Mandalakis et al., 2002]; 

Experiment 9: Saronikos Gulf (coastal area) [Mandalakis et al., 2002]. 

 
Output of computational experiments  

Table 4.3.   Computation experiments: fractions of particulate phase of PCB-153 calculated by models 

N T, ºC Calculated fraction of PCB-153 sorbed on particles 
Experiment 1 – 12 Value 
Experiment 2 – 5 – “ – 
Experiment 3 0 – “ – 
Experiment 4 6 – “ – 
Experiment 5 10 – “ – 
Experiment 6 15 – “ – 
Experiment 7 20 – “ – 
Experiment 8 26 – “ – 
Experiment 9 32 – “ – 
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2. Dry deposition of particulate phase from the atmosphere to the underlying surface 

Output: calculated PCB dry deposition fluxes to grass, forest, bare soil, and seawater, μg/m2/hour. 

Input data  

The following four sets of input data are proposed for modeling experiments with PCB-153. 

N Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Type of underlying surfaces Grass Forest Bare soil Seawater 
Mean wind velocity, m/sec 4* 4* 4* 4* 
Air concentration of particulate 
phase, ng/m3 1* 1* 1* 1* 

* - conventional values, monitoring data was not found in literature. 

 
Output of computational experiments  

Table 4.4.  Computation experiments: dry deposition fluxes of particulate phase of PCB-153 calculated by 
models, μg/m2/hour 

N Type of underlying surface Calculated dry deposition flux, μg/m2/hour 
Experiment 1 Grass Value 
Experiment 2 Forest – “ – 
Experiment 3 Bare soil – “ – 
Experiment 4 Seawater – “ – 

 

3. Wet deposition (rain) 

Output: calculated total (dissolved +particulate) concentrations of PCB in precipitation, pg/l at given air 
concentration. 

Input data  

Three sets of input data are proposed for modeling experiments with PCB-153. 

N Experiment 1 Experiment 2 Experiment 3 
Precipitation intensity, mm/month 97 46 52* 
Average ambient temperature, ºC -1 3 15** 
Air concentration, gaseous phase, pg/m3 7 7.3 33.7 
Air concentration, particulate phase, pg/m3 5.3 4.8 1.5 
Measured total (dissolved +particulate) 
concentration in rain , pg/l 200 880 70.8 

Period of observations February 1999 November 1999 - 
* - conventional value, not given in the monitoring data used; 
** - conventional value, ambient temperature (<20ºC) was given in the monitoring data used. 

 
Monitoring data used: 

Experiment 1,2: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiment 3: city of Kiel (western Baltic)  [Duinker and Bouchertall, 1989]; 
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Output of computational experiments  

Table 4.5. Calculated total (dissolved +particulate) concentrations of PCB-153 in precipitation, pg/l 

N Calculated concentration in precipitation, pg/l 
Experiment 1 Value 
Experiment 2  
Experiment 3 – “ – 

 

4. Gaseous exchange between the atmosphere and soil 

Output: 

1) calculated PCB-153 soil concentrations at the equilibrium with given air concentration, ng/g; 

2) soil concentration dynamics (optional). Calculations are performed under the assumption of 
constant air concentration and zero initial soil concentration up to saturation (modeling of 
accumulation process). Then air concentration is put to zero and calculations go for a 
sufficient time period (modeling of volatilisation process). The result can be represented in a 
form of a plot. 

 
Input data  

Four sets of input data are proposed for modeling experiments with PCB-153. 

N Experiment 1 Experiment 2 Experiment  3 Experiment 4 
Averaged ambient temperature, ºC 10 10.9 12.9 13.9 
Total (gas+particle) air concentration, 
pg/m3 0.8  5.5  6.8  2.8  

Height of air concentration 
measurements over the surface, m 2 2 2 2 

Bulk soil density, kg/m3 1210 1080 890 1360 
Volumetric water content in soil, % 20.6  41.4  26.4  16.8  
Volumetric air content in soil, % 20* 20* 20* 20* 
Fraction of organic carbon in soil, 
(SOM) % 7.1  17.7  12.3  4  

Depth of considered soil layer, cm 5 5 5 5 
Measured soil concentration, ng/g 0.7 0.9  0.86  0.39  
period of observations September 1993 September 1993 September 1993 September 1993

* - conventional value, not given in the monitoring data used. 

 

Monitoring data used: 

Experiment 1: Sweden, rural site (56o26'N, 13 o 71' E) [Backe and Larsson, 2001]; 

Experiment 2: Sweden, rural site (55 o 87'N, 13 o 86'E) [Backe and Larsson, 2001]; 

Experiment 3: Sweden, rural site (56 o 17'N, 14 o 30'E) [Backe and Larsson, 2001]; 

Experiment 4: Sweden, grassy plain  (55 o 70'N, 13 o 43' E) [Backe and Larsson, 2001]. 
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Output of computational experiments  

1. Output of each experiment should be the value of calculated soil concentration of PCB-153 at the 
equilibrium with given air concentration. 

 
Table 4.6. Calculated PCB-153 soil concentrations, ng/g 

N Calculated soil concentration, ng/g 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 
2) Soil concentration dynamics (optional).   

0
0.2
0.4
0.6
0.8

1
1.2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

month

ng
/g

 (this is just an example – values are arbitrary). 

5. Gaseous exchange between the atmosphere and water  

Output: PCB gaseous exchange fluxes at the equilibrium with given air and water concentrations, 
ng/m2/day. 

 
Input data  

Two sets of input data are proposed for modeling experiments with PCB-153 (fresh water only). 

N Experiment 1 Experiment 2 
Air concentration of gaseous phase, pg/m3 14.30 3.80 
Water concentration in the dissolved phase, pg/l 8.40 24.00 
Height of air concentration measurements over 
the surface, m 2* 2* 

Mean wind velocity, m/sec 5 ** 3.25 *** 
Depth of considered water layer, metres surface water surface water 
Averaged air temperature, C 10* 13.9 *** 
Averaged water temperature, C 10* 14.1 *** 
Period of observations August 4-10,  1986 July 20,1996-June 6,1997

* - conventional value, not given in the monitoring data used; 

** - interval of wind velocity (2-11 m/sec) was given the monitoring data used; 
*** - mean values, calculated on the basis of the original data for 6 samples (wind velocity  - 1.5-6.2 m/sec; air 
temperature - 2.5-24 °C; water temperature - 5.2-22.0 °C). 

Monitoring data used: 

Experiment 1: Lake Superior, USA [Baker and Eisenreich ,1990]; 

Experiment 2: Esthwaite Water, semi-rural lake in northwest England [Gevao et al., 1998]. 
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Output of computational experiments  

Table 4.7. Calculated PCB-153 gaseous exchange fluxes, ng/m2/day 

N Calculated gaseous exchange flux, ng/m2/d 
Experiment 1 -“- 
Experiment 2 -“- 

 

6. Gaseous exchange between the atmosphere and vegetation – optional 

Output: 

1) calculated PCB concentrations in vegetation at the equilibrium with given air concentrations, ng/g 
dry weight; 

2) vegetation concentration dynamics. Calculations are performed under the assumption of constant 
air concentration and zero initial concentration in vegetation up to saturation (modeling of 
accumulation process) for each type of vegetation. Then air concentration is put to zero and 
calculations go for a sufficient time period (modeling of volatilisation process). The result can be 
represented in a form of a plot: 

 
Input data  

Four sets of input data are proposed for modeling experiments with PCB-153. Two of them refer to 
coniferous forest, and others  - to grass. 

Experiment 1 Experiment 2 Experiment 3 Experiment 4N 
Coniferous forest Coniferous forest Grass Grass 

 Norway spruce Norway spruce 

sward of unimproved upland 
pasture(Lolium perenne, 
Holcus lanatus,  Agrostis 
capillaris, Poa pratensis, 
Cynosurus cristatus) 

rye grass 
(Lolium 

multiflorum) 

Averaged air temperature, 
C 2.9 ** 5.4 *** 10.8 **** 18.1***** 

Air concentration of 
gaseous phase, Cg, pg/m3 - - - 14.1 

Total (gas+particle) air 
concentration, pg/m3 1.5 2.9 3.2 - 

Mean wind velocity, m/sec 4* 4* 4* 4* 
Specific surface area of 
vegetation, aV , m2/m3 7200* 7200* 7200* 7200 ****** 

Measured concentration in 
vegetation, ng/g dw 0.3 0.51 0.066 0.043        

(ng/g fw) 

Period of observations 
1995 

(January-February, 
April-May) 

1991-1994 April 29-October 14, 1996 July 17-       
August 9, 1991

* - conventional value, not given in the monitoring data used; 
** - mean value, calculated in this study on the basis of original data for 2 samples (-0.8; 6.6°C) 
***- mean value, calculated in this study on the basis of original data for 14 samples (-1.1-19°C); 
**** - data from [Thomas et al., 1998b], temperature interval (5-15°C) was given in [Thomas et al., 1998a]; 
***** - temperature interval (7-32°C) was given in the monitoring data used; 
******- two-sided specific surface area is given. 
. 
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Monitoring data used: 

Experiment 1,2: Gårdsjőn, a forested area located about 12 km from the Swedish west coast 
[Brorstrom-Lunden and Lofgren, 1998]; 

Experiment 3: semirural field station site owned by Lancaster university, in northwest England 
[Thomas et al., 1998a and Thomas et al., 1998b]; 

Experiment 4: Bayreuth, Germany [McLachlan et al., 1995]. 

 

Output of computational experiments  

1) Table 4.8.. The vegetation concentration of PCB-153, ng/g dry weight.  

N Concentration of PCB-153 in vegetation, ng/g dry weight 
Experiment 1 -“- 
Experiment 2 -“- 
Experiment 3 -“- 
Experiment 4 -“- 

 

2) Vegetation concentration dynamics. 
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 (this is just an example – values are arbitrary). 

 

Experiments with other PCB congeners (second priority) 

1. Gas/particle partitioning 

Output: PCB particulate fractions calculated for a range of temperatures (for PCB-28: from – 12ºC to 
32ºC; for PCB-180: from – 12ºC to 32ºC). 
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a) Input data  for PCB-28 

Eleven sets of input data (different ambient temperatures in the range from − 12º C to 32º C) are 
proposed for modeling experiments with PCB-28.  

 Exp. 1 Exp.2 Exp.3 Exp. 4 Exp. 5 Exp. 6 Exp. 7 Exp. 8 Exp. 9 Exp. 10 Exp. 11 
Averaged 
ambient 
temperature, C  

-12 -5 0 6 10 15 20 25 ** 25 ** 26 32 

Total 
Suspended 
Matter, TSP, 
μg/m3 

30* 30* 30* 30* 30* 30* 30* 51*** 29**** 49 66 

Organic content 
in the aerosol, 
% 

20* 20* 20* 20* 20* 20* 20* 17 21 20* 20* 

Measured 
fraction of 
particulate 
phase 

0.313 0.286 0.103 0.364 0.042 0.024 0.063 0.009 0.059 0.007 0.009 

Period of 
observations 1.1.97 11.3.98 29.1.97 1.12.99 10.9.97 9.7.97 22.7.98 July    

1997 
July    
1997 20.07.00 24.07.00 

* - conventional value, not given in the monitoring data used; 
** - Temperature interval (23 - 27 °C) was given in the monitoring data used; 
***- TSP values ranged from 23.1 μg/m3 to 94.8 μg/m3 during period of observations; 
**** - TSP values ranged from 4.5 to 83.8 μg/m3 during period of observations. 
 

Monitoring data used: 

Experiment 1-7: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiment 8: Baltimore, USA [Brunciak et al., 2001]; 

Experiment 9: Chesapeake Bay, USA [Brunciak et al., 2001]; 

Experiment 10: Penteli (background, 38.05N; 23.56E) [Mandalakis et al., 2002]; 

Experiment 11: Saronikos Gulf (coastal area) [Mandalakis et al., 2002] 

 
Output of computational experiments  

Table 4.9. Computation experiments: fractions of particulate phase of PCB-28 calculated by models 

N T, ºC Calculated fraction of PCB-28 sorbed on particles 
Experiment 1 – 12 Value 
Experiment 2 – 5 – “ – 
Experiment 3 0 – “ – 
Experiment 4 6 – “ – 
Experiment 5 10 – “ – 
Experiment 6 15 – “ – 
Experiment 7 20 – “ – 
Experiment 8 25 – “ – 
Experiment 9 25 – “ – 

Experiment 10 26 – “ – 
Experiment 11 32 – “ – 
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b) Input data  for PCB-180 

Twelve sets of input data (different ambient temperatures in the range from − 12º C to 25º C) are 
proposed for modeling experiments with PCB-180. 

N Exp. 1 Exp.2 Exp.3 Exp. 4 Exp. 5 Exp. 6 Exp. 7 Exp. 8 Exp. 9 Exp. 10 Exp. 11 Exp. 12
Averaged 
ambient 
temperature, 
C  

-12 -5 0 3 5 8 10 12 15 17 20 25 ** 

Total 
Suspended 
Matter, TSP, 
μg/m3 

30* 30* 35  31 18 25 30* 30 40 33 34 29*** 

Organic 
content in 
the aerosol, 
% 

20* 20* 20* 20* 20* 20* 20* 20* 20* 20* 20* 21 

Measured 
fraction of 
particulate 
phase 

0.333 0.478 0.78 0.68 0.51 0.54 0.286 0.29 0.18 0.11 0.11 0.120 

Period of 
observations 1.1.97 11.3.98 25/11-

07/01/93 
07/01-

17/02/93 
14/10-

25/11/92
18/03-

29/04/92 10.9.97 02/09-
14/10/92

29/04-
10/06/92 

10/06-
22/07/92 

10/06-
22/07/92 July 1997

* - conventional value, not given in the monitoring data used; 

** - Temperature interval (23-27 °C) was given in the monitoring data used; 

*** - TSP values ranged from 4.5 to 83.8μg/m3 during period of observations. 

 

Monitoring data used: 

Experiments 1,2,7: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiments 3-5, 6 ,8-11: Augsburg, Germany [Kaupp and McLachlan, 1999]; 

Experiment 12: Chesapeake Bay, USA [Brunciak et al., 2001]; 

Output of computational experiments  

Table 4.10. Computation experiments: fractions of particulate phase of PCB-180 calculated by models 

N T, ºC Calculated fraction of PCB-180 sorbed on particles 
Experiment 1 – 12 Value 
Experiment 2 – 5 – “ – 
Experiment 3 0 – “ – 
Experiment 4 3 – “ – 
Experiment 5 5 – “ – 
Experiment 6 8 – “ – 
Experiment 7 10 – “ – 
Experiment 8 12 – “ – 
Experiment 9 15 – “ – 

Experiment 10 17 – “ – 
Experiment 11 20 – “ – 
Experiment 12 25 – “ – 
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2. Dry deposition of particulate phase from the atmosphere to the underlying surface 

Output: calculated PCB dry deposition fluxes to grass, forest, bare soil, and seawater, μg/m2/hour. 

a) Input data for PCB-28 

Conventional input data for four experiments on modeling of dry deposition of particulate phase of 
PCB-28 from the atmosphere to various underlying surfaces are proposed. 

N Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Type of underlying surfaces Grass Forest Bare soil Seawater 
Mean wind velocity, m/sec 4* 4* 4* 4* 
Air concentration of particulate 
phase, ng/m3 1* 1* 1* 1* 

* - conventional values, monitoring data was not found in literature. 

. 

Output of computational experiments  

Table 4.11. Computation experiments: dry deposition fluxes of particulate phase of PCB-28 calculated by 
models, μg/m2/hour 

 Type of underlying surface Calculated dry deposition flux, μg/m2/hour 
Experiment 1 Grass Value 
Experiment 2 Forest – “ – 
Experiment 3 Bare soil – “ – 
Experiment 3 Seawater – “ – 

 

b) Input data for PCB-180 

Conventional input data for four experiments on modeling of dry deposition of particulate phase of 
PCB-180 from the atmosphere to various underlying surfaces are proposed. 

N Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Type of underlying surfaces Grass Forest Bare soil Seawater 
Mean wind velocity, m/sec 4* 4* 4* 4* 
Air concentration of particulate 
phase, ng/m3 1* 1* 1* 1* 

* - conventional values, monitoring data was not found in literature. 
 

Output of computational experiments  

Table 4.12. Computation experiments: dry deposition fluxes of particulate phase of PCB-180 calculated by 
models, μg/m2/hour 

N Type of underlying surface Calculated dry deposition flux, μg/m2/hour 
Experiment 1 Grass Value 
Experiment 2 Forest – “ – 
Experiment 3 Bare soil – “ – 
Experiment 3 Seawater – “ – 
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3. Wet deposition (rain) 

Output: calculated total (dissolved +particulate) concentrations of PCB in precipitation, pg/l at given air 
concentration. 

a) Input data for PCB-28 

Three sets of input data are proposed for modeling experiments with PCB-28. 

N Experiment 1 Experiment 2 Experiment 3 
Precipitation intensity, mm/month 97 46 52* 
Average ambient temperature, ºC -1 3 10* 
Air concentration, gaseous phase, pg/m3 7 14 225 
Air concentration, particulate phase, pg/m3 3 5.3 0.2 
Measured total (dissolved +particulate) 
concentration in rain , pg/l 100 100 150  

Period of observations February 1999 November 1999 August 7-11, 2000 
* - conventional value, not given in the monitoring data used. 

 
Monitoring data used: 

Experiment 1,2: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiment 3: Camden, Philadelphia (urban-industrial, lat/long: 39.93-75.12) [Van Ry et al., 2002]; 

 
Output of computational experiments  

Table 4.13. Calculated total (dissolved +particulate) concentrations of  PCB-28 in precipitation, pg/l 

N Calculated concentration in precipitation, pg/l 
Experiment 1 Value 
Experiment 2 -“- 
Experiment 3 -“- 

 

b) Input data for PCB-180 

Four sets of input data are proposed for modeling experiments with PCB-180. 

N Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Precipitation intensity, mm/month 97 46 52* 52* 
Average ambient temperature, ºC -1 3 10* 15** 
Air concentration, gaseous phase, 
pg/m3 5.5 2 25 4.5 

Air concentration, particulate phase, 
pg/m3 4.3 1.3 1.5 0.5 

Measured total (dissolved +particulate) 
concentration in rain, pg/l 300 820 400  70.8 

Period of observations February 1999 November 
1999 

August 7-11, 
2000 - 

* - conventional value, not given in the monitoring data used; 
** - ambient temperature (<20ºC) was given in the monitoring data used, conventional value is proposed; 
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Monitoring data used: 

Experiment 1,2: Kosetice Station, CZ3 (background, 49° 35’ N; 15° 05’ E) [Váňa et al., 2001]; 

Experiment 3: Camden, Philadelphia (urban-industrial, lat/long: 39.93-75.12) [Van Ry et al., 2002]; 

Experiment 4: city of Kiel (western Baltic)  [Duinker and Bouchertall, 1989]. 

 

Output of computational experiments  

Table 4.14. Calculated total (dissolved +particulate) concentrations of PCB-180 in precipitation, pg/l 

N Calculated concentration in precipitation, pg/l 
Experiment 1 Value 
Experiment 2 -“- 
Experiment 3 -“- 

 

4. Gaseous exchange between the atmosphere and soil 

Output: 

1) calculated PCB-153 soil concentrations at the equilibrium with given air concentration, ng/g; 

2) soil concentration dynamics (optional). Calculations are performed under the assumption of 
constant air concentration and zero initial soil concentration up to saturation (modeling of 
accumulation process). Then air concentration is put to zero and calculations go for a sufficient 
time period (modeling of volatilisation process). The result can be represented in a form of a plot. 

 
a) Input data for PCB-28 

Four sets of input data are proposed for modeling experiments with PCB-28. 

N Experiment 1 Experiment 2 Experiment 3 Experiment  4 
Averaged ambient temperature, ºC 10 10.9 12.9 13.9 
Total (gas+particle) air concentration, 
pg/m3 1.2 5.6 4.2 1.8 

Height of air concentration 
measurements over the surface, m 2 2 2 2 

Bulk soil density, kg/m3 1210 1080 890 1360 
Volumetric water content in soil, % 20.6  41.4  26.4  16.8  
Volumetric air content in soil, % 20* 20* 20* 20* 
Fraction of organic carbon in soil, 
(SOM) % 7.1  17.7  12.3  4  

Depth of considered soil layer, cm 5 5 5 5 
Measured soil concentration, ng/g 0.03 0.07 0.06 0.03 

period of observations September 
1993 September 1993 September 

1993 
September 

1993 
* - conventional value, not given in the monitoring data used. 
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Monitoring data used: 

Experiment 1: Sweden, rural site (56o26'N, 13 o 71' E) [Backe and Larsson, 2001]; 

Experiment 2: Sweden, rural site (55 o 87'N, 13 o 86'E) [Backe and Larsson, 2001]; 

Experiment 3: Sweden, rural site (56 o 17'N, 14 o 30'E) [Backe and Larsson, 2001]; 

Experiment 4: Sweden, grassy plain  (55 o 70'N, 13 o 43' E) [Backe and Larsson, 2001]. 

 
Output of computational experiments  

1) Table 4.15. Calculated PCB-28 soil concentrations, ng/g 

N Calculated soil concentration, ng/g 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 
2) The modeled dynamics of soil concentrations of PCB-28 (optional).  

 

0
0.2
0.4
0.6
0.8

1
1.2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

month

ng
/g

 (this is just an example – values are arbitrary). 

 
b) Input data for PCB-180 

Four sets of input data are proposed for modeling experiments with PCB-180. 

N Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Averaged ambient temperature, ºC 10 10.9 12.9 13.9 
Total (gas+particle) air concentration, 
pg/m3 

0.3 1.3 2.4 0.7 

Height of air concentration 
measurements over the surface, m 

2 2 2 2 

Bulk soil density, kg/m3 1210 1080 890 1360 
Volumetric water content in soil, % 20.6 41.4 26.4 16.8 
Volumetric air content in soil, % 20* 20* 20* 20* 
Fraction of organic carbon in soil, 
(SOM) % 

7.1 17.7 12.3 4 

Depth of considered soil layer, cm 5 5 5 5 
Measured soil concentration, ng/g 0.55 0.5 0.63 0.23 

period of observations September 
1993 

September 
1993 

September 
1993 

September 
1993 

* - conventional value, not given in the monitoring data used. 

Monitoring data used: 

Experiment 1: Sweden, rural site (56o26'N, 13 o 71' E) [Backe and Larsson, 2001]; 

Experiment 2: Sweden, rural site (55 o 87'N, 13 o 86'E) [Backe and Larsson, 2001]; 
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Experiment 3: Sweden, rural site (56 o 17'N, 14 o 30'E) [Backe and Larsson, 2001]; 

Experiment 4: Sweden, grassy plain  (55 o 70'N, 13 o 43' E) [Backe and Larsson, 2001]. 

 
Output of computational experiments  

1) Table 4.16. Calculated PCB-180 soil concentrations, ng/g 

N Calculated soil concentration, ng/g 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 

2) Soil concentration dynamics (optional): 

 

0
0.2
0.4
0.6
0.8

1
1.2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49

month

ng
/g

(this is just an example – values are arbitrary). 

 
5. Gaseous exchange between the atmosphere and water 

Output: calculated PCB gaseous exchange fluxes at the equilibrium with given air and water 
concentrations, ng/m2/day. 

 
a) Input data for PCB-28 

Four sets of input data are proposed for modeling experiments with PCB-28. 

Seawater Fresh water N 
Experiment 1 Experiment  2 Experiment 3 Experiment  4 

Air concentration of gaseous phase, pg/m3 75 168 134.4 51.00 
Water concentration in the dissolved phase, 
pg/l 

63 223 34.6 346.00 

Height of air concentration measurements 
over the surface, m 

2* 2* 2* 2* 

Mean wind velocity, m/sec 3*** 5.6 5 ** 3.25 **** 
Depth of considered water layer, metres 1.5 1.5 surface water surface water 
Averaged air temperature, C 23*** 23*** 10* 13.9 **** 
Averaged water temperature, C 21*** 21*** 10* 14.1 **** 

Period of observations 07.05.1998 07.10.1998 
morning 

August 4-10,  
1986 

July20,1996-
June 6,1997 

* - conventional value, not given in the monitoring data used; 
** - interval of wind velocity (2-11 m/sec) was given in the monitoring data used; 
*** - mean values, calculated on the basis of original data (wind velocity  - 2-4 m/sec; air temperature - 18-28°C; 
water temperature - 5.2-22.0 °C); 
**** - mean values, calculated on the basis of original data for 6 samples (wind velocity  - 1.5-6.2 m/sec; air 
temperature - 2.5-24 °C; water temperature - 19-22.9 °C). 
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Monitoring data used: 

Experiment 1: Raritan Bay west of Sandy Hook, USA (40,30oN;74,05oW) [Totten et al., 2001]; 

Experiment 2: New York Harbor at the mouth of the Hudson River, USA (39,17oN;74,02oW) [Totten 
et al., 2001]; 

Experiment 3: Lake Superior, USA [Baker and Eisenreich ,1990]; 

Experiment 4: Esthwaite Water, semi-rural lake in northwest England [Gevao et al., 1998]. 

 
Output of computational experiments  

Table 4.17. Calculated PCB-28 exchange fluxes, ng/m2/day 

N Calculated gaseous exchange flux, ng/m2/d 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 

b) Input data for PCB-180 

Four sets of input data are proposed for modeling experiments with PCB-180. 

Seawater Fresh water N 
Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Air concentration of gaseous 
phase, pg/m3 3.3 3.4 4.1 14.00 

Water concentration in the 
dissolved phase, pg/l 1.7 5.2 23.1 50.00 

Height of air concentration 
measurements over the 
surface, m 

2* 2* 2* 2* 

Mean wind velocity, m/sec 3*** 5.6 5 ** 3.25 **** 
Depth of considered water 
layer, metres 1.5 1.5 surface water surface water 

Averaged air temperature, C 23*** 23*** 10* 13.9 **** 
Averaged water temperature, C 21*** 21*** 10* 14.1 **** 

Period of observations 07.05.1998 07.10.1998 
morning 

August 4-10,  
1986 

July20,1996-
June 6,1997 

* - conventional value, not given in the monitoring data used; 

** - interval of wind velocity (2-11 m/sec) was given in the monitoring data used; 

*** - mean values, calculated on the basis of original data (wind velocity  - 2-4 m/sec; air temperature - 18-28°C; 
water temperature - 5.2-22.0 °C); 

**** - mean values, calculated on the basis of original data for 6 samples (wind velocity  - 1.5-6.2 m/sec; air 
temperature - 2.5-24 °C; water temperature - 19-22.9 °C). 

 
Monitoring data used: 

Experiment 1: Raritan Bay west of Sandy Hook, USA (40,30oN;74,05oW) [Totten et al., 2001]; 

Experiment 2: New York Harbor at the mouth of the Hudson River, USA (39,17oN;74,02oW) [Totten 
et al., 2001]; 

Experiment 3: Lake Superior, USA [Baker and Eisenreich ,1990]; 

Experiment 4: Esthwaite Water, semi-rural lake in northwest England [Gevao et al., 1998]. 
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Output of computational experiments  

Table 4.18. Calculated PCB-180 exchange fluxes, ng/m2/day 

N Calculated gaseous exchange flux, ng/m2/d 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 

6. Gaseous exchange between the atmosphere and vegetation – optional 

Output: 

1) calculated PCB concentrations in vegetation at the equilibrium with given air concentrations, ng/g 
dry weight; 

2) vegetation concentration dynamics. Calculations are performed under the assumption of constant 
air concentration and zero initial concentration in vegetation up to saturation (modeling of 
accumulation process) for each type of vegetation. Then air concentration is put to zero and 
calculations go for a sufficient time period (modeling of volatilisation process). The result can be 
represented in a form of a plot: 

 
a) Input data for PCB-28 

Four sets of input data are proposed for modeling experiments with PCB-28. Two of them refer to 
coniferous forest, and others  - to grass. 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 N 
Coniferous forest Coniferous forest Grass Grass 

 Norway spruce Norway spruce 

sward of unimproved 
upland pasture(Lolium 
perenne, Holcus lanatus,
Agrostis capillaris, Poa 
pratensis, Cynosurus 
cristatus) 

rye grass 
(Lolium 
multiflorum) 

Averaged air 
temperature, C 2.9 ** 5.4 *** 10.8 **** 18.1***** 

Air concentration of 
gaseous phase, Cg, pg/m3 - - - 13 

Total (gas+particle) air 
concentration, pg/m3 4.3 5.3 16.5 - 

Mean wind velocity, m/sec 4* 4* 4* 4* 
Specific surface area of 
vegetation, aV , m2/m3 7200* 7200* 7200* 7200 ****** 

Measured concentration 
in vegetation, ng/g dw 0.2 0.14 0.132 0.0085 (ng/g fw) 

Period of observations 1995 (January-February, 
April-May) 1991-1994 April 29-October 14, 1996 July 17-August 9, 

1991 

* - conventional value, not given in the monitoring data used; 

** - mean value, calculated in this study on the basis of original data for 2 samples (-0.8; 6.6°C) 

***- mean value, calculated in this study on the basis of original data for 14 samples (-1.1-19°C); 

**** - data from [Thomas et al., 1998b], temperature interval (5-15°C) was given in [Thomas et al., 1998a]; 

***** - temperature interval (7-32°C) was given in the monitoring data used; 

******- two-sided specific surface area is given. 
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Monitoring data used: 

Experiment 1,2: Gårdsjőn, a forested area located about 12 km from the Swedish west coast 
[Brorstrom-Lunden and Lofgren, 1998]; 

Experiment 3: semirural field station site owned by Lancaster university, in northwest England 
[Thomas et al., 1998a]; 

Experiment 4: Bayreuth, Germany [McLachlan et al., 1995]. 

 
Output of computational experiments  

1) Table 4.19. The vegetation concentration of PCB-28, ng/g dry weight 

N Concentration in vegetation, ng/g dry weight 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 
2) Vegetation concentration dynamics. 

0
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(this is just an example – values are arbitrary). 

 
b) Input data for PCB-180 

Three sets of input data are proposed for modeling experiments with PCB-180. Two of them refer to 
coniferous forest, and the last  - to grass. 

N Experiment 1 Experiment 2 Experiment 3 
Coniferous forest Coniferous forest Grass 

 Norway spruce Norway spruce 

sward of unimproved upland 
pasture(Lolium perenne, Holcus 
lanatus,  Agrostis capillaris, Poa 
pratensis, Cynosurus cristatus) 

Averaged air temperature, C 2.9 ** 5.4 *** 10.8 **** 
Total (gas+particle) air 
concentration, pg/m3 0.5 1.0 0.77 

Mean wind velocity, m/sec 4* 4* 4* 
Specific surface area of 
vegetation, aV , m2/m3 7200* 7200* 7200* 

Measured concentration in 
vegetation, ng/g dw 0.51 0.22 0.040 

Period of observations 1995 (January-
February, April-May) 1991-1994 April 29-October 14, 1996 

* - conventional value, not given in the monitoring data used; 

** - mean value, calculated in this study on the basis of original data for 2 samples (-0.8; 6.6°C) 

***- mean value, calculated in this study on the basis of original data for 14 samples (-1.1-19°C); 

**** - data from [Thomas et al., 1998b], temperature interval (5-15°C) was given in [Thomas et al., 1998a]; 
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Monitoring data used: 

Experiment 1,2: Gårdsjőn, a forested area located about 12 km from the Swedish west coast 
[Brorstrom-Lunden and Lofgren, 1998]; 

Experiment 3: semirural field station site owned by Lancaster university, in northwest England 
[Thomas et al., 1998a and Thomas et al., 1998b]. 

 
Output of computational experiments  

Table 4.20. The vegetation concentration of PCB-180, ng/g dry weight 

N Concentration in vegetation, ng/g dry weight 
Experiment 1  
Experiment 2  
Experiment 3  
Experiment 4  

 

2) Vegetation concentration dynamics. 
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(this is just an example – values are arbitrary). 
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CONCLUSIONS 

The assessment of the long-range atmospheric transport and pollution levels of persistent organic 
pollutants (PAHs, PCDD/Fs, PCBs, γ-HCH and HCB) in the European region was carried out by MSC-
E with the use of the modified regional and hemispheric versions of the MSCE-POP model. The 
research involves an estimation of POP contamination level in various different environmental 
compartments, calculations of spatial distribution and the analysis of long-term trends. Much attention 
is given to studying POP transboundary and intercontinental transport in the Northern Hemisphere. It 
is demonstrated that modeling approach allows evaluating new substances in terms of their long-
range transport potential and overall persistence in the environment.  

The study involves: 

• Further development of regional and hemispheric versions of multicompartment model for the 
evaluation of POP concentrations in main environmental compartments (air, soil, vegetation, 
seawater, ice cover) with special emphasis on processes defining POP behaviour in soil and 
seawater. 

• Development of the System of Diagnosis of lower Atmosphere (SDA) for generation of 
meteorological data for hemispheric modeling.  

• Adaptation of geophysical data, information on land cover, Leaf Area Index data, and organic 
carbon content in soil to the hemispheric scale. 

• Review of physical-chemical properties of the selected POPs and preparation of their model 
parameterization.  

• Collection and processing of official emission data and expert estimates within the European 
and hemispheric scales. 

• Evaluation of the long-range atmospheric transport, depositions, contamination load and main 
transport pathways of the considered pollutants to the EMEP region from European sources 
and sources located within the Northern Hemisphere.  

The progress in model modification and basic outcome of studying the environmental pollution by 
POPs achieved by MSC-E in 2003 is reviewed below: 

Emission data 

• The official data on emissions (PAHs, PCDD/Fs, PCBs, γ-HCH, HCB) for the period of 1980-2000 
were submitted by 30 countries. During recent years the number of countries, which provide the 
POP emission totals and their spatial distribution, increased. 

• According to the official data and expert estimates, total POP emissions in Europe tend to 
decrease due to the emission reduction in the majority of European countries. 

Model development and calculations 

• Improvement of the soil module implied elaboration of model approach for the description of some 
processes affecting POP behaviour in soil: transport with dissolved organic carbon; dynamic 
redistribution inside the soil solid fraction; POP transport with upward water fluxes; and 
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bioturbation. The evaluation of sensitivity of output results with respect to the newly introduced 
processes and their parameters revealed that all four processes essentially affect both 
atmosphere/soil exchange fluxes and the profile of POP concentrations in soil. The modification of 
soil module has led to a better agreement of the obtained vertical soil concentration profile with 
measurement data. 

• Modification of ocean module was focused on the parameterization of turbulent diffusion process. 
The determined dependences of large-scale turbulent diffusion coefficients on characteristics in 
the input fields of current velocities make it possible to compute more accuratly the characteristic 
of persistent organic pollutant global transport. 

• Modeling approach to the evaluation of long-range transport potential  (LRTP) and overall 
persistence in the environment (Pover) for POPs was elaborated. It allows to rank pollutants with 
respect to their LRTP and Pover; to assess substances in accordance with the existing criteria; to 
evaluate substances from the viewpoint of intercontinental transport; and to obtain additional 
information on spatial distribution of contamination from emission sources of various locations 
which can be used in the negotiation process.  

− Iinvestigation of LRTP of PCDD/Fs, PCBs, γ-HCH and HCB is made on the basis of one-
year simulations of their transport from European sources on the hemispheric scale. The 
transport distance of these POPs is from 5000 km (some congeners of PCDD/Fs) to 
10000 km (HCB). 

− Evaluation of Pover requires the knowledge of redistribution of a pollutant between various 
environmental compartments. Evaluation of Pover made for one-year and for a long period 
revealed that long-term accumulation process strongly affects the value of Pover. This may 
be essential for predicting the influence of emission reduction on the decrease of overall 
environmental toxicity.  

− The long-range transport potential and overall persistence is investigated for a number of 
new substances: hexachlorobutadiene, pentachlorobenzene, polychlorinated 
naphthalenes, α-endosulfan and dicofol. Hexachlorobutadiene and pentachlorobenzene 
possess the highest potential to the long-range transport and can be referred to the global 
pollutants. 

• For B[a]P computations of air concentration levels and deposition to the underlying surface in 
2000 were carried out. Much attention is given to the assessment of transboundary transport of 
this pollutant and its impact on the pollution levels in European countries. The analysis of B[a]P 
transboundary transport is also made for each country. For this purpose, the distribution of 
pollution over the EMEP region from internal sources was considered, and pollution levels in the 
country resulting from internal and external sources were analyzed.  

• Tentative calculations of transport and accumulation of B[b]F were made for the first time this 
year on the regional scale. This work was aimed at the assessment of B[b]F pollution levels 
(deposition and concentrations in environmental compartments) in 2000 and at the evaluation of 
B[b]F accumulation within the time period from 1970 to 2000. 

• Simulations of transport and accumulation in the environment for each of eight selected 
congeners of PCDD/Fs (2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-
HxCDD, 2,3,7,8-TCDF, 2,3,4,7,8-PeCDF, 1,2,3,4,7,8-HxCDF, and 1,2,3,6,7,8-HxCDF) was 
performed at the hemispheric scale (one-year period) and on the regional scale (31-year period 
from 1970 to 2000).  On the basis of long-term calculations carried out for the EMEP region 
spatial distribution of the selected PCDD/F congeners was obtained. Since the considered eight 
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congeners constitute about 80% of overall emission toxicity, it allows evaluating spatial 
distribution of total PCDD/F environmental toxicity and selecting hot spots of contamination in 
various environmental compartments. Homologue profiles of PCDD/F toxicity in main 
environmental media were also evaluated. 

• The assessment of pollution by PCBs was based on the modeling results of the long-range 
transport of four selected PCB congeners (PCB-28, PCB-118, PCB-153, PCB-180) within the 
Northern Hemisphere for 1996. Evaluation of the PCB pollution levels and accumulation in 
environmental media for several decades was carried out. Examination of relative inputs of 
different emission sources to the contamination of various regions in the Northern Hemisphere 
(source-receptor relationship) was exemplified by the analysis of pollution levels of PCB-153 in 
the Arctic region. The investigation of congener composition was exemplified by regions located 
in the Russian North.  

• The long-range transport and accumulation of γ-HCH were estimated for the period of 1990-96 
taking into account emission sources of the Northern Hemisphere. The collected emission data 
set did not include all sources of the Northern Hemisphere. Concentrations in air, soil, seawater 
and depositions of γ-HCH in various parts of the Northern Hemisphere were assessed as well as 
the impact of remote sources on the pollution of particular European regions. Pathways of γ-HCH 
transport from main emission regions-sources to the European region were examined. 

• To examine the processes of HCB transport and long-term accumulation in the environment, and 
to reveal pathways of its transport within the Northern Hemisphere, simulations of HCB long-
range transport and accumulation in the environment for the period from 1985 to 1996 were 
performed. In the simulations only European emission sources were considered.  

Results on environmental pollution modeling 

• Long-term trends of environmental content of PAHs (on the example of B[b]F) and PCDD/Fs 
(eight congeners) are analyzed. The pollution levels of these substances in the European region 
in 2000 are estimated. 

− PAHs and PCDD/Fs are mainly accumulated in soil containing more than 90% of their mass 
in the environment. 

− The two-fold emission decrease of B[b]F from 1980 to 2000 resulted in the decrease of soil 
concentrations as much as 1.5 times. In various regions of Europe, soil concentration levels 
are within the range of 0.1-14 ng/g with the mean value of 1.8 ng/g in 2000. B[b]F air 
concentrations amount to 0.05-5 ng/m3, the mean value is 0.3 ng/m3. 

− Considerable PCDD/F emission reduction (4 times) during 1980-2000 resulted only in minor 
decrease of their soil concentration. In European countries, PCDD/F concentration levels in 
soil are within 0.01-2.7 pg TEQ/g in 2000. High air concentrations are estimated for the Czech 
Republic, Belgium, Switzerland, Luxembourg, Slovakia, and Italy. Among regional seas the 
highest deposition values are estimated for the Baltic Sea and the lowest ones – for the 
Mediterranean Sea. 

• POP transboundary transport essentially influences the pollution level in European countries. As 
exemplified by calculations of B[a]P country-to-country matrix for 2000 the input of transboundary 
transport to concentration levels in air and to depositions is from 30% to 70% for the majority of 
countries. Mean annual B[a]P air concentrations are mainly within 0.1-1 ng/m3. In some regions of 
Poland, Germany, and the Czech Republic air concentrations exceed 1 ng/m3. Mean diurnal 
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concentration values can exceed the mean annual ones more than 5 times. B[a]P deposition 
fluxes to regional seas are as much as 1.5 μg/m2/y for the Mediterranean Sea and   9 μg/m2/y for 
the Baltic Sea. 

• The assessment of PCB and γ-HCH pollution level in the Northern Hemisphere in 1996 revealed 
that: 

− PCBs tend to be accumulated mainly in soil (the share of total environmental content 
containing in soil varies from 75% to 95% for different congeners). Consequently, residence 
time of PCBs in the environment is mainly determined by degradation in soil. For more light 
congeners, degradation in atmosphere and seawater is also essential. 

− Investigation of congener composition in air over the Russian North shows that PCB-28 
dominates, then come PCB-118, 153 and 180. For various regions, the composition of PCB 
mixture is different. The main factor affecting the air congener composition is emissions. 

− Typical levels of air pollution by PCB-153 over the oceans in the Northern Hemisphere are 
from 0.004 to 3 pg/m3, over land – from 0.3 to 5 pg/m3. Higher air pollution levels are 
estimated for some regions of West Europe (up to 30 pg/m3) and over the US eastern coast 
(up to 20 pg/m3). 

− According to estimates of γ-HCH accumulation in different environmental compartments, 
seawater contains more than 80% of this pollutant accumulated in the environment by the end 
of the calculation period (1996); the soil contains about 15%, the atmosphere – less than 3% 
of the γ-HCH total mass.  

− Typical levels of air pollution by γ-HCH over the oceans in the Northern Hemisphere are from 
0.01 to 0.2 ng/m3, over land – from 0.2 to 1 ng/m3. Higher air pollution levels are estimated for 
some regions in West Europe (up to 6 ng/m3) and over southeastern Asia (above 7 ng/m3). 

− Preliminary computations indicate that more than half (60%) the HCB mass emitted during the 
simulation period is kept in different environmental compartments and only 40% is removed 
from the environment due to degradation processes and export beyond the calculation grid. 

− Maximum values of atmospheric concentrations of HCB are obtained for Eastern, Southern 
and Western Europe (8 – 13 pg/m3). The air contamination level in Northern Europe is less 
(2.4 pg/m3). Concentrations in regions remote from emission sources considered (the Arctic 
and North America) are considerably lower (0.34 pg/m3 in the Arctic and 0.11 pg/m3 in North 
America). 

− The analysis of long-term trends of HCB accumulation in main environmental compartments 
shows that for a correct evaluation of HCB contamination levels in soil and seawater 
simulations covering 20 – 30 year period with hemispheric emission data is required. 

• POP intercontinental transport makes a noticeable contribution to the contamination of various 
regions of the Northern Hemisphere, in particular to European region and the Arctic. On the 
example of PCB-153 it is demonstrated that European emission sources make the main 
contribution to the Arctic pollution (approximately 60%). PCB emission sources located in North-
Western and South-Eastern Europe and Russia essentially contribute to the contamination of the 
Arctic region. Relatively significant contributions to Alaska and Canadian Arctic are made by 
sources from South-Eastern Asia and Central Asia and Africa. The combined contribution of 
African and Asian sources is around 10% of PCB-153 total depositions to the Arctic region. 
Sources located in America contribute mainly to the contamination of Greenland, Canadian Arctic 
and Alaska. The γ-HCH emission sources located in West Europe make the greatest contribution 
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to deposition levels of East, South and North Europe. It is worth noting that such remote regions-
sources as India and America make a noticeable joint input (10%) to the contamination of North 
Europe. 

Model verification 

• Special attention was paid to the verification of the model and its results. Model estimates of the 
environmental pollution are compared with monitoring data. A large share of calculated 
concentrations and depositions agree with measurements within a factor of 3: 

− The comparison of the calculation results with measurement data on depositions and mean 
annual concentrations of B[a]P in air and precipitation revealed that about 70% of the 
calculated air concentrations were within a factor of 3 against the measured values and all the 
calculated concentrations in precipitation were within a factor of 4. 

− About 70% of B[b]F concentrations in air agree with measurements within a factor of 2, all the 
remaining values – within a factor of 5. On the average the model underestimates air 
concentrations by 20%. All the computed values of concentration in precipitation are within a 
factor of 3 against measurements, and again the model slightly underestimates the 
concentration (by 10% on the average). Three fourths of the calculated deposition fluxes 
agree with measurements within a factor of 2. It should be pointed out that the number of 
measurements in this case is limited. For concentrations in the marine environment about 
70% of calculated values are within a factor of 3. Half the calculated concentrations of B[b]F 
in vegetation is within a factor of 2. As to soil concentrations calculated for all the stations but 
CZ3 (Kosetice, the Czech Republic), they differ from observations less than 5 times. 

− The comparison between calculated and measured concentrations of PCDD/Fs in various 
environmental compartments showed that concentrations in the atmosphere, soil and 
vegetation are reasonably described by the model (the discrepancy is mainly within a factor of 
3 – 4). For the evaluation of seawater concentrations in internal seas further model 
modification is needed. The correlation between calculated and measured homologue profiles 
of PCDD/F toxicity is reasonable for the atmosphere and soil.  

− The comparison of calculated concentrations of the four selected PCBs in the air surface 
layer and precipitation with measurement data revealed that more than 70% of calculated 
concentrations of the four congeners agree with measurements within a factor of 3, about 
95% of results are within a factor of 4. Concentrations in precipitation are compared only with 
measurements made in 1995 and 1996. It is found that the model underestimates PCB-118 
and 153 concentrations in precipitation within a factor of 3 and PCB-180 – within a factor of 2. 
PCB-28 concentration in precipitation is strongly underestimated. 

− The ratios of calculated and measured values of γ-HCH concentrations in air indicate that the 
model overestimates air concentrations 2.5 times and the correlation coefficient between 
them is 0.5. The mean ratio of measured concentrations in precipitation to calculated values 
equals 1.15. The correlation coefficient between calculated and measured values is 0.8. 
Nearly 60% of calculated air concentrations and 100% of calculated concentrations in 
precipitation are within a factor of 3 relative to the observed levels. 

− The comparison of atmospheric and soil concentration levels of HCB in Europe shows that 
modeling gives reasonable levels of HCB concentrations in these media. Reasoning from 
preliminary estimates, the model underestimates air concentrations as much as several times. 
Measured background soil concentration levels are equal to units of ng/g and calculated ones 
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are 0.3-0.7 ng/g. The data on HCB concentrations measured in seawater are insufficient for 
model verification. 

• For the sake of model verification, MSC-E carries out an intercomparison study of POP models, in 
which experts from a number of European countries; Canada and the USA take part. At the Stage 
I it was agreed to compare model description of the main processes of POP behaviour in the 
environment, their parameterization and results of model experiments. The procedure on 
processing of the obtained results received from participating models is now under elaboration. 
This stage will result in an intermediate report and/or scientific paper. 

Further activity 

At the following stages of the development of MSCE-POP model it is necessary:  

• to apply detailed spatial distribution of specific aerosol surface for modeling of the partitioning of 
an organic compound between its particle and gaseous phase in the atmosphere. These 
distributions are expected to be obtained as an output of aerosol dynamics and transport models;  

• to take into account temporal and spatial variations of OH radical concentrations in description of 
POP degradation process in the atmosphere; 

• to improve parameterization of washout process for PCB-28 because significant disagreement of 
measured and calculated concentrations of this congener in precipitation was found;  

• to improve the parameterization of diffusion processes in coastal zones and near bottom regions 
in further studies connected with the problems of pollution diffusion in the marine environment; 

• to use a coupled model for ocean-sea ice since processes occurring in both media are closely 
connected;  

• to consider ice dynamics for a correct description of the distribution of ice thickness and its 
variability; 

• to pass on to atmospheric forcing fields taking into account synoptic variability (daily mean fields 
instead of monthly mean fields) in order to improve simulation results of ice cover evolution. A 
correct representation of the ice cover behaviour is closely connected with adequate specification 
of atmospheric forcing. 

Besides, further efforts in the assessment of the environment pollution by POPs should be aimed at 
the refinement of emission data and acquisition of measurement data on POP content in various 
environmental media; the refinement of the parameterization of POP behavioural processes in 
environmental media; the investigation of POP transport on the hemispherical/global level; further 
development of the model approach for the evaluation of new species. 

 

 

 210



References 
 

 
REFERENCES 

Abad E., Caixach J., Rivera J., [1997], PCDD/PCDF from emission sources and ambient air in northeast Spain, 
Chemosphere, v.35, No.3, pp. 453-463 

Abraham J., R.Ciechanovicz-Kusztal, M. Drueke, G.J.Opyd, J. Keder, W.Kulaszka and J. Novak [2000] Common 
report on air quality in the Black Triangle Region 1999./ CHMU, WIOS, LfUG, UBA, pp.117. 

Alcock R., McLachlan M.S., Johnston A.E., Jones K.C., [1998], Evidence for presence of PCDD/Fs in the 
Environment Prior to 1900 and Further Studies on Their Temporal trends, Environ. Sci. Technol., v. 32, 
No.11, pp. 1580 – 1587. 

AMAP Assessment Report [1998] Arctic Pollution Issues, Arctic Monitoring and Assessment Programme, Oslo, 
pp. 710-716. 

AMAP Report [1999] Modelling and source: A workshop on techniques and associated uncertainties in 
quantifying the origin and long-range transport of contaminants to the Arctic. Report and extended abstracts 
of the Workshop, AMAP Report 99:X, Bergen, 14-16 June. 

AMAP Report [2000]: 3. PCB in the Russian Federation: Inventory and proposals for priority remedial actions. 
Arctic Monitoring and Assessment Programme (AMAP), Oslo, 2000, published by: Centre For International 
Project (CIP), Moscow, 2000. 

Ananieva K.B., Vishnevskaya O.V., Dudchenko V.A. [1990]. Contamination of soils and surface water by 
chlororganic pesticides in Uzbekistan. In “Investigation of the environmental pollution of Central Asia region. 
Methods of prediction and the assessment of impact. Proceedings of the Central Asian Regional Scientific-
Research Hydrometeorological Institute named after V.A. Bugaev. Issue 138, No. 219, pp. 103-109, (in 
Russian). 

Anderson P.N. and R.A. Hites [1996] OH Radical Reactions: The Major Removal Pathway for Polychlorinated 
Biphenyls from the Atmosphere, Environ. Sci. Technol., v. 30, No. 5, pp. 1756 – 1763. 

Aref H. [1984] Stirring by chaotic advection. J. Fluid Mech. v.143, pp.1-21. 

Atmosphere Handbook [1991]. L., Hydrometeoizdat, p.179 (in Russian). 

Atmospheric Emission Inventory Guidebook [1999] Use of Pesticides and Limestone. UNECE/EMEP Task Force 
on Emission Inventories. Technical report No 30, Second Edition, A joint EMEP/CORINAIR Production, 
Edited by Stephen Richardson, B1060-2. 

Avkhimenko M.M. [2000] Medical and ecological consequences of environmental pollution by polychlorinated 
biphenils. In: Polychlorinated Biphenyls/Supertoxicants of XXI century. Information Issue No.5, Moscow, 
pp.14-31, (in Russian). 

Baart A., Berdowski J., van Jaarsveld J. and K.Wulffraat [1995] Calculation of atmospheric deposition of 
contaminants on the North Sea. TNO-MEP-R 95/138, Delft, The Netherlands. 

Backe C., Larsson P. [2001] PCB in soils and the soil - air exchange of selected PCB congeners in the south of 
Sweden. (Manuscript) in Persistent organic pollutants in the atmosphere - spatial and temporal variations. 
Cecilia Backe. Department of Ecology Chemical Ecology & Ecotoxicology Lund University, Sweden, May 
2001. 

Baker J.E., Eisenreich S.J. [1990] Environ.Sci.Technol, v.24, pp.342-352. 

Baldwin R.J., R.C.Glatts and K.L. Jr. Smith [1998] Particle matter fluxes into the benthic boundary layer at a long 
time-series station in the abyssal NE Pacific: composition and fluxes. Deep-Sea Research II, v. 45, 643-665.  

Bamford H.A., D.L.Poster and J.E.Baker [2000] Henry s Law Constants of Polychlorinated Biphenyl Congeners 
and Variation with Temperature, Chem.Eng. Data, v. 45, pp. 1069 – 1074. 

Berdowski J.J.M., J.M.Pacyna and C. Veldt [1994] In: van den Hout K.D. (ed.) The impact of atmospheric 
deposition of non-acidifying pollutants on the quality of European forest soils and the North Sea. Main report 
of the ESQUAD project. Report nr. R 93/329, Institute of Environmental Science IMW-TNO, Delft, the 
Netherland.  

Berdowski J.J.M., Baas J., Bloos J.P.J., Visschedijk A.J.H. and P.Y.J.Zandveld [1997] The European Emission 
Inventory of Heavy Metals and Persistent Organic Pollutants for 1990. TNO Institute of Environmental 
Sciences, Energy Research and Process Innovation, UBA-FB report 104 02 672/03, Apeldoorn, 239 p. 

Berg T. and A.-G.Hjellbrekke [1998] Heavy metals and POPs within the ECE region. Supplementary data for 
1989-1996. Kjeller, Norwegian Institute for Air Research (NILU EMEP/ССС-Report 7/98). 

 211



References 

Berg T. and A.-G.Hjellbrekke [1999] Heavy metals and POPs within the ECE region 1997. Kjeller, Norwegian 
Institute for Air Research (NILU EMEP/ССС-Report 7/99). 

Berg T., A.-G. Hjellbrekke and J.E. Skjelmoen [1996]: Heavy metals and POPs within the ECE region. 
EMEP/CCC-Report 8/96. Norwegian Institute for Air Research. 

Berg T., Hjellbrekke A-G. and N. Ritter [1997] Heavy metals and POPs within the ECE region. Additional data. 
EMEP/CCC-Report 9/97, ref. O-95038, August. 

Berg T., A.-G.Hjellbrekke and R.Larson [2000] Heavy metals and POPs within the ECE region 1998. Kjeller, 
Norwegian Institute for Air Research (NILU EMEP/ÑÑÑ-Report 2/2000).  

Berg T., Hjellbrekke A.-G., Larsen R. [2001] Heavy metals and POPs within the EMEP region 1999. EMEP/CCC 
–Report 9/2001. 

Berg T., Hjellbrekke A-G., Larsen R. [2002] Heavy metals and POPs within the EMEP region 2000., EMEP/CCC-
Report 9/2002. 

Bewley T.R., Moin P. and R. Temam [2001] DNS-based predictive control of turbulence: an optimal benchmark 
for feedback algorithms, v. 447, pp.179 - 225 

Beyer A and M.Matthies [2001] Criteria for Atmospheric Long-range Transport Potential and Persistence of 
Pesticides and Industrial Chemicals. Umweltforschungsplan des Bundesministerium fur Umwelt, Naturschutz 
und Reaktorsicherheit. Stoffbewertung, Gentechnik, Forderkennzeichen (UFOPLAN) 299 65 402. 

Breivik K., Pacyna J., Munch J. [1999] Use of α-, β- and γ-hexachlorocyclohexane in Europe, 1970-1996. The 
Science of the Total Environment, v. 239, pp. 151-163. 

Breivik K., Wania F., Pacyna J. [2001] Sources and Environmental Cycling of POPs in the Baltic Sea region: 
Case studies for α-HCH and γ-HCH using the POPCYCLING-Baltic model. EMEP/CCC-Report 4/2001. 

Breivik K., Sweetman A., Pacyna J.M., Jones K. [2002a] Towards a global historical emission inventory for 
selected PCB congeners – a mass balance approach. 1. Global production and consumption. The Science 
of the Total Environment, v. 290, pp. 181-198. 

Breivik K., Sweetman A., Pacyna J.M., Jones K. [2002b] Towards a global historical emission inventory for 
selected PCB congeners – a mass balance approach. 2. Emissions. The Science of the Total Environment, 
v. 290, pp. 199-224. 

Broman D., Naef C., Zebuehr Y., [1991] Long-Term High- and Low-Volume Air Sampling of PCDD/F and PAH 
along a Transect from Urban to Remote Areas on the Swedish Baltic Coast, Environ. Sci.Technol., v.25, 
No.11, pp. 1841-1850 

Brorström-Lunden E. and C. Löfgren [1998] Atmospheric fluxes of persistent semivolatile organic pollutants to a 
forest ecological system at the Swedish west coast and accumulation in spruce needls, Environmental 
Pollution, v. 102, pp. 139-149. 

Brorström-Lunden E., E.Junedal, H.Wingfors and S.Juntto [2000] Measurements of the Atmospheric 
Concentrations and the Deposition Fluxes of Persistent Organic Pollutants (POPs) at the Swedish West 
Coast and in the northern Fennoscandia. IVL Swedish Environmental Research Institute report, L00/14, 
Gotterborg 2000-03-17. 

Brorstrom-Lunden E., Lofgren C. [1998] Environmental Pollution, v.102, pp.139-149 

Brubaker W.W. and R.A. Hites [1997] Polychlorinated dibenzo-p-dioxins and dibenzofurans: gas-phase hydroxyl 
radical reactions and related atmospheric removal. Environ. Sci. Technol., v.31, No. 6, pp.1805-1810. 

Brubaker W.W. and R.A. Hites [1998] OH reaction kinetics of gase-phase α - and γ - Hexachlorocyclohexane and 
hexachlorobenzene, Environ. Sci. Technol., v. 32, No. 6, pp. 766-769. 

Bruce P.B., C. Hunke, C.M. Bitz, B. Lipscomb and V. Schramm [2001] DRAFT description of the CCSM2 Sea Ice 
Model: CSIM4, (http://www.ccsm.ucar.edu/models/ice-csim4) 

Brunciak P.A., Dachs J., Franz T.P., Gigliotti C.L., Nelson E.D., Turpin B.J., Eisenreich S.J. [2001] Atmospheric 
Environment, v.35, pp.5663-5677 

Buckley-Golder D., P.Coleman, M.Davies, K.King, A.Petersen, J.Watterson, M.Woodfield, H.Fiedler and 
A.Hanberget [1999] Compilation of EU Dioxin Exposure and Health Data, European Commission DG 
Environment and UK Department of the Environmental Transport and the Regions. 

Bulgakov A., Ioannisian D., Moisseev B., Zelenko A., Resnyansky Yu. and L.Erdman [1998] Review of physical – 
chemical properties of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) in respect to 

 212

http://www.journals.cup.org/owa_dba/owa/ISSUES_IN_JOURNAL?JID=FLM


References 
 

 
their long-range transport in the atmosphere // Long-range transport of selected POPs. Part II. Physical-
chemical properties of dioxins and furans and factors influencing the transport and accumulation of 
Persistent Organic Pollutants. EMEP/MSC-E Report 2/98, Part II. 

Burkhard L.P., Armstrong D.E. and A.W. Andren [1985] Henry’s Law Constants for the Polychlorinated Biphenyls. 
Environ. Sci. Technol., v.19, pp.590-596. 

Chu W. and Chan K.-H. [2000] The prediction of partitioning coefficients for chemicals causing environmental 
concern, The Science of the Total Environment, v. 248, pp. 1-10. 

Coachman L.K. [1993] On the flow field in the Chirikov Basin. Cont. Shelf Res., v. 13, pp. 481-508. 

Coachman L.K. and K. Aagaard [1988] Transports through Bering Strait: Annual and inter-annual variability. J. 
Geophys. Res.,  v. 93, No C12, pp. 15535-15539. 

Coleman P., Bush T., Conolly C., Irons S., Murrells T., Vincent K., Watterson J. [2001] Assessment of 
benzo[a]pyrene atmospheric concentrations in the UK to support the establishment of a national PAH 
objective. A report produced for the Department for Environment, Food and Rural Affairs, the National 
Assembly for Wales, the Scottish Executive and the Department of the Environment for Northern Ireland. 
AEA Technology plc Culham, Oxfordshire, UK, report number AEAT/ENV/R/0620 Issue 5.1.1 
(http://www.aeat.co.uk/netcen/airqual/reports/naqs2001/aeat-env-r-0620.pdf). 

Coleman P.J., Donovan B.J., Campbell G.W., Watterson J.D., Jones K.C., Lee R.G.M., Peters A.J., [1998], 
Results from the Toxic Organic Micropollutants (TOMPS) network:1991 to 1997, Report AEAT-2167, 
National Environmental Technology Centre (NETCEN), May, 1998, pp.124 

Cotham W.E. and T.F. Bidleman [1991] Estimating the atmospheric deposition of organochlorine contaminants to 
the Arctic. Chemosphere, v. 22, pp.165-188. 

Cousins I.T., B.Gevao and K.C.Jones [1999] Measuring and modelliong the vertical distribution of semi-volatile 
organic compounds in soils. I: PCB and PAH soil core data. Chemosphere, v.39, No.14, pp.2507-2518. 

Coutinho M., Ferreira J., Gomes P., Mata P., Borrego C., [2001], Atmospheric baseline levels of PCDD and 
PCDF in the region of Oporto, Chemosphere, v. 43, pp. 497-500. 

Dale T., F.Rey and B.R. Heimdal [1999] Seasonal development of phytoplankton at a high latitude oceanic site. 
Sarsia, v. 84, pp.419-435. 

Dicofol [2003] Dossier prepereted for the meeting March 17-19 in Norway of the UN-ECE Ad-hoc Expert Group 
on POPs, Checked by E.J. van de Plassche, Project number 4L0002.A1.   

Duinker J.C., Bouchertall F. [1989]  Environ. Sci. Technol, v.23, pp.57-62. 

Dunnivant F.M., Elzerman A.W., Jurs P.C., Hasan M.N., [1992], Quantitative Structure-Property Relationships for 
Aqueous Solubilities and Henry s Law Constants of Polychlorinated Biphenyls, Environ. Sci. Technol., v. 23, 
No. 10, pp. 1250 – 1253. 

Dutchak S., M.Fedyunin, A.Gusev, I.Ilyin, A.Malanichev, E.Mantseva, Yu.Resnyansky, V.Shatalov, B.Strukov, 
O.Travnikov, M.Varygina, N.Vulykh, A.Zelenko [2002] Assessment of long-range transport of Hg, PCBs, and 
g-HCH to the Russian North. EMEP/MSC-E Technical Report for Arctic Monitoring and Assesment 
Programme (AMAP), GEF project “Persistent Toxic Substances, Food Security and Indigenous Peoples of 
the Russian North”. 

Dutkiewicz S., M.Follows, J.Marshall and W.Gregg Watson [2001] Interannual variability of phytoplankton 
abundances in North Atlantic. Deep-Sea Research II, v.48, pp.2323-2344. 

Duyzer J. H. and R.F. van Oss [1997] Determination of deposition parameters of a number of persistent organic 
pollutants by laboratory experiments. TNO-Report TNO-MEP-R97/150. 

Erdman L., A.Gusev and N.Pavlova [2001] Atmospheric Input of Persistent Organic Pollutants to the 
Mediterranean Sea. WMO, Map Technical Reports Series No.130  

Falconer R.L. and T.F. Bidleman [1994] Vapor pressures and predicted particle/gas distributions of 
polychlorinated biphenyl congeners as functions of temperature and ortho-chlorine substitution. Atmos. 
Environ., v.28, pp.547-554 

Fedorov L.A. and A.B. Yablokov [1999] Pesticides – toxic stress for biosphere and man, Moscow, Nauka, pp.22-
29, (in Russian). 

Fiedler H. [1996] Sources of PCDD/PCDF and Impact on the Environment. Chemosphere, v.32, No.1, pp.55-64 

Filov V.A. ed. [1990]  Harmful chemicals, Hydrocarbons. Halogen derivatives of hydrocarbons. Handbook, L.: 
Chemistry, 732 p. (in Russian). 

 213



References 

Flato G.M. and W.D.Hibler [1992] Modeling pack ice as a cavitating fluid. J.Phys.Oceanogr., v.22, pp.626-651. 

Franz T.P. and S.J. Eisenreich [1998] Snow scavenging of polychlorinated biphenyls and polycyclic aromatic 
hydrocarbones in Minnesota. Environ. Sci Technol., v.32, pp.1771-1778. 

Frolov A., A.Vaznik, E.Astahova, J.Alferov, D.Kiktev, I.Rosinkina and K.Rubinstein [1997a] A System of diagnosis 
of lower atmosphere for monitoring transboundary pollutant transport. Meteorology and Hydrology, No 4, pp. 
5-15. 

Frolov A., A.Vaznik, E.Astahova, J.Alferov, D.Kiktev, I.Rosinkina and K.Rubinstein [1997b] A System of diagnosis 
of lower atmosphere for monitoring transboundary pollutant transport. The main algorithms. Meteorology and 
Hydrology, No 5, pp.5-13. 

Frolov A., A.Vaznik, E.Astahova, J.Alferov, D.Kiktev, I.Rosinkina and K.Rubinstein [1997c] A System of diagnosis 
of lower atmosphere for monitoring transboundary pollutant transport: Precipitation and clouds. Meteorology 
and Hydrology, No.6, pp.5-15. 

Frolov A., Vazhnik A., Astakhova E., Alferov Yu., Kiktev D., Rosinkina I. and K.Rubinshtein [1994] System for 
diagnosis of state of the lower atmosphere (SDA) for pollutant transport models. EMEP/MSC-E Technical 
Report 6/94, 82 p.Galarneau E., Audette C.V., Bandemehr A., Basu I., Bidleman T.F., Brice K.A., Burniston 
D.A., Chan C.H., Froude F., Hites R.A., Hulting M.L., Neilson M., Orr D., Simcik M.F., Strachan W.M.J., Hoff 
R.M. [2000] Atmospheric Deposition of Toxic Substances to the Great Lakes: IADN Results to 1996. 
Environment Canada and the United States Environmental Protection Agency. 

Galarneau E., Audette C.V., Bandemehr A., Basu I., Bidleman T.F., Brice K.A., Burniston D.A., Chan C.H., 
Froude F., Hites R.A., Hulting M.L., Neilson M., Orr D., Simcik M.F., Strachan W.M.J., Hoff R.M. [2000] 
Atmospheric Deposition of Toxic Substances to the Great Lakes: IADN Results to 1996. Environment 
Canada and the United States Environmental Protection Agency. 

Galperin B.A. and S. A. Orszag [1993] Large Eddy Simulation of Complex Engineering and Geophysical Flows. 
Cambridge University Press 

Garcon Veronique C., Andreas Oschlies, Scott C. Doney, Dennis McGillicuddy, Joanna  Waniek [2001] The role 
of mesoscale variability on plankton dynamics in the North Atlantic. 

Germano M., U. Piomelli, P. Moin, and W. Cabot [1991]. A dynamic subgrid-scale eddy viscosity model. Phys. 
Fluids A 3, pp.1760-1765. 

Gevao B., Hamilton-Taylor J., Jones K.C. [1998] Environmental Pollution, v.102, pp.63-75. 

Govers H.A.J. and H.B.Krop [1998] Partition constants of chlorinated dibenzofurans and dibenzo-p-dioxins. 
Chemosphere, v.37, N.9-12, pp.2139-2152. 

Granier L.K. and Chevreuil M. [1997] Behaviour and spatial and temporal variations of polychlorinated biphenyls 
and lindane in the urban atmosphere of the Paris area, France. Atmospheric Environment, v.31, No.22, 
pp.3787-3802. 

Gray J.M.N.T. and P.D. Killworth P.D. [1995] Stability of the viscous-plastic sea ice rheology. J. Phys. Oceanogr., 
v. 25, No. 5, pp. 971-978. 

Guo, Y.-R., and S. Chen [1994] Terrain and land use for the fifth-generation Penn State/NCAR mesoscale 
modelling system (MM5): Program TERRAIN. NCAR Tech. Note, NCAR/TN-397+IA, 119 pp. [Available from 
the National Center for Atmospheric Research, P. O. Box 3000, Boulder, CO 80307]. 

Hanesiak J.M. and D.G. Barber [1999] Role of diurnal processes in the seasonal evolution of sea ice and its 
snow cover. J. Geophys. Res., v. 104, No C6, pp. 13593-13603. 

Harner T. and T.F. Bidleman [1996] Measurements of octanol-air partition coefficients for polychlorinated 
biphenyls. Chem. Eng. Data, v.41, pp.895-899. 

Harner T. and Bidleman T.F., [1998], Measurement of Octanol- Air Partition Coefficient for Polycyclic Aromatic 
Hydrocarbons and Polychlorinated Naphthalenes, J. Chem.Eng.Data, v.43, pp. 40-46. 

Harner T. and Mackay D. [1995] Measurement of octanol-air partition coefficients for chlorobenzenes, PCB, and 
DDT, Environ. Sci. Technol., v. 29, No.6, pp. 1599 - 1606. 

Harner T., Mackay D. and K.C. Jones [1995] Model of the long-term exchange of PCBs between soil and the 
atmosphere in the southern UK. Environ. Sci. Technol., v.29, pp.1200-1209. 

Harrad S. J and D. J. T. Smith [1997] Evaluation of a terrestrial food chain model for estimating foodstuff 
concentrations of PCDD/Fs, Chemosphere, v. 34, No.8, pp.1723-1737. 

Hawker D.W. and D.W.Connell [1988] Octanol-water partition coefficients of polychlorinated biphenyl congeners. 

 214



References 
 

 
Environ. Sci. Technol., v.22, pp.382-387. 

HSDB - Hazardous Substances Databank : http://toxnet.nlm.nih.gov.  

Health risks of persistent organic pollutants from long-range transboundary air pollution. WHO/ECEH – UNECE, 
Task Force on Health Aspects of Long-Range Transboundary Air Pollution, World Health Organization, 
2002. 

Hibler III  W.D. [1979]  A dynamic thermodynamic sea ice model. J. Phys. Oceanogr., v.9, No.4, pp. 815-846. 

Hincley D.A., T.F.Bidleman and W.T. Foreman [1990] Determination of vapor pressures for non-polar and semi-
polar organic compounds from gas chromatographic retention data. Chem. Eng. Data, v.35, No 3, pp.232-
237. 

Holland D.M., L.A.Mysak, J.M.Oberhuber [1996] Simulation of the mixed-layer circulation in the Arctic Ocean. J. 
Geophys. Res., 101, №C1, p.1111-1128. 

Holoubek et al., [2003] Results of monitoring of POPs in Kosetice, 1988-2002. RECETOX-TOCOEN, Brno, 
Czech Republic. (CD-2003, personal communication). 

Holoubek I., Kocan A., Holoubkova I., Hilscherova K., Kohoutek J., Falandysz J., Roots O. [2000a] Persistent, 
Bioaccumulative and Toxic Chemicals in Central and Eastern European Countries – State – of – the – Art 
Report. The 2nd version. TOCOEN REPORT No. 150a, May 2000. RECETOX-TOCOEN & Associates, Brno, 
Czech Republic. Internet: http://recetox.chemi.muni.cz/. 

Holoubek I., P. Kořínek, Z. Šeda, E. Schneiderová, I. Holoubková, A. Pacl, J. Tříska and P. Cudlín [2000b] The 
use of mosses and pine needles to detect atmospheric persistent organic pollutants at the local and regional 
scale. Environ. Pollut. v.109, pp.283-292. 

Hornsby A.G., Wauchope R.D., Herner A.E. [1996] Pesticide Properties in the Environment, Springer-Verlag, 
New York, Inc,  

Horstmann M. and M.S.McLachlan [1998] Atmospheric deposition of semivolatile organic compounds to two 
forest canopies, Atmos. Environ., v.32, N.10, pp.1799-1809.  

Howard  P. H. and W.M. Meylan Eds. [1997] Handbook of physical properties of organic chemicals, CRC Lewis 
Publishers, Boca Raton, New York, London, Tokyo. 

ten Hulscher Th.E.M., van der Velde L.E. and W.A. Bruggeman [1992] Temperature Dependence of Henry’s Law 
Constants for Selected Chlorobenzenes, Polychlorinated Biphenyls and Polycyclic Aromatic Hydrocarbons. 
Environ. Toxicol. Chem., v.11, pp.1595-1603. 

Hung H., Blanchard P., Poole G., Thibert B., Chiu C.H. [2002] Measurement of particle - bound polychlorinated 
dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in Arctic Air at Alert, Nunavut, Canada, Atmospheric 
Environment, v.36, pp. 1041-1050. 

Hunke E.C. and J.K.Dukowicz  [1997] An elastic-viscous-plastic model for sea ice dynamics. J. Phys. Oceanogr., 
v. 27, pp. 1849-1867. 

Hunke E.C. and Y. Zhang [1999] A comparison of sea ice dynamics models at high resolution. Mon. Wea. Rev., 
v. 127, pp. 396-408. 

IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Man. [1987] Geneva: World 
Health Organization, International Agency for Research on Cancer, 1972-Present. (Multivolume work), p. S7 
71. 

Ignatieva L.P. and M.F. Savchenko [1994]. Hygiene of pesticide application in Siberia, Publication of the Irkutsk 
State University, p.16, (in Russian). 

Iwata H., S.Tanabe, K.Uedo and R. Tatsukawa [1995],Persistent Organochlorine Residues in Air, Water, 
Sediments, and Soils from the Lake Baikal Region, Russia, Environ. Sci. Technol., v. 29, No. 3, pp. 792-801. 

Izmerov N.F. ed. [1990]. Lindane. In series “Scientific reviews of the Soviet literature related to toxicity and 
hazard of chemicals”. The Centre of international projects of the State Committee on Science and 
Technology, 40, pp.9-10, (in Russian). 

Jackson George A., and B. Burd Adrian [2002] A model for distribution of particle flux in the mid-water column 
controlled by subsurface biotic interactions. Deep Sea Research Part II: Topical Studies in Oceanography, v. 
49, pp.193-217. 

Jacobs C.M.J. and W.A.J. van Pul [1996] Long-range atmospheric transport of persistent organic pollutants. 1: 
Description of surface –Atmosphere exchange modules and implementation in EUROS. National Institute of 
Public Health and the Environment, Bilthoven, The Netherlands. Report No. 722401013. 

 215



References 

Jimenez B., Eljarrat E., Hernandez L.M., Rivera J., Gonzalez M.J., [1996], Polychlorinated Dibenzo-p-dioxuns 
and Dibenzofurans in soils near a Clinical Waste Incinerators in Madrid, Spain. Chemometric Comparison 
with other Pollution Sources and Soils, Chemosphere, v.32, No.7, pp. 1327 – 1348. 

Jones K. and Duarte –Davidson R., [1997], Transfers of Airborne PCDD/Fs to Bulk Deposition Collectors and 
Herbage, Environ. Sci. Technol., v. 31, No.10, pp. 2937 – 2943. 

Junge C.E. [1977] Basic considerations about trace constituent in the atmosphere is related to the fate of global 
pollutant. In: Fate of pollutants in the air and water environment. Part I, I.H. Suffet (ed.) (Advanced in 
Environ. Sci. Technol., v.8), Wiley-Interscience, New York. 

Kalnay et al., 1996 Kalnay E.,Kanamitsu M.,Kistle R.,Collins W., Deaven D., Gandin L., Iredell M., Saha S., White 
G., Woollen J., Zhu Y., Leetmaa A., Reynolds R., Chelliah M., Ebisuzaki W., Higgins W.,  Janowiak J., Mo 
K.C., Ropelewski C., Wang J., Roy Jenne, and Dennis Joseph [1996] The NCEP/NCAR 40-Year Reanalysis 
Project // Bulletin of the American Meteorological Society, v. 77, No. 3, pp. 437-471. 

Karikhoff S. W. [1981] Semiempirical estimation of sorbtion of hydrophobic pollutants on natural sediments and 
soil, Chemosphere, v.10, pp.833-846. 

Kaupp and McLachlan [1999] Chemosphere, v. 38, No.14, pp.3411-3421. 

Kjeller L.-O., K.C.Jones, A.E.Johnston  and C. Rappe [1991] Increases in the Polychlorinated Dibenzo-p-dioxin 
and – furan Content of Soils and vegetations since the 1840s, Environ. Sci. Technol., v. 25, No. 9, pp. 1619 
– 1627.   

Klyuev N.A. and E.S. Brodsky [2000] Determination of polychlorinated biphenils in the environment and biota. In 
Poychlorinated Biphenyls/Supertoxicants of XXI century. Information Issue No.5, Moscow, pp. 31-63 (in 
Russian). 

Kolmogorov A.N. [1941] Scattering of energy at local isotropic turbulence. Reports of the USSR Academy of 
Scientists, 32, N 1, 19 – 21. 

Kouimtzis Th., Samara C., Voutsa D., Balafoutis Ch., Mueller L. [2002] PCDD/Fs and PCBs in airborne 
particulate matter of the great Thessaloniki area, N. Greece, Chemosphere,  v. 47, pp. 193-205 

Koziol A. S. and J. A. Pudykiewicz [2001] Global-scale environmental transport of persistent organic pollutants. 
Chemosphere, v.45, pp.1181-1200. 

Kraichnan R.H. [1976] Eddy viscosity in two and three dimension. J. Atmos. Sci., v. 33, pp.1521--1536. 

Kucklick J.R., D.A.Hinckley and T.F.Bidleman [1991] Determination of Henry’s law constants for 
hexachlorocyclohexanes in distilled water and artificial seawater as a function of temperature. Marine 
chemistry, v.34, pp.197-209. 

Kwok E.S.C., Atkinson R. and J.Arey [1995] Rate constants for the gas-phase reactions of the OH radical with 
dichlorobiphenyls, 1-chlorodibenzo-p-dioxin, 1,2-dimethoxybenzene, and diphenyl ether: estimation of OH 
radical reaction rate constants for PCBs, PCDDs, and PCDFs. Environ. Sci. Technol., v.29, No.6, pp.1591-
1598. 

Lammel G., J.Feichter and A.Leip [2001] Long-range transport and multimedia partitioning of semivolatile organic 
compounds: a case study on two modern agrochemicals. Report No.324. 

Lee R., N.Green, R.Lohmann and K. Jones [1999] Seasonal, anthropogenic, air mass, and meteorological 
influences on the atmospheric Concentrations of polychlorinated Dibenzo-p-dioxins and Dibenzofurans 
(PCDD/Fs): Evidence foe the importance of diffuse combustion sources, Environ. Sci. Technol., v. 33. N. 17, 
pp. 2864 –2871. 

Lee R.G.M., H.Hang, D.Makey and K.C. Jones [1998] Measurement and modelling of the diurnal cycling of 
atmospheric PCBs and PAHs, Environ. Sci. Technol, v.32, pp.2172-2179. 

Lei Y.D., Wania F., Shiu W.Y., [1999] Vapor Pressures of the Polychlorinated Naphthalenes, J. Chem. Eng. Data, 
v. 44, pp. 577 – 582. 

Li Y.F., McMillan A. and M.T. Scholtz [1996] Global HCH usage with 10x10 longitude/latitude resolution. Environ. 
Sci. Technol., v. 30, No.12, pp. 3525-3533. 

Li Y.F., Bidleman T.F., Barrie L.A., McConnell L.L.. [1998] Global hexachlorocyclohexane use trends and their 
impact on the Arctic atmospheric environment. J. Geophys. Research, v. 25, No. 1, pp. 39-41. 

Li Y.F. [1999a] Global technical hexachlorocyclohexane usage and its contamination consequences in 
environment: from 1948 to 1997. The Science of the Total Environment, v. 232, pp. 123-160. 

 216



References 
 

 
Li Y.F. [1999b] Global gridded technical hexachlorocyclohexane usage inventories using a global cropland as a 

surrogate. J. Geophys. Research, v. 104, No. D19, pp. 23,785-23,797. 

Li N., Wania, F.,Lei, D.Y., Daly, G.L. 'A comprehensive and critical colpilation, evaluation and selection of 
physical chemical property data for selected polychlorinated biphenyls' (in press). 

Ligocki M.P., C.Leuenberger and J.F.Pankow [1985] Trace organic compounds in rain –III. Particle scavenging of 
neutral organic compounds,  Atmos. Environ., v. 19,  pp. 1619-1626. 

Lindfors V., Joffre S.M. and J.Damski [1991] Determination of the wet and dry deposition of sulphur and nitrogen 
compounds over the Baltic Sea using actual meteorological data. Finnish Meteorological Institute 
Contributions No.4, Helsinki. 

List of chemical and biological means against pests, diseases of plants and against weed, growth regulators of 
plants and pheromones permitted for use in agriculture including farm and municipal economy for 1992-96. 
[1994], Moscow, Kolos, pp. 297-299, (in Russian). 

Lohmann R, T.Harner, O.Thomas and K.C. Jones [2000] A comparative study of the gas-particle partitioning of 
PCDD/Fs, PCBs and PAHs. Environ. Sci. Technol., v.34, pp.4943-4951. 

Lohmann R. and K.Jones [1998] Dioxins and furans in air and deposition: Dioxins and furans in air and 
deposition: A review of levels, behaviour and processes, Sci. Total Environment, v. 219, pp. 53-81.   

Lohmann R., N.J. Green and K.C. Jones [1999a] Atmospheric Transport of  Polychlorinated Dibenzo-p-dioxins 
and Dibenzofurans (PCDD/Fs) in Air Masses Across the United Kingdom and Ireland: Evidence of Emissions 
and Depletion, Environ. Sci. Technol., v. 33, N. 17, pp. 2872 – 2878. 

Lohmann R., N.J.Green and K.C. Jones [1999b] Detailed Studies of the Factors Controlling Atmospheric PCDD/F 
Concentrations, Environ. Sci. Technol., v. 33, N. 24, pp. 4440 – 4447. 

Macdonald R.W., Barrie L.A., Bidleman T.F., Diamond M.L., Gregor D.J., Semkin R.G., Strachan W.M., Li Y.F., 
Wania F., Alaee M., Alexeeva L.V., Backus S.M., Bailey R., Bewers J.M., Gobel C., Halsall C.J., Harner T., 
Hoff J.T., Jantunen L.M.M., Lockhart W.L., Mackay D., Muir D.C.G., Pudykiewicz J., Reimer K.J., Smith J.N., 
Stern G.A., Schroeder W.H., Wagemann R., Yunker M.B.  [2000] Contaminants in the Canadian Arctic: 5 
years of progress in understanding sources, occurrence and pathways. The Science of the Total 
Environment, v. 254, pp. 93-234. 

Mackay,D., Paterson,S. [1991] Evaluating the Multimedia Fate of Organic Chemicals:A Level III Fugacity Model, 
Environmental Science and Toxicology, v. 25, pp.427-436. 

Mackay, D., Shiu, W.Y., Ma, K.C. [1992] ‘Illustrated Handbook of Physical-Chemical properties and 
environmental fate for organic chemicals, v.1: Monoaromatic Hydrocarbons, Chlorobenzenes, and PCBs’. 
Lewis Publishers, INC. 

Mackay, D., Shiu, W.Y., Ma, K.C. [1992] ‘Illustrated Handbook of Physical-Chemical properties and 
environmental fate for organic chemicals, v.2: Polynuclear aromatic hydrocarbons, Polychlorinated Dioxins, 
and Dibenzofurans’. Lewis Publishers, INC. 

Mackay D., Shiu W.-Y., Ma K.-C.[1993],Illustrated Handbook of Physical-Chemical properties and Environmental 
Fate of Organic Chemicals, v. III, Volatile Organic Chemicals, pp. 536-537, 617 – 624. 

Mackay D., Shiu W.-Y., Ma K.-C.[1997],Illustrated Handbook of Physical-Chemical properties and environmental 
Fate of Organic Chemicals, v. V, Pesticide Chemicals, pp. 431-434, 599 – 571. 

Mackay D., Shiu W.-Y., Ma K.-C.[1997],Illustrated Handbook of Physical-Chemical properties and environmental 
Fate of Organic Chemicals, v. V, Pesticide Chemicals, Lewis Publishers, CRC Press LLC. 

Mackay,D., Webster E., Cousins I., Cahill T., Foster K., Gouin T. [2001] An introduction to multimedia models. 
Final report prepared As a background paper for OECD Workshop Ottawa, October 2001. CEMC Report 
No.200102. 

Majda A.J.  [1993] Explicit inertial range renormalization theory in model for turbulent diffusion, J.Statist.Phys. 73 
515-542   

Malanichev, A., Shatalov, V., Vulykh, N. and B.Strukov [2002] Modelling of POP Hemispheric Transport. MSC-E 
Technical Report 8/2002. 

Mandalakis M., Tsapakis M., Tsoga A. and E.G. Stephanou [2002], Gas-particle concentrations and distribution 
of aliphatic hydrocarbons, PAHs, PCBs and PCDD/Fs in the atmosphere of Athens (Greece), Atmos. 
Environ., vol.36, pp.4023-4035 

 217



References 

Mandalakis M., Berresheim H. and Stephanou E.G. [2003] Direct Evidence for Destruction of Polychlorobiphenyls 
by OH Radicals in the Subtropical Troposphere ARTICLE IN PRESS: Environmental Science and 
Technology. 

Manoli E., C.Samara, I.Konstantinou and T.Albanis [2000] Polycyclic aromatic hydrocarbons in the bulk 
precipitation and surface waters of Northern Greece, Chemosphere, v.41, pp. 1845-1855. 

Mantseva E., A.Malanichev and N.Vulykh [2002] Polyaromatic hydrocarbons in the environment. MSC-E 
Technical Note 9/2002. 

Maykut G.A.and N.Untersteine [1971] Some results from a time-dependent thermodynamic model of sea ice, 
J.Geophys.Res., v.76, p.1550-1575. 

Maystrenko V.N., Kruglov Ye.A., Amirova Z.K. and Khamitov R.Z. [1998] PCDD/Fs in environment and foodstuffs 
of the Republic Bashkortostan, Dioxins. Super toxicants of XXI century. Russian regions, № 3, pp.102–114 
(in Russian). 

McLachlan M.S. [1996] Bioaccumulation of Hydrophobic Chemicals in Agricultural Food Chains, Environ. Sci. 
Techn., v. 30., No. 1, pp. 252 – 259. 

Mclachlan M. and M.Horstmann [1998] Forests as filters of airborne organic pollutants: a model. Environ. Sci. 
Technol., v.32, pp.413-420. 

McLachlan M.S., Welsch-Pausch K., Tolls J. [1995]  Environ. Science and Technology, v.29, No. 8, 1998-2004. 

McLachlan M., J. Czub and F. Wania [2002] The Influence of Vertical Sorbed Phase Transport on the Fate of 
Organic Chemicals in Surface Soils. Environ. Sci. Technol. v. 36, pp.4860-4867. 

Meylan W.M. and P.H. Howard [1993] Chemosphere, v.26: pp.2293-99. 

Milukaite A. [2001] Investigation of benzo[a]pyrene in atmospheric air and deposition on the eastern coast of the 
Baltic Sea. /EUROTRAC-2. MEPOP Atmospheric cycling of mercury and persistent organic pollutants. 
Annual report 1998/1999. Munich, Germany, pp.37-41. 

Monin A.S. (ed.) [1997] Oceanic biology. M., “Nauka”. 

Monin A.S., Ozmidov R.V. [1978] Turbulence in the ocean. Oceanography, v.1, М., “Nauka”, pp.148-199 

Monin A.S., Yaglom А.M. [1965] Statistical hydromechanics, part 1, М., “Nauka”, 640. 

Ngabe B., T.F.Bidleman and R.L.Falconer [1993] Base Hydrolysis of  α – and γ – Hexachlorocyclohaxane, 
Environ. Sci. Technol., v. 27, No. 9, pp. 1930-1933. 

Nikiforov Ye.G., Z.M. Gudkovich, Yu.N. Yefimov and M.A. Romanov [1967] Principles of a method for calculating 
the ice redistribution under the influence of the wind during the navigation period in the Arctic seas. Tr. Arkt., 
Antarkt. Int., v. 257, pp. 5-25. 

NIST Chemistry WebBook [2001] National Institute of Standards and Technology (NIST), ChemIDplus [2001]: 
http://chem.sis.nlm.nih.gov/chemidplus:NIST WebBook (NIST WB) 

NIST [2002] http://chem.sis.nlm.nih.gov/chemidplus/cmplxqry.html 

NOAA Atlas [1998] NOAA Atlas NESDIS No. 27-32. U.S. Gov. Printing Office, Wash., D.C. 

Oehme M., J.Haugen and M.Schlabach [1995] Ambient air levels of persistent orgamochlorines in spring 1992 at 
Spitsbergen and the Norwegian mainland: comparison with 1984 result and quality control measures. The 
Science of Total Environment, v.160/161, pp.139-152.Okubo A. [1971] Oceanic diffusion diagrams, Deep 
Sea Res., 18, N8, 789-802 

Paasivirta J., S. Sinkkonen, P.Mikelson, T.Rantio and F. Wania [1999] Estimation of vapor pressures, solubilities 
and Henry s law constants of selected persistent organic pollutants as functions of temperature, 
Chemosphere, v. 39, No. 5, pp. 811-832.  

Pacyna J.M. et al. [1999] Final report for Project POPCYCLING-Baltic. EU DGXII, Environment and Climate 
Program ENV4-CT96-0214. Available on CD-rom including technical report, the emission and environmental 
databases as well as the POPCYCLING-Baltic model. NILU, P.O. Box 100, N-2027 Kjeller, Norway 

Pankow J.F. [1987] Review and comparative analysis of the theories on partitioning between the gas and aerosol 
particulate phases in the atmosphere. Atmos. Environ., v.21, pp.2275-2283. 

Parma Z., Vosta J., Horejs J., Pacyna J.M. and D. Thomas [1995] Atmospheric Emission Inventory Guidelines for 
Persistent Organic Pollutants (POPs). Prague, p.107. 

Pekar M. [1996] Regional models LPMOD and ASIMD. Algorithms, parametrization and results of application to 
Pb and Cd in Europe scale for 1990 MSC-E Report 9/96, September. 

 218

http://chem.sis.nlm.nih.gov/chemidplus:SRC


References 
 

 
Pekar M., A.Gusev, N.Pavlova, B.Strukov, L.Erdman, I.Ilyin and S.Dutchak [1998] Long-range transport of 

selected POPs. Development of transport models for lindane, polychlorinated biphenyls, benzo[a]pyrene. 
EMEP/MSC-E Report 2/98, Parts I. 

Pekar M., N. Pavlova, A. Gusev, V. Shatalov, N. Vulikh, D. Ioannisian, S. Dutchak, T. Berg and A.-G. Hjellbrekke 
[1999] Long-Range transport of selected persistent organic pollutants. EMEP Report 4/99. 

Pfirman S.L., H.Eicken, D.Bauch and W.F. Weeks [1995] The potential transport of pollutants by Arctic sea ice. 
Science of the Total Environment (NLD), v.159, pp.129-146. 

Poerschmann J. and F.-D. Kopinke [2001] Sorption of very hydrophobic Organic Compounds (VHOCs) on 
dissolved hymic organic matter (DOM). 2. Measurement of sorption and application of Flory-Huggins 
concept to interpret the data. Environ. Sci. Technol., v.35, pp. 1142-1148. 

Policy on Polycyclic Aromatic Hydrocarbons in the Environment [1994]. Ministry of Housing, Spatial Planning and 
Environment. The Netherlands. 

Polyakov I.V. [1999] Modeling the Arctic ocean seasonal variability, Okeanologiya, v.39, No.4, pp.493-503, (in 
Russian). 

Polyakov I.V., Kulakov I.Yu., Kolesov S.A. et al. [1997]. Dynamic-thermodynamic model of the ocean covered 
with ice: description and experiments. Izvestia of the Russian Academy of Sciences. Physics of the 
atmosphere and Ocean, v.37, No.4, (in Russian). 

Poster D.L. and Baker J.E. [1996] Influence of submicron particles on hydrophobic organic contaminants in 
precipitation.1. Consentrations and distributions of polycyclic aromatic hydrocarbons and polychlorinated 
biphenyls in rainwater. Environ. Sci. Technol., v. 30, No.1, pp. 341-348. 

Resnyansky Yu.D. and A.A.Zelenko [1991] Parametrization of the upper mixed layer in an ocean general 
circulation model. - Izvestiya of the USSR Academy of Sciences. Atmosphere and Ocean Physics, v.27, No 
10, pp.1080-1088. 

Resnyansky Yu.D. and A.A.Zelenko [1992] Numerical realization of the ocean general circulation with 
parametrization of the upper mixed layer. Proceedings of the USSR Hydrometcentre, v.323, pp.3-31. 

Resnyansky Yu.D. and A.A. Zelenko [1999]  Effects of synoptic variations of atmospheric impacts in the model of 
ocean general circulation: direct and indirect manifectation. Meteorology and Hydrology, No.9, pp.66-71, (in 
Russian). 

Revich B.A., Radilov A.S., Triger YU.A., Danilina A.E. [1999]  The model of national strategy and plan of actions 
for abatement and elimination of POP emissions, Edited by B.A. Kurlyandsky. National strategy and plan of 
actions for abatement and elimination of persistent organic pollutants (POPs). Subregional meeting, 
Moscow. Centre of International Projects, (in Russian). 

Rice C.P., Chernyak S.M., McConnell L.L., [1997], Henry s Law constants for Pesticides Measured as a Function 
of Temperature and Salinity, J. Agric. Food. Chem., vol.45, pp. 2291-2298. 

Rodan B.D., D.W.Pennington, N.Eckley and R.S.Boethling [1999] Screening for persistent organic pollutants: 
techniques to provide a scientific basis for POPs criteria in international negotiations. Environ. Sci. Technol. 
v. 33, pp.3482-3488. 

Rovinsky F.Ya., Afanasiev M.I. and N.K. Vulih [1988] Background concentration of chloro-organic compounds 
and 3,4 benzo(a)pyrene in natural compartments (according to world data). Report 1,2,3,4,5. Monimong of 
backgroud pollution. L., Hydrometeoizdat, (in Russian). 

Rubinstein K. and D.Kiktev [1998] Comparison System of the Atmospheric Lower-Layer Diagnostic System(SDA) 
for Pollution Transfer Modeling of MSC - East(Moscow) and MSC - West(Oslo). Proceeding of International 
Conference of Air Pollution Modeling and Simulation. Paris, 26-29 October 1998. 

Rubinstein K., Frolov A., Vaznik A., Astachova E., Rosinkina I., Kiktev D. and J.Alferov [1997] Diagnostic System 
of Atmosphere Lower-Layer for Pollution Transfer Modelling. Revista. International de Contaminational. 
Ambienal, v.13, No.1, pp.23-34.  

Ruelle P. and U.W. Kesselring [1997] Aqueous solubility prediction of environmentally important chemicals from 
the mobile order thermodinamics. Chemosphere, v. 34, No. 2, pp. 275-298. 

Ruijgrok, W. Tieben H. and P.Eisinga [1997] The dry deposition of particles to a forest canopy: a comparison of 
model and experimental results. Atmospheric Environment, v.31, pp. 399-415. 

Ruzin M.I. [1959] The wind drift of ice in a heterogeneous pressure field. Tr. Arkt., Antarkt. Int., v. 226, pp. 123-
135.  

 219



References 

Sahsuvar L. [1999], Modelling Physical Chemical Properties and Pathways of Polychlorinated Biphenyls in the 
Atmosphere, Centre for Atmospheric Chemistry, York University, Toronto, Ontario, pp. 141 and Appendixes. 

Samarsky А.А. [1971] Вthe introduction to the theory of difference schemes, М., “Nauka”, 552 

Schuhmacher M., Bocio A., Agramunt M.C., Domingo J.L., de Kok H.A.M. [2002] PCDD/F and metal 
concentrations in soil and herbage samples collected in the vicinity of a cement plant, Chemosphere, v.48, 
pp. 209-217 

Schuhmacher M., Granero S., Llobet J.M., de Kok H.A.M., Domingo J.L. [1997] Assessment of baseline levels of 
PCDD/F in soil in the neighbourhood of a new hazardous waste incinerator in Catalonia, Spain, 
Chemosphere, v.35, No.9, pp. 1947-1958 

Schumacher M., S.Granero, J.Rivera, L.Mueller, J.Llobet and J.Domingo [2000] Atmospheric deposition of 
PCDD/Fs near an old municipal solid waste incinerator: levels in soil and vegetation, Chemosphere, v. 40, 
N.6, pp. 593-600. 

Schulz-Bull D.E., G.Petrick, R. Bruhn and J.C. Duinker [1998] Chlorobiphenyls (PCB) and PAHs in water masses 
of the northern North Atlantic; J.Marine Chemistry (NLD); v.61; No.1-2; pp.101-114. 

Schwarzenbach R.P., P.M.Gschwend and D.M.Imboden [1993] Environmental organic chemistry. John 
Wiley&Sons Inc., New York. 

Sehmel G. A. [1980] Particle and gas dry deposition: a review. Atmos. Environ. v.14, pp. 983-1011. 

Sellers P.J., S.O. Los, C.J. Tucker, C.O. Justice, D.A. Dazlich, G.J. Collatz, and D.A. Randall [1994] A global 1 
by 1 degree NDVI data set for climate studies. Part 2: The generation of global fields of terrestrial biophysical 
parameters from the NDVI. International Journal of Remote Sensing, v.15, No.17, pp.3519-3545. 

Sellers P.J., S.O. Los, C.J. Tucker, C.O. Justice, D.A. Dazlich, G.J. Collatz, and D.A. Randall [1995]. A revised 
land surface parameterization (SiB2) for atmospheric GCMs. Part 2: The generation of global fields of 
terrestrial biophysical parameters from satellite data. Submitted to Journal of Climate. 

Semtner A.J. [1976] A model for the thermodynamic growth of sea ice in numerical investigations of climate. J. 
Phys. Oceanogr., v. 6, pp. 379-389. 

Shatalov V. and Malanichev A., [2000], Investigation and assessment of POP transboundary transport and 
accumulation in different media, Part II, EMEP Report 4/2000, pp. 79 

Shatalov V., A.Malanitchev, T.Berg and R.Larsen [2000] Investigation and assessment of POP transboundary 
transport and accumulation in different media, EMEP Report 4/2000, Part 1,2. 

Shatalov V., A.Malanichev, N.Vulykh, T.Berg and S.Manø [2001] Assessment of POP transport and accumulation 
in the environment. EMEP Report 4/2001, Moscow. 

Shatalov V., A.Malanichev and N.Vulykh [2002] Assessment of POP transport and accumulation in the 
environment. MSC-E Technical Report 7/2002. 

Shatalov V., S.Dutchak, M.Fedyunin, E.Mantseva, B.Strukov, M.Varygina, N.Vulykh, W.Aas, S.Manø [2003] 
Persistent Organic Pollutants in the environment. MSC-E/CCC Status Report 3/2003. 

Scheringer M. [1997] Characterization of the environmental distribution behavior of organic chemicals by means 
of persistence and spatial range. Environ. Sci. Technol., v. 31, No. 10, pp. 2891 – 2897. 

Sijm D.T.H.M., Wever H., de Vries P.J. and A.Opperhuizen [1989] Octan-1-ol/ water partition coefficients of 
polychlorinated dibenzo-p-dioxins and dibenzofurans: experimental values determined with a stirring method, 
Chemosphere, v.19, N.1-6, pp.263-266. 

Sinkkonen S. and J.Paasivirta [2000] Degradation half-life times of PCDDs, PCDFs and PCBs for environmental 
fate modelling. Chemosphere, v.40, pp.943-949. 

Sinkkonen S., Kämäräinen N., Paasivirta J., Lammi R., [1997], PCDDs, PCDFs, PCDTs, PCBs and some other 
organochlorine compounds in pine needles exposed to pulp mill emissions and effects of waste combustion 
on the concentrations, Chemosphere, v.35, No.10, pp. 2193-2202. 

Slooff W., J.A. Janus, A.J.C.M. Matthijsen, G.K. Montizaan and J.P.M. Ros [1989] Integrated criteria document 
PAHs. National Institute of Public Health and Environmental Protection, Bilthoven, The Nethrlands. Report 
No. 758474011, November. 

Smagorinsky J. [1963] General circulation experiments with the primitive equations. Mon. Weath. Rev. v. 91, 
pp.99--164. 

 220



References 
 

 
Smolarkiewicz P.K. [1983] A Simple Positive Definite Advection Scheme with Small Implicit Diffusion, Monthly 

weather review,  v.111, pp.479-486 

Stephenson R.M. and Malanovski S. [1987] Handbook of the Thermodynamics of Organic Compounds, Elsevier, 
p.89 

Strand A. and Ø. Hov [1996] A model strategy for the simulation of chlorinated hydrocarbon distributions in the 
global environment. Water, Air and Soil Pollution, v.86, pp.283-316. 

Strukov B., Resnyansky Yu., Zelenko A., Gusev A. and V.Shatalov [2000] Modelling long-range transport and 
deposition of POPs in the European region with emphasis to sea currents. EMEP/MSC-E Report 5/2000. 

Sweetman A.J. and Jones K.C. [2000] Declining PCB concentrations in the U.K. atmosphere: evidence and 
possible causes. Environmental Science and Technology, v.34, No. 5, pp.863-869. 

Thomas G., Sweetman A.J., Ockenden W.A., Mackay D., Jones K.C. [1998a] Environ. Science and Technology, 
v.32, pp.936-942. 

Thomas G.O., Smith K.E.C., Sweetman A.J., Jones K.C. [1998b] Environmental Pollution, v.102, pp.119-128. 

TOMPS - Toxic Organic Micropollutants network: 1991 to 1997, National Environmental technology Centre, 
Report AEAT – 2167, Issue 2, May 1998.  

Totten L.A., Brunciak P.A., Gigliotti C.L., Dachs J., Glen IV T.R., Nelson E.D., Eisenreich S.J. [2001] Environ. 
Science and Technology, v. 35, pp.3834-3840. 

Tsibulsky V., V.Sokolovsky, S.Dutchak and V. Shatalov [2001] MSC-E contribution to the HM and POP emission 
inventories. Technical Note 7/2001. June 2001. 

Tsyro S. and L.Erdman [2000] Parametrization of aerosol deposition processes in EMEP MSC-E and MSC-W 
transport models. EMEP/MSC-W Technical Note. 

Tusseau M.-H., C.Lancelot, J.-M.Martin and B.Tassin [1997] 1-D coupled physical-biological model of the 
northwestern Mediterranean Sea. Deep-Sea Research II, v. 44, No 3-4, pp.851-880. 

Tysklind M., Fangmark I., Marklund S., Lindskog A., Thaning L., Rappe C. [1993] Atmospheric transport and 
transformation of polychlorinated Dibenzo-p-dioxins and Dibenzofurans, Environ.Sci.Technol., v.27, No.29, 
pp.2190-2197. 

Van Ry D.A., Gigliotti C.L., Glenn IV T.R., Nelson E.D., Totten L.A., Eisenreich S.J. [2002] Environ. Science and 
Technology, v.36, No.15, pp.3201-3209. 

Váňa M., Pacl A., Pekárek J., Smrčková V., Machálek P., Holoubek I., Helešik J., Šeda Z., Adamec V., Janouch 
M., Honzák J., Ansorgová A., Kohoutek J., Holoubková I., Shatalov V., Dutchak S., Fottová D., Hruška J., 
Hofman J., Andĕl P. [2001] Quality of the natural environment in the Chech Republic at the regional level. 
Results of the Kosetice Observatory. Czech Hydrometeorological Institute. 

Vassilyeva G. and V. Shatalov [2002] Behaviour of persistent organic pollutants in soil. MSC-E Technical Note 
1/2002. 

Vozhzennikov O.I., Bulgakov A.A., Popov V.E., . Lukoyanov N.F., Naidenov A.V. Burkov A.J. Kutnyakov J.V. and 
V.G.Hzirnov [1997] Review of migration and transformation parameters of selected POPs, EMEP/MSC-E 
Report 3/97. 

Vulykh N. and Putilina V. [2000] Hexachlorobenzene: Properties, emissions and content in the environment. 
EMEP/MSC-E Technical note 6/2000, Meteorological Synthesizing Centre – East, Moscow, Russia. 

Walker K., Vallero D.A., Lewis R.G. [1999] Factors influencing the distribution of lindane and other 
hexachlorocyclohexanes in the environment. Environmental Science and Technology, v. 33, No. 24, 
pp.4373-4378. 

Wallenhorst T., Krauss P., Hagenmaier H., 1997, PCDD/F in ambient air and deposition in Baden-Wuertemberg, 
Germany, Chemosphere, v. 34, No.5-7, pp. 1369 – 1378. 

Wania F. [1997] Modelling Sea-Air Exchange of Persistent Organic Pollutants: Focus on Temperature and Other 
Seasonal Parameters. In: Sea-Air Exchange: Processes and Modelling. Ed. by J.M.Pacyna, D.Broman and 
E.Lipiatou 1998, pp.161-190. 

Wania F. [1999] Global Modeling of Polychlorinated Biphenyls, WECC (Wania Environmental Chemists Corp.) 
Report 1/99, p.22. 

 221



References 

Wess P. [1998] Persistente organische Schadstoffe in hintergrund-waldgebieten Österreiches, Wien, 
Monographien, Band 97, Umweltbundesamt,  242 S. 

Whitby K.T. [1978] The Physical Characteristics of Sulphur Aerosols. Atmos. Environ., v.12, pp.135 – 159 

Witt G. and W. Matthaus [2001] The impact of salt water inflows on the destribution of polycyclic aromatic 
hydrocarbons in the deep water of the Baltic Sea. Marine Chemistry, v.74, pp.279-301. 

Year-book. Monitoring of pesticides in natural objects of the Russian Federation. [1992] Book 1, Part 1, p.244, (in 
Russian). 

Year-book. Monitoring of pesticides in natural objects of the Russian Federation. [1993] Book 1, Obninsk, p.115, 
(in Russian). 

Year-book. Monitoring of pesticides in natural objects of the Russian Federation in 1997. [1999], Saint-
Petersburg, Hydrometeoizdat, p. 71, (in Russian). 

Yu Lu and M.A.K. Khall [1991] Tropospheric OH: model calculation of spatial, temporal and secular variations. 
Chemosphere, v. 23, pp.397-444. 

Zelenko A.A. and Yu.D.Resniansky [1999] Creation of two-year array of three-dimensional sea current structure 
in North-eastern Atlantic and neighboring seas. Mathematical modelling. MSC-E Report 10/99. 

Zhang J. and W.D. Hibler III [1997] On an efficient numerical method for modeling sea ice dynamics. J. Geophys. 
Res., v. 102, No C4, pp. 8691-8702. 

Zhang J., W.D.Hibler III, M.Steele and D.A.Rothrock [1998] Arctic ice-ocean modeling with and without climate 
restoring. J. Phys. Oceanogr., v.28, No 2, pp.191-217. 

Zurek J., K.Rymwid-Mickiewicz and W.Mill [2000]. Status report Poland 2000. Institute of environmental 
protection. 

 222



Annex A                                                                                           Sensitivity analysis of the atmospheric module 

Annex A 

SENSITIVITY ANALYSIS OF THE ATMOSPHERIC MODULE  

In this Annex we evaluate model sensitivity with respect to variation of specific surface area of POP particles-
carriers in the atmosphere and to diurnal variations of OH radical concentrations in air. These study were fulfilled 
under AMAP project [Dutchak et al., 2002]. 

 

A.1.   Gas/aerosol partitioning 

Here we present an evaluation of influence of variation of specific surface area of POP particles-carriers in the 
atmosphere on calculation results. This parameter is used for evaluation of POP fraction associated with particles 
in the atmosphere. As it was mentioned in Section 1.1, particle-bound POP fraction φ is calculated in the MSCE-
POP model using Junge-Pankow equation [Junge, 1977; Pankow, 1987] 

θ
θφ
cp

c

L +
= 0 , 

where c is the constant dependent on thermodynamic parameters of the adsorption process and on 
  properties of aerosol particle surface (c = 0.17 Pa⋅m [Junge, 1977]); 

 θ  is the specific surface of aerosol particles, m2/m3 (θ  = 1.5⋅10-4 for background aerosol  
  [Whitby, 1978]); 

p0
L is the subcooled liquid-vapour pressure (Pa). 

Value of p0
L is supposed to be temperature-dependent: 

B
T
ApL +−=0log  

where A and B are some constants depending on a POP in question; 

 T  is the ambient temperature (K). 

At present, as a rough approximation, the value of specific surface of aerosol particles θ in the model is chosen 
one and the same (1.5⋅10-4 m2/m3) for the whole Northern Hemisphere. Below we analyze the uncertainty due to 
application of this approximation since the observation data show that this value can vary essentially in different 
regions [Lohmann et al., 2000]. The analysis is done on the example of PCB-153. 

There are two types of changes caused by variation of the parameter θ. First, lower values of θ in clean regions 
(compared with those applied in the model) lead to the decrease of deposition velocities and, consequently, to 
the increase of air concentrations. Second, higher values of θ lead to the increase of deposition velocities in 
contaminated regions, which results in decrease of air concentrations of the pollutant transported from these 
regions to clean regions (in particular, the Arctic). 

Calculation experiments for transport of PCB-153 for one year under the assumption of zero initial concentrations 
in all the media are carried out. We compare two possible scenarios of calculations. The first scenario uses one 
and the same value θ = 1.5⋅10-4 m2/m3 for all Northern Hemisphere. The second scenario assumes θ = 0.42⋅10-4 
m2/m3, θ = 1.5⋅10-4 m2/m3 and θ = 3.5⋅10-4 m2/m3 for clean, intermediate and contaminated regions, respectively. 
The corresponding spatial distribution of θ is constructed on the base of emission fields for PCB-153. Namely, 
regions with PCB-153 emission flux less than 0.005 g/km2/y are considered as clean with θ = 0.42⋅10-4 m2/m3, in 
regions where emission flux ranges between 0.005 and 0.5 g/km2/y the value θ = 1.5⋅10-4 m2/m3 is used 
(intermediate regions), and the regions with high emission density (more than 0.5 g/km2/y) are considered as 
contaminated with θ = 3.5⋅10-4 m2/m3. 

The results of calculations using these two scenarios are displayed in Fig. A.1. 
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a               b   

Fig. A1. Air concentrations of PCB-153 (gas + particles) obtained under first (a) and second (b) scenario in 
the Arctic 

 
As seen from these maps there are certain differences in air concentration fields obtained under the above 
scenarios. Namely, the difference of the results of these two simulations over the whole Northern Hemisphere 
(Δ=(C2-C1)/C1) ranges from –20% to about 15% (depending on location, see Fig. A.2). 

Annual depositions obtained for two considered scenarios differ from –60% to 50% in different parts of the 
Northern Hemisphere (Fig. A.3). 

 

a                          b   

Fig. A.2. Differences between values of air concentrations of PCB-153 obtained under first and second 
scenario, % for the whole hemisphere (a) and the Arctic (b) 

a                              b   

Fig. A.3. Differences between values of depositions of PCB-153 obtained under first and second scenario, 
% for the whole hemisphere (a) and the Arctic (b) 
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It is reasonable to examine the sensitivity of seasonal variations of PCB-153 air concentrations and total 
depositions to five regions-receptors of the Russian North and to the Arctic as a whole with respect to variations 
of the parameter θ. Table A.1 displays the values of relative differences of these quantities obtained under the 
two described scenarios. 

Table A.1. Relative differences (%) between calculations under first and second scenarios (monthly averaged 
air concentrations (gas + particles) and total monthly wet + dry particulate depositions) for five 
regions-receptors of the Russian North and annual averages 

Surface air concentrations Total depositions 
Region 

Max  monthly Annual Max  monthly Annual 
Murmansk Oblast – 3 – 1 9 5 
Nenets AO – 17 – 10 17 7 
Yamalo-Nenets AO and Taimyr AO – 23 – 12 10 1 
Republic of Saha – 26 – 9 – 9 – 2 
Chukotka AO – 24 – 16 – 23 – 5 
Arctic region – 13 – 9 – 13 – 2 

 

From these data it is seen that the values of PCB-153 monthly averaged air concentrations are changed up to – 
26% (decrease) for different months and regions. On the average the second scenario gives lower surface 
atmospheric concentrations. The deposition values vary from – 23% to 10% depending on month and region. 
Application of more detailed description of θ spatial distribution leads to increase of both monthly and annual 
deposition values in Murmansk oblast, Nenets AO and Yamalo-Nenets and Taimyr AO, and shows the 
decreased values in Republic of Sakha and Chukotka AO as well as for the Arctic as a whole. 

The differences in seasonal variations of concentrations and depositions for Chukotka AO (where the differences 
for deposition are the largest, see Table A.1) are exemplified by plots of Fig. A.4. Total increase of concentrations 
and depositions is explained by the fact that simulations were performed under the assumption that initial 
concentrations in all the media are zero and for one year only. 
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Fig. A.4. Seasonal variations of monthly averages of air concentrations (a) and total monthly deposition (b) 
obtained under first and second scenario in Chukotka AO 

It is seen that seasonal variations for both deposition and air concentrations for the two considered scenarios 
have similar characters.  

In view of large enough uncertainties in emission data, the simplified approach (first scenario) seems to be 
reasonable at the first step of the assessment of contamination levels of the Arctic as a whole and of the Russian 
North. Moreover usage of second scenario needs detailed spatial distribution of aerosol particles, which in turn is 
rather uncertain. However, for modeling of POP long-range transport the application of detailed spatial 
distribution of specific aerosol surface is a priority task. These distributions are expected to be obtained as an 
output of aerosol dynamics and transport models. 
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A.2.   Diurnal variations of OH radical concentrations  

According to observational data [Lee at al., 1998, Mandalakis et al., 2003], PCB atmospheric concentrations 
undergo substantial diurnal variations. Daily PCB concentrations for different congeners vary as much as 2-4 
times. This phenomenon can be conditioned by atmospheric transport, deposition, gas exchange with the 
underlying surface and degradation, etc. One of the most important processes of PCB destruction in the 
atmosphere is reaction with OH radical. In the model this process is described by the following equation (see 
Section 1.1): 

 ],OH[⋅⋅−= Ck
dt
dC          (A.1) 

where C  is the pollutant concentration in the gas phase of the atmosphere, ng/m3; 
 [OH]  is the concentration of OH radical, molecules/cm3; 
 k  is the degradation rate constant for air, cm3/s/molecules, 

where the temperature dependence of the parameter k is provided by the equation:  

 k  = A·exp(-Ea / RT),         (A.2) 

where A    is the exponential multiplier; 
 Ea   is the activation energy; 
 R    is the universal gas constant; 
 T   is the ambient air temperature. 

Thus, as seen from the Eqs. (A.1, A.2) PCB degradation in the atmosphere is affected by temperature and OH 
radical concentration variations. In general, OH radical concentrations are subject to temporal and spatial 
variations. At present in the model as a first approximation OH radical concentrations have no diurnal variations 
and depend only on a season. Below the uncertainty caused by this assumption is roughly evaluated.  

As a measure of uncertainty the relative deviation between pollutant concentrations obtained under two following 
scenarios is used: 1) with mean value of OH radical concentration round the clock within each season ( OH ) and 
2) with diurnal variations of OH radical concentration. These scenarios are considered separately for three 
seasons: winter, spring/fall and summer. Spatial distribution of OH radical is uniform for each season. Mean 
values of OH radical concentrations over the Northern Hemisphere for each season used in scenario 1 are given 
in Table A.2.  

For scenario 2, diurnal variation profile of OH radical concentrations is based on the data from paper [Mandalakis 
et al., 2003]. According to meteorological data used in the model, the day is divided into 4 periods 6 hours each. 
In the night concentrations of OH radical are taken to be zero, in the daytime concentrations are taken two times 
higher than averaged values (Table A3). Experimental diurnal temperature variations with amplitude of 10 
degrees are assumed the same for both scenarios (Table A.3).   

Table A.2.   Mean values of accepted OH radical concentrations (OH ) used in scenario 1 

Season Mean daily OH radical concentration, molecules/cm3, [Yu Lu and Khall, 1991] 
Winter 0.09 ⋅ 106 
Spring/Fall 0.8 ⋅ 106 
Summer 2 ⋅ 106 

 

Table A.3.  Diurnal variations of OH radical concentrations accepted in the scenario 2 and ambient 
temperature variation used in both scenarios 

OH radical concentration, molecules/cm3 Temperature, C 
Season 

Day Night Day Night 
Winter 0.18 ⋅ 106 0 -5 -15 
Spring/Fall 1.6 ⋅ 106 0 10 0 
Summer 4 ⋅ 106 0 25 15 
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According to Eq. (A.1), under the assumption of equal initial air concentration, the relative deviation Δ of air 
concentrations, between the first and the second scenario is evaluated as: 
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where Time   is the time period; 

 OHi and ki = k(Ti) is OH radical concentrations and degradation rate constants for each day period 
 respectively; 

 OH   is the mean value of OH radical concentration. 

The degradation process is more important for low chlorinated PCBs, which are present in the atmosphere 
mainly in the gas phase, than for high chlorinated PCBs, associated with the atmospheric particles in more 
extent. For this reason the uncertainty evaluation is carried out on the example of the PCB-28 degradation 
parameters (A = 1.7⋅10-10 cm3/s/moleculs, Ea = 13700 J/mol [Beyer and Matthies, 2001]). Temporal dependence 
of relative deviations between air concentrations calculated by two scenarios for each season is depicted in Fig. 
A5.  

The deviation gradually increases with time, the slope of the curves depends on the season. Maximum OH 
radical concentrations are estimated for summer, therefore the deviation curve has the steepest slope. From the 
figure it is seen that the deviation over a season (90 days) can reach values of 70-80%. 

Degradation half-lives for the considered seasons, taking into account corresponding OH radical concentrations 
(Table A.2), equal to 4, 14 and 175 days for 
summer, spring/fall and winter respectively. 
These periods for summer and spring/fall are 
marked by vertical dotted lines in Fig. A.5. By the 
end of the respective half-lives the deviation Δ is 
less than 10% for each season.  

These calculations give lower estimates of the 
uncertainty. In reality the uncertainty is likely to 
be higher. This may be conditioned by a number 
of factors, for instance, by the diurnal variations 
of a pollutant concentrations caused by re-
emissions or some other processes. This 
phenomenon seems to be rather important and 
should be properly studied in future.    
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Fig. A.5. Relative deviation (Eq. A.3) of calculation 
results obtained under two scenario for PCB-28, Δ,%. 
The dotted vertical lines denote degradation half-life 
in the atmosphere for corresponding season 
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Annex B 

SENSITIVITY ANALYSIS OF THE OCEANIC TRANSPORT MODULE 

In this Annex we present sensitivity studies with respect to some processes governing POP behaviour in 
seawater environmental compartment. These studies were carried out under AMAP project [Dutchak et al., 
2002]. 

The World Ocean is one of the most capacious medium for some persistent organic pollutants. POPs enter the 
seawater mainly from the atmosphere by depositions and gaseous exchange as well as with river run-offs. 
Concentration field variations in the World Ocean take place due to seawater horizontal and vertical currents, 
POP partitioning between the dissolved phase and phases sorbed of different suspended particles and dissolved 
organic compounds, deposition of sorbed phases together with sedimentating particles, resuspention processes 
in the near bottom layers, degradation and a number of other processes. With the availability of ice coverage on 
the sea surface, POPs from the atmosphere are accumulated on the ice surface and drift with ice over large 
distances then with melting water enter the marine environment. 

The current version of the hemispheric model includes the following processes describing the behaviour of a 
pollutant in the marine environment  

• horizontal currents and vertical motion of water masses, 

• distribution over the upper mixing layer, which changes dynamically, 

• three-dimensional turbulent diffusion, 

• POP partitioning between the dissolved phase and phases adsorbed on suspended particles, 

• POP sedimentation with particles, 

• influence of ice cover on POP transport, 

• POP degradation. 

In the current version of the model influence of ice cover, sedimentation and partitioning between different POP 
phases in seawater are described in quite a rough way.  However, they can inflict an appreciable impact on some 
POPs budget ratios in the seawater. Below we present the investigation of model sensitivity to POP partitioning 
between different phases and processes connected with sea ice environment (simplified version). In this section 
we evaluate model sensitivity with respect to processes of POP partitioning in the marine environment and to 
consideration of ice cover. 

 

B.1.   POP partitioning between different phases  

Model assumptions. POP redistribution between the dissolved phase and the phase associated with 
particles essentially affects the dynamics of POP concentration fields in the marine environment. Under the 
condition of instantaneous phase equilibrium establishment the relation between particulate and dissolved 
phases is as follows:  

 . (B.1) d
p

p ckc ⋅=

In its turn kp  may be estimated by the expression: 

  (B.2) prtp
o
p

p cKkk =

where   is fraction of organic matter in a particle; o
pk

Kp    is equilibrium constant for sorption/desorption processes (proportional to octanol-water coefficient KOW); 
Cprt  is particle concentration. 
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The concentration of sedimentating particles in the seawater to a considerable extent is defined by the availability 
of phytoplankton organisms evolving in the upper layers [Tusseau et al., 1997]. Phytoplankton being a primary 
producer of carbon compounds in the seawater gives rise to the evolution of subsequent organisms in the food 
chain. As a result of biosystem evolution in the upper layer a flux of organic carbon in a particle form makes its 
way to the bottom. For the phytoplankton evolution a sufficient quantity of light energy and inorganic nutrient are 
required. The intensity of light energy in the upper layers (euphotic zone) depends on a season. The availability 
of inorganic nutrient depends on different characteristics of the marine environment: temperature, current pattern, 
vertical mixing, closeness of riverine and coastal runoff etc. The global pattern of phytoplankton intensity 
distribution is extremely complex and dynamic. In the majority of sea basins annual variation of phytoplankton 
evolution is characterized by the growth peak in spring 
(“spring blossom”) and subsequent minimum intensity in 
summer [Dale et al., 1999; Dutkiewicz et al., 2001; 
Jackson and Burd, 2002]. As a very rough approximation 
we presume that the annual cycle of phytoplankton 
evolution intensity and correspondingly organic particle 
concentrations is like the curve depicted in Fig. B.1. 

Temperature conditions, the pattern of horizontal and 
vertical currents and internal properties of the evolution of 
marine ecocommunities is defined by the availability of 
productive (eutrophic) and underproductive (oligotrophic) 
zones [Monin, 1997; Garcon et al., 2001]. The distribution 
of mean annual productivity over the World Ocean is 
demonstrated in Fig. B.2. 

 

Fig. B.1.  Dependence of particle concentrations 
in an annual cycle for middle latitudes 

 

 

Fig. B.2. Mean annual productivity distribution (mg/m2) over the World Ocean [Monin, 1997]  
1– <100, 2 – 100-150, 3 – 150-250, 4 – 250-500, 5 – >500 
a – by radionuclide method, b – by indirect methods 

In a first approximation at zonal averaging it may be supposed that 
waters in middle latitudes are most productive therefore the 
dependence of particle concentrations in the seawater on latitude 
shown in Fig. B.3 is used. 

The sedimentation process of organic particles is characterized by 
particle concentration decline with depth due to the formation of 
dissolved organic compounds and particle size increase as a result 
of coagulation. For this reason in the model the dependence of 
particle concentration on depth looks as displayed in Fig. B.4 and 
particle sedimentation velocity – like in Fig. B.5.  

Fig. B.3.   Dependence of particle 
concentrations in the ocean on latitude 
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Fig. B.4.   Dependence of particle 
concentrations on the seawater depth 

Fig. B.5.   Dependence of particle 
sedimentation velocity on the depth 

 

Numerical experiments. To examine the developed model efficiency numerical experiments for the 
assessment of PCB transport over the Northern Hemisphere have been carried out. POP dynamics module for 
the seawater was integrated to the hemispheric multi-compartment model MSCE-POP. PCB emission scenario 
was prescribed on the base of available data for Russia [AMAP Repot, 2000] and for Europe [Pacyna et al., 
1999].  

POP transport dynamics in sea was calculated with the time step of 1 hour in knots of the calculation grid with 
horizontal spatial resolution 1.250x1.250 and vertical layer depths 12.5, 37.5, 65.0, 105.0, 250.0, 375, 550, 775, 
1050, 1400, 1900, 2600, 3500, 4600 meters. Values of the velocity fields and the upper mixing layer thickness for 
sea were updated every day from previously prescribed data file [Zelenko and Resniansky, 1999] and it was 
interpolated for each time step. In the preliminary (“basic”) experiment the model spin-up was performed, that is 
calculations for a year period were repeated with input parameters of the same year. Characteristic of the marine 
environment affecting equilibrium constants between the dissolved and sorbed phase (particle concentration, 
organic matter content in particles, equilibrium coefficient KOW) and particle sedimentation velocities (particle 
density and size) were selected in such a way that the dissolved phase concentration was equal to that of the 
sorbed one [Schulz-Bull et al., 1998] and particle sedimentation velocity – about 100 m/day [Baldwin et al., 1998]. 
In the basic experiment sedimentation velocity did not depend on time and spatial co-ordinates. For the 
calculated period of about 30 years the model system has achieved quasi-steady state (like annual variation of 
dynamic fields). Figs. B.6-B.8 show plots for PCB mass mean annual variation in the environmental 
compartments. 
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Fig. B.6.  PCB mass dynamics in soil Fig. B.7.  PCB mass dynamics in the seawater  
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Fig. B.8.  PCB mass dynamics in different 
compartments  

Fig. B.9. Dynamics of PCB mass loss velocity  in 
different compartments 

 231



Sensitivity analysis of the oceanic transport module                                                                                   Annex B 
 

From the comparison of PCB mass dynamics in different environmental compartments (Fig. B.8) it is possible to 
conclude that most inertial is soil (Fig. B.6). PCB distribution over the seawater at the selected parameters is 
established during approximately 10 years (Fig. B.7). In subsequent experiments it was shown that at the 
decrease of sedimentation velocity by two orders of magnitude or similar reduction of the coefficient of phase 
partitioning (shift of distribution to the dissolved phase) the period of process establishment in the seawater was 
similar to that in soil (about 30 years). Fig. B.9 demonstrates the dynamics of PCB mass loss velocities (outflow 
through the atmospheric boundaries, sea current transport through the equator, sedimentation to the seawater, 
pollutant degradation) for different environmental compartments. It is evident that about one third of PCB mass 
entering the environment is lost via seawater.  

In the experiment the highest concentrations were observed in internal seas and coastal zones. This distribution 
may be explained first by emission source distribution (Europe, Russia) and second by the absence of transport 
and sedimentation mechanisms in internal seas and coastal zones (cells with non-zero content of land elements) 
in the basic experiment.  

In view of importance of sedimentation processes for the problem of POP distribution in the environment 
experiments with refined parameter influencing the sedimentation velocity. These parameters are the phase 
partitioning coefficient (in its turn depending upon particle concentrations) and the particle sedimentation velocity. 

To evaluate the effect of heterogeneity and no steady state of phase partitioning coefficient we conducted 
experiments aimed at studying the dependence of particle concentrations on time, latitude and depth (Figs. B.1, 
B.3, B.4) of the integral dependence (the product of dependence on time, latitude and depth). Alongside the 
dependence of phase partitioning coefficient on depth, the dependence of particle sedimentation velocity shown 
in Fig. B.5 was also introduced. All dependences of particle concentrations employed the normalization condition: 

1)1(1)),,,(1(1

00

== ∫∫∫∫ dtdvk
VT

dtdvtzk
VT

V

p
T

V

T

ϕλ ,      (B.3) 

where T   is annual period; 
V   is volume of the calculated water reservoir. 

As follows from Fig.s B.10 and B.11, introduction of particle concentration dependence on time, latitude and 
depth insignificantly changes integral characteristics of the system. At the combined dependence PCB mean 
annual mass in the seawater declines and PCB mass loss velocity for seawater increases. 
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Fig. B.10. PCB mean annual masses in different 
compartments in the basic experiment and in the 
experiment with phase partitioning coefficient 
dependence on time, latitude and depth and integral 
dependence 

Fig. B.11. PCB annual mass loss velocity in 
different compartments in the basic experiment and 
in the experiment with phase partitioning 
coefficient dependence on time, latitude and depth 
and integral dependence 

 
Changes in the redistribution of concentration fields in the sea reservoir (Fig. B.12 compared to Fig. B.13) are 
more pronounced. In this experiment PCB concentration increases in regions of the open seawater manifesting 
the effect of sea currents on concentration field distributions. 
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Fig. B.12. PCB mean annual total concentration in 
the upper seawater layer in the basic experiment 

Fig. B.13. PCB mean annual concentration in the upper 
seawater layer for combined dependence of phase 
partitioning dependence on time, latitude and depth 

 

For further clarification of the effect of phase partitioning coefficient and particle sedimentation were performed 
experiments with maximum particle concentration max(cprt) in dependences given in Figs. B.1, B.3 and E.4 the 
integral coefficient of phase partitioning kp from (B.1) decreases 10 times (experiment “Dissociation/10) and 100 
times (experiment “Dissociation/100”). 

In a similar manner due to the uncertainty in mean diameter dp and particle density  resulting in scattering of 

max(νsed) (Fig. B.5) experiments with max(νsed) reduced as much as 10 times “Sedimentation/10”) and 100 times 
(“Sedimentation/100”) were performed. Diagrams of experimental results are demonstrated in Figs. B.14–B.16. 

p
oρ

As seen from Figs. B.14 and B.15, PCB mass variation in the seawater is mostly affected by the phase 
partitioning coefficient and the rate of PCB removal outside the seawater calculation domain – by the particle 
sedimentation velocity. The variation of phase partitioning coefficient essentially affects PCB flux from the 
atmosphere to the seawater (Fig. B.16).  

As follows from the comparison of Figs. B.13 and B.17 decrease of sedimentation velocity by 2 orders increases 
PCB concentration in the upper layer by an order of magnitude and more. 
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Fig. B.14. PCB mean annual mass in different 
environmental compartments in the basic experiment 
and in experiments with reduced phase partitioning 
coefficient and particle sedimentation velocity 

Fig. B.15. PCB annual mass loss velocity in different 
environmental compartments in the basic experiment 
and in experiments with reduced phase partitioning 
coefficient and particle sedimentation velocity 
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Fig. B.16. PCB annual fluxes from the atmosphere to 
the seawater in the basic experiment and in 
experiments with reduced phase partitioning 
coefficient and particle sedimentation velocity 

Fig. B.17. PCB total mean annual concentration in 
the upper seawater layer for particle sedimentation 
velocity decreased 100 times in comparison with the 
velocity in the basic experiment 

 

B.2.   POP transport with ice cover 

In the hemispheric version of the model for proper description of the processes consideration of the ice cover is 
highly desirable. In the review [Macdonald et al., 2000], it was pointed out, that sea ice has a potentially important 
role in the transport of contaminants. In particular, much of the ice in the Arctic is produced in shallow marginal 
seas during winter and exported to the interior seawater. Ice forming on shelves can incorporate contaminated 
sediments during suspension freezing, frazil ice formation or from bottom-anchored ice. This contaminated ice 
may then be transported thousands of kilometers undergoing little or no alteration. Besides, the ice cover acts as 
a barrier to exchange of gases including POP vapor-phase, limiting their direct entry from the atmosphere and 
evasion from sea to air. 

Model assumptions. The ice module of POP transport describes the following processes: 

• accumulation in the snow thickness and on the ice surface, 

• gas phase exchange between the snow and the atmosphere, 

• fluxes into the seawater as a result of snow and ice melting, 

• fluxes from the seawater to the ice cover during ice bottom and lateral accretion, 

• horizontal transport with drifting ice, 

• degradation in the snow and ice environment. 

Sea ice plays the role of a screen between the seawater and the atmosphere. At the same time POP may be 
accumulated in ice itself and in the snow above it. On the upper snow-ice surface the process of POP exchange 
with the atmosphere takes place. When snow and ice are melting on the surface and melting or frosting on the 
lower or lateral surfaces, POP pass to the water environment and return back. Besides POP trapped by the sea 
ice and snow thickness may be transported with ice drift.  

Modules of POP dynamics in the marine ice cover were switched to the MSC-E multi-compartment model of POP 
transport. For the ice module the horizontal grid and time step were: horizontal step 1.25o x 1.25o, time step – 1 
hour. Fields of snow and ice thickness, ice and snow melting rate, snow-ice surface temperature, ice drift velocity 
were read on the monthly basis from files previously calculated and were interpolated for each time step (see 
Section B.5 below). 
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Numerical experiments. The sensitivity of global POP transport model to the developed sea ice model was 
tested by numerical experiments of the global dispersion of selected POP (PCB-153) within the Northern 
Hemisphere.  

Below we describe the results of the following numerical experiments. 

• In the “Base” experiment PCB-153 concentrations were calculated for the period from 1970 to 1996. In 
this experiment we used the model of POP flux through the sea ice cover with additional introduced 
vertical “mixing” of POP concentrations in the snow and ice environment roughly parameterizing POP 
fluxes due to mechanical (hummocking) and thermal (melting) processes. 

• The experiment “Noice 1994” was similar to the “Base” experiment, in which from 1994 to 1996 the sea 
ice cover was neglected. As initial concentration fields here appropriate fields for late 1993 from the 
“Base” experiment were selected.  

• “Noice 1970” with parameters like in the “Base” but in this case sea ice cover was not considered from 
the beginning of the experiment (from 1970). POP initial concentrations equaled zero.  

• “Nomix” was similar to the “Base” but in this experiment POP concentration “mixing” in the snow and ice 
environment was not calculated from 1994 to 1996. POP initial concentrations were the same as in the 
“Base” for late 1993. 

• “Nodyn” with parameters as in the “Base” but without drift of the sea ice cover. The initial concentrations 
were zero. 

The experiments “Noice 1994” and “Noice 1970” were aimed at studying the extent of sea ice cover impact on 
the dynamics of POP environmental concentrations. The “Nomix” results allow us to assess the effect on the 
introduced vertical mixing of POP concentrations between snow and ice. The experiment “Nodyn” was carried out 
for the evaluation of contribution of sea ice drift to the processes studied. 

The comparison results of PCB-153 concentrations measured in seawater of different basins during the 
considered period with concentrations calculated in the experiment is shown in Table B.1. 

The column “Calculated values” shows the lowest and the highest mean monthly values of PCB-153 
concentrations for the reference year. The comparison of calculated against measured values demonstrates that 
the parameterization of POP transport processes in the marine environment including the transport through the 
ice cover is adequate enough. 

Table B.1. The comparison results of PCB-153 concentrations measured in seawater with concentrations in 
the experiment “Base”, ng/m3 

Year Region Geographical 
co-ordinates 

Measured 
values 

Calculated 
values Reference for measured data 

1986 North Atlantic 47-48N, 20-21W 0.34 – 2.70 1.07 – 1.63 
1986 Ice Island 81N, 97W 0.56 0.55 – 0.93 Broman and Axelman, 1997 

1988 North Sea 54N,1.6E 4.77 17.1 – 32.82 Schulz-Bull et al., 1991 
1989 North Atlantic 40N, 40W 2.10 0.29 – 0.79 
1989 Caribbean Sea 15N, 70W 1.45 0.51 – 0.98 
1989 Gulf of Mexico 25N, 90W 1.29 0.28 – 0.4 
1989 Mediterranean Sea 35N, 20E 2.18 1.84 – 2.91 
1990 Chukchi Sea 70N,180E 0.68 0.33 – 0.59 
1990 Bering Sea 62N,170W 0.97 0.18 – 0.75 
1990 Gulf of Alaska 55N,150W 0.97 0.2 – 0.46 
1990 Pacific Ocean 40-50N,180E 1.13 – 1.14 0.14 – 0.68 

Broman and Axelman, 1997 

1990 New Bedford Bay 41N, 71W 1.45 0.58 – 1.3 Bergen et al., 1993 
1992 North Atlantic 47-53N, 20-21W 0.10 – 0.40 0.52 – 1.12 Broman and Axelman, 1997 
1993 North Atlantic 61-68N, 6-33W 0.13 – 1.21 0.14 – 0.93 Schultz-Bull et al., 1998 

1994 Baltic Sea 54.1-57.2N, 
10.6-17.5E 16.30 – 24.7 8.51 – 20.72 Bigner et al., in Background 

document, No.64B 

1995 Japanese Sea 42.8-43.4N, 
139.5-140.1E 0.035 – 0.6 0.32 – 0.65 Kannan et al., 1998 

  

 235



Sensitivity analysis of the oceanic transport module                                                                                   Annex B 
 

To estimate the effect of ice cover on concentration fields in various media incorporated to the model of POP 
global transport, numerical experiments with no ice on the ocean surface were made. In the experiment 
“Noice1994” PCB-153 concentration fields were calculated on the assumption that there is no ice in the Arctic 
from 1994 to 1996 included. 

Figs. B.18 and B.19 manifest the following result: the incorporation of the ice coverage increases PCB-153 
concentration in the ocean and decreases it in the atmosphere. This “behaviour” of the model may be explained 
by the fact that during the considered period (1994-96) the intensity of emission sources cut down (Fig. B.20) and 
the ocean became an additional POP emission source. In this case the ice coverage impedes POP to pass on to 
the atmosphere from the ocean thereby increasing concentrations in the ocean and decreasing them in the 
atmosphere. 

 

                               

 

Fig. B.18. Mean annual PCB-153 concentrations in the upper ocean layer for 1996 in the “Base” 
experiment with ice cover (a) and the experiment “Noice1994” without ice cover (b) 

 

                              

 
Fig. B.19. PCB-153 mean annual concentrations in the lower atmosphere for 1996 in the “Base”  
  experiment with ice cover (a) and the experiment “Noice1994” without ice cover (b) 

Fig. B.21 demonstrates the decrease of the pollutant content in the marine environment during 1994-96. This 
confirms the supposition about POP mass transfer from the ocean to the atmosphere during this period. 

In the experiment “Noice1970” the initial concentration was assumed to be zero. During the increase of emission 
intensity, e.g. in 1972, (see Figs. B.20 and B.21) the ocean accumulates the pollutant mass coming from the 
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atmosphere. Figs. B.22 and B.23 present PCB-153 concentration fields in the ocean and in the atmosphere with 
the availability of the ice cover and without it. 

The comparison of Figs. B.22.a and B.22.b allows the following conclusion. Under the condition of POP intensive 
inflow from the atmosphere to the ocean the ice makes a screening effect. 
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Fig. B.20.  PCB-153 emissions during the 
calculated period 

Fig. B.21. Computed PCB-153 mass in 
seawater during the calculated period 

 

                         
 

Fig. B.22.  PCB-153 mean annual concentrations in the top ocean layer in the experiments “Base” (a)
  and “Noice1970” (b) for 1972 

                      
 

Fig. B.23. PCB-153 mean annual concentrations in the lower atmospheric layer   
  in the experiments “Base” (a) and “Noice1970” (b) 
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PCB-153 mean annual concentrations in the atmosphere in the experiment “Base” are slightly lower (B.23.a) than 
in the “Noice1970” without ice. This effect can be also explained by the screening effect of the ice cover.  

POP mean annual concentration field in ice and snow in the experiment “Base” for 1996 is shown in Fig. B.24.a. 
Fig. B.24.b presents PCB-153 mean annual concentration field in the ice environment for the experiment 
“Nomix”, in which the “mixing” mechanism of POP concentrations in snow and ice is absent. 

PCB-153 concentrations in ice in the experiment with concentration “mixing” in the snow and ice compartments 
(Fig. B.24.a) are appreciably higher than in the experiment without “mixing” (Fig. B.24.b). In the experiment 
“Nomix” in the absence of “mixing” in snow the concentrations reach considerable values (Fig. B.25). However, 
POP mass in snow is insignificant due to a small thickness of snow in the model (about 10 centimeters). 

 

                     

 
Fig. B.25.  PCB-153 mean annual concentrations in 1996 in snow and ice in the experiment “Base” (a) 
with “mixing” of POP concentrations in the snow and ice compartments in the experiment “Nomix” (b) 
(without “mixing”) 

 
In the experiment “Base153” two extreme cases 
of parameterization of POP exchange between 
snow and ice compartments were assumed: 
absence of exchange and complete “mixing”. 
Obviously in reality some medium variant of 
exchange is realized: intrusion of POP molecules 
to the depth of snow and ice with melting water 
and mechanical mixing of media (humocking). 
According to measurement data PCB 
concentrations in ice in the Arctic exceed PCB 
concentrations in water as much as several times 
[Pfirman, 1995]. It better correlates with the 
experiment “Nomix”. As follows from the 
numerical experiments, in the formulation of the 
problem “mixing” in snow and ice media does not 
exert a considerable effect on concentrations 
fields in the atmosphere and ocean. 

A patch of elevated concentration in the 
experiment “Base” (Fig. B.26.a) in the region of 
Beaufort Sea coincides with the center of anticyclonic ice motion. The experiment “Nodyn” explains the reason 
for this patch. In this experiment sea ice drift was taken to be zero and no patch was observed in the Beaufort 
Sea (Fig. B.26.b). Results of this experiment testify that in the Beaufort Sea zones of PCB-153 accumulation are 
formed due to anticyclonic ice motion in this region. 

 
 

Fig. B.26.  PCB-153 mean annual concentrations in 
1996 in snow without “mixing”  of POP 
concentrations in the snow and ice compartments 
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Fig. B.27.   PCB-153 concentrations in August 1972 in the marine environment in the experiment “Base” (a) 
and “Nodyn” (b), in which sea ice drift is absent 

 
B.4.   Model development 

Further development of models of POP transport in the marine environment and sea ice cover is supposed to be 
performed in the following directions: 

For POP marine transport model: 

 Model should take into account different type of particles adsorbing POPs in seawater: bacteria cells, 
phytoplankton, microzooplankton, detrit, and particles with inorganic nucleum. Dissolved organic species 
able to sorbe POP molecules are also to be taken into account as POP carriers. 

 Global 3D dynamic fields of concentrations of particles and dissolved organics in seawater are needed as 
model input. Such fields can be obtained on the basis of appropriate mathematical models. 

 POP balance equations should take into account external POP sources such as rivers, coastal zones, etc. 

 Parameterization of dynamic redistribution between sediments and seawater at ocean bottom is required. 

 In parameterization of turbulent diffusion processes the dependence of diffusion coefficients on the 
characteristics of current velocities and other parameters of calculation domain is required. 

For POP dynamics in ice/snow cover of the ocean: 

 The exchange of POP containing in snow/ice environment with ocean and the atmosphere occurs mainly in 
surface layers. Under these conditions vertical distributions of POP concentrations in snow and ice may be 
essential. For more adequate description of exchange processes between snow/ice cover, ocean and the 
atmosphere further parameterization of POP dynamics in the bulk of snow/ice taking into account vertical 
concentration profile, precipitation types (rain/snow), ice temperature, etc. is required. 

 The presence of water in ice and snow leads to changes of physical parameters of ice/snow and to 
redistribution of all POP phases in snow/ice environment. To take this redistribution into account both 
description of POP redistribution dynamics and physical characteristics of snow/ice (presence of water 
phase, temperature, specific surface area of ice crystals, etc) is needed. 

B.5.   Seasonal evolution of sea ice 

In this section we consider issues related to obtaining sea ice evolution characteristics for modeling the 
contaminants transport in the Northern Hemisphere. 
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The evolution of the ice cover in the Arctic is governed by a great number of interconnected physical processes 
going on in the atmosphere, ocean and land. The present-day monitoring system allows us to receive on a 
regular basis only information about very limited number of the Arctic ice state parameters. First of all these are 
data on ice cover compactness and its extension obtained from several satellite systems. Direct observations of 
other parameters are of a fragmentary character and they make it impossible to obtain regular estimates of the 
sea ice evolution affecting processes of contaminants transport in the Arctic. In this situation modern numerical 
models become basic tools for the acquisition of required quantitative information about ice cover variability. 

The description of sea ice dynamics is rather a complicated problem in terms of physics and computations. The 
sea ice cover is very fragmentary multi-component medium consisting of variety of ice proper, snow, firn, water 
and sea salt. This medium is non-uniform, possesses essential anisotropy both in horizontal and vertical 
directions. Besides the basic component of the medium, ice, is a crystal body with a complicated behaviour at 
mechanical loads (rheology). 

 

B.5.1.   Basic approaches to sea ice modeling 

Originally sea ice models were one-dimensional and accounted for main thermodynamic processes involving 
vertical heat redistribution along the relevant phase transfers of water in the idealized horizontally uniform ice 
cover. 

The next step of sea ice thermodynamic model development was so-called “dynamic” models. These models 
additionally accounted for processes of momentum redistribution in horizontally non-uniform medium, which in 
fact is sea ice. These models are more sophisticated since they describe mechanical interactions in the 
fragmentary ice cover with varying compactness within the framework of sea ice cover as a continuous media. 
Presumably the first indications to the necessity of a correct description of rheology in ice drift calculations are 
referred to the late 50s [Ruzin, 1959]. Subsequent to the simplest ice rheology models at present operating with 
viscous-plastic and cavitational rheolory are most widely used. The difference between these approaches will be 
considered below after the discussion of basic elements of thermodynamic models. 

Modern-day dynamic (comprehensive) models of sea ice use as a component a thermodynamic unit, the 
essentials of which was developed within the framework of global climate models. The three-layer 
thermodynamic model of sea ice [Semtner, 1976], main principles of which are in common use at present, is a 
certain generalization in term of construction of one-dimensional numerical models. In this work it is shown that 
the reduction of layers number to minimum in the suggested scheme does not influence substantially the results 
and it is rather beneficial in view of the consumption of computational resources compared to a multi-layer model 
[Maykut and Untersteine, 1971]. 

The balance equation for heat fluxes on ice-snow upper and lower surfaces are used for ice melting/accretion 
calculations (the upper layer in the three-layer scheme represents the snow phase). Heat flux in the snow-ice 
interface is continuous while crossing the boundary. 

The heat balance equation on the upper ice surface (or snow if exists) is written in the following way: 

4)1( srLtlA TFFFFF σα +−+++= ,       (B.4) 

where FA is the net heat flux on the upper ice surface; 
Fl  is the heat flux due to evaporation from the surface (latent heat flux); 
Ft  is the sensible heat flux; 
FL is the downward long-wave radiation flux; 
Fr  is the downward short-wave (direct and scattered) solar radiation; 

α  is the surface albedo; 

σ  is Stefan-Boltzmann constant; 
Ts is the surface temperature. All the fluxes are assumed positive if they are directed upward. 
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If snow is available on the ice surface, FA is compared with the heat flux inside the snow Fs defined by its heat 
conduction: 

 
2/

0

s

s
ss h

TTkF −
= ,          (B.5) 

where ks is the thermal diffusivity of snow; 
T0 is the temperature in the middle of the snow layer; 
hs is the snow-layer thickness. 

From the surface heat balance condition, FA = Fs, after substitution into it expressions for FA and Fs one derives 
the relationship for the underlying surface temperature Ts. If Ts determined in such a way reaches the freezing 
point, then the excess heat FA - Fs is spent for snow melting. Snow depth changes Δh over a time step are given 
by the relationship: 

ssAs qFFth /)( −Δ=Δ ,         (B.6) 

where qs is the specific heat of snow melting.  

In the absence of snow on the ice surface similar equations are solved with substitution of thermodynamic ice 
parameters for snow parameters.  

In the work [Semtner, 1976], in addition to the above mentioned parameters, processes of ice thickness variation 
due to bottom melting/accretion were considered; snow thickness increase at falling the precipitation solid 
fraction; the effect of heat accumulation and waste in salt pockets. Basic physical principles and the numerical 
scheme suggested in [Semtner, 1976] are used in the majority of thermodynamical sea ice models. 

An example of more complete model involving, along with thermodynamics, the description of ice cover dynamics 
is the model of [Flato and Hibler, 1992] based on the approach suggested in the 60s by Nikiforov et at. [1967]. 
The dynamic model unit is developed within the approximation of cavitating fluid, according to which ice resists to 
the compression (convergence), but it can be freely distributed over the basin if there are areas free of ice. 
Chronologically, this model appeared later than more sophisticated dynamic model of Hibler [1979], which was 
commonly used and in many respects defines the development of sea ice models up till now. 

In the model [Hibler, 1979] the mechanical behaviour of the ice cover is described within the approximation of 
viscous-plastic solid medium, i.e. along with the action of tangential (viscous) stresses arising in the course of 
compact ice motion, plastic deformations at normal stresses leading to ice cover hummocking are taken into 
account. The equation of ice dynamics in the vector form is written as follows: 

FHmgukmfDtumD wa
rrrrrrr +∇−++×−= ττ/ ,       (B.7) 

where ∇⋅+∂∂=
rrutDtD //  is the total time derivative; 

k
r  is the normal to the surface vector; 
ur  is the vector of ice motion velocity; 

f  is the Coriolis parameter; 
m  is the ice mass per unit area; 

aτ
r ,  are the vectors of wind and water stress; wτ

r

H  is the dynamic height of the sea surface; 
g  is the gravity acceleration; 

F
r  is the force of internal stress. 

For the stresses induced by wind and water friction the following expressions are used: 

)sincos( φφρτ aaaaaa UkUUC
rrrrr ×+= ,       (B.8) 
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where aU
r

  is the wind speed vector; 

wU
r

  is the sea current velocity vector;  

C, Cw  are the friction coefficients for the atmosphere and water respectively; 
ρα, ρw  are the density of air and water respectively;  

φ , θ   are the angular rotation of wind and sea current stresses. 

Components of internal friction forces  are expressed through derivatives of tensor components of 

the medium stress σij. For viscous-plastic medium the stress tensor components are expressed through 
components of deformation rate tensor εij and pressure P in the following way: 
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where δij  is the Kronecker symbol;  

η , ξ   are the bulk and shear of medium viscosity, xi and xj are the spatial co-ordinates. 

In [Hilber, 1979] the following expressions were used for viscosity coefficients: 
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e is the relation of axes of the main stress tensor. 

The medium described by this rheological law experiences no internal stresses at pure divergence. The model 
developed within indicated approximations quite adequately simulates general features of sea ice drift and 
features of ice cover thickness associated with its dynamics. Among them - stationary region of maximum ice 
thickness near the northern coast of Greenland and Canadian Archipelago (Fig. B.27.c,d). Thermodynamic (one-
dimensional) sea ice models cannot reproduce this structure even qualitatively. 

At the same time, viscous-plastic models require large computer resources and the computational scheme can 
lead to computational instability [Gray and Killworth, 1995]. The appearance of cavitational models was, in part, 
an attempt to overcome these problems. The indicated difficulties are weakened partly by application of more 
effective numerical method [Zhang and Hibler, 1997]. 

In view of effective computational realization of sea ice model with the use of modern multi-processor computers 
it was suggested to employ more complicated rheological relationship [Hunke and Dukowicz, 1997]. 

Using similar notations the components of deformation rate tensor εij and stress tensor σij are connected by the 
expression: 
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where E is the Yuong module. 

This rheological model is called elastic-viscous-plastic one. The model operates with two ice categories: thick and 
thin (up to 5 cm). In order to describe each category, different continuity equations are used: for ice compactness 

 242



Annex B                                                                                  Sensitivity analysis of the oceanic transport module  

(specific area occupied by thick and thin ice), for mass (thickness) of thick and thin ice and for snow mass on the 
ice surface. 

In other model [Polyakov et al., 1997; Polyakov, 1999] more detailed description of horizontal inhomogenity of ice 
thickness field is achieved by introduction of six ice categories corresponding to gradations used in Russian 
monitoring network. In this model elastic-plastic rheology, which contrary to viscous-plastic approximation [Hibler, 
1979] relates the stress in the ice cover not with the deformation rate tensor variation but with tensor itself. 

In view of consideration of physical processes, more comprehensive model for the ice cover obviously is the 
model CSIM4 developed in US National Center of Atmospheric Research (NCAR). The model operates with five 
ice categories, elastic-viscous-plastic rheology, provides more detailed description of snow on the ice surface, 
improved model of surface albedo, salt pockets in ice, functional salinity profiles for each ice category etc. The 
detailed description of the model can be found in [Hunke and Dukowicz, 1997]. 

It might be well to point out that the comparison of results of this model with those obtained by a similar model 
with elastic-plastic rheology demonstrates [Hunke and Zhang, 1999] that in terms of reproducing long-term 
variability of the ice cover the results are actually identical but the first model is more effective from viewpoint of 
computations. 

The considered models were employed both for problems of description of ice cover dynamics and as a 
constituent modules of climatic models. 

 

B.5.2.   Brief description of the model for sea ice cover dynamics 

As a basis for calculations of required ice field characteristics the CSIM2 model was used. It is a constituent of 
the coupled model of the climate system, which is under development in NCAR within the framework of CCSM 
project [Bruce et al., 2001]. In this model ice is affected by heat fluxes, various force fields and fresh water fluxes 
from the atmosphere and the ocean. In its turn ice affects atmospheric and oceanic processes by similar fluxes. 
Interaction processes of media in the NCAR model are described by a special interface module. 

The model adaptation for computations of sea ice characteristics was limited to separation of CSIM2 module from 
the coupled climate model, to organize input of information about external boundary conditions (atmospheric 
forcing), tuning of model parameters and fulfillment of numerical experiments. Below we discuss basic 
information about thermodynamic and dynamic modules and results of the model application to simulations of the 
ice cover evolution in the Arctic. 

The balance of vertical heat fluxes for snow-ice interface. Processes of vertical heat transfer are 
described by analogy with the model of Semtner [1976]. Two layers at total ice thickness exceeding 50 cm 
represent the total ice thickness. When ice thickness is between 25 cm and 50 cm, one ice layer is considered. If 
the ice thickness is less than 25 cm, zero-layer model is used. Snow on the ice surface is represented by one 
layer. 

For the upper snow surface the balance equation for heat fluxes has the form: 
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where S1  is the net solar radiation flux;  
H1 is the sum of fluxes of long-wave radiation, heat consumption for evaporation and turbulent heat 
exchange;  
L↑1 is the upward long-wave radiation flux; 
ks  is the heat conduction of snow; 
hs  is the snow layer thickness; 
Ts  is the snow surface temperature; 
T0  is the temperature in the middle of snow layer. 
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The relationship for snow surface temperature (or ice in the absence of snow) is derived by substitution of Ts = Tp 
+ ΔT (Tp is the surface temperature at the previous time step; ΔT is temperature increment per time step) in the 
heat balance Equation (B.14). At low ΔT expansion of Equation (B.14) into series upon ignoring the terms of 
higher orders yields: 
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From equation (B.15) the equation for ΔT can be derived. Similar algorithm can be applied to the case of the ice 
surface without snow. 

Thermodynamic processes in polynyas. The formation of new ice at the water surface in polynyas and 
marginal regions is expressed by the relationship: 
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where QH is the net heat flux directed from the ocean to the atmosphere; 
 Qi  is the latent heat of ice freezing (melting); 
  Ai  is the ice compactness; 
  hi  is the thickness of the forming ice.  

It is assumed that the thickness of newly formed ice  is constant and equals 20 cm. In this case, for ice 

compactness increment from (B.16) we have: 
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After computation of new ice concentration the thickness of new and old ice in a cell is reduced to a single 
variable: 

    (B.18) iiiiii hAhAhA ΔΔ+=′′

where ,    .  AAA iii Δ+=′ *
ii hh =Δ

The model assumes limitation for the maximum ice concentrations. 
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The value Amax is assumed equal to 0.99 for the Northern Hemisphere and 0.96 for the Southern Hemisphere. 
The value τ1 is selected equal to 3 m. 

If the heat flux QH is directed from the atmosphere to the ocean, then a mechanism of lateral ice melting is acting, 
and the melting heat changes only the ice concentration. Processes of melting/accretion on the lower ice surface 
are not considered. 

Evolution of snow cover on sea ice. The snow cover dynamics in the model involves processes of 
precipitation, evaporation, melting and conversion of snow into ice. Melting snow, snow from melting ice and 
snow entering the water in the absence of ice formation make a fresh water flow to the ocean. For the 
parameterization of the upper surface albedo the coefficient of snow distribution over the ice surface is 
introduced. 
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Ice cover dynamics and drift velocities. The dynamics of ice fields in cavitational approximation [Flato 
and Hibler, 1992] fits the medium behaviour, in which the final resistance is exerted to compression 
(convergence), but shear stress and resistance to divergence are absent.  The equation of ice dynamics in 
spherical co-ordinates contains Coriolis forces, the stress induced by wind and sea currents, gravity forces 
arising due to sloping sea surface, and stress gradient due to ice compression: 
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where ui, νi   are zonal and meridian components of ice velocity respectively; 
ρi   is the ice density;  
hi   is the ice thickness;  
ƒ   is the Coriolis parameter;  
τγ , τ are the components of wins stress; 
uw, νw  are the components of current velocity; 
Cw   is the drag coefficient at the lower ice surface;  
θ    is the angular rotation of the vector of sea current effect; 
η    is the dynamic height of the ocean surface; 
g    is the acceleration of gravity; 
α    is the Earth’s radius; 
p*   is the pressure in ice. 

Instead of original set of Eq. (B.20) it is possible to write the transformed set: 
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in which expressions for D, E, X and Y  do not depend on ice velocity. 

The system of Eq. (E.21) is solved by iteration with initial p* = 0. For cells with 0<⋅∇ iU
r

 correction term iU′
r

 is 

introduced. It ensures non-divergence of the corrected velocity field, 
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The conservation of the system of Equations (B.21) is possible in this case provided additional conditions for 

iU′
r

are fulfilled: 
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where p’ is a certain correction pressure in a cell resisting convergent ice compression.   
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Velocity variations in a given cell may lead to the formation of convergent conditions in neighboring cells. In this 
case velocities and pressure in them are corrected to neutralize the convergence. This algorithm is applied in 
iterative way for the entire computation domain till conditions: 
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i

n
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rr
   (B.24) 

are fulfilled. 

The mechanism of correction pressure may be used until the pressure in a cell reaches its maximum, 

     (B.25) )]1(20exp[*
max ii AhPP −−=

In zones with constant convergence at correcting pressure exceeding the maximum excess convergence is 
distributed over cells without convergence. 

Advection. The advection transport in the model affects all mass and thermodynamic parameters connected 
with sea ice. Upstream advection scheme is used: 
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where indices l, r, b, t imply that values belong to the left, right, lower (southern) and upper boundaries of a cell 
respectively. For the pole cell advection is specified as a sum of fluxes from cells neighboring all southern 
boundaries of the pole cell. In the model, instead of Equation (B.26), its analog in terms of ice velocity divergence 
is used: 
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The correction for excess convergence in cells with stable convergence is made in the following way: 
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where  are the new values of corrected values for points with positive divergence; nf ′′

  are the previous values of the corrected variables for points with positive divergence; nf ′

 nf ′  is the mean value for the hemisphere; 

 A are the cell areas, indices m and n are referred to cells with negative   
     and positive divergence respectively. 

Consideration of oceanic processes.  Among essential parameters defining the ice cover evolution is the 
heat flux at the ice-water interface. Though mean flux value is only several W/m2 its long-term effects can result 
in essential redistribution of the ice cover. In combined models this heat flux is computed in the ocean model and 
it is delivered to the ice model as an external parameter. 

In our case when the ice model is not directly connected with the ocean one the heat flux at the lower ice 
boundary should be determined with the use of additional conditions. One of reasonable approaches is the 
application of temperature of the upper mixed layer (as a rule coinciding with the ocean surface temperature) for 
computation of its enthalpy and heat flux using the difference in temperatures between water and ice. The latter 
is assumed to be equal to freezing point (typical value under Arctic conditions is –1.8oC). 

Simpler but rather crude way of the parameterization of heat exchange processes at the water-ice interface is the 
prescription of constant heat flux. Obviously it is acceptable only in short-term calculations. 
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B.5.3.   Computation procedure 

Prior to main calculations of ice characteristic evolution over a year time interval there was a stage of preparation 
of appropriate computation environment. It involves the configuration of the model domain, tuning of model 
parameters, preparation of atmosphere forcing fields specifying external (boundary) conditions for the model. 

The ice cover dynamics model domain is represented by a grid superimposed on the sphere with grid points 
arranged according to B-grid of Arakawa’s Classification. On the entire sphere the grid dimension is 150×110. 
Along the longitude the grid is uniform with spatial resolution 2.4o. Along the latitude the gridsize is 1.2o in latitude 
belts from the pole to 60oS and 60o N. In low latitudes the gridsize is larger. Time step is 20 min.  

In a general case input data for the ice cover model integrations involve the following fields: 

• wind stress at the upper ice surface and ocean current stress at its lower surface; 

• solar radiation flux at the upper ice surface minus the reflected part; 

• sum of fluxes of downward long-wave radiation, heat consumption for evaporation and turbulent heat 
exchange at the upper ice surface; 

• derivative of the sum of fluxes including downward long-wave radiation, heat consumption for evaporation 
and turbulent heat exchange at the upper ice surface by the temperature of this surface ∂Hl /∂HT; 

• heat flux at the ice-water interface determined by potential enthalpy of the upper ocean surface; 

• fresh water flux at the ice/snow interface; 

• water surface slope. 

To estimate these fields, a dataset of the reanalysis of meteorological fields [Kalnay et al., 1996] was used. Mean 
monthly fields of relevant characteristics were used as initial ones. The reanalysis data are presented on a 
uniform geographical grid with dimension 144×72 with gridsize 2.5°×2.5°. With the use of bilinear interpolation 
these data were put on the knots of computation grid. When integrating the ice model atmospheric forcing was 
updated daily and the forcing fields were determined through the interpolation of mean monthly values. Derivative 
∂Ηl /∂Ts, which is not incorporated to this dataset, was determined from expressions for turbulent heat exchange 
and heat consumption for evaporation in the following way: 
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where c   is the specific heat of air;  α

 L  is the specific heat of evaporation;  
 Tα  is the air temperature at the reference height (usually 2 m);  
   is the wind speed at the reference height (usually 10 m);  a

 P  is the atmospheric pressure;  

U
r

 k , a, b are the coefficients in Magnus formula for saturated humidity;  sat

 kt, kl       are the coefficients of heat- and moisture exchange in the near water air layer. 

The required initial fields of ice characteristics were specified in two ways. In the first case constant thickness and 
compactness of ice were used as initial data, in the second case we employed fields determined from numerical 
experiments with a coupled climate model used under CCSM project [Bruce et al., 2001]. 

After preliminary model testing and tuning the required annual data set of sea ice characteristics has been 
calculated. Prior to these calculations integration for five years to spin-up the model and its adjustment to 
atmospheric forcing fields repeating in a cycling way from year to year were performed. Computations were made 
in local (thermodynamic) approach – neglecting dynamic processes, i.e. with zero ice drift velocity. 
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B.5.4.   Preliminary results 

In the course of integration of the sea ice model mean monthly fields of the following characteristics of sea ice 
were calculated and stored in the set of files for one year: 

• ice thickness, 

• ice compactness, 

• ice/snow surface temperature, 

• snow thickness on the ice, 

• snow melting rate, 

• ice melting rate at the upper boundary, 

• ice melting rates at the lower and lateral boundaries. 

Fig. B.28 demonstrates the simulated distribution of sea ice thickness and compactness for December and 
August. A large-scale structure of simulated fields is mainly consistent with distributions obtained from 
observations. Seasonal variations of ice cover extension are accompanied by typical reduction of ice 
compactness. By summer the region of compact ice (9-10 balls) decreases by 3-4 times and it is located near the 
northern coast of Greenland and Canadian Archipelago (Figs. B.28.a,b). Similar area is occupied by ice with 
compactness 7-9 balls and much smaller regions are occupied by ice of less compactness. The formation of 
tongues protruded in the meridianal direction to the Greenland Sea and the Labrador Sea and the Sea of 
Okhotsk characterize the distribution of winter ice. This is one of prominent features of the ice cover which have 
no analogy in the Antarctic. 

The basic large-scale structure is well enough reproduced in fields of ice thickness in winter and summer – the 
region of the most powerful perennial ice (Figs. B.28 c,d). 

The notable discrepancy between model and climatic fields is observed in the Barentz Sea where the ice cover is 
overestimated especially during winter period (Fig. B.28.a). As it was mentioned above heat transport by ocean 
currents impedes the formation of ice. These effects are not described by a given model, and for their adequate 
consideration it is necessary to employ a coupled ocean-sea ice model.  

Great seasonal variations of sea ice area essentially affect processes of contaminants distribution. In winter the 
ice cover over the major part of the Arctic screens out the direct exchange of contaminants being in different 
phases between the atmosphere and the ocean. During warm season the contact area increases approximately 
2 times. From the onset of sea ice intensive-melting contaminants trapped by ice enter the ocean. For a correct 
account of these processes information about phase transfer of sea ice should be available. For this reason fields 
on intensive ice and snow melting are referred to essential calculation parameters. 

Fig. B.29 shows simulated fields of ice melting rate at the upper and lower boundaries for winter and summer 
seasons. Essential melting of the ice cover takes place on its surface mainly due to incoming short-wave 
radiation beginning from April. Melting stage is sufficiently shorter than the processes of ice accretion extended 
over a year. This asymmetry results in a kind of a “volley” discharge (June-July) of melted water to the ocean with 
all dissolved contaminants. Ice thickness variation at its lower boundary is characterized by much lower values (in 
Fig. B.29.b another color scale is used). However, the operation with these values should be very careful 
because the effect of oceanic processes on ice evolution is rather schematic in this model. More reliable data can 
be obtained with the use of a coupled ocean–sea ice model. 
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Fig. B.28. Simulated distribution of ice compactness  (a) and (b) and thickness (c) and (d) in December and August 

 

        
a                             b       

Fig. B.29. Field of ice cover melting rates at upper boundary (a) in July and at the lower boundary (b) in February 

Similar processes are related to the snow cover evolution on the ice surface (Fig. B.30.a). This cover also melts 
fast compared to the period of its accumulation. Although the rate of snow melting (Fig. B.30.b) is comparable 
with the ice melting rate (Fig. B.29.a) this source is less important for the transport of water and contaminants 
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from the atmosphere to the ocean for the reason of rather thin snow cover (Fig. B.30.a). The latter is connected 
with the establishment of arctic anticyclone and week precipitation. More intensive precipitation falls along the 
periphery of the anticyclone over Arctic sea basins (Fig. B.30.a). 

 

                                  
 

Fig. B.29. Snow cover thickness in February (a) and snow melting rate in May (b) 
 

Considering the obtained results as a whole it should be mentioned that model calculations make it possible to 
estimate characteristics of sea ice representing basic large-scale features of its evolution. In particular these data 
are applicable to the evaluation of impact on contaminants dispersion of such processes as ice screening 
impeding the exchange between the ocean and the atmosphere and comparatively long accumulation of 
contaminants in ice and their “rapid” discharge to the ocean during melting. To obtain more detailed and more 
accurate data on ice cover evolution comprehensive models of sea ice should be applied.  

B.5.5.   Further activity 

The obtained results are of a preliminary character and are intended for acquisition of qualitative estimates of the 
impact of the Arctic ice cover on contaminants distribution processes. To investigate in detail the sea ice 
behaviour it is supposed both further development of the model and application of more detailed characteristics 
of atmospheric forcing. 

In order to improve the quality of calculated fields it is necessary to use a coupled model for ocean-sea ice since 
processes occurring in both media are closely connected. As follows from some investigations a number of 
important characteristics of ice cover evolution cannot be reproduced without adequate account of the influence 
of oceanic currents and heat redistribution processes associated with them. 

For a correct description of the distribution of ice thickness and its variability, it is necessary to consider ice 
dynamics. Recent results show that the observed features are reproduced best of all by models with viscous-
plastic rheology or its close variations. Therefore in further research connected with calculations of the Arctic ice 
evolution models of this type should be used. 

A correct representation of the ice cover behaviour is closely connected with adequate specification of 
atmospheric forcing. In its importance, along with seasonal scale, synoptic variability in the atmosphere is 
distinguished which results in a number of significant effects, which become apparent both in the ocean 
[Resnyansky and Zelenko, 1999] and in the behaviour of the ice cover. The role of short-term variations can be 
exemplified by the comparison [Hanesiak and Barber, 1999] of experimental results with hourly and daily mean 
forcing of one-dimensional thermodynamic ice model. An hourly forcing, keeping mean diurnal values, leads to 
earlier commencement of snow melting, and the duration of ice-free period increases by 21 days! It is related to 
non-linearity associated with the absorption of solar radiation and sensible and latent heat fluxes. 

Therefore, to improve simulation results of ice cover evolution, it is necessary to pass on to atmospheric forcing 
fields taking into account synoptic variability (daily mean fields instead of monthly mean fields). 
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ANNEX C 

PHYSICAL-CHEMICAL PROPERTIES OF SELECTED POPS 

This Annex is focused on physical-chemical properties used in the model calculations of PCBs and γ-HCH long-
range transport (Section C.1 and C.2) fulfilled under AMAP project [Dutchak et al., 2002]. The analysis of 
physical-chemical properties of the considered POPs available in the literature as well as parameters employed 
by other modelers for the long-range transport evaluation allowed us to improve the previous model 
parameterization.  

The model parameterization for considered contaminants is based on literature data on physical-chemical 
properties. Some papers include the evaluation of the accuracy of physical-chemical constants. Scattering of 
literature values determined by experimental and computational methods can to some extent characterize 
uncertainty of these constants. In addition available information on standard deviations for a number of physical-
chemical constants of PCBs and γ-HCH is presented in Section C.1 and C.2.  

 

C.1.   Polychlorinated biphenyls  

Polychlorinated biphenyls (PCBs) belong to a class of organochlorine aromatic compounds long used for 
industrial purposes in many countries. There are 209 PCB congeners with different physical-chemical properties 
and toxicity depending on the number and position of the chlorine atoms in the biphenyl molecule. According to 
the classification of the International Agency for Research on Cancer (IARC), PCBs belong to group 2A of 
probable carcinogens for man [IARC, 1987 cited from HSDB, 2002]. In addition, PCBs can affect the human 
reproductive system and impose toxic impacts on an embryo [Avkhimenko, 2000]. PCBs without substituents in 
orto-position relative to the internuclear bond C1-C1 (coplanar), as well as some PCB mono-orto-substituted 
congeners, exhibit toxicity similar to that of polychlorinated dibenzo-p-dioxins/furans. Eleven congeners of PCBs 
beginning with tetra- to heptachlorinated isomers possess toxicological properties with international toxic 
equivalency factors from 0.00001 to 0.1 I-TEF relative to 2,3,7,8-tetrachlorodibenzo-p-dioxin isomer [Кlyuev and 
Brodsky, 2000]. 

PCBs are typical POPs because they are persistent to external impacts. They have high thermal and photo 
stability and small reactive capability. Due to high lipophily, PCBs may be accumulated in adipose tissues of man, 
animals, birds and aqueous organisms. In addition, these compounds are readily sorbed on particle and soil 
surface. Numerous measurements demonstrate that they are omnipresent in environmental objects even in such 
remote regions as the Arctic [Breivik et al., 2002].  

The following individual PCB congeners were selected for the evaluation of the long-range transport to the Arctic: 
PCB-28, 118, 153 and 180. They represent light, medium and heavy homologues of PCBs. It should be 
mentioned that PCB-118 possesses toxicological properties (0.0001 I-TEF). This selection was also conditioned 
by the fact that physical-chemical properties of these congeners are well studied and the availability of 
measurement data on concentrations in different natural objects allow us to verify model results.  

General information on four PCB congeners is demonstrated in Table C.1. 
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Table C.1.   Structural formulas, composition and some properties of the PCB studied 

Compound Chemical names 
(IUPAC) CAS RN Molecular 

formula 
Molecular 

weight, g/mol Structural formula 

PCB-28  2,4,4’–
Trichlorobiphenyl 7012-37-5 C12H7Cl3 257.5 

Cl

Cl

Cl
 

PCB-118 2,3’,4,4’,5–
Pentachlorobiphenyl 31508-00-6 C12H5Cl5 326.4 

Cl

Cl

Cl

Cl

Cl

 

PCB-153 2,2’,4,4’,5,5’–
Hexachlorobiphenyl 35065-27-1 C12H4Cl6 360.9 

ClCl

Cl

Cl

Cl

Cl  

PCB-180 2,2’,3,4,4’,5,5’-
Heptachlorobiphenyl 035065–29-3 C12H3Cl7 395.3 

ClCl Cl

Cl

Cl

Cl

Cl  

Below, physical-chemical properties of PCB congeners modeled in the AMAP project are described. 

 
Temperature dependence of PCB subcooled liquid-vapour pressure 

The coefficients for the dependence of the subcooled liquid-vapour pressure p0
L on the temperature in the form 

(2.27) for 180 PCB congeners were determined by R.L.Falconer and T.F.Bidleman [1994].  

log p0
L (Pa) = -A/T(K) + B.         (C.1) 

These coefficients for four PCB congeners are listed in Table C.2. 

 
Table C.2. Coefficients of the dependence of subcooled liquid-vapour pressure (Pa) 

on temperature for four PCB congeners [Falconer and Bidleman, 1994] 

Compound A B 
PCB-28 4075 12.20 
PCB-118 4664 12.72 
PCB-153 4775 12.85 
PCB-180 5042 13.03 

 
Parameters for calculating the temperature dependence of p0

L for 32 PCB congeners were derived [Falconer and 
Bidleman, 1994] from previously obtained gas chromatographic data (GC). From this information the coefficients 
were estimated for another 148 PCBs for which vapour pressure had been reported only at a fixed temperature. 
According to [Falconer and Bidleman, 1994], these A values should have a similar degree of reliability as the GC 
results, which ranged from –16 to +18%, with a mean of +3% (percentage of literature values). The values of p0

L 
(Pa) calculated by these dependences for different ambient temperatures are given in Table C.3. 

Тable C.3. Values of subcooled liquid-vapour pressure (Pa) at different temperatures for three PCB congeners 

P0
L, Pa Compound 

-100C 00C +100C +250C 
PCB-28 5.1 ⋅ 10-4 1.9 ⋅ 10-3 6.3 ⋅ 10-3 3.4 ⋅ 10-2 
PCB-118 9.7 ⋅ 10-6 4.3 ⋅ 10-5 1.7 ⋅ 10-4 1.2 ⋅ 10-3 
PCB-153 4.9 ⋅ 10-6 2.3 ⋅ 10-5 9.5 ⋅ 10-5 6.7 ⋅ 10-4 
PCB-180 7.2 ⋅ 10-7 3.6 ⋅ 10-6 1.6 ⋅ 10-5 1.3 ⋅ 10-4 

As evident from Table C.3, for all the congeners p0
L values increase with temperature rise, resulting in a 

reduction of their adsorption on particles (see Eq. (1.1, Section 1.1)). 
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Henry’s law constant dependence on temperature for PCBs 

The Henry’s law constant is a key parameter in model calculations of the long-range transport. The temperature 
dependence of Henry’s law constant can be expressed by Eq. (C.2): 

 logKH = logKH 298 + ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

TTR
W 11

2.303
ΔH

0

A ,  (C.2) 

where KH298 is the Henry’s law constant (Pa⋅m3/mol) at 250C (298K); 

 ΔH AW  is the enthalpy of volatilization from water, kJ/mol; 

 R is the universal gas constant, 8.314⋅10-3 kJ/(mol·K); 
 T is the absolute temperature, K. 

Measured values of ΔHAW for relevant PCB homologous groups with from three to seven chlorine atoms are 
summarized in the paper [Wania, 1997] and presented in Table C.4.  

Table C.4. Measured values of ΔHAW for four PCB homologous groups 

Homologue groups ΔHAW, kJ/mol Reference cited from [Wania, 1997] 
Trichlorobiphenyls 61.8 
Pentachlorobiphenyls 67.2 
Hexachlorobyphenyls 69.4 
Heptachlorobiphenyls 71.3 

Burkhard et al., 1985 

 

From Eq. (C.2) the temperature dependence of the Henry’s law constant can be expressed in the form: 

 logKH = -A/T(K) + B,         (C.3) 

where A = ΔHAW/2.303R; 

 B = logKH298+ΔHAW/2.303R(298). 

Values of Henry’s law constant at 250C for four PCB congeners published in [Dunnivant et al., 1992] are given in 
Table C.5. Calculation of KH (250C) for PCBs was performed on the basis of the Quantitative Structure-Property 
Relationship (QSPR) model. This model agrees well with other model predictions and is capable of accurately 
calculating KH for structurally similar PCB congeners. The statistical analysis of the calculated and experimental 
log KH data showed a high regression coefficient (r = 0.9476) and a low standard error (s = 0.662 or 1.9% of the 
mean value), which are indicative of reasonable model predictions [Dunnivant et al., 1992]. 

Table C.5. Values of Henry’s law constant at 250C for four PCB congeners, Pa·m3/mol 

Compound KH298, calculated value Reference 
PCB-28 28.58 
PCB-118 12.56 
PCB-153 16.48 
PCB-180 10.74 

Dunnivant et al., 1992 

 
Using ΔHAW values from Table C.4 and Henry’s law constants at 250C from Table C.5, the coefficients of 
temperature dependences of Henry’s law constants (Eq. C.3) were estimated and used for modeling in this work. 
Table C.6 gives selected A and B values (they are given in bold) in comparison with the temperature dependence 
coefficients available in the literature. 
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Table C.6. Coefficients of the temperature dependences of Henry’s law constants for four PCB congeners 

A B Compound 1* 2 3 4 5 1 2 3 4 5 
PCB-28 2611 3227 3100 1821 3418 10.22 12.28 11.97 7.69 12.92 

PCB-118  3510 3535 2727 3416  12.88 13.44 10.71 12.70 
PCB-153  3625 3662 3577 3413  13.38 14.05 13.72 12.68 
PCB-180  3724 3910 7628 3414  13.53 14.71 27.16 12.49 

1 – ten Hulscher et al., 1992 cited from [Pekar et al., 1999]; 2  - estimated (see text) on the basis of data from 
[Wania, 1997 and  Dunnivant et al., 1992]; 3 – [Paasivirta et al., 1999]; 4 – [Bamford et al., 2000]; 5 – estimated 
on the basis of data from [Iwata et al., 1995]. 
 
Temperature dependence of the octanol-air partition coefficient for PCBs 

Parameters of temperature dependences of octanol-air partition coefficients for 15 PCBs were determined by 
T.Harner and T.F. Bidleman [1996] for the temperature range from -100 to + 300C in the form: 

 logKOA = A/T(K) - B.        (C.4) 

It should be mentioned that for trichlorobiphenyls the experimental dependence was estimated for PCB-29 only 
[Harner and Bidleman, 1996]. For this reason, coefficient A of this dependence (C.4) for PCB-28 was taken to be 
equal to the corresponding coefficient for PCB-29 (3792). Further, using data from Table C.2, the subcooled 
liquid-vapour pressure at 200C (293 K) was calculated. Then using the regression Eq. (C.5) derived by T.Harner 
and T.F.Bidleman [1996], the octanol-air partition coefficient at 200C was estimated. 

 logKOA = (-1.268) log p0
L + 6.135, r2 = 0.995  (C.5) 

Coefficient B was calculated by the formula: 

 B = A/293 - logKOA
293,          (C.6) 

where KOA
293  is the octanol-air partition coefficient at 200C (293K). 

The dependences determined experimentally and estimated are presented in Table C.7. 

The octanol-air partition coefficients at 200C determined on the basis of these dependences are given in Table 
C.8. 

Table C.7. Octanol-air partition coefficient dependence on temperature for three PCB congeners 

Compound A B Reference 
PCB-28 3792 4.63 Estimate (see text) 
PCB-118 4693 5.92 
PCB-153 4695 6.02 
PCB-180 4535 4.70 

Harner and Bidleman, 1996 

 
Table C.8. Octanol-air partition coefficients at 200C for four PCBs 

Compound Chlorine atom positions KOA 
PCB-28 2,4,4’ 2.04 × 108 
PCB-118 2,3’,4,4’,5 (1.21 ± 0.10) × 1010 
PCB-153 2,2’,4,4’,5,5’ (1.11 ± 0.08) × 1010 
PCB-180 2,2’,3,4,4’,5,5’ (5.64 ± 0.71) × 1010 

 
 
PCB molecular diffusion coefficients 

The molecular diffusion coefficients of PCB-153 in air and in water were estimated by Eq. (1.99) and (1.100) 
(Section 1.4). Diffusion coefficients of the rest of the congeners were estimated by the following formulas: 
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where DA
153 and DW

153  are the molecular diffusion coefficients of PCB-153 in air and in water, respectively; 

DA and DW          are the molecular diffusion coefficients of a given PCB congener in air and in water, 
 respectively; 

M153  is the molecular weight of PCB-153, g/mol (see Table C.1); 

M   is the molecular weight of a given PCB congener (see Table C.1). 

Table C.9 demonstrates values of molar volumes for four PCB congeners taken from [Mackay et al., 1992; Ruelle 
and Kesselring, 1997] and molecular diffusion coefficients for air and water calculated with the use of these 
values. Molecular diffusion coefficients of PCBs selected for modeling in this work were estimated on the basis of 
molar volume presented in [Mackay et al., 1992]. 

 
Table C.9. Molar volumes (V , cm3/mol) and obtained values of molecular diffusion coefficients in air and water at 250C 

of four PCB congeners (DA, DW, m2/s) 

V , cm3/mol Compound 
Values References 

DA, m2/s DW, m2/s 

247.3 Mackay et al., 1992 5.42 ⋅ 10-6 6.09 ⋅ 10-10 
PCB-28 

198.7 Ruelle and Kesselring, 1997 5.18 ⋅ 10-6 5.87⋅ 10-10 
289.1 Mackay et al., 1992 4.82 ⋅ 10-6 5.40 ⋅ 10-10 

PCB-118 
224.5 Ruelle and Kesselring, 1997 4.81⋅ 10-6 5.35⋅ 10-10 
310 Mackay et al., 1992 4.58 ⋅ 10-6 5.14 ⋅ 10-10 

PCB-153 
237.4 Ruelle and Kesselring, 1997 4.66 ⋅ 10-6 5.14⋅ 10-10 
330.9 Mackay et al., 1992 4.38 ⋅ 10-6 4.91 ⋅ 10-10 PCB-180 

- Ruelle and Kesselring, 1997 - - 

Values used for modeling are given in bold. 

Data of Table C.9 show that the molecular diffusion coefficients both in air and water decrease with the increase 
in the degree of chlorination. 

Partitioning of PCBs between the gaseous and particle phase in the atmosphere 

Fractions of PCB adsorbed on particles were calculated from Eq. (1.1) (Section 1.1) [Junge, 1977; Pankow, 
1987] for the background aerosol (θ = 1.5·10-4 m2/m3) and the data of Table C.3. Obtained values φ for different 
temperatures are given in Table C.10. 

 
Table C.10.   PCB fractions adsorbed on atmospheric aerosol particles at different temperatures, % 

φ × 100, % Compound 
-100С 00С 100С 250С 

PCB-28 5 1 0.4 0.1 
PCB-118 72 37 13 2 
PCB-153 84 53 21 4 
PCB-180 97 88 61 16 

As evident from Table C.10, fractions of PCBs bound with particles increase with the increase of the degree of 
chlorination.  Moreover, for all congeners the extent of adsorption increases with temperature decrease. 
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PCB sorption by soil and bottom sediments 

PCB sorption by soils and bottom sediments is characterized quantitatively by the organic carbon-water partition 
coefficient (KOC, m3/kg). KOC for PCBs were calculated with the use of the following relation: 

 KOC = 0.41KOW  [Karikhoff, 1981]  (C.9)  

Table C.11 gives partition coefficients in the “octanol-water” system selected for modeling and partition 
coefficients for the “organic carbon-water” system estimated with the use of these coefficients for four PCB 
congeners. Besides ranges of log KOW values determined by experimental and computational methods and 
available in literature are presented in this table. 

 
Table C.11. Partition coefficients in the “octanol-water” and “organic carbon-water” system for four PCB 

congeners 

Compound Range of log KOW* Selected log KOW Estimated         
log KOC, dm3/kg KOC, m3/kg 

PCB-28 5.61-5.8 5.8 [Mackay et al., 1992] 5.41 259 
PCB-118 6.39-7.12 6.74 [Hawker and Connell, 1988] 6.35 2253 
PCB-153 6.72-7.75 6.9 [Mackay et al., 1992] 6.51 3257 
PCB-180 6.7 - 8.27 7.36 [Hawker and Connell, 1988] 6.97 9393 

* Literature data include information from the following references: [Hawker and Connell, 1988; Mackay  et al., 
1992; McLachlan, 1996; Hovard and Meylan, 1997; Paasivirta et al., 1999; Sahsuvar, 1999; NIST, 2002]. 

As seen from Table C.11, PCBs sorption by soils and bottom sediments increases with the number of chlorine 
atoms in the molecule. 

PCB wet deposition 

Wet deposition is an important mechanism of PCB scavenging from the atmosphere. Total dimensionless ratio 
WT for a substance washout with precipitation is determined by the Eq. (C.10): 

 WT = WG (1 - φ) + WPφ,   (C.10) 

where WG  is the washout ratio of the gas phase; 
WP  is the washout ratio of a substance associated with aerosol particles; 

 φ  is the substance fraction associated with aerosol particles. 

Due to sufficiently high values of Henry’s law constants, the efficiency of gaseous PCB washout with precipitation 
is relatively low. Washout ratios WG determined as inverse values to dimensionless Henry’s law constant (RT/KH) 
at 250C are of the order of 101 - 102. Washout ratios of PCB scavenging with rain (WP) for particle-bound PCBs 
are substantially higher. [Franz and Eisenreich, 1998] summarized various published data indicating that WP for 
scavenging with rain is 102 - 106. For model calculations of PCB-118, PCB-153 and PCB-180, a Wp mean value 
equal to 1.5⋅105 [Sweetman and Jones, 2000] was chosen. It should be mentioned that for gaseous and particle-
bound PCB –28, the empirical washout ratio is equal to 2.1⋅104 [Granier and Chevreuil, 1997]. Because the 
usage of theoretical ratios in preliminary calculations of this PCB leads to underestimation of scavenging with rain 
(this can be explained, for instance, by the occurrence of organic matter in raindrops), the above experimentally 
determined value of the washout ratio was used. 

PCB degradation in the environment 

The atmosphere. Data of E.S.C.Kwok et al. [1995] show that the basic mechanism of PCB degradation in the 
atmosphere is reaction with hydroxyl radicals and that all other mechanisms can be neglected. The degradation 
process in the atmosphere is described by the following reaction: 
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 ],[OHCk
dt
dC

air ⋅⋅−=  (C.11) 

where C  is the pollutant concentration in air, ng/m3; 
 [OH]  is the air concentration of hydroxyl radical, molec/cm3; 

 kair  is the degradation rate constant for air, cm3/(molec⋅s). 

The atmospheric concentration of OH-radical shows wide seasonal and diurnal variations, as its major 
tropospheric source is the photochemical cleavage of ozone by sunlight [Sinkkonen and Paasivirta, 2000]. In the 
MSCE-POP model the variability of this factor is taken into account by the assumption that the value of the mean 
diurnal concentration of hydroxyl radicals depends only on the season. At a latitude of 450N, the mean diurnal 
OH-radical concentration at the surface layer at a depth of 2 km is 2·106 molec/cm3 in summer, 0.8·106 
molec/cm3 in spring and autumn and 0.09·106 molec/cm3 in winter at mean annual concentration 0.8·106 
molec/cm3 [Yu Lu and Khall, 1991].  

In modeling PCB long-range transport to the Arctic, it was reasonable to introduce the temperature dependence 
of rate constant of the gas-phase reaction with OH-radicals. In the work [Beyer and Matthies, 2001] this 
dependence is described by the Arrenius equation: 

)/exp( RTEAk aair −⋅=          (C.12) 

where     А is the pre-exponential multiplier value, сm3/(molec⋅s); 

EA is the activation energy of interaction with an OH-radical in air, J/mol; 

 R is the universal gas constant, J/(mol ⋅ K); 

 T  is the ambient temperature, K. 

The same approach was applied to PCB atmospheric transport evaluation in [Sahsuvar, 1999]. Values of the pre-
exponential multiplier and the activation energy for individual PCB congeners taken from  [Beyer and Matthies, 
2001] are displayed in Table C.12. 

 
Table C.12. Coefficients in the equation of temperature dependence of rate constant in the reaction with OH-

radical (2.38) according to [Beyer and Matthies, 2001] 

Compound A, сm3/(molec⋅s) EA, J/mol Reference 
PCB-28 2.70 · 10 -10 13720 Anderson and Hites, 1996 
PCB-118 6.15 · 10 -11 12920 
PCB-153 8.12 · 10 -11 15380 
PCB-180 1.40 · 10 -10 17840 

Degradation rate constant at 25 ˚C estimated with 
AOPWIN, version 1.90 and calculated reaction energy 

  

The activation energy value for PCB-28 was experimentally determined and presented in [Anderson and Hites, 
1996] with form - EA,/R (K)=1650±220. Uncertainty in this value is based on one standard error of the slope of the 
temperature dependence regression. The estimated rate constant of PCB-28 in the gas-phase reaction with OH-
radical at 298 K amounts to 1.1(0.8-1.4)×10-12 cm3 s-1 (95% confidence limits) [Anderson and Hites, 1996]. For 
the remaining PCBs, degradation rate constants in air at 298 K were determined using the computer program 
AOPWIN from molecular structure information [Beyer and Matthies, 2001]. The activation energy EA (i.e. 
temperature dependence of reaction rate) of these PCBs was correlated with the degree of chlorination. Although 
the coefficient of determination is small (r2 = 0.67), the slope is significantly distinct from zero [Beyer and 
Matthies, 2001]. 

Natural waters and soils. PCB degradation in the aqueous and soil environment has not been thoroughly 
investigated. No data on temperature dependence of degradation constants in these environmental 
compartments have been found among relevant literature. Table C.13 demonstrates estimates of half-lives for 
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four PCB congeners in surface water and soils presented in [Mackay et al., 1992; Wania, 1999]. 

Table C.13.  PCB  half-lives in surface water and soil according to literature data 

Half-life*, h 
(surface water) Half-life (soils), h 

Substance 
Mackay et al., 1992; 

Wania, 1999 Wania, 1999 Mackay et al., 1992 

PCB-28 17000 10 000 55 000 
PCB-118 55 000 100 000 55 000 
PCB-153 55 000 550 000 55 000 
PCB-180 55 000 1000 000 55 000 

 

In recent investigations of S.Sinkkonen and J.Paasivirta [2000] carried out for the Baltic region, there are different 
estimates of four PCB half-lives, taking into account the temperature factor of surface water and soils. Table C.14 
exhibits half-lives for surface waters and soils taken from [Sinkkonen and Paasivirta, 2000] and the 
corresponding degradation constant values of the considered PCB congeners in these environmental 
compartments. Specifically these values were used for modeling in this work. 

Thus for modeling the hemispheric transport of the selected PCBs in the Arctic region, we have used the above-
discussed physical-chemical properties. The parameterization is described in Section 1.4. 

Table C.14.  Degradation constants for water and soil [Sinkkonen and Paasivirta, 2000] 

Substance sea
dk , s-1 Half-life*, h. 

Surface water 
soil
dk , s-1 Half-life*, h. 

soils 
PCB-28 1.33 · 10-7 1450  7.4·10-9 26 000 
PCB-118 3.21 · 10-9 60000 3.21 · 10-9 60000 
PCB-153 1.6 · 10-9 120000 1.17·10-9 165 000 
PCB-180 8.02 · 10-10 240000 5.83·10-10 330 000 

* - on the average for  +7 ºC 

 

C.2.  γ-Hexachlorocyclohexane  

γ-HCH is one of stereo isomers of 1,2,3,4,5,6 of hexachlorocyclohexane (HCH) referring to a group of 
organochlorine compounds. HCH occurs as eight stereo isomers among which γ-HCH possesses the highest 
insecticide activity.  γ-HCH (as technical HCH or lindane) was intensively used all over the world for various 
purposes – for the treatment of people and animals (against ectoparasites), constructions, clothes, water (against 
mosquitoes), plants, forests, orchards, seeds, soil etc. [Filov ed., 1990]. γ-HCH exhibits mutagenic activity, 
embriotropic action and affects reproduction processes [Izmerov ed., 1990]. Additionally people who have had 
occupational contact with this substance can develop allergies or experience other irritating effects.  

γ-HCH is one of the most volatile chemicals among organochlorine insecticides. It is poorly soluble in water but 
easily soluble in the majority of organic solvents. This chemical is extremely stable to temperatures up to 180°C 
and with acids, but in alkalis it undergoes dehydrochlorination [HSDB, 2002]. Once HCH isomers enter the 
environment, they are distributed globally and can be found in air, surface water, soil, and living organisms 
[Walker et al., 1999]. But HCHs are much less bioaccumulative than other organochlorines because of their 
relatively low lipophily and short half-life in biota [AMAP Assessment Report, 1998].   HCHs   are   the   most  
abundant pesticides in the Arctic atmosphere and waters [Macdonald et al., 2000]. The detectable presence of 
these substances in such remote regions, where lindane and technical HCH have not been used, is evidence of 
the long-range transport [Walker et al., 1999].  

Table C.15 demonstrates general characteristics of γ-HCH.  
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Table C.15.   γ-HCH general characteristics 

Compound Chemical names (IUPAC) CAS RN Molecular 
formula 

Molecular weight, 
g/mol 

Structural formula 

γ-HCH 
(1,2,4,5/3,6)-gamma 
stereo isomer 1,2,3,4,5,6, 
– hexachlorocyclohexane 

58-89-9 C6 H6 Cl6 290.8 

Cl

H

H

Cl

Cl

H

HCl
Cl

H

Cl

H

 
 

γ-HCH physical-chemical properties required for model calculations are presented below. According to 
predictions based on the Junge-Pankow model, γ-HCH was assumed to be present in the atmosphere at 
moderate temperatures only in the gas phase.  

Temperature dependence of γ-HCH subcooled liquid-vapour pressure 

Coefficients for the temperature dependences of γ-HCH subcooled liquid-vapour pressure p0
L (C.13) available in 

the literature are presented in the Table C.16.   

log p0
L(Pa) = A+B/T (К)         (C.13) 

 
Table C.16. Coefficients of γ-HCH subcooled liquid-vapour pressure temperature dependences  

Coefficients 
А В 

Notes References 

11.15 - 3680 calculated from experimental GC data  Hinckley et al., 1990 
13.63 - 4416 calculated from literature data  Hinckley et al., 1990 
13.80 - 4330 estimated Paasivirta et al., 1999 

 

The first temperature dependence of γ-HCH subcooled liquid-vapour pressure was determined by D.A.Hinckley 
et al. [1990] from experimental data using capillary gas chromatography (GC). This method provides vapour 
pressures within a factor of two of average literature values for nonpolar compounds. Exactly this temperature 
dependence was used in the MSC-E model calculations of γ-HCH long-range airborne transport for 1999 - 2000. 
Additionally it was used in [Cotham and Bidleman, 1991] for the evaluation of γ-HCH fluxes in the Arctic regions. 

Henry’s law constant dependence on temperature for γ-HCH 

Coefficients for Henry’s law constant temperature dependence for γ-HCH in the form (C.14) have been 
determined by several authors. 

 log KH = А + В/T           (C.14) 

These coefficients are presented in Table C.17.   

Table C.17. Coefficients of Henry’s constant temperature dependences, Pa⋅m3/mol  

Coefficients 
А В 

Notes References 

7.54±0.54 -2382±160 experiment,  distilled water 
8.68±0.96 -2703±276 experiment,  sea water 

Kucklick et al., 1991 

11.58 -3093 estimated Paasivirta et al., 1999 

9.51 -3005 experiment  Jantunen and Bidleman, cited from 
Paasivirta et al., 1999  

10.10 -3183 Selected for previous MSC-E 
modeling [Pekar et al., 1999] Jacobs and van Pul., 1996  
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Temperature dependence of Henry’s law constant for γ-HCH determined experimentally by Kucklick et al. [1991] 
for distilled water and seawater was used for modeling in this work. It is necessary to mention that this 
temperature dependence value was also used in [Cotham and Bidleman, 1991] for calculating pollutant fluxes in 
the Arctic regions.  

γ-HCH molecular diffusion coefficients 

Molecular diffusion coefficients of γ-HCH were estimated from dependences (1.98, Section 1.4) and (1.99, 
Section 1.4) suggested by [Schwarzenbach et al., 1993], on the basis of molar volumes taken from [Ruelle and 
Kesselring, 1997; Mackay et al., 1997]. γ-HCH molar volumes and values of molecular diffusion coefficients in air 
and water are given in Table C.18.  

 
Table C.18. γ-HCH molar volumes and calculated molar diffusion coefficients in air and water  

Molecular diffusion coefficients, m2/s Vmol, cm3/mol 
Air (Da) Water (Dw) 

179.5  Ruelle and Kesselring, [1997] 6 · 10-6 7 · 10-10 
243.6  Mackay et al., v.5 [1997] 5 ·10-6 5.9 ·10-10 

Molecular diffusion coefficients of γ-HCH selected for modeling were estimated on the basis of molar volume 
presented in the work [Ruelle and Kesselring, 1997]. 

Coefficients of partitioning KOW  and KOC  for γ-HCH 

Among literature at present there is a large amount of data on measured and estimated values of γ-HCH 
partitioning in the “octanol-water” and “organic carbon-water” system. According to [Mackay et al., 1997], 
experimentally determined values of log KOW are within the range of 3.25 - 5.32 and values of log KOC – within 
2.38 - 3.40. The “octanol-water” and “organic carbon-water” partition coefficients selected for modeling γ-HCH 
under this project and recommended or used by other authors are given in Table C.19.  

 
Table C.19.   Partition coefficients KOW and KOC for γ-HCH 

Partition coefficient Units Value Reference 
log KOW dimensionless 3.9 Chu and Chan, 2000 
log KOC dm3/kg 3.0 Mackay et al., 1997; Chu and Chan, 2000 

 

Temperature dependence of octanol-air partition coefficient for γ-HCH 

Reasoning from the requirement of consistency in parameters KOW and КОА, coefficients А and В of temperature 
dependence for γ-HCH partition coefficient in an “octanol-air” system in the form of Eq. (C.4) were calculated. For 
this purpose, we used coefficient A of temperature dependence (C.14) of Henry’s law constant for fresh water 
(with a reverse sign) from [Kucklick et al., 1991] and reference value КОА at 25°С, calculated by the formula: 

log KOA = log KOW - log KH/RT        (C.15) 

where log KOW  = 3.9 (see Table C.19); 

log KH/RT is estimated by Eq. (C.14) taken from [Kucklick et al., 1991] for 25°С . 

Thus the temperature dependence of partition coefficient in the “octanol-air” system for γ-HCH will be of the 
following form:  

logKOA = 2382/T(K) – 0.25         (C.16) 
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γ-HCH degradation in environment 

The atmosphere.  The main process in γ-HCH degradation is its interaction with OH-radical. Hence, as in the 
case of PCBs, the degradation of this species in air will be described by second order Eq. (C.11) taking into 
account seasonal values of OH-radical air content at the latitude 45˚ N taken from [Yu Lu and Khall, 1991]. The 
mean seasonal [OH] concentrations used are, for winter, 9⋅104 molec/cm3, for autumn and spring, 8⋅105 
molec/cm3, and for summer, 2⋅106 molec/cm3. According to [Brubaker and Hites, 1998], the temperature 
dependence of rate constants of the reaction with OH-radical in air for γ-HCH will be of the following form: 

kOH [cm3/(molec⋅s)] = A exp (-Ea/ (RT))        (C.17) 

where A = 6 ⋅ 10-11 cm3 s-1; 

 Ea =14.2± 1.7 kJ/mol; 
 R is the universal gas constant, J/(mol, K); 
 T is the ambient temperature, K; 

Thus the rate constant (kOh) estimated [Brubaker and Hites, 1998] for 298 K ranges within (1.4-2.5)×10-13 cm3 s-1 
with a mean value equal to 1.9×10-13 cm3 s-1. 

Natural waters. γ-HCH degrades in aqueous environments through several processes: hydrolysis, photolysis 
and microbial degradation. The slowest degradation takes place in ground waters; the most rapid degradation 
processes are biodegradation under anaerobic conditions and hydrolysis in nearly alkaline medium (pH=9) at a 
temperature above 200C. In the literature there are various estimates of γ-HCH degradation rate constants in 
water for the above-mentioned processes. According to these data, half-lives of γ-HCH degradation in waters due 
to different processes vary from 3 days [Mackay et al., 1997] to 1720 days [Strand and Hov, 1996].   For 
calculations of γ-HCH degradation in the aqueous environment, we selected ksea

d equals to 1.13⋅10-8 s-1 [Mackay 
et al., 1997]. 

For further calculations of γ-HCH degradation in waters, it is supposed to use the temperature dependence of 
hydrolytic decomposition of HCH isomers at different pH determined in [Ngabe et al., 1993].  The rate constant 
for alkaline (base) hydrolysis is related to the energy of activation and absolute temperature by the Arrenius 
equation: 

log kb = A - Ea/(2.303RT), (C.18) 

where    kb  is the second-order rate constant for the base hydrolysis of a substance in water, M-1⋅min-1; 
A = 15.146  is the pre-exponential factor; 

Ea = 84.6±7.8  is the energy of hydrolysis process activation, kJ/mol; 

R = 8.314  is the universal gas constant, J/(mol⋅K); 
T is the absolute temperature, K. 

According to B.Ngabe et al. [1993], the pseudo first-order rate constant for the hydrolysis of a substance in water 
depends on the activity of hydroxide ions in the solution and is connected with the second-order rate constant by 
the following relationship: 

kDW  ≅ kb ⋅ aOH/60, (C.19) 

where kDW  is  the pseudo first-order rate constant for the hydrolysis of γ-HCH in water, s-1; 
aOH  is ion activity in the solution depending on pH value and temperature. 

Under conditions close to natural ones (pH=7), the half-life of γ-HCH in an aqueous environment due to the 
hydrolysis on the base of kDW calculated by formulas (C.18) and (C.19) for the temperature range from 0oC to 
25oC will be from 1.5 to 34 years. 
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Soils. Obviously for γ-HCH, as for other POPs, important factors in the soil degradation process are soil type and 
humus content. The current version of the MSC-E model does not operate with such details of soil-top as of yet. 
Therefore in this project we have selected a mean value of degradation rate constant of this substance available 
in the literature and used by other modelers. It is equal to 2⋅10-8 s-1 [Hornsby et al., 1996]. The half-life of γ-HCH 
degradation in soils calculated on the basis of this rate constant amounts to 400 days. Values of γ-HCH half-life in 
soil, according to data presented in [Mackay et al., 1997], vary from 3 days to 3 years. 

The model parameterization is presented in Section 1.4. 
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Annex D 

COMPARISON BETWEEN MEASURED AND CALCULATED 
RESULTS FOR PCDD/FS 
Table D1. Homologue profiles of PCDD/F toxicity in the atmosphere 

Place/year TCDD PeCDD HxCDD TCDF PeCDF HxCDF Correlation 
meas 0.055 0.129 0.096 0.080 0.460 0.180 Zingst, DE9, 1995 – 96 

[POPsBal, database] calc 0.054 0.127 0.064 0.151 0.390 0.213 
0.95 

meas 0.062 0.124 0.062 0.112 0.465 0.176 High Muffles, GB14, 1997 
Coleman et al. [1998] calc 0.053 0.076 0.047 0.179 0.414 0.231 

0.94 

meas 0.282 0.144 0.137 0.063 0.236 0.138 Rörvik, SE2, 1990 
Tysklind et al. [1993] calc 0.039 0.118 0.066 0.123 0.372 0.281 

0.09 

meas 0.405 0.182 0.080 0.051 0.202 0.080 Kosetice, CS3, 1994 – 95 
Holoubek et al. [1999]  calc 0.070 0.029 0.021 0.190 0.479 0.211 

– 0.07 

meas 0.000 0.138 0.020 0.236 0.377 0.229 Alert, CA 420, 2001, 
Hung et al. [2002] calc 0.064 0.049 0.031 0.188 0.463 0.206 

0.91 

meas 0.051 0.130 0.123 0.089 0.441 0.165 Germany, Bayreth, 1995 
POPsBal, database calc 0.066 0.100 0.050 0.167 0.423 0.195 

0.93 

meas 0.608 0.159 0.042 0.001 0.148 0.041 Greece, At Penteli, 2000 
Mandalakis et al. [2002] calc 0.071 0.039 0.021 0.250 0.438 0.181 

– 0.24 

meas 0.143 0.107 0.129 0.100 0.346 0.174 Spain, Catalonia, 1994 
Abad et al. [1997] calc 0.044 0.067 0.035 0.190 0.392 0.273 

0.80 

meas 0.059 0.208 0.122 0.134 0.313 0.164 Sweden,remote, countryside 
southwest of Stockholm, 1989 
Broman et al. [1991] calc 0.050 0.133 0.066 0.145 0.372 0.234 

0.89 

meas 0.046 0.160 0.101 0.292 0.274 0.128 Sweden, open coastal, 1989 
Broman et al. [1991] calc 0.044 0.132 0.069 0.128 0.374 0.253 

0.58 

meas 0.121 0.282 0.174 0.081 0.168 0.174 Portugal, Region Oporto,          
1998 – 99 
Coutinho et al. [2001] calc 0.048 0.041 0.030 0.222 0.396 0.264 

– 0.27 

meas 0.230 0.138 0.092 0.037 0.415 0.088 UK, Hazellrig, 1994 
Coleman et al. [1998] calc 0.038 0.039 0.028 0.174 0.414 0.307 

0.50 

meas 0.177 0.194 0.108 0.031 0.300 0.190 UK, Hazellrig, 1995 
Coleman et al. [1998] calc 0.052 0.073 0.047 0.174 0.420 0.234 

0.57 

meas 0.057 0.103 0.114 0.246 0.230 0.249 UK, Bolsover, Derbyshire, 
northeast England, 1992–93 
Jones and Duarte-Davidson 
[1997] 

calc 0.037 0.036 0.026 0.172 0.419 0.309 
0.83 

meas 0.126 0.164 0.083 0.001 0.379 0.245 Russia, Boshkortostan, 1996 
Maystrenko et al., [1998] calc 0.076 0.024 0.024 0.199 0.530 0.146 

0.68 

 

Table D2.   Homologue profiles of PCDD/F toxicity in soil 

Place/year  TCDD PeCDD HxCDD TCDF PeCDF HxCDF Correlation
meas 0.056 0.121 0.140 0.097 0.428 0.158 Austria, 1993 

Wess [1998] calc 0.059 0.067 0.041 0.171 0.445 0.216 
0.90 

meas 0.046 0.080 0.053 0.092 0.489 0.240 Kosetice, CS3, 1995 – 96 
Holoubek et al. [2000] calc 0.062 0.031 0.023 0.181 0.478 0.225 

0.96 

meas 0.032 0.132 0.159 0.078 0.428 0.170 UK, archived soil, 1992, 
Alcock et al. [1998] calc 0.057 0.031 0.017 0.197 0.464 0.234 

0.81 

meas 0.039 0.485 0.070 0.062 0.243 0.101 Spain, Tarragona, 1996 
Schuhmacher et al. [1997] calc 0.048 0.036 0.026 0.169 0.466 0.256 

0.03 

meas 0.097 0.174 0.155 0.097 0.330 0.147 Spain, Els Monjos, 2000 
Schuhmacher et al. [2002] calc 0.045 0.056 0.045 0.141 0.454 0.259 

0.80 

meas 0.125 0.143 0.086 0.206 0.296 0.143 Spain, Madrid, 1993 
Jimenez et al. [1996] calc 0.024 0.023 0.068 0.064 0.463 0.358 

0.66 
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Table D3. Homologue profiles of PCDD/F toxicity in vegetation 

Place/year  TCDD PeCDD HxCDD TCDF PeCDF HxCDF Correlation
meas 0.226 0.050 0.389 0.153 0.136 0.047 Austria, 1993 

Wess [1998] calc 0.071 0.201 0.051 0.141 0.331 0.205 
– 0.68 

meas 0.261 0.131 0.052 0.026 0.131 0.399 Finland, 1996 
Sinkkonen et al. [1997] calc 0.053 0.096 0.040 0.176 0.391 0.243 

0.16 

meas 0.148 0.134 0.084 0.288 0.185 0.161 UK, Bolsover, Derbyshire, 
northeast England, 1992 –93  
Jones and Duarte –Davidson 
[1997] 

calc 0.073 0.049 0.009 0.235 0.415 0.219 
0.60 

meas 0.081 0.081 0.282 0.325 0.162 0.068 UK, archived herbage, 1990 
Alcock et al. [1997] calc 0.073 0.056 0.011 0.208 0.416 0.236 

– 0.02 

meas 0.185 0.093 0.167 0.176 0.278 0.102 Spain, Tarragona, 1997, 
Schuhmacher et al. [1998] calc 0.062 0.128 0.048 0.129 0.366 0.267 

0.39 

meas 0.131 0.131 0.105 0.137 0.359 0.137 Spain, Els Monjos, 2000 
Schuhmacher et al. [2002] calc 0.052 0.193 0.078 0.116 0.327 0.234 

0.79 

 

 
Table D4. Comparison of measured and calculated toxicity of PCDD/F mixture in the atmosphere, fg TEQ/m3 

Measured Calculated 
Location Year 

Range Average Range Average 

Measured to 
calculated 

ratio 
Austria 
Buckley-Golder et al. [1999] 1993 - 94 11 - 110 36.4 3.6 - 15.0 6.4 4.55 

Czech Republic, CZ3 
Holoubek et al. [2000] 1994 -95 2 - 156.3 38.4  32.8 0.94 

Germany, rural area 
Fiedler [1996] 1992 25 - 70 – 4.1 - 28.9 10.9 – 

Germany, Bavaria 
Buckley-Golder et al. [1999]  1992 - 93 3 -179 22.5 4.1 - 28.9 10.9 1.66 

Germany, Baden-Wuerttemberg, 
rural area 
Wallenhorst et al. [1997] 

1993 - 94 8--54 21 3.6 - 26.1 9.1 1.85 

Germany, Bayereuth 
POPsBaltic, [1999], database 1995 4.3 - 49 17 2.6 - 32.3 8.8 1.55 

Germany, DE9 
POPsBaltic, [1999], database 1995 11.0 - 45.3 29  3.1 7.48 

Germany, Bayereuth 
POPsBaltic, [1999], database 1996 19.6 - 63.4 43 2.4 - 30.8 8 4.30 

Germany, DE9 
POPsBaltic, [1999], database 1996 17.5 - 50.8 36  2.9 9.93 

Greece 
Kouimtzis et al. [2002] 1999 2 – 178 24 1.1 – 12.0 2.91 6.60 

Greece, background 
Mandalakis et al. [2002] 2000  7.8 0.9 – 19.6 3.60 1.73 

Netherlands 
Buckley-Golder et al. [1999] 1992 9 - 63 31 7.5 - 66.1 31.4 0.79 

Sweden, Stockholm, countryside 
Broman et al. [1991] 1986 - 87 – 4.4 0.8 - 11.1 3.02 1.17 

Sweden, Stockholm, open 
coastal 
Broman et al. [1991] 

1986 - 87 – 2.6 – 3.02 0.69 

Sweden, SE2 
Tysklind et al. [1991]  1989 26.6 - 55.0 45 – 5.03 7.16 
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Table D4. continued 

Measured Calculated 
Location Year 

Range Average Range Average 

Measured to 
calculated 

ratio 
Sweden, SE2 
Tysklind et al. [1991] 1989-90 4 - 60 21 – 4.525 3.71 

Sweden, SE2 
Tysklind et al. [1991] 1990 3.7 - 31.5 14 – 1.87 5.99 

UK, Hazelrigg 
Coleman et al. [1998] 1993 58 - 190 101 – 12.4 6.52 

UK, Hazelrigg 
Coleman et al. [1998] 1994 9 - 49 24 – 10.8 1.78 

UK, Hazelrigg 
Coleman et al. [1998] 1995 5 - 83 35 – 9.8 2.86 

UK, Lancaster, northwest coast - 
Hazelrigg 
Lee et al. [1999] 

V-
VIII,1996 7 - 16.6 – – 7.03 – 

UK, High Muffles 
Buckley-Golder et al. [1999] 1996 - 97 2.2 - 16 6 – 6.52 0.74 

UK, Hazelrigg 
Coleman et al. [1998] 1996 - 97 5 - 29 17 – 6.52 2.09 

UK, Stoke Ferry 
Coleman et al. [1998] 1997 2.1 - 21 19 – 6.8 2.24 

UK, Hazelrigg 
Lohmann and Jones [1998] 1997 8-18 11 – 6.02 1.46 

UK, East coast 
Lohmann and Jones [1998] 1997 2 - 6 4 – 4.71 0.68 

UK, Lancaster 
Lohmann et al. [1999a] V, 1997 7.1 - 17.6 10.1 – 6.02 1.34 

UK, Lancaster 
Lohman et al. [1999b] IX-XII, 1997 5.5 - 220 38 – 6.02 5.05 

UK,  North York Moors 
Lohmann et al. [1999a] V, 1997 2.1 - 6.1 3.7 – 6.02 0.49 

UK, Ireland, west coast 
Lohmann et al. [1999a] V, 1997 2.9 - 4.2 3.6 – 6.1 0.47 

 

 

Table D5. Comparison of measured and calculated deposition fluxes of PCDD/F, pg TEQ/m2/day 

Measured 
Location Year 

Range Average 
Calculated 

Measured to 
calculated 

ratio 
Belgium, Flanders, 
Lohmann and Jones [1998] 

1993 11 - 18 15 8.03 1.49 

Belgium 
Lohmann and Jones [1998]] 

1994  15 7.45 1.61 

Belgium, Eksel 
Buckley-Golder et al. [1999] 

1997  3.1 2.95 0.84 

Belgium, Mol 
Buckley-Golder et al. [1999] 

1997  0.7 2.95 0.19 

Germany, rural area 
Fiedler [1996] 

1992 5 -20 12.5 3.16 3.16 

Germany, Baden-
Wuerttemberg, rural 
Wallenhorst et al. [1997] 

1993 - 94 9 -16 13 2.53 4.12 
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Table D6. Comparison of measured and calculated toxicity of PCDD/F mixture in soil, pg TEQ/g 

Measured Calculated 
Location Year 

Range Average Range Average 

Measured to 
calculated 

ratio 
Austria, 
Wess [1998] 

1993 1.6 – 31 6.9 0.06 – 2.5 1.07 5.16 

Belgium 
Buckley-Golder et al. [1999] 

1992 2.1 – 2.3  0.11 – 5.1 2.8  

Czech Republic, 
Holoubek et al. [2000] 

1994 - 95 12 – 54 28.7 0.04 – 3.5 1.44 15.94 

Germany, rural 
Buckley-Golder et al. [1999] 

up to 1998 0.002 – 112 6.1 0.02 – 4.3*) 1.7*) 2.87 

Germany, rural and 
conurbation 
Buckley-Golder et al. [1999] 

up to 1998 0.3 – 8.9 3.2 0.02 – 4.3*) 1.7*) 1.51 

Ireland 
Buckley-Golder et al. [1999] 

1997 2 – 13.3 7.5 0.003 – 0.60 0.19 31.58 

Italy 
Buckley-Golder et al. [1999] 

1993 1.9 – 3.1 2.4 0.002 – 2.02 0.69 2.78 

Luxembourg 
Buckley-Golder et al. [1999] 

1993 1.4 – 3.6  0.26 – 4.7 3.09  

Netherlands 
Buckley-Golder et al. [1999] 

1991 2.2 – 16.4 4 0.02 – 5.3 1.9 1.68 

Spain 
Buckley-Golder et al. [1999] 

1996 0.08 – 8.4 0.54 0.02 – 0.83 0.24 1.80 

UK 
Buckley-Golder et al. [1999] 

up to 1995 0.78 – 17 5.2 0.004 – 2.5 0.77 5.40 

*) Evaluated by 1997 

 

Table D7.   Comparison of measured and calculated toxicity of PCDD/F mixture in vegetation, pg TEQ/g 

Measured Calculated 
Location Year 

Range Average Range Average 

Measured to 
calculated  

ratio 
Austria 
Wess, 1998 

1993 0.3 – 1.9 0.7 1.74 – 4.85 3.05 0.18 

Czech Republic 
Holoubek et al. [2000] 

1994 0.07 – 0.6 0.2 1.84 – 9.67 5.70 0.03 

Finland 
Sinkkonen et al. [1997] 

1996 1 – 7 3 0.03 – 1.17 0.71 3.40 

Germany 
Buckley-Golder et al. [1999] 

1993 0.27 – 3.45 1.12 0.03 – 9.91 3.03 0.30 

Luxembourg 
Buckley-Golder et al. [1999] 

1993 - 94 0.6 – 0.8   9.66  

Spain 
Schuhmacher et al. [2000] 

1996 - 97 0.52 – 1.0 0.7 0.001 – 1.7 0.50 1.13 

Spain 
Schuhmacher et al. [1998] 

1997 0.12 – 1.14 0.23 0.001 – 1.68 0.49 0.38 

UK, archiv herbage 
Kjeller et al. [1991] 

1979 - 88  1.17 0.04 – 7.2 2.77 0.34 
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Annex E 

MODELING RESULTS ON TRANSPORT OF PCB-28, 118 AND 180 

This annex contains the maps of spatial distributions of deposition fluxes as well as mean annual concentrations 
in the air surface layer and soil concentrations for PCB-28, 118 and 180 in comparison with that of emissions for 
1996. 

 
PCB-28 

This section presents the model results on contamination levels of PCB-28 in the Northern Hemisphere in 1996. 
The spatial distributions of annual emission and deposition fluxes as well as mean annual concentrations in the 
air surface layer and soil concentrations averaged over the whole depth of soil calculation domain are given in 
Fig. E.1. Depositions mean the sum of wet and dry particle deposition and wet gas depositions.  

 

                          

                           

Fig. E.1.     PCB-28 emissions and contamination levels in 1996 
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PCB-118 

This section presents the model results on contamination levels of PCB-118 in the Northern Hemisphere in 1996. 
The spatial distributions of annual emission and deposition fluxes as well as mean annual concentrations in the 
air surface layer and soil concentrations averaged over the whole depth of soil calculation domain are given in 
Fig. E.2. Depositions mean the sum of wet and dry particle deposition and wet gas depositions.  

 

                          

                           

Fig. E.2.   PCB-118 emissions and contamination levels in 1996 

 

PCB-180  

This section presents the model results on contamination levels of PCB-180 in the Northern Hemisphere in 1996. 
The spatial distributions of annual emission and deposition fluxes as well as mean annual concentrations in the 
air surface layer and soil concentrations averaged over the whole depth of soil calculation domain are given in 
Fig. E.3. Depositions mean the sum of wet and dry particle deposition and wet gas depositions.  
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Fig. E.3.   PCB-180 emissions and contamination levels in 1996 
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	Conclusions
	CONCLUSIONS
	 The assessment of pollution by PCBs was based on the modeling results of the long-range transport of four selected PCB congeners (PCB-28, PCB-118, PCB-153, PCB-180) within the Northern Hemisphere for 1996. Evaluation of the PCB pollution levels and accumulation in environmental media for several decades was carried out. Examination of relative inputs of different emission sources to the contamination of various regions in the Northern Hemisphere (source-receptor relationship) was exemplified by the analysis of pollution levels of PCB-153 in the Arctic region. The investigation of congener composition was exemplified by regions located in the Russian North. 
	 The long-range transport and accumulation of (-HCH were estimated for the period of 1990-96 taking into account emission sources of the Northern Hemisphere. The collected emission data set did not include all sources of the Northern Hemisphere. Concentrations in air, soil, seawater and depositions of (-HCH in various parts of the Northern Hemisphere were assessed as well as the impact of remote sources on the pollution of particular European regions. Pathways of (-HCH transport from main emission regions-sources to the European region were examined.
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	SENSITIVITY ANALYSIS OF THE OCEANIC TRANSPORT MODULE
	In this Annex we present sensitivity studies with respect to some processes governing POP behaviour in seawater environmental compartment. These studies were carried out under AMAP project [Dutchak et al., 2002].
	B.1.   POP partitioning between different phases 

	B.2.   POP transport with ice cover
	Model assumptions. The ice module of POP transport describes the following processes:
	B.4.   Model development
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	B.5.2.   Brief description of the model for sea ice cover dynamics
	Advection. The advection transport in the model affects all mass and thermodynamic parameters connected with sea ice. Upstream advection scheme is used:
	B.5.3.   Computation procedure
	B.5.4.   Preliminary results
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	PCB-28
	PCB-118

	Natural waters and soils. PCB degradation in the aqueous and soil environment has not been thoroughly investigated. No data on temperature dependence of degradation constants in these environmental compartments have been found among relevant literature. Table C.13 demonstrates estimates of half-lives for four PCB congeners in surface water and soils presented in [Mackay et al., 1992; Wania, 1999].
	In recent investigations of S.Sinkkonen and J.Paasivirta [2000] carried out for the Baltic region, there are different estimates of four PCB half-lives, taking into account the temperature factor of surface water and soils. Table C.14 exhibits half-lives for surface waters and soils taken from [Sinkkonen and Paasivirta, 2000] and the corresponding degradation constant values of the considered PCB congeners in these environmental compartments. Specifically these values were used for modeling in this work.
	Natural waters. (-HCH degrades in aqueous environments through several processes: hydrolysis, photolysis and microbial degradation. The slowest degradation takes place in ground waters; the most rapid degradation processes are biodegradation under anaerobic conditions and hydrolysis in nearly alkaline medium (pH=9) at a temperature above 200C. In the literature there are various estimates of (-HCH degradation rate constants in water for the above-mentioned processes. According to these data, half-lives of (-HCH degradation in waters due to different processes vary from 3 days [Mackay et al., 1997] to 1720 days [Strand and Hov, 1996].   For calculations of (-HCH degradation in the aqueous environment, we selected ksead equals to 1.13(10-8 s-1 [Mackay et al., 1997].
	For further calculations of (-HCH degradation in waters, it is supposed to use the temperature dependence of hydrolytic decomposition of HCH isomers at different pH determined in [Ngabe et al., 1993].  The rate constant for alkaline (base) hydrolysis is related to the energy of activation and absolute temperature by the Arrenius equation:


	Annex_D
	Annex D
	COMPARISON BETWEEN MEASURED AND CALCULATED RESULTS FOR PCDD/FS
	Location
	Location
	Year
	Measured
	Calculated


	Location
	Year

	Location
	Year



	Annex_E

