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SUMMARY 
 

The risk for radioactive contamination and radiological consequences for an area is connected with 
the sources in this and adjacent areas. In some cases, they predominantly affect geophysical and 
social conditions at local and regional scales. In other cases, they appear to be far reaching, and of 
concern for larger territories. Thus, it is of particular interest to study issues such as: Which sources 
appear to be the most dangerous now or in the future for people living close and far from these 
sources? Which geographical territories and countries are at highest risk from a hypothetical 
accidental release in a selected area? 

The main purpose of this multidisciplinary study is to develop a methodology for complex 
nuclear risk and vulnerability assessment and to test it on example estimation of a nuclear risk to the 
population in the Nordic countries in case of a severe accident at a nuclear risk site (NRS).  

This report is focused on the methodology for evaluation of the atmospheric transport and 
deposition of radioactive pollutants from NRS’s. The method for the evaluation is given from the 
probabilistic point of view. The main question to answer is: What is the probability for radionuclide 
atmospheric transport and impact to different neighbouring regions and countries in case of an 
accident at NPPs?  

To answer this question we applied different research tools for probabilistic atmospheric studies:  
(i) Trajectory Modelling - 3-D isentropic trajectory model and 3-D DMI trajectory model – to 
calculate multiyear forward trajectories originated over the risk sites locations; (ii) Dispersion 
Modelling - DERMA & DMI-HIRLAM models – for long-term simulation and case studies of 
radionuclide transport for hypothetical accidental releases at NRS’s; (iii) Cluster Analysis  – to 
identify atmospheric transport pathways from NRS’s; (iv) Probability Fields Analysis – to construct 
annual, monthly, and seasonal NRS possible impact indicators (based on both trajectory and 
dispersion modelling results) to identify the most impacted geographical regions; (v) Specific Case 
Studies – to estimate consequences for environment and population after hypothetical accident 
using DERMA and experimental dose models; (vi) Vulnerability Evaluation to Radioactive 
Deposition - concerning its persistence in the ecosystems with focus on transfer of certain 
radionuclides into food chains of key importance for the intake and exposure in the whole 
population and certain groups of the Nordic countries; (vii) Risk Evaluation and Mapping - to 
analyse socio-economical consequences for different geographical areas and various population 
groups taking into account social-geophysical factors and probabilities and using demographic 
databases based on the GIS-analysis. 

In this report we consider aspects of the long-term dispersion and deposition modelling, 
statistical analysis of dispersion modelling results as well as briefly underline the methods for the 
dose calculation and assessment of regional vulnerability and residential radiation risk, based on 
GIS modelling and analysis. 

The results of this study are applicable for the further GIS analysis to estimate risk and 
vulnerability as well as for the emergency response and preparedness measures in cases of 
accidental releases at NRS’s. 
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I. INTRODUCTION 
 

Nuclear risk in any geographical area is connected with nuclear sites in this or adjacent areas. The 
Chernobyl accident showed that the scale of impact can be very large, and remote nuclear risk sites 
should also be of considerable concern for the area. Thus, it is important to obtain the geographic 
distribution of the nuclear risk and to expound on issues such as:  

 Which sources appear to be the most dangerous for people living close to and far from the 
sources?  

 Which regions are at the highest risks from a hypothetical accidental release?  
Many international research projects have realised models and methods describing separate 

parts of the problem, e.g. the probabilistic safety assessment (PSA), long-range transport and 
contamination modelling, radioecological sensitivity, dose simulation etc. However, methodologies 
for multidisciplinary work of nuclear risk assessments and mapping are poorly developed (for an 
overview cf. e.g. Baklanov (2002)). Thus, the next step should be a multidisciplinary approach 
towards problems connected to the regional nuclear risk and vulnerability. 

The purpose of the ongoing Arctic Risk NARP study (AR-NARP, 2001-2003)  is to develop a 
methodology for complex nuclear risk and vulnerability assessment and mapping, and to test it on 
estimation of a possible radiation risk to populations in the North European countries in case of a 
severe accident at a nuclear risk site (NRS). 

In previous AR-NARP project reports (Baklanov and Mahura, 2001; Mahura and Baklanov, 
2002) we described a general approach, methodology results of probabilistic analysis of 
atmospheric transport pattern and risk assessment based on trajectory modelling. In this report we 
will consider next step in the methodology of the regional risk and vulnerability assessment – the 
long-term dispersion modelling for the probabilistic analysis of risk and for the case studies.  

For estimation of the potential nuclear risk and vulnerability levels, and for regional planning 
of radiological environmental monitoring networks and emergency preparedness systems, it is very 
important for each dangerous nuclear risk site to determine: 

- geographical regions most likely to be impacted; 
- probability and transport time to different geographical regions; 
- probability and effects of the precipitation factor contribution by atmospheric layers; 
- probability of the fast transport (in one day and less) when impact of the short-lived 

radionuclides is of the most concern; 
- annual, seasonal and month variability of these parameters; 
- worst meteorological scenarios for case studies; 
- possible contamination and effects on the population in case of an accident; 
- site-sensitive hazards of potential airborne radioactive release; 
- vulnerability to a radioactive deposition concerning its persistence in the northern latitude 

ecosystems with a focus on the transfer of certain radionuclides into food-chains and 
considering risk for different geographical areas and especially native population;  

- the analyses of the risk, socio-economical and geographical consequences for different 
geographical areas and population groups applying available demographic databases and 
GIS-technology. 

In this report we consider aspects of the long-term dispersion and deposition modelling, 
statistical analysis of dispersion modelling results as well as briefly outline the methods for the dose 
calculation and assessment of regional vulnerability and residential radiation risk, based on GIS 
modelling and analysis (Rigina, 2001; Rigina and Baklanov, 2002). 



 6

II. METHODOLOGY FOR RISK ANALYSIS BASED ON ATMOSPHERIC 
DISPERSION MODELLING OF VARIOUS PATTERNS FROM NRS 
 

2.1. OVERVIEW OF PREVIOUSLY USED APPROACHES  
 
It is very important to develop a methodology for complex geographical multidisciplinary nuclear 
risk and vulnerability assessments suitable for the Arctic and Sub-Arctic regions. Risk-assessment 
strategy for analyses of source-effect relationships, used in different studies, includes the following 
main methods (IIASA, 1996): 

1. INFERENCE FROM ACTUAL EVENTS: accident-release-consequences, 
2. PHYSICAL MODEL based on known input and prevalent levels,  
3. THEORETICAL MODEL: simulated response to assumed release scenarios. 
The first method is basically used for most of the risk objects in the Northern regions using 

published results from some real events in this or other areas (weapon tests, the Chernobyl accident, 
the Thule accident with warheads, accidents with nuclear submarines like one in the Chazma bay, 
etc), discussed in (IIASA, 1996). For example, some long-term consequences have been estimated 
for regional-scale by empirical models and by correlations between fallout and doses for humans, 
obtained by Nordic researchers on a basis of the Chernobyl effects on Scandinavia (Moberg, 1991, 
Bergman et al., 1993, Dahlgaard, 1994, Bergman & Ulvsand, 1994). 

The second method is used for many risk sites in the region. This method is also based on 
published results of numerous projects and assessments of possible risk levels for the Arctic and 
European regions or for some other countries from similar nuclear risk objects (see e.g., Chapters 3, 
5 and 6 of IIASA, 1996). 

Several case studies for hypothetical releases from the Kola and Loviisa NPPs, from nuclear 
submarines, or from radioactive waste deal with this issue by the third method: mathematical 
modelling (e.g., Amosov et al., 1995; Rantalainen, 1995).  

An accident at a nuclear risk site might cause large releases of radioactive matters into the 
atmosphere. Then the resulting impact on people and the environment would largely depend on the 
prevailing weather conditions. Depending on the horizontal scale under study, a simulation of 
atmospheric transport, dispersion and deposition also demands different types of weather and 
release data. For the local scale (~10 km), wind structure, stability and information about the 
release, surface, building characteristics and precipitation are the most important parameters. For 
the meso-scale (~100 km), it is also important to include topography, different surface heating and 
cooling etc. For the regional scale (up to 4000 km), a good description of the synoptic evolution in 
time and space is also of importance. For this scale the only realistic way is to use numerical 
weather prediction or analyses data, whereas for simulations on local- and meso-scales it is often 
justified to use in-situ measurement data or modelled simplified weather conditions.  

To study the possible consequences and nuclear risk from NRSs there could be two approaches 
– case studies & probabilistic risk analysis (Rigina, 2001). The first approach – case studies - is 
commonly used for estimation of possible dose for population and proceeds from the physical laws 
of radioactive matter transport from a nuclear reactor to man. This way is very useful for estimating 
possible consequences of hypothetical accidents for typical or worst-case scenarios and weather 
situations. However, such an approach was expensive for long-term (e.g. one or several years) 
simulations and probabilistic assessments and was inconvenient for an analysis of factors of 
different nature like, for example, geophysical processes of radionuclide transport and social-
economical factors. 
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So, for probabilistic analysis, alongside with the first method, some authors suggested  simpler 
approaches, e.g. based on a combination of different factors and probabilities of separate processes 
with appropriate weights. 

The first map of risk in Europe due to severe accidents for all European NPPs (Slaper et al., 
1994) mapped the probability of excess cancer mortality after such accidents. Since detailed safety 
analyses were not available for many of > 200 European NPPs, a generalisation was made to 
estimate accident probabilities and probabilistic releases by relating each reactor type to a specific 
probability and release category. Dispersion of the radioactive plume was evaluated by a simple 
model based on the only meteorological station. Acute health effects in the vicinity of the NPPs and 
counter measures to reduce radiation doses were excluded. This methodology was also used for the 
risk mapping from a nuclear submarine on the Kola Peninsula (NACC, 1998). The main 
shortcomings of this approach are a limitation of the dispersion model for short distances and non-
applicability of the dose model to the Arctic peculiarity.  

In IIASA studies (Sinyak, 1995) some empirical factors were used to describe the influences of 
geography resulting in normalised damage factors for the main cities of Europe. An alternative 
statistical description for estimating the risk associated with a large accidental release of hazardous 
materials at long range was developed by Smith (1998).  

Andreev et al. (1998, 2000) simulated dispersion and deposition with a Lagrangian particle 
model and calculated the frequency of exceedance of certain thresholds for the long-lived 
radionuclide 137Cs, regarded as risk indicator. Sensitivity analysis demonstrated that the results 
strongly depended on the release frequencies. Additionally, GIS-based export/import matrices of 
risk were calculated for the European countries. Considerable shortcoming of this method is the use 
of a limited number of case studies /meteorological situations, which can not satisfactory represent 
the long-term statistics.  

Jaffe et al. (1997), Mahura et al. (1999), Baklanov et al. (1998, 2002) used an isentropic 
trajectory model and cluster analysis technique for many-year period to assess possible impacts of a 
hypothetical nuclear accident in northern Europe. Long-term health consequences were estimated 
on the basis of the Chernobyl accident exposures in Scandinavia. Mapping of the regional nuclear 
risk and vulnerability was realised for Scandinavia by two different approaches based on integration 
of mathematical modelling and GIS-analysis (Rigina and Baklanov, 2002). 

Saltbones et al. (2000) also realised the long-term trajectory analysis and case studies of long-
range transport modelling for the Kola NPP, however they used two-dimensional trajectories and 
limited the study to the trajectory analysis with several case studies and did not realise the risk 
mapping.  

For the purposes of risk mapping, following the above mentioned approaches (Andreev et al., 
1998, 2001; Rigina and Baklanov, 2002; Slaper et al., 1994; Kromp, 2002), any risk indicator (RI) 
can be presented as a function of a scenario defined by a set of nuclear power plants, attributed 
source terms and release frequencies and can be described by the following term:  
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where RI is risk indicator, x, y - geographical co-ordinates, r - reactor block, RS - release scenario, 
Psi - probability of release scenario i, Pmj - probability of meteorological situation j, M - number of 
meteorological situations, STj - source term for release scenario RSi and reactor r, N - number of 
release scenarios, DF - damage function, SR - source-receptor relationship.  

The ongoing networking project ´Atmospheric Transport Pathways, Vulnerability and Possible 
Accidental Consequences from the Nuclear Risk Sites in the European Arctic (Arctic Risk)`, 



 8

involving 7 research groups from four Nordic countries and supported by the Nordic Arctic 
Research Programme (NARP), is aimed at developing and testing such a risk methodology for the 
Euro-Arctic region (AR-NARP, 2001). The methodology, developed in the bounds of the Arctic 
Risk project (AR-NARP, 2001; Segerståhl et al., 2001; Baklanov et al., 2002,a; Rigina & Baklanov, 
2002; Baklanov and Mahura, 2001) is a logical continuation of several previous studies. Initially, 
the study of possible regional risk from the Kola Peninsula nuclear risk sites was started at the Kola 
Science Centre, Russian Academy of Sciences in 1991 in the bounds of the Russian State 
Programme ‘Ecological Safety of Russia’ of the Ministry of Environment, according to the Project 
‘RISK’: ‘Determination of risk zones and elaboration of scenarios of extreme radiologically 
dangerous situations in the Northern areas’ and projects for the Kola NPP (Baklanov et al., 1992, 
1994; Amosov et al., 1995; Baklanov, 1995). This study was continued in 1995-1997 and extended 
to the Kola-Barents region nuclear risk sites in a series of pilot studies/projects (e.g. the ‘Kola 
Assessment Study’) of the International Institute for Applied Systems Analysis (IIASA) and the 
Swedish Defence Research Establishment (FOA), under support of the Swedish Council for 
Planning and Coordination of Research (FRN). These studies were based on dispersion modelling, 
system analysis and ranging of possible risk from different nuclear risk sites in the Kola-Barents 
region (Baklanov et al., 1996; IIASA, 1996; Bergman and Baklanov, 1998; Bergman et al., 1998; 
Baklanov and Bergman, 1999). Other study was continued in 1996-1997 at the University of 
Alaska, Fairbanks for the Bilibino NPP using trajectory modelling and cluster analysis to evaluate 
atmospheric transport pathways to Alaska in the bounds of UAF-ADEC Joint Project (Mahura et 
al., 1997a; Jaffe et al., 1997a; Mahura et al., 1999). A similar study with a more complex approach 
for the statistical trajectory analysis and dispersion modelling for several specific cases was realised 
in 1997 for the Kola NPP in the bounds of the UAF-FOA-BECN Joint Project, sponsored by the 
Barents Environmental Centres Network (BECN) (Mahura et al., 1997b; Jaffe et al., 1997b; 
Baklanov et al., 2001a).  

As the next step for multidisciplinary analysis of nuclear risk in the Barents Euro-Arctic 
Region, the ’Risk and Nuclear Waste in the Barents region’ Programme (1998-2000) was initiated 
by the University of Umeå and FOA (Baklanov and Bergman, 1998; ÖCB, 2000; Baklanov et al., 
2001a; Mahura et al., 2001; Rigina and Baklanov, 1999; Baklanov et al., 2001b). At the same 
period the INTAS Project (1998-2000) supplemented the ÖCB Project and involved additionally 
scientific groups from Russia (Bergman, 1999; INTAS, 2000). Additionally, a joint study of DMI 
and the Novosibirsk Computing Centre, Russian Academy of Sciences suggested an alternative 
method for estimation of nuclear risk and vulnerability, based on the sensitivity theory and inverse 
modelling (Penenko and Baklanov, 2001). 

Therefore, the current ‘Arctic Risk’ NARP project (Baklanov and Mahura, 2001; AR-NARP, 
2001) is a logical continuation and generalisation of the previous studies in this field. Each of the 
two basic approaches - the probabilistic assessments and the 'case study' - has some advantages and 
shortcomings, and neither of them is sufficient for the complex risk assessments. So, it was 
suggested (Rigina and Baklanov, 2002; Baklanov and Mahura, 2001) to use a combination of both 
methods, (§ 4.3, Figure 4.3.1: the probabilistic assessment and the case study), which gives a quite 
complex and non-expensive approach. 

As it can be seen, many international research projects have elaborated models and methods 
solving separate parts of the problem, e.g. the probabilistic safety assessment (PSA), long-range 
transport and contamination modelling, radioecological sensitivity, dose simulation etc. However, 
methodologies for multidisciplinary work of nuclear risk assessments and mapping are poorly 
developed. So, the next step should be a multidisciplinary approach towards problems connected to 
the regional nuclear risk and vulnerability (Baklanov, 2002). As recommendations for further 
studies in complex nuclear risk assessments and mapping in the Arctic and Sub-Arctic, we can 
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suggest the following optimal strategy for multidisciplinary methodology, that integrates different 
specific approaches of several authors:  
a) using a combination of the probabilistic analysis and case studies (Rigina, 2001; Baklanov et al., 

2002);  
b) probabilistic approach for airborne risk studies (Baklanov and Mahura, 2001);  
c) radio-ecological sensitivity and specific pathways for the Arctic (Bergman and Ågren, 1999; 

Wright et al., 1997, 2002; Selnas & Strand, 2002; Travnikova et al., 2002; Howard et al., 2002);  
d) PSA and probability of different severity accidents (Fullwood, 1999; Webler et al., 1991; Slaper 

et al., 1994; IAEA, 1992, 1995, 1996);  
e) possible economical loss and consequences (Segerståhl, 1991; Slaper et al., 1994; Andreev et al., 

2000; OTA, 1995);  
f) integration in GIS for risk and vulnerability mapping (Rigina, 2001; Rigina and Baklanov, 2002; 

Baklanov et al., 2002). 
 
 

2.2. APPROACH FOR RISK ANALYSIS PROPOSED IN THIS STUDY  
 

The suggested scheme for complex multidisciplinary risk assessment, which includes a 
combination of dispersion modelling and statistical analysis in comparison with the trajectory 
modelling and statistical analysis of trajectories, is shown in Figure 2.2.1. For assessment of risk 
and vulnerability we consider different indicators including the social-geophysical factors, which 
depend on the location and population of the area of interest: 
• proximity to the radiation risk sites;  
• population density in the area of interest; 
• presence of critical groups of population; 
• ecological vulnerability of the area; 
• risk perception, preparedness of safety measures, systems for emergency response;  
and  probabilities: 
• probability of an accident of a given severity at the NRS; 
• probability of air transport pathways towards the area of interest from the NRS (from 

probabilistic trajectory modelling); 
• probability of precipitation and deposition over the area of interest during the transport of the 

plume (from probabilistic dispersion modelling). 
For estimation of vulnerability and risk for different regions, a risk function is defined as a 

complex index of probability of risk for different factors (Rigina & Baklanov, 2002). There could 
be two methods to define such a function. The first method is commonly used for the estimation of 
the possible dose for a population, and it proceeds from the physical laws describing the transport of 
radioactive matter from a nuclear reactor to man. This method is more expensive in computation 
due to the necessity of dispersion modelling. Besides, it is inconvenient for analysis of factors of 
different nature, for example, geophysical processes of radionuclide transport and social-
economical factors. Thus, along with the first method, we suggest a simpler and more universal 
method, which is based on a combination of different factors/indicators and probabilities of 
individual processes. In this case, we express the total risk function for an administrative unit as the 
sum of complex risks from each of the major radiation risk sites in the region. For each site, the risk 
is defined by two different formulations. The first formulation supposes a multiplication of different 
factors and probabilities, and the second formulation involves a multiplication of risk probabilities 
and a weighted sum of other factors.  
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APPROACHES 
As shown in Fig. 2.2.1, there is a variety of research tools in the methodology scheme of 

probabilistic complex risk and vulnerability assessments. In this report, we describe the suggested 
multidisciplinary approach and illustrate a few of the tools involved. Necessary to note that other 
approaches also include clustering of trajectories, specific case studies, and evaluation of 
vulnerability to radioactive deposition. In this study, we use the following models and approaches 
(AR-NARP, 2001-2003; Baklanov & Mahura, 2001; Baklanov et al., 1998, 2002; Mahura et al., 
1999, 2001; Rigina & Baklanov, 2002): 

• Trajectory modelling - 3-D isentropic trajectory model (Merrill et al., 1985) and 3-D DMI 
trajectory model (Sørensen et al., 1994) - calculates multiyear forward trajectories originated 
over NRSs; 

• Cluster analysis technique (Jaffe et al., 1997a; Mahura et al., 1999; Baklanov et al., 2002) - 
identifies atmospheric transport pathways from NRSs; 

• Probability fields analysis (Jaffe et al., 1997b; Baklanov et al., 1998; Baklanov & Mahura, 
2001; Mahura 2001) - constructs monthly and seasonally airflow, fast transport and 
precipitation factor probability fields to identify the most impacted geographical regions; 

• Long-range transport - DERMA (Sørensen, 1998; Baklanov and Sørensen, 2001) and DMI-
HIRLAM (Sass et al., 2000) models - simulate radionuclide transport for hypothetical 
accidental releases at NRSs; 

• Specific case studies – estimate consequences for the environment and population after 
hypothetical accidents using experimental models based on the Chernobyl effects for the Nordic 
countries (Moberg, 1991; Dahlgaard, 1994; Nielsen, 1998; Bergman & Ågren, 1999; Baklanov 
et al., 2002); 

• Evaluation of vulnerability to radioactive deposition - concerning its persistence in the 
ecosystems with a focus on transfer of certain radionuclides into food chains of key importance 
for the intake and exposure in the whole population and certain groups in the Nordic countries 
(Bergman and Ågren, 2000);  

• Complex risk evaluation and mapping - using demographic databases in combination with the 
GIS-analysis (Rigina & Baklanov, 1999, 2002; Rigina, 2001) - estimate socio-economical 
consequences for different geographical areas and various population groups taking into 
account: 1) social-geophysical factors (proximity to NRSs, population density; critical groups of 
population; ecological vulnerability of area; risk perception, preparedness of safety measures 
and quick response systems; counteracting economical and technical consequences of accident) 
and 2) probabilities (accident of certain severity; atmospheric transport from NRSs; removal 
over area during atmospheric transport). 

If we assume either a unit puff release or continuous release every 12 hours at an NRS, and run 
a model of atmospheric transport, dispersion, and removal of the radioactive material, we can 
produce a field for the wet deposition accumulated during a multiyear period. From one side, we 
can estimate what would be accumulated deposition if a continuous release took place. From 
another side, we can identify the geographical areas, presumably of the cellular nature. These areas 
are the territories where the greatest removal of radionuclides is possible during transport from the 
site. It should be noted that such fields are also (as in the previous approach) valid with respect to 
the particular NRS of interest. 
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Additionally, useful information can be obtained if we have the averaged climatological airflow 
patterns for the regional or local scale. We can evaluate seasonal and monthly average wet 
deposition factor fields applying averages for wind characteristics, precipitation, temperature, 
relative humidity, etc. For this case, the averaged 3-D meteorological fields are simulated, and then 
they are used in the transport model to calculate such characteristics as the air concentration, surface 
deposition, and doses. Specific cases for both unit and hypothetical, such as maximum possible 
accident (MPA), releases can be considered. Additional cases of unfavourable meteorological 
conditions can be evaluated too (INTAS, 2000; ÖCB, 2000). Produced characteristic monthly or 
seasonal fields of the air concentration, deposition, and various doses could be used in the decision-
making process at the first stages of an NRS accident. 

As we discussed above, the dispersion and deposition models can be successfully used for 
separate case studies for typical or worst-case scenarios, as well as for probabilistic risk mapping 
(as a more expensive but preciser alternative of the trajectory analysis method). Applicability and 
examples of different models for accidental release dispersion and deposition simulation for the 
local and regional scales were discussed in our previous publications (Baklanov et al., 1994; 
Thaning and Baklanov, 1997; Baklanov, 2000; Baklanov et al., 2001; Baklanov and Sørensen, 
2001). 

At DMI we have already developed a useful methodology within the ‘Arctic Risk’ NARP 
project and we have tested some methodological aspects for a hypothetical accidental radioactive 
release from the nuclear submarine Kursk during its lifting and transportation to the harbour on the 
Kola Peninsula. The Kursk Nuclear Submarine Pilot Study results were presented in Mahura et al. 
(2002), Baklanov et al. (2002) and available on a CD-room data base (AR-NARP, 2001) on a 
request to DMI.  

The methodology of the probabilistic trajectory analysis and calculation of different risk 
indicators based on the trajectory modelling (see the scheme in Figure 2.2.1) was described in the 
previous project report (Baklanov and Mahura, 2001). Therefore, the methodology of dispersion 
modelling for the probabilistic analysis (Figure 2.2.1) with applications to different nuclear risk 
sites in the European North is the main topic of this report. 

 
 

2.3. NUCLEAR RISK SITES OF INTEREST FOR THE STUDY 

One of the main items of this study is to prepare the methodology for the further risk 
assessment of the selected nuclear risk sites in the Euro-Arctic region. These sites include nuclear 
power plants (NPPs) in Russia, Lithuania, Germany, United Kingdom, Finland, Ukraine, and 
Sweden (see Table 2.3.1, Figure 2.3.2).  

Nuclear Risk Sites 

 All the selected sites are located within the area of interest of the “Arctic Risk” Project. 
Moreover, the Kola NPP (KNP, Murmansk Region, Russia) has the old type of reactors (VVER-
230); Leningrad (LNP, Leningrad Region, Russia), Chernobyl (CNP, Ukraine), and Ignalina (INP, 
Lithuania) NPPs have the most dangerous RBMK-type reactor; Novaya Zemlya (NZS, Novaya 
Zemlya Archipelago, Russia) was considered as the former nuclear weapon test site and potential 
site for nuclear waste deposit; and the Roslyakovo shipyard (KNS, Murmansk Region, Russia) was 
considered as a risk site with nuclear power ships in operation or waiting to be decommissioned.  
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Table 2.3.1. Nuclear risk sites selected for the “Arctic Risk” Project. 

 

 
# 

 
Site 

 
Lat,°N 

 
Lon,°E 

 
Site Names 

 
Country 

 
1 KNP 67.75 32.75 Kola NPP Russia 
2 LNP 59.90 29.00 Leningrad NPP Russia 
3 NZS 72.50 54.50 Novaya Zemlya Test Site Russia 
4 INP 55.50 26.00 Ignalina NPP Lithuania 
5 BBP 54.50  -3.50°W Block of the British NPPs United Kingdom 
6 BGP 53.50   9.00 Block of the German NPPs Germany 
7 LRS 60.50 26.50 Loviisa NPP Finland 
8 TRS 61.50 21.50 Olkiluoto (TVO) NPP Finland 
9 ONP 57.25 16.50 Oskarshamn NPP Sweden 

10 RNP 57.75 12.00 Ringhals NPP Sweden 
11 BNP 55.75 13.00 Barsebaeck NPP Sweden 
12 FNP 60.40 18.25 Forshmark NPP Sweden 
13 KRS 51.70 35.70 Kursk NPP Russia 
14 SNP 54.80 32.00 Smolensk NPP Russia 
15 CNP 51.30 30.25 Chernobyl NPP Ukraine 
16 KNS 69.20 33.40 Roslyakovo Shipyard Russia 

 

  

 
Figure 2.3.2.  Selected nuclear risk sites for dispersion modelling. 
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 The Block of the British NPPs (BBP) is represented by a group of the risk sites: Chapelcross 
(Annan, Dumfriesshire), Calder Hall (Seascale, Cumbria), Heysham (Heysham, Lancashire), and 
Hunterston (Ayrshire, Strathclyde) NPPs and the Sellafield reprocessing plant. The Block of the 
German NPPs (BGP) is represented by a group of NPPs: Stade (Stade, Niedersachsen), Kruemmel 
(Geesthacht, Schleswig-Holstein), Brunsbuettel (Brunsbuettel, Schleswig-Holstein), Brokdorf 
(Brokdorf, Schleswig-Holstein), and Unterweser (Rodenkirchen, Niedersachsen). Although these 
NPPs use different reactor types and, hence, could have different risks of accidental releases, the 
grouping is relevant for airborne transport studies because all NPPs are located geographically close 
to each other and, hence, atmospheric transport patterns will be relatively similar. 
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III. METHODOLOGY FOR LONG-TERM DISPERSION MODELLING  
The main focus of this report is to describe the methodology developed for the probabilistic 

atmospheric studies based on the long-term dispersion modelling for the risk assessment of nuclear 
risk sites. Depending on the scale considered - local, regional or global - different atmospheric 
dispersion models can be used. The DERMA model is used for meso- and long-range transport 
simulations.  

  
3.1. DESCRIPTION OF THE DERMA MODEL 
 
The Danish Emergency Response Model for Atmosphere (DERMA) is a numerical three-

dimensional atmospheric dispersion model of Lagrangian type. This model describes atmospheric 
transport, diffusion, deposition, and radioactive decay within a range from about 20 kilometres to 
the global scale. DERMA is developed at the Danish Meteorological Institute (DMI) for nuclear 
emergency preparedness purposes and integrated with the ARGOS system (see Figure 3.1.1). This 
model uses Numerical Weather Prediction (NWP) model data from different operational versions 
of the HIgh Resolution Limited Area Model (HIRLAM) running at DMI or from the global model 
of the European Centre for Medium-Range Weather Forecast (ECMWF). The DERMA model 
structure and its dispersion modelling block were described by Sørensen (1998) and Sørensen et al. 
(1998), and the deposition modelling block – by Baklanov & Sørensen (2001).  

 
 

DMI-HIRLAM systemDMI-HIRLAM system
• G-version: 0.45 grad
• E, N-versions: 0.15 grad
• D-version: 0.05 grad

ECMWF global modelECMWF global model

DERMA modelDERMA model
• 3-D trajectory
model

• Long-range
dispersion

• Deposition of
radionuclides

• Radioactive
decay

ARGOSARGOS  systemsystem

• Radiological
monitoring

• Source term
estimation

• RIMPUFF
local-scale model

• Health effects

 

Figure 3.1.1. Structure of the Danish nuclear emergency preparedness long-range modelling 
system. 

 
Earlier comparisons of simulations by the DERMA model vs. the ETEX experiment involving 

passive tracers showed very good results. Institutions (in total 28) from the European countries, 
USA, Canada, and Japan contributed to the real-time model evaluation. Based on analyses from this 
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experiment, the DERMA model was emphasised as being very successful (Graziani et al., 1998). In 
order to verify the deposition parameterisations and study effects of deposition, DERMA 
simulations for several cases – (the INEX and RTMOD exercises, and Algeciras accidental 137Cs 
release in Spain) – were conducted taking into account different approaches for the deposition 
processes. In particular, the comparison of simulation results for the Algeciras accidental release 
with measurement data from the European monitoring network were analysed by Baklanov (1999) 
and Baklanov & Sørensen (2001). 

The basic equation for concentration of radioactive species in the atmosphere, c, taking into 
account the removal processes in the atmosphere and the interaction of the radionuclides with the 
Earth’s surface, can be expressed: 

Res+QccWdepDdepTurbcdiv
t
c

+′′+−−−+−= λλ
∂
∂ )(  u ,     (1) 

where: 
div(u c) - advection transport by vector velocity u, 
Turb - turbulent diffusion of passive tracers in the atmosphere, 
Ddep - dry deposition on the surface,  
Wdep - wet deposition processes,  
λc - radioactive decay to daughter nuclides,  
λ´c´ - decay from parent nuclides,  
λ - decay constant for the corresponding nuclide,  
Res - resuspension processes,  
Q - release source. 
For nuclear emergency response and post-accidental analysis, several versions of the DERMA 

model including different approaches and complexity of parameterisations of the deposition 
processes can be used. Let us describe the version of the DERMA model which was selected for the 
long-term simulation of contamination. 

The temporal resolution of the currently available operational NWP model data is one or few 
hours. The DERMA model interpolates these data linearly in time to the advection time steps. The 
advection time step of DERMA is equal to e.g. 15 minutes (which is a typical turn-over time of the 
large vertical eddies within the boundary layer of the atmosphere). Thus, we assume that material 
released into the boundary layer becomes well mixed in this layer within a few time steps. 
Moreover, the assumption of complete mixing within the boundary layer is used in the DERMA 
model. In order to simulate a cold release at ground level, and following the assumption of complete 
mixing, all particles are emitted at equidistant heights from the surface to the top of the boundary 
layer. These particles are advected by the three-dimensional wind fields from the NWP model. 

 
Turbulent Diffusion and Transport 

DERMA is a dispersion model based on a multi-level puff parameterization (Sørensen & 
Rasmussen, 1995; Sørensen, 1997). A “puff” (i.e. a concentration field surrounding a particle) is 
associated with each particle adding up to the total concentration field. In the horizontal, a Gaussian 
distribution of the concentration is assumed for each puff. For puffs inside the boundary layer, an 
assumption of complete mixing is employed in the vertical, while for puffs above the boundary 
layer, a Gaussian distribution is employed. 

For a puff p positioned at point (xp,yp,zp) above the boundary layer (zp > h), the Gaussian 
formula given by Zannetti (1990) is used. The height of the boundary layer (the mixing layer) is 
denoted by h. The puff contributes to the concentration field at the spatial location (x,y,z) with the 
amount Cp: 
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where: 
Cp – amount (mass) of tracer gas associated with the puff depending on the emission rate, 
σy, σz - horizontal and vertical standard deviations of the spatial concentration distribution. 
For a puff located within the boundary layer (i.e. for zp ≤ h), we assume complete mixing in 

this layer, and therefore the following expression for the contribution to the total concentration 
field is used: 
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From Gifford’s random-force theory (Gifford, 1984) the following expression for the 
horizontal standard deviation is obtained: 

.)1(
2
1)1(2 22







 −−−−= −− τττσ eetK Lyy     (5) 

The parameter τ is the travel time, t, in units of the Lagrangian time scale, tL, (τ =t/tL). For the 
simulations, we have used the value of the horizontal eddy diffusivity, Ky, of 6·103 m2/s, and for the 
Lagrangian time scale, tL, 104 s. 

The expression above has the following asymptotic expressions: 
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The short-time asymptotic expression is derived also by Smith (1968) by assuming an 
exponential auto-correlation using the conditioned particle motion theory. The large-time 
asymptotic behaviour is the well known Fickian diffusion expression, which is also the limit of 
Taylor’s statistical theory of diffusion. 

The selected value of Ky for the horizontal eddy diffusivity was obtained by fitting results of 
DERMA using DMI-HIRLAM data to the official set of the ETEX tracer gas measurements 
(Sørensen, 1998). The horizontal and temporal resolutions of NWP data define an upper limit of the 
value of the horizontal eddy diffusivity mainly describing sub-grid scale diffusion. 

For puff centres above the boundary layer, a Gaussian distribution is assumed for the vertical 
spatial distribution using the following expression for the standard deviation, σz: 
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The height of the boundary layer is estimated by a bulk Richardson number approach 
(Sørensen et al., 1996). This approach is useful in cases where the vertical resolution of temperature 
and wind is limited as e.g. in output from NWP models. The bulk Richardson number, RiB, at height 
z above the ground surface is given by the following expression: 

( )
( ),22 vu

gzRi
s

sv
B +

−
=
θ

θθ       (8) 

where: 
θs, θz - virtual potential temperature at the surface s and at the height z, respectively;  
u, v - horizontal wind components at height z; 
g - gravitational acceleration. 
The top of the boundary layer is given by the height at which the bulk Richardson number 

reaches a critical value. This approach could be improved for the stably stratified boundary layer 
following Zilitinkevich & Baklanov (2002). 
 
Dry Deposition and Gravitational Settling 

Dry deposition is the removal of gaseous and particulate nuclides or other pollutants from the 
atmosphere to the earth surface by vegetation or other biological or mechanical means. It plays an 
important role for most nuclides (excluding the noble gases). 

For the DERMA model, it was included via the mass loss due to dry deposition in the 
calculation of source term Qp - the amount of radionuclide associated with each puff p depending on 
the emission rate (the so-called source depletion method). As a first simple parameterisation of dry 
deposition we used a classic approach, based on the concept of the deposition velocity vd. The dry 
deposition takes place in the lower surface layer and is not valid in the free troposphere (z > h). 

Therefore, using the assumption employed in the DERMA model about complete vertical 
mixing within the atmospheric boundary layer (ABL) for each puff p, we can obtain the following 
simple formula for the mass loss due to dry deposition:        

,exp1 





 ⋅∆
−=+ h

vtQQ d
npnp               (9) 

where:  
∆t - time step of the model,  
h - mixing layer height.  
Prahm & Berkowicz (1978) showed that the source depletion method could give considerable 

errors of the surface air concentration in case of stable stratification of the ABL. If an air pollution 
model can simulate the vertical structure/profile of concentration within the ABL, especially for the 
local scale, the surface depletion approach is more suitable for simulation of dry deposition. 
However, in case of using the approach of complete vertical mixing within ABL (as it is done in the 
DERMA model), the difference between both methods is not significant. Calculation of the 
radionuclide amount deposited on the surface due to dry deposition is performed at each time step. 

The dry deposition velocity depends on many parameters describing particles and 
characteristics of the ground surface and surface layer. For the simplest case of dry deposition 
parameterisation (in the emergency version of the DERMA model), we assume that the dry 
deposition velocity is constant for each nuclide and surface type (see Table 3.1.1). 

However, it should be noted that this parameterisation is not very suitable for simulation of 
accidental releases, because numerous experimental studies (cf. e.g. an overview by Baklanov & 
Sørensen (2001)) showed that the dry deposition velocity depended on the size of the deposited 
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particles. Therefore, for the dry deposition velocity of more than 300 radionuclides the different 
values were used in the DERMA model.  

 
 
Table 3.1.1. Maximum deposition velocities, vd,max, (according to Müller & Pröhl (1993)). 
 

Maximum Deposition Velocity, vd,max (cm/s) 
 

 
Surface Type 

Aerosol Radionuclides Elemental Iodine Organic Iodine 
 

Soil 0.05 0.3 0.005 
Grass 0.15 1.5 0.015 
Trees 0.5 5 0.05 
Other Plants 0.2 2 0.02 

 
For particles, especially for heavy particles (radius rp > 1 µm), the gravitational settling 

strongly affects the process of deposition to the surface. The effect of gravitational settling, 
described through the gravitation settling velocity, vg, is included in the dry deposition velocity 
value. For particles with diameter of less than 4 µm, for which the airflow around the falling 
particle can be considered laminar, the gravitational settling velocity is given by Stokes’ law 
(Hinds, 1982): 

vg 
( )

ν
ρρ

9
2 2

pp grC −
= ,                  (10) 

where: 
ρp, ρ  - particle and air densities, respectively, 
g - gravitational acceleration,  
rp

 - particle radius, 
ν - kinematic viscosity of air (1.5⋅10-5 m2/s), 
C - Cunningham correction factor (Zanetti, 1990), which for small particles (rp < 0.5 µm) can 

be expressed: 
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where:  
λ - mean free path of air molecules (λ=6.53⋅10-5 m),  
a1=1.257, a2=0.40, and a3=0.55 - constants. 
 

Wet Deposition 
The Chernobyl accident has shown that the wet deposition or pollutant scavenging by 

precipitation processes is very important for evaluation of the radionuclide atmospheric transport 
from nuclear accidental releases as well as estimation of the deposited radioactivity pattern. Usually 
the wet deposition is treated in a standard way with a washout coefficient for the below-cloud 
scavenging and a rainout coefficient for the in-cloud scavenging (Yamartino, 1985; Seinfeld, 1986; 
Zanetti, 1990). 

As a first approximation for the emergency response version of the DERMA model, for 
parameterisation of the wet deposition (absorption into droplets followed by droplet removal by 
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precipitation) of aerosol particles or highly soluble gases, we can describe the local rate of material 
removal as the first-order process: 

( ) ( )txctxr
dt
dc

iip ,,, ⋅Λ=                 (12) 

where:  
Λ(rp, xi, t) - total scavenging (washout or rainout) coefficient (depends on the height above the 

surface and on the time).  
The wet deposition flux to the surface, in contrast to the dry deposition flux, is the sum of wet 

removal from all volume elements aloft, assuming that the scavenged material comes down as 
precipitation. For the DERMA model, by using the assumption of complete vertical mixing within 
the ABL and assuming that the rain clouds are contained in ABL, we can express the wet deposition 
velocity as: 

vw = Λ´⋅ Hr ,                 (13) 

where:  
Λ´ - vertically averaged washout coefficient,  
Hr - the height of the cloud base.  
In case of simulation without splitting the scavenging process in washout and rainout, Hr will 

be the height of the cloud top. Thus, we obtain a formula similar to Eq. (9) for the calculation of the 
mass loss by the wet deposition: 

.exp
´

1 






 Λ⋅⋅∆
−=+ h

HtQQ r
npnp       (14) 

If the height of the rain cloud base Hr is unknown, one can assume that Hr = h.  
As it was mentioned above, the scavenging coefficient Λ(rp, xi, t) includes the washout and 

rainout coefficients, and hence, it is possible to present it as a sum of two coefficients: Λ(rp, xi, t) = 
Λw(rp, xi, t)+ Λr(rp, xi, t). The washout and rainout mechanisms are spatially separated (the rainout is 
effective within the clouds, the washout below the clouds). 

 
Washout 

The below-cloud scavenging (washout) coefficient, Λw, for aerosol particles of radius rp can 
be expressed in a general form as: 

Λw = -π·Nr ∫ a2wa(a)E(rp,a)fa(a)da,                  (15) 

where: 
Nr - total number of raindrops residing in a unit volume, 
a - raindrop projected radius, 
E(rp,a) - aerosol capture efficiency term,  
wa(a) - vertical velocity of the raindrops (negative if downward),  
fa(a) - probability-density function of the raindrop size distribution. 
The limits of integration are from the ground surface to the cloud base. The aerosol capture 

efficiency E(rp,a) is a function of the radius of particle, rp, and of rain drops, a, and depends upon 
several mechanisms mentioned by Hales (1986): 

• impaction of aerosol particles on the rain drop, 
• interception of particles by the rain drop, 
• Brownian motion of particles to the rain drop, 
• nucleation of a water drop by the particle, 
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• electrical attraction, 
• thermal attraction, 
• diffusioforesis. 

The washout coefficient, Λw, varies spatially and temporally. However, in order to simplify, 
one may use a vertically averaged washout coefficient, Λw’, below the clouds in combination with 
the surface precipitation data.  

As it is shown (e.g. Baklanov, 1999), in most models of long-range pollution transport the 
washout coefficient does not depend on particle radius. However, as it is mentioned in an overview 
by Baklanov & Sørensen (2001), the E(rp,a) and correspondingly Λw strongly depend on the particle 
size (the so-called “Greenfield gap”). According to experimental data (Tschiersch et al., 1995; 
Radke et al., 1977), the washout coefficient for particle radii in the range of 0.01–0.5 µm is about of 
0.1⋅10-3–0.5⋅10-3 sec-1, and it is two orders of magnitude smaller than that for particles larger than 4 
µm. 

Therefore, as a first approximation, Baklanov & Sørensen (2001) suggested a revised 
formulation of the vertically averaged washout coefficient for particles of different size: 
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  (16) 

where:  
q – precipitation rate (mm/h), 
a0 = 8.4⋅10-5, a1 = 2.7⋅10-4, a2 = -3.618⋅10-6,  
b0 = -0.1483 , b1 = 0.3220133 , b2 = -3.0062⋅10-2, and b3 = 9.34458⋅10-4.  
The effects of particle size and rain intensity on the washout coefficient, as calculated by the 

revised formulation (16) were analysed by Baklanov & Sørensen (2001) and it was shown that this 
formulation had a better correlation with the measurement data compared with the formulation of 
Näslund & Holmström (1993) and other formulations, which did not consider effects of the particle 
size. 

 
Rainout 

Beside washout below a cloud base, there are the following additional effects of wet 
deposition when air pollutants are transported inside clouds: 1) rainout between the cloud’s base 
and top (scavenging within the cloud), and 2) wet deposition caused by deposition by fog. The first 
process of rainout between the cloud base and top depends on the types of precipitation (i.e. 
convective or dynamic types).  

The rainout coefficient for the convective precipitation is more effective/intensive than the 
washout coefficient, and it can be estimated (according to Maryon et al. (1996)) by the following 
formula: 

Λr’ (rp,q) = a0 q0.79,                  (17) 

where: a0= 3.36·10-4. Crandall et al. (1973) showed simulations of different mechanisms for rainout 
in which the rainout coefficient was not a strong function of the particle size. 

The rainout coefficient for the dynamic precipitation is approximately equal to the washout 
coefficient, and hence, the rainout effect in this case can be also estimated by Eq. (16). 
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Snow Scavenging 
According to recent publications (e.g. Hongisto, 1998; Maryon & Ryall, 1996) in most 

models the processes of scavenging by snow are described by the same formulae as for rain (e.g. 
Eqs. (14), (16), and (17) in our case), but with other values of the scavenging coefficient, Λ. The 
values of Λ for snow are 2–10 times lower than the washout coefficient for rain with equivalent 
precipitation rates.  

For scavenging by snow (according to Maryon et al. (1996)), the following simple 
formulation without any dependence of the coefficient Λ’ on the particle radius could be used: 

Λs’ (q) = a0 q b
 ,                  (18) 

where: a0 = 8.0⋅10-5 and b = 0.305 for scavenging by snow below the cloud base and between the 
cloud base and top for dynamic precipitation; and a0 = 3.36⋅10-4 and b = 0.79 for scavenging by 
snow between the cloud base and top for convective precipitation.  

Unfortunately, the processes of scavenging by snow are not well studied. For example, there 
are effects of the water content in snowflakes on the scavenging by snow, especially for the air 
temperatures close to 0°C (Karlsson & Nyholm, 1998), but there is no relevant experimental data 
for this effect. 

Radioactive Decay 
Radioactive decay transforms many basic dose contributing nuclides and should be taken into 

consideration for simulation of the possible radioactive contamination. The decay effects in the 
following ways:  

• simple decay to non-radioactive elements;  
• radioactive daughter nuclides (B, or B1, B2);  
• secondary decay of daughter nuclides (C, D, etc.). 

It is possible to split the DERMA modelling of the radioactive decay into two basic phases. 
The first phase is employed during the airborne transport of the short-living nuclides (like 131I). The 
second phase is employed after the airborne transport has been completed and the long-living 
nuclides (like 137Cs) have been deposited to the ground surface. This phase could be done in a 
separate subprogram/ submodel. 

For 131I, the simulation of physical and chemical form of nuclides includes three forms of 
iodine: gaseous forms - elemental iodine and organic iodine (e.g., CH3I), aerosol form – iodine 
attached to aerosol particles. During the first week, the gaseous forms of 131I dominate. The dry 
deposition velocity, vd, is corrected/ recalculated for 70% of gaseous 131I, and for the rest of the 
particles it is almost equal to vd of SO4 particles. 

The radioactive decay is taken into account through mother (A) and possible daughter 
nuclides (B, C, etc.) by the following formulae: 

,A
dt
dA

aλ−=  

,AB
dt
dB

ab λλ +−=       (19) 

,BC
dt
dC

bc λλ +−=  

where λa , λb, and λc are the decay constants for corresponding nuclides. 
At the current stage, only the simple decay of radionuclides is included into the DERMA 

model simulation. 
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3.2. METEOROLOGICAL DATA FOR DISPERSION MODELLING 
 

The Danish Meteorological Institute provides meteorological and related services within the 
large geographical area of the Kingdom of Denmark (Denmark, the Faeroe Islands, and Greenland), 
including surrounding waters and airspace, as well as global services.  

In our study, we considered two types of the gridded datasets as input data. They are the DMI-
HIRLAM and ECMWF (European Centre for Medium-Range Weather Forecast) datasets. Both 
datasets were used for the dispersion modelling purposes. The DMI-HIRLAM dataset was used to 
model atmospheric transport, dispersion, and deposition only of 137Cs for all 16 NRSs during the 
period studied (Oct 2001 - Nov 2002). The ECMWF dataset was used to model atmospheric 
transport, dispersion, and deposition for three radionuclides - 137Cs, 131I, and 90Sr – but only from 
one NRS (Leningrad NPP). The model runs based on different types of datasets were performed for 
comparison purposes, and first of all, to compare the accuracy of the wet deposition patterns. For 
the specific case studies, the DMI-HIRLAM dataset was used. The description of these gridded 
datasets is given below.  

It should be noted that in this study, the SGI Origin scalar server was used for DERMA runs 
and the NEC SX6 supercomputer system (http://www.ess.nec.de) of DMI was used for DMI-
HIRLAM modelling computational purposes, and all modelled data were stored on the DMI 
UniTree mass-storage device as well as recorded on CDs.  
 
DMI-HIRLAM Datasets 

The DMI-HIRLAM high-resolution meteorological data (Figure 3.3.1b: D-version: 0.05°, N- 
and E-versions: 0.15° or G-version: 0.45°, with 1 hour time resolution) are used as input data for 
high-resolution trajectory or dispersion simulations. The vertical model levels (31 levels in total 
presently, and 40 levels from December 2002) are presently located at 33, 106, 188, 308, etc. meters 
for a standard atmosphere. The High Resolution Limit Area (HIRLAM) numerical weather 
prediction model has been run operationally by DMI (http://www.dmi.dk) for the European territory 
and for the Arctic region since the late 1980s. But it can be run also, after extending the grid 
domain, for other geographical regions. The DMI 3D Lagrangian trajectory model (Sørensen et al., 
1994) calculates forward and backward trajectories for any point in the area of interest. It can utilize 
meteorological data from the different versions of DMI-HIRLAM as well as the ECMWF global 
model. The present DMI weather forecasting system is based on HIRLAM 4.7 (Sass et al., 2000). 
The forecast model is a grid point model. The data assimilation is intermittent and based on the 3-D 
variation data assimilation (3DVAR) scheme.  

The operational system consists of four nested models called DMI-HIRLAM-G, -N, -E, and -
D. These models are identical except for horizontal resolutions and integration domains. The model 
domains are shown in Figure 3.1.1 (left block) or Figure 3.3.1b. The lateral boundary values for the 
"G" model are ECMWF forecasts, while those for "N" and "E" are "G" forecasts, and those for the 
"D" model are "E" forecasts. For some limited periods of time the DMI-HIRLAM system was run 
for other areas as well, e.g. for China, Afghanistan and surrounding regions. 

The forecasting system is run on the NEC-SX6 supercomputer. The DMI-HIRLAM data can 
be used in the operational mode or from the archives. 

 
ECMWF Dataset 

The meteorological data from the European Centre for Medium-Range Weather Forecasts 
(ECMWF), Reading, UK are based on the ECMWF's global model forecasts and analyses 
(http://www.ecmwf.int) having a resolution up to 0.5° × 0.5° latitude vs. longitude and 3 hours time 
interval for both Northern and Southern hemispheres. It consists of the geopotential, temperature, 
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vertical velocity, u and v components of horizontal wind, relative humidity and specific humidity at 
each level, etc. Analysis has been done on a daily basis at 00, 06, 12 and 18 UTC terms. 

The ECMWF has the following data archives: ECMWF/WCRP level III-A Global 
Atmospheric Data Archive (TOGA), Operational Atmospheric Model, ERA-15 (ECMWF Re-
Analysis 15), ERA- 40 (ECMWF Re-Analysis 40), Wave Model, Ensemble Prediction System 
(EPS), Seasonal Forecast, and Monthly Means.  

The ERA-15 production system generated re-analyses from December 1978 to February 
1994. The ERA-15 Archive contains global analyses and short range forecasts of all relevant 
weather parameters, beginning with 1979, the year of the First GARP Global Experiment (FGGE). 
The Level III-B archive is subdivided into three classes of data sets: Basic 2.5° x 2.5° Data Sets (17 
vertical pressure levels); Full Resolution Data Sets (e.g. 1° x 1°, 31 hybrid model vertical levels); 
Wave archive. 

The data sets are based on quantities analysed or computed within the ERA-15 data 
assimilation scheme or from forecasts based on these analyses. The Basic Data Sets contain values 
in a compact form at a coarse resolution. They are particularly suitable for users with limited data 
processing resources. The Full Resolution Data Sets provide access to most of the data from the 
ERA-15 atmospheric model archived at ECMWF. These archives have a higher space resolution. 
They should only be used where high resolution is essential; in this respect they are particularly 
suited for use in conjunction with case studies and as initial conditions for high-resolution models. 
This archive includes analysis, forecast accumulation and forecast data. Data are available on the 
surface, pressure levels and model levels. 

The new reanalysis project ERA-40 (Simmons and Gibson, 2000) will cover the period from 
mid-1957 to 2001 overlapping the earlier ECMWF reanalysis, ERA-15, 1979-1993. Analysis and 
forecast fields will only be made available as complete years and only after validation. 

In this particular study we used ECMWF data, available at DMI for the forecast mode or 
analysed and archived mode. The horizontal resolutions of the meteorological data are different 
from year to year. For example, for the year 2000 the data have a resolution of 1° x 1° latitude vs. 
longitude and 6 hours time resolution. It consists of temperature, u and v components of horizontal 
wind, and specific humidity at each level, plus surface fields. Analyses have been done at 00 and 12 
UTC. 

 
3.3. LONG-TERM DISPERSION MODELLING APPROACH 

In previous project reports (e.g. Baklanov et al., 2002; Baklanov and Mahura, 2001; Mahura 
and Baklanov, 2002) we used for the probabilistic risk analysis trajectory models only, and the 
DERMA model or some other dispersion models were used for separate case studies or for 
operational forecast of possible accidental release transport (e.g. Sørensen et al., 1998; Baklanov, 
1999, 2000; Baklanov and Sørensen, 2001). 

The long-term dispersion modelling approach, suggested in this study, is another useful tool 
for the risk assessment methodology. For this purpose, the long-range transport model DERMA 
(see §3.1) is employed in a long-term simulation mode, described in this chapter. It means the 
simulation for a time period not shorter than one year (it could be months or seasons for some 
purposes as well) with a continuous or discrete periodical release from a NRS. As input data, the 
model can use meteorological operational forecast or archived analysed data from the DMI-
HIRLAM limited area model or the ECMWF global model (see § 3.2). The DERMA model can 
simulate radionuclide atmospheric transport, dispersion, and deposition for atmospheric releases of 
radioactivity occurring at the selected geographical locations.  
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The approach suggested for the long-term dispersion modelling has several important points 
and peculiarities depending on the particular study problem and the type of models used. They 
include: 

(i) type and parameters of release (continuous, discrete, periodical; different height, etc); 
(ii) time range for simulations: time limit for plume transport (e.g., three, five or ten days) 

and total study period (e.g., one, two, five, eleven or more years); 
(iii) nuclides of main interest and their particle size distributions; 
(iv) calculation of the further radioactive decay of deposited nuclei taking place after the 

end of the simulation period (for long-term consequence studies). 

The main peculiarities for the Eulerian and Lagrangian types of models are important for the 
choice of the release type and the time range for simulations. In general, Lagrangian models involve 
shorter computation time, which is due to the fact that Eulerian models perform calculations in 
every grid cell of the model atmosphere whereas Lagrangian models confine calculations to the 
limited volume of the plume. Regarding the advection properties of the two kinds of models, 
Eulerian models need to use advanced and computationally expensive methods whereas Lagrangian 
models are inherently accurate. Besides, Eulerian models respond to singularities such as a point 
source by creating numerical noise, which is not the case for Lagrangian models. In case of a 
Lagrangian model the time limit for plume (or particle) transport (e.g., two, three, five or ten days) 
is an important parameter due to the depending calculation expenses. It can be controlled in the 
model by excluding further consideration of puffs leaving the study area or puffs reaching a lowest 
limit of concentration. In our studies by the Lagrangian model of DERMA we found that the chosen 
limitation of puff modelling by 5–6 days after the release ended is quite suitable, as the 
contaminated cloud in general has left the area of interest (30°N–90°N vs. 60°W–135°E, see Figure 
3.3.1a) within this time period. For Eulerian models one does not need to care about the life-time of 
airborne release and to limit the simulation time for each released portion. Besides, the choice of the 
release type (continuous or discrete) does not affect the computation time in Eulerian models.  

 

 
a                                                                                        b 

Figure 3.3.1.  Domain of recalculated dispersion modelling fields (a) and the areas covered by the various 
DMI-HIRLAM versions (b). 

 
The release height can be also an important parameter. However, previous sensitivity studies 

(Bergman et al., 1998; Baklanov et al., 2001) showed that variations of the initial plume rise 
(release height) below the mixing height only slightly affected the results outside the local scale, 
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while plume rise above that level led to radically changed patterns with relatively little depositions 
on the local and meso-scale ranges. Thus, a release into the PBL in comparison with a release to the 
free troposphere leads to large differences in the deposition patterns and the lifetimes of 
radionuclides in the atmosphere (a week or more in the second case). However, considering that 
most accidental releases from NRSs initially rise to not more than 700 meters, for this long-term 
dispersion modelling study we can simplify the simulations by considering a continuous “unit 
discrete hypothetical release” (UDHR) into the PBL.  

The suggested approach for long-term modelling can be realised practically by the following 
ways of using NWP data: (i) simulations from meteorological data archives, (ii) every day real-time 
runs using analysed NWP model data available in the NWP database followed by archiving of the 
dispersion simulation data. Certain national meteorological services, e.g. SMHI, perform daily 
forecasting of atmospheric dispersion from hypothetical accidental releases from a number of NPPs. 
Such data could be archived for long-term statistical risk analyses. However, the quality will be 
lower than for the results based on analysed NWP data.   

The simulated fields of the air contamination and deposition on the surface by this approach 
of the long-term dispersion modelling can be used and interpreted as:  

(i) long-term effects (accumulated or average contamination) of existing continuous release 
sources (ventilation emission from NRSs (e.g., 129I from Sellafield, noble gases from NPPs), 
natural radioactivity emission (e.g., Rn products), industrial pollution etc.); 

(ii) probabilistic characteristics of possible radioactive contamination of different territories in 
case of an accident at an NRS.  

For this particular study of the Arctic Risk project, we followed several basic assumptions in 
practical simulations.  

First, for simplicity, for all 16 NRSs we selected the continuous “unit discrete hypothetical 
release” (UDHR) of radioactivity (1·1010 Bq/s) with discrete emitting of puffs (every 60 minutes) 
during 24 hours. Hence, in this case the total amount of radioactivity released during one-day is 
equal to 8.64·1014 Bq. 

Second, we considered only one radionuclide 137Cs, as a radionuclide of key importance. 
However, the calculation might be done for any of more than 300 radionuclides incorporated into 
the database of the DERMA model. In particular, for the specific case studies - 131I and 90Sr were 
considered additionally. For one NRS (Leningrad NPP) these two radionuclides were also used for 
one year simulation. Simulation for many nuclides requests longer computing time. However, the 
computation time is not proportional to the number of nuclides considered. Run times for DERMA 
simulations as a function of the number of simultaneously handled nuclides are presented in Figure 
3.3.2. The example simulations involved 66 hours integration corresponding to a 6-hours release 
and made use of DMI-HIRLAM-G NWP model data.  

Third, the simulation was performed during one year (October 2001–November 2002) on a 
daily basis considering the length of the 5-day trajectories (i.e. after release of radioactivity 
occurred from the site, the tracking of the radionuclide cloud was limited to 5 days of atmospheric 
transport from each site). The DERMA model was run daily (between 2–6 a.m.) on the DMI 
computer system. Daily, after each run, the dispersion modelling results were compressed, and then 
archived on the DMI UniTree mass storage system (as the first backup of data). Moreover, twice 
per month they were also recorded on CDs (as the second backup of data). The directory size of 
each daily run varies between 25 and 50 Mb, and hence, it will be around 1200 Mb per month. 

Fourth, to minimize the computing resources used for the dispersion modelling approach, in 
our study we selected only one year, although it should be noted that for the statistical analysis the 
multiyear period is more preferred.  
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Figure 3.3.2.  Run times for DERMA simulations as a function of the number of simultaneously 

handled nuclides. The simulations involved 66 hours integration corresponding to a 6-hours release 
and made use of DMI-HIRLAM-G model data. 

 
Firth, using the DERMA model, we calculated several important characteristics. Among 

these characteristics are the following: 
• air concentration (Bq/m3) of the radionuclide in the surface layer – surface air concentration 

field,  
• time-integrated air concentration (Bq·h/m3) of the radionuclide in the surface layer – integral 

air concentration at surface field, 
• dry deposition (Bq/m2) of the radionuclide on the underlying surface – dry deposition field, and 
• wet deposition (Bq/m2) of the radionuclide on the underlying surface – wet deposition field.  

Sixth, as input data for the DERMA model run, the meteorological fields simulated by the 
DMI-HIRLAM model were used when modelling for 137Cs was done for 16 NRSs. As input data in 
a separate run of the DERMA model the ECMWF meteorological fields were used when modelling 
for all three radionuclides - 137Cs, 131I, and 90Sr - was done for the Leningrad NPP. The output fields 
for all characteristics were recorded in separate output files every 3 hours of atmospheric transport 
starting from the moment of release.  

Additionally, it should be noted that the total deposition field for the radionuclide can be 
calculated as a sum of dry and wet deposition fields. All these calculated characteristics can be 
represented by two-dimensional fields where the value of the calculated characteristic is given in 
the latitude-longitude grids of the model grid domain. The areas covered by the various DMI-
HIRLAM versions can be seen in Figure 3.3.1b. For the ECMWF data available, the domain covers 
nearly the entire Northern Hemisphere, i.e. extending between 12˚N–90˚N vs. 180˚W–180˚E. 

From this grid domain, we extracted and incorporated data into the new grid domain in the 
region of interest (Figure 3.3.1a), which covers territories of the North Atlantic and Arctic Oceans, 
and Eurasian continent (30-89˚N vs. 60˚W-135˚E).  This new domain had a resolution of  0.5˚ vs.  
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                      1.0 day                                                2.0 days                                        3.0 days 

 
                      4.0 days                                               5.0 days                                        6.0 days 

Figure 3.3.3.  Temporal variation of the Cs137 surface air concentration for the “unit discrete hypothetical 
release” occurred at the Leningrad NPP during 15 -16 Mar, 2002, 00 UTC. 

 

 

  
                      1.0 day                                                2.0 days                                        3.0 days 

  
                      4.0 days                                               5.0 days                                        6.0 days 

Figure 3.3.4.  Temporal variation of the Cs137 integral concentration at surface for the “unit discrete 
hypothetical release” occurred at the Leningrad NPP during 15 -16 Mar, 2002, 00 UTC. 
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0.5˚ of latitude vs. longitude. It consisted of 391 vs. 119 grid points along longitude vs. latitude. To 
save storage space, the recalculated fields were re-recorded every 6 hours instead of original 3 hour 
intervals. Moreover, because of missing data in the archives and processing problems, we did not 
calculate fields for a few percent for some days during the October 2001 – November 2002 in the 
HIRLAM dataset. 

Examples of the dispersion modelling for a particular date of release for several NRSs in the 
Euro-Arctic region are shown in Figures 3.3.3-3.3.5. Figure 3.3.3 shows the surface air 
concentration (Bq/m3) of 137Cs within the surface layer of atmosphere after the “unit discrete 
hypothetical release” at the Leningrad NPP occurred during 15 Mar, 00 UTC - 16 Mar, 00 UTC, 
2002. As we see (on a daily basis), as the radioactive cloud propagates from the NRS location, the 
concentration decreases as expected, in general, with distance increasing from the source. 

 

 
(a)                                                                             (b) 

 
(c)                                                                             (d) 

Figure 3.3.5.  Cs137 integral concentration at surface after 6 days of the “unit discrete hypothetical release” 
occurred during 15 -16 Mar, 2002, 00 UTC at the a) Block of the British NPPs, b) Chernobyl NPP, c) 

Novaya Zemlya test site, and d) Ignalina NPP. 
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Figure 3.3.4 shows the integral air concentration (Bq·h /m3) of 137Cs at the surface after the 
same UDHR at the Leningrad NPP occurred during the same day. The integral air concentration is 
represented by a sum of air concentrations integrated over time through the fields at the subsequent 
temporal steps. Therefore, we see the accumulating concentration of 137Cs at various temporal steps 
where the area closer to NRS has the higher magnitudes compared to remote areas from the site. 

Figure 3.3.5 shows the integral concentration of Cs137 at surface after 6 days of the “unit 
discrete hypothetical release” occurred at NRSs during 15 -16 Mar, 2002, 00 UTC. The Figure 
3.3.5a shows initially atmospheric transport of the contaminated cloud in the western direction from 
the block of the British NPPs toward the North Atlantic region. Further, during several days it 
moved anticlockwise reaching the British Islands. The integral concentration has the highest 
magnitude in vicinity of the British Islands, and it decreases significantly as the contaminated cloud 
passing over the ocean. The Figure 3.3.5b shows atmospheric transport from the Chernobyl NPP 
initially in the north-eastern direction from the site, and later the contaminated cloud is transported 
by westerlies.  

 

  
(a)                                                                             (b) 

  
(c)                                                                             (d) 

Figure 3.3.6.  Cs137 dry deposition field after 6 days of the “unit discrete hypothetical release” occurred 
during 15 -16 Mar, 2002, 00 UTC at the a) Leningrad NPP, b) Forshmark NPP, c) Loviisa NPP, and d) 

Smolensk NPP. 
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Figure 3.3.5c shows that the contaminated cloud originated over the Novaya Zemlya 
Archipelago travelled initially over the Barents and Kara Seas, and then passed over the large areas 
of the Russian Arctic territories in the southern direction arriving to Siberia with westerlies. It even 
reaches the northern borders of Kazakhstan. The “sharp cut“ off the cloud over this region is related 
to a limitation of the G-version of the DMI-HIRLAM model. Figure 3.3.5d similarly to the previous 
figures shows a distribution of the integral air concentration at the end of the six day of atmospheric 
transport from the Ignalina NPP. There it can be seen that the contaminated air mass was 
transported in both eastern and north-western directions from the site passing over the Baltic States, 
Nordic countries, Poland, Byelorussia, Northwest Russia and aquatorias of the North Atlantic and 
Arctic seas. 

 

  
(a)                                                                             (b) 

  
(c)                                                                             (d) 

Figure 3.3.7.  Cs137 wet deposition field after 6 days of the “unit discrete hypothetical release” occurred 
during 15 -16 Mar, 2002, 00 UTC at the a) Leningrad NPP, b) Block of the British NPPs, c) Kola Nuclear 

Submarine site, and d) Kursk NPP. 
 
 

The dry deposition fields for 137Cs (Bq/m2) after the same release occurred during 15-16 Mar 
2002, 00 UTC is shown in Figure 3.3.6. It should be noted that for the Leningrad NPP (as for any 
other selected site) the structure of the dry deposition field (Figure 3.3.6a) resembles the structure of 
the integral air concentration field (see Figure 3.3.4, at 6.0 days). Other examples of the dry 
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deposition fields – for the Forshmark, Loviisa, and Smolensk NPPs – are shown in figures b, c, and 
d, respectively. For all these fields the highest dry deposition is observed in vicinity of the sites and 
decreases as the contaminated cloud propagates from the sites. 

The examples of the wet deposition fields for 137Cs (Bq/m2) for the same release are shown in 
Figure 3.3.7. The structure of the wet deposition fields is different due to the contribution of the wet 
removal processes (e.g. washout and rainout by precipitation) during the radionuclide atmospheric 
transport. It has a “spotted” nature, i.e. we observe the higher values of the wet deposition at the 
surface where precipitation occurred. 
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IV. METHODOLOGY FOR ANALYSIS OF DISPERSION MODELLING 

RESULTS 
 

In this chapter, we will focus on further use of the dispersion modelling results, e.g. their 
representation in form of various indicator fields (§4.1), applicability for the calculation of doses for 
population groups due to food chains, etc. (§4.2), as well as applicability for the risk assessment 
using GIS technology (§4.3). 
 

4.1. PROBABILISTIC ANALYSIS FOR DISPERSION MODELLING RESULTS 
 

The dispersion modelling results might be analysed in a similar manner (Baklanov & Mahura, 
2001; Mahura & Baklanov, 2002) to those for the trajectory modelling results. Further, we analyze 
the following: integral concentration at surface, dry deposition and wet deposition patterns of 
radionuclide. Let us consider two approaches to construct probability fields for each of these 
characteristics. It should be noted that in both approaches for calculation of fields, only data with 
“valid dates” were used (i.e. when original meteorological data were available for computation, and 
the dispersion simulation was performed without any computational problems).  

All characteristic values are given in a gridded domain having Mlat × Mlon latitude vs. 
longitude (391 vs. 119) grid points with a size of ∆Υ × ∆Χ degrees (0.5º x 0.5º) latitude vs. 
longitude for each day during October 2001 – November 2002. As an example, we select only one 
characteristic - integral air concentration of radionuclide, although similar steps in the construction 
of fields could be applied for all the other characteristics – dry, wet, and total deposition. 

 
The first approach to construct fields based on the results of dispersion modelling (an 

example is shown in Figure 4.1.1a) considers the distribution of the total sum of daily continuous 
discrete releases of radioactivity at the site during the time period of interest (for instance: month, 
season, or year). Let’s call this field the summary field for one of the chosen characteristics, and 
note that it is a field integrated over a considered period.  

For example, for integral air concentration, at any grid point - (i,j) - the total sum (Ci,j) is 
equal to the sum of integral air concentrations (cijk) at the end of the 6th day of atmospheric transport 
from the site for each daily release of radioactivity during the period of interest: 
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where:        

TP – the number of valid dates in the selected time period of interest, 
Mlat , Mlon  - the number of the domain grid points along latitude (119) and longitude (391), 
i,j – the grid point in the gridded domain, 

ijkc  – the integral air concentration in the grid point i,j of the gridded domain at the end of the 
6th day of atmospheric transport due to one day release of radioactivity at the site during k 
day within the period of interest, 

jiC ,  - the summary integral air concentration in the grid point i,j of the gridded domain at the 
end of the 6th day of atmospheric transport due to one day releases of radioactivity at the 
site during all days (k =1,TP days) within the period of interest. 
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This type of field shows the most probable geographical distribution of the radionuclide 
integral air concentration at the surface if the release of radioactivity occurred during the period of 
interest. 

 
The second approach to construct fields (an example is shown in Figure 4.1.1b) is simply 

based on calculating the average value from the summary field obtained in the first approach. Let’s 
call this field the average field for one of the chosen characteristics. In this case, we divide the 

calculated summary field values ( jiC , ) in grids by the valid number (TP) of days during the selected 
period of interest.  
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This type of field shows the most probable averaged distribution of the radionuclide integral 

air concentration at the surface when the release of radioactivity occurres during one average day 
within the period of interest. 

 

 
(a)                                                                             (b) 

Figure 4.1.1.  Cs137 summary (a) and averaged (b) integral concentration at surface fields as a result of the 
“unit discrete hypothetical release” occurred during 1 Feb – 1 Mar, 2002, 00 UTC at the Leningrad NPP. 

 
 

It should be noted, that for convenience of comparison the temporal variability in 
characteristic patterns (between months or seasons) can be underlined by isolines at similar 
intervals, although every field could be reconstructed with different threshold orders of magnitude 
than those selected. 

Similarly, the summary and average fields may be calculated for the wet and dry deposition 
patterns. Examples of these fields are shown in Figures 4.1.2 and 4.1.3. Moreover, the total 
deposition fields (summary and average) could be calculated by summing the summary and average 
dry and wet deposition fields, respectively.  

Some important comments should be also taken into account.  
First, it should be noted that using average and summary fields it is possible to interpolate 

data to a particular geographical area of interest (enclosed by geographical boundaries) or for a 
particular geographical location (for example, a city).  
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Second, the summary fields might be used further to calculate doses accumulated over the 
considered period (month, season, year) – i.e. monthly doses, seasonal doses, or annual doses. 
These summary fields will be more representative if the routine discharges of radioactivity from 
NRS are considered.  

 

 
(a)                                                                             (b) 

Figure 4.1.2.  Cs137 summary (a) and averaged (b) dry deposition fields as a result of the “unit discrete 
hypothetical release” occurred during 1 Feb – 1 Mar, 2002, 00 UTC at the Leningrad NPP. 

 

 
(a)                                                                             (b) 

Figure 4.1.3.  Cs137 summary (a) and averaged (b) wet deposition fields as a result of the “unit discrete 
hypothetical release” occurred during 1 Feb – 1 Mar, 2002, 00 UTC at the Leningrad NPP. 

 
Third, the average fields of these characteristics might be used further to calculate doses 

accumulated during one day averaged over the considered period (month, season, and year) – i.e. 
average daily doses for a particular month, season, or year. These average fields will be more 
representative if the accidental short-term releases of radioactivity from NRS are considered. 

Fourth, of course, the summary fields of characteristics will have the larger areas enclosed by 
the isolines as well as the order of characteristic magnitudes will be higher in comparison with the 
average fields.  
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Fifth, because all the fields were calculated for the unit hypothetical release, it is possible to 
recalculate or rescale these fields for another accidental release of radioactivity at different 
magnitude rates.  

Sixth, in calculating atmospheric transport and deposition of radioactivity releases (with a 
duration of one day) at NRSs, we limited our calculation to 5 days after the release end at the site. 
As uncertainties in the modelling of atmospheric transport after 5 days became too large, the 
calculated fields for a one-day release were assumed to be unchangeable, i.e. we did not apply any 
loss processes after that term. Hence, once material was deposited to the surface there is no 
radioactive decay.  

 

    
(a)                                  (b)                                     (c)                                 (d) 

Figure 4.1.4.  Cs137 summary integral concentration at surface fields as a result of the “unit 
hypothetical release” occurred during 1 Feb – 1 Mar, 2001, 00 UTC at the Chernobyl NPP after a) 6 

hours, b) 12 hours, c) 18 hours, and d) 24 hours. 

 

    
(a)                                  (b)                                     (c)                                 (d) 

Figure 4.1.5.  Cs137 averaged integral concentration at surface fields as a result of the “unit 
hypothetical release” occurred during 1 Feb – 1 Mar, 2001, 00 UTC at the Chernobyl NPP after a) 6 

hours, b) 12 hours, c) 18 hours, and d) 24 hours. 

 

    
(a)                                  (b)                                     (c)                                 (d) 

Figure 4.1.6.  Cs137 summary (a&b) and averaged (c&d) surface air concentration fields as a result 
of the “unit hypothetical release” occurred during 1 Feb – 1 Mar, 2001, 00 UTC at the Chernobyl 

NPP after 12 hours (a&c) and 24 hours (b&d). 
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Using a similar technique as it was realised for the airflow pattern and fast transport (Baklanov and 
Mahura, 2001), the wet and dry deposition, concentration and integral concentration fields (sum for 
the time period – month, and average - sum/#days in month) for the first hours, half-day or first day 
release transport can be constructed. Figures 4.1.4 – 4.1.6 give several examples of such kind of the 
dispersional indicators for the first 6, 12, 18, 24 hours separately and as integral as well as for 
particular threshold values for 5d trajectories. 

 
4.2. APPROACHES TO ANALYSIS OF DOSES 

 
Following the suggested methodology, as next step, for analysis of the risk levels and possible 
consequences for the population, an evaluation of the vulnerability to radioactive deposition, 
simulated in the previous chapters, concerning its persistence in the ecosystems; in particular, with a 
focus on the transfer of certain radionuclides into food-chains of key importance for the intake and 
exposure in the whole population and native groups of the Euro-Arctic regions (e.g. Saami) will be 
carried out. 

For these purposes, we will use different dose calculation models (e.g. MACCS, 1990; 
Balonov, 1999; Golikov, 2001; Wright et al., 2002) and empirical correlations between fallout and 
human doses, which have been obtained on a basis of investigations of the nuclear tests and the 
Chernobyl accident effects on the Nordic countries (Moberg, 1991; Selnæs and Strand, 1992; 
Dahlgaard, 1994; Brynildsen et al., 1996; Nielsen, 1998; Bergman and Ågren, 1999; ÖCB, 2000). 
An analysis of the risk levels (potential contamination and exposure) and possible consequences for 
the population in the local/meso-scale will be carried out using models adapted for specific northern 
nutrition pathways. Some long-term consequences will be estimated also in the regional-scale using 
empirical models and correlation between fallout and doses for humans. This item is not discussed 
in details here, because it will be a topic for one of the following project reports. The Norwegian 
Radiation Protection Authority (NRPA), Swedish Defence Research Authority (FOI), the RISØ 
National Laboratory, Denmark and the Institute of Radiation Hygiene, St. Petersburg, Russia will 
take part in this work. 

 
Radiological sensitivity of the Northern ecosystems 

The boreal and subarctic parts of Northern Europe exhibit relatively high sensitivity with 
regard to fallout of radiologically important long-lived nuclides, due to generally higher yearly as 
well as long-term concentrations in the vegetation per unit fallout than prevalent south of the boreal 
zones. Frequent, high use of terrestrial food products from these northern areas therefore will lead 
to cumulative doses with significant contributions also during a long time after the occurrence of 
the initial environmental contamination. These generally very large differences in transfer to man 
and long-term availability in food-chains in the boreal region in comparison to areas further south – 
at least as far as 90Sr and 137Cs are concerned – need to be considered in assessments relating 
radioactive deposition to resulting internal exposure and dose. 

Table 4.2.1 indicates the quotient between concentrations of 137Cs in certain food products 
(Bq/kg) and the average deposition (Bq/m2) covering the range frequently observed in the northern 
boreal zone (Bergman et al 1995). Levels in milk and beef, respectively, are about a factor 0.1 and 
0.5 of that in the fodder. 

As a guide to preliminary predictions of the radiological significance concerning the use of 
certain contaminated food items, ratios analogous to the factor R in the table appear helpful. The 
long-time intake of radioactive nuclides via food may be described as dependent on the amount 
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deposited; the activity concentration in the food product in comparison to that in the fallout; and the 
quantity consumed. 

The sub-alpine and boreal pathways over fresh-water fish, reindeer, and moose, however, 
exhibit a persistent high long-term transfer in comparison to the products from the agricultural 
landscapes. The uptake in reindeer is particularly effective. Under the condition of equal deposition 
of 137Cs over agricultural and forest landscapes, reindeer will contain activity concentration one to 
two order of magnitude higher than present in the agricultural products. 

Long-term series of the 90Sr and 137Cs levels in milk from sub-alpine and north-boreal areas 
(Suomela and Melin 1992) also reveal a persistent availability. 

 
Cumulative intake by man over food-chains of key importance 

Under the assumption of an essentially unchanging consumption pattern over long time 
periods, the cumulative intake of each specific radionuclide by man depends on its persistence in 
the relevant ecosystems, and the effectiveness of transfer in the food-chains. Based on data as 
exemplified in table 4.2.1 forecasts of doses may be done for different time periods to assess the 
radiological consequences and need for countermeasures. To illustrate semi-qualitatively long-term 
trends in the intake, a comparison is made in Figure 4.2.1 (with physical decay taken into account)  

 
Table 4.2.1: The ratio R [Bq.kg-1/ Bq.m-2] between the activity 

concentration of 137Cs in the food products and the 137Cs 
deposition per m². Approximate levels after deposition over 
respectively Boreal forests and agricultural ecosystems are 
assessed for the first five years and at about a decade later,  

Food component R [m²/kg] ⊗ R [m²/kg] ⊗ 

Products from Boreal forests 
 The first five years  A decade later# 

moose 0.01-0.02* 0.01- 0.02 
reindeer 0.2-2** 0.01-0.5 
fresh-water fish 0.1-0.5***  0.01-0.1 
lingon- and bilberry 0.03-0.04* 0.01 -0.02 
cloudberry 0.1* 0.02 - 0.05 
mushrooms 0.1-1.5+ 0.05 -1 

Products from agricultural landscapes## 
Cereals, the seed 0.0002- 0.002 0.0002- 0.002 
Potatoes 0.002 -0.02 0.002 - 0.02 
Grass, arable land 0.002- 0.02 0.002 - 0.02 
Grass, natural pasture 0.005 - 0.05 0.003 - 0.03 
⊗   Dry matter weight for vegetables, fresh weight for animals.  
*     Bergman et al,.1995. 
**   Maximum levels in spring, minimum in end of summer.  
*** Maximum levels obtained after 1-3 years in perch, trout and grayling; later in 

      pike  Johansson et al., 1991) . 
+    Johansson  and Bergström, 1994. 
#    Semi-qualitative assessment of long-term behaviour. 
##  Based on uptake from the root-zone in areas with low and high content of clay. 
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Figure 4.2.1. Cumulative intake of 137Cs by food-products originating from a) agriculture (meat, 
milk and milk products) and b) reindeer meat, and c) boreal forest (game and berries) landscapes. 

The levels are normalised to the respective first year contribution. 
 
 

normalised to the first year contribution from certain food-products of different origins: a) 
agricultural products, b) reindeer meat and c) boreal forest products. When normalised to the first 
year consumption, the sum of the contributions from each subsequent year to the cumulative intake 
reflects the time dependent efficiency in transfer for each of the three food products. As illustrated 
for 137Cs in figure 1, transfer during long time is much more effective for the boreal forest food 
chains (e.g. berries and moose) and for the transfer via lichen-reindeer in comparison to that for the 
agricultural products: milk, milk products and meat. This means that in case of an unchanging 
consumption pattern during long time the fraction of the total cumulative intake contributed by the 
boreal forest food chains (including that over reindeer) will increase with time. In Sweden the 137Cs 
intake by the general population from consumption of boreal forest products amounted to about 
10% of the total intake during the first year after the Chernobyl accident (Holmberg et al. 1988). 
This means that the cumulative intake, as indicated by figure 1, should lead to contributions of 
similar size from boreal forest and agricultural products two to three decades after the radioactive 
deposition. For populations consuming forest products or reindeer meat to a higher extent than the 
population in general the intake from boreal forest food-chains are correspondingly more important.  

 
 

4.3. APPROACHES TO GIS BASED RISK ANALYSIS  
GIS-based analysis integrated with mathematical modelling gives a possibility to develop a 

common methodological approach for complex assessment of regional vulnerability and risk 
gathering separate aspects of study (modelling of consequences, probabilistic analysis of pathways, 
dose estimation, etc.). Furthermore, combined with the available geographic, demographic, 
administrative and economical databases, GIS-analysis allows evaluating the social and economical 
consequences for different geographical areas and population groups, especially native people in the 
Nordic countries (Rigina, 2001; Rigina & Baklanov, 2002).  
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There we tested two separate approaches to assess residential risk or territorial vulnerability to 
radiation risk from an NPP (Figure 4.3.1): probabilistic and deterministic (case-studies).  

In the deterministic case we estimated the mean individual and collective doses for different 
groups of population, based on predicted concentration/deposition fields for a number of certain 
scenarios (most probable or worst cases) and the empirical correlations between the fallout and 
human doses (see Ch. 4.2).  

In the probabilistic case, vulnerability was defined either as a product of scaled factors and 
probabilities or as product of probabilities and weighted sum of factors: 

1) social-geophysical factors (proximity to NRSs, population density; critical groups of 
population; ecological vulnerability of area; risk perception, preparedness of safety measures and 
quick response systems; counteracting economical and technical consequences of accident) and  

2) probabilities (accident of certain severity; atmospheric transport from NRSs; removal over 
area during atmospheric transport (the last two based on the atmospheric trajectory modelling)). 

 

 
 

Figure 4.3.1. Scheme of the complex risk assessment based on the GIS integration and modelling. 

 

In the deterministic case, the common GIS overlay method was applied, whereas in the 
probabilistic case, a more complex CMA method was necessary. 

The current approach considering the long-term dispersion modelling is a logical continuation 
of the above-mentioned methods (Rigina, 2001; Rigina, Baklanov, 2002) and is a complementary 
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combination of both. In contrast to the previous approach, where we didn’t have probabilistic fields 
of deposition, now annual/seasonal/monthly probabilistic concentration and deposition fields have 
been calculated based on the discussed in this report approach. 

Some of the probabilities used in the earlier studies, such as atmospheric transport and 
precipitation factor during overpass, are accounted here implicitly, and thus, are excluded from 
calculation of vulnerability. All the factors and probabilities, not accounted implicitly, remain in the 
formula of risk/vulnerability. Also, mean individual and collective doses for different groups are 
now calculated from the concentration and deposition analogously to the specific case studies, but 
more accurately using dose calculation models (see Ch. 4.3) instead of empirical coefficients. 

This approach allows avoiding many uncertainties in estimating the risk and vulnerability. 

We don’t go deeply in details because next report will be specially devoted to these issues. 
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V. METHODOLOGY FOR SPECIFIC CASE STUDIES 
 

The suggested methodology for the complex risk and vulnerability assessments includes a 
combination of the probabilistic analysis of trajectory and long-term dispersion modelling, and the 
separate case studies (Figure 4.3.1). The efforts of this chapter focus on case studies of potential 
radionuclide releases including source terms and impacts on population of various geographic areas 
of the Euro-Arctic region. 

Specific case study simulations, in comparison with the above-considered long-term 
dispersion modelling, have the following peculiarities: (i) higher space resolution and smaller time 
step for meteorological fields dynamics; (ii) many nuclides of the concern; (iii) different release 
heights; (iv) different continuation of releases; (v) more complex release composition (particle size 
etc.); (vi) different scenarios (time evolution of the release strength, etc.). Therefore the specific 
case studies give additional, very important information about the possible consequences in case of 
accidents for extreme or typical situations, which are not available from the probabilistic analysis. 

We should note that this approach is computationally less expensive compared to dispersion 
modelling for a multiyear period, although it provides less reliable output and allows us to consider 
further risk and vulnerability analysis only on particular dates. Alternatively, this approach provides 
possibility of seeing potential consequences of an accident for worst-case meteorological situations. 
In this study, we followed several ways suggested by Baklanov et al., 1994; INTAS, 2000; OCB, 
2000 (for local scale) and Bergman et al., 1998; Baklanov et al., 2001; Baklanov et al., 2002a,b; 
Mahura et al., 2002a (for regional scale) on examples of the Kola NPP as well as nuclear 
submarines and spent nuclear fuel facilities in the northern latitudes.  

For simulation of possible consequences on a regional scale, the DERMA model (Sørensen, 
1998; Sørensen et al., 1998; Baklanov and Sørensen, 2001) with the DMI-HIRLAM (Sass et al., 
2000) high-resolution meteorological data (E-version: 0.15° or G-version: 0.45°) will be used. 
DMI's 3D Lagrangian transport model calculates forward and backward trajectories for any point in 
the area.  
 

5.1. CRITERIA FOR SELECTION OF SPECIFIC CASE STUDIES 
 

As we discussed above for the complex risk assessments a combination of the both methods - 
a) the probabilistic risk assessment and b) the case study (Figure 4.3.1) - gives the most sufficient 
approach. Therefore, it is important to choose correctly the most representative episodes for typical 
and worst case scenarios. 

The selection of specific cases with typical or worst-case scenarios can be based on results 
from trajectory modelling and probability field analysis. In general, several criteria could be used 
for specific case selection. First, the main direction of atmospheric transport of radioactive cloud of 
an accidental release at NRS should be toward the region of interest. In our study, these regions are 
the Nordic countries (Denmark, Finland, Iceland, Norway, Sweden, the Faeroe Islands) and the 
populated territories of the Russian North-West. Second, the possibility of precipitation during 
atmospheric transport of the radioactive cloud over the region of interest should be taken into 
account. In the suggested here methodology it could be inferred from the dispersion modelling of 
wet deposition patterns. Third, the relatively short travel time of the radionuclide cloud from the 
NRS location toward the region of interest (consideration of which depends on the fast transport 
probability field patterns) will be important. Forth, the relatively large coverage of the regions of 
interest by the radioactive cloud during atmospheric transport should be considered. And finally, 
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preferably, although not crucial, for the regional scale analysis, the stable boundary layer conditions 
and atmospheric transport is limited by the boundary layer height as well as for cold and warm 
seasons.  

For the specific case studies, it is important also to consider common parameters of accidental 
radionuclide releases. Among these factors are the following: 1) duration of accidental release at 
selected location, 2) altitudes of initial plume rise, 3) distribution of particle sizes for considered 
radionuclides, and 4) reference deposition velocities. In this study, we selected three radionuclides - 
137Cs, 131I, and 90Sr – as major dose-contributing radionuclides. Additionally, for long-term 
releases/emissions (e.g., for the Sellafield reprocessing plant) we consider 129I and 99Tc. The major 
characteristics for each radionuclide used in dispersion modelling are shown in Table 5.1.1. It 
should be noted that for 131I we used an average of the gaseous and particulate forms. During these 
specific dates, the releases at NRSs are the continuous “unit hypothetical releases” of radioactivity 
(1·1010 Bq/s) with the discrete emitting of puffs (every 60 minutes) during 24 hours, and a 
simulation of release in the boundary layer for the following 5 days of atmospheric transport after 
the occurrence of the accidental release. 

Our detailed analysis for the NRS worst-case scenarios will be shown in next project report.  
 

Table 5.1.1. Characteristics of radionuclides selected for dispersion modelling. 
 

Radionuclide 
Characteristics 

137Cs 131I  90Sr 129I 99Tc 

Half Life (s) 9.50428·108 6.94800·105 9.17640·108 4.95115·1014 6.62256·1012 
Reference Dry Deposition 
Velocity (m/s) 

0.0015 0.006 (* 0.002 0.006 0.001 (** 

Average Particle Radius (µm) 0.3 0.325 1.25 0.325 0.25 
*) average value for all 3 forms (e/o/a) - (0.015/0.00015/0.0015), **) value by default. 
 
 
5.2. ANALYSIS FOR SPECIFIC CASE STUDIES 

 
Previously several case studies for the Kola nuclear power plant and nuclear submarine bases were 
also realised by Baklanov (2000) and Baklanov et al. (2002). Bergman et al. (1998), Baklanov 
(1999) and Baklanov et al. (2001) made several sensitivity studies of potential airborne radioactive 
contamination and consequences to different variations of the release parameters on examples of 
risk sources on the Kola Peninsula. These studies included the sensitivity to the type of nuclides, 
release heights, continuation of releases, release composition (e.g., particle size), deposition 
mechanisms etc.  

Several specific case studies were considered for the ‘Kursk’ submarine lifting and 
decommissioning operations (Mahura et al., 2002; Baklanov et al., 2002).  

In this chapter, as an example of the specific case study, the potential risk of airborne 
contamination of the environment during the Kursk nuclear submarine (KNS) decommission 
operation in Snezhnogorsk (NW Russia) using the DERMA and DMI-HIRLAM models in 
forecasting mode is estimated. As a first approximation, the unit hypothetical release (UHR) (1011 
Bq/s of 137Cs) which occurred during up to 6 hours at the KNS location was considered. For the 
specific cases the simulation of the radionuclide surface air concentration (Bq/m3), wet and dry 
deposition (Bq/m2) fields was performed. 

Let us consider the potential risk of airborne contamination for UHR of 137Cs during the KNS 
operation phases, which include the removal of six damaged missiles and nuclear fuel from KNS in 
the “Nerpa” dry dock in Snejznogorsk (Murmansk region) during July-October 2002.  
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(a)                                                                                      (b) 

 

 
(c)                                                                                      (d) 

 
Figure 5.2.1. Specific case of 10 September 2002 - meteorological fields: a) analysed wind at 

10 m for 10 Sep 2002, 12 UTC (DMI-HIRLAM, E-version), b) forecasted wind at 10 m for 13 Sep 
2002, 12 UTC (DMI-HIRLAM, G-version), c) forecasted 6-hour precipitation for 13 Sep 2002, 12 

UTC, and d) forecasted wind at 10 m and temperature at 2 m for 13 Sep 2002, 12 UTC. 
 
The hypothetical release from the site started on 10 September 2002, 12 UTC, and it 

continued during 1 hour with the heights of the primary radioactive plume between 0-500 m. The 
remaining model input data and conditions are similar to the previous case studies. 

The Figure 5.2.1 presents dynamics of the weather situation based on the DMI-HIRLAM 
numerical weather forecast for the region of interest during 10-13 September 2002. The wind field 
maps shown in Figure 5.2.1 represent the forecast by the E-version (15x15 km horizontal 
resolution) and G-version (45x45 km horizontal resolution) of the DMI-HIRLAM model. As shown 
in Figure 5.2.1a, the higher resolution version of the model has a limitation of the modelling domain 
close to the KNS location, and hence, depending on the wind direction from the site the E- or G-
version for the dispersion modelling could be used.  

The Figure 5.2.2 shows the calculated air concentration (Bq/m3) in the mixing layer at 
different times after the beginning of UHR of 137Cs from the risk site. The integrated in time surface 
air concentration (Bq·h/m3) and ground-contamination (total deposition as the sum of dry and wet 
depositions, in Bq/m2) four days after the release start are shown in Figure 5.2.3.  
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During the first day, the radioactive plume is transported slowly over the Kola Peninsula and 
Karelia to the south, due to low wind velocity within the boundary layer for this meteorological 
situation. On the second day, the plume is also extended to the north over the Barents Sea. An 
intensive precipitation in the first days after the release gives a large area of maximal deposition of 
radionuclides over the Kola Peninsula and surrounding areas. On the third day, the plume continued 
to move in the south-east and east direction from the site, but concentration decreased quickly and 
considerably. 

 

   
(a)                                                       (b)                                                         (c) 

 

   
 (d)                                                       (e)                                                         (f) 

 
Figure 5.2.2. Specific case of 10 September 2002 for UHR of 137Cs at the Snezhnogorsk 

shipyard (Nerpa): surface air concentration fields at: a) 11 Sep 2002, 00 UTC, b) 11 Sep 2002, 12 
UTC, c) 12 Sep 2002, 00 UTC, d) 12 Sep 2002, 12 UTC, e) 13 Sep 2002, 00 UTC, and f) 13 Sep 

2002, 12 UTC. 
 

Evaluation of Possible Consequences 
As it was mentioned above, the simulations were done for a discrete unit hypothetical release 

of 137Cs. However, experts can easily recalculate the concentration and deposition fields for any 
particular release value. 

Although the ship reactor accidents may lead to serious environmental consequences, some 
studies (e.g. NACC, 1998) indicate that any potential naval reactor accident will not be nearly as 
severe as the Chernobyl accident. Some calculations of airborne transport, deposition, and exposure 
have been made based on an assumed release of 1 PBq of 137Cs (NACC, 1998; Bergman et al., 
1998). It is not obvious that this amount would actually be released in an accident, even if it is 
available in the core. Moreover, the relative uncertainty of the release is estimated to be a factor of 
ten. The maximum content of 137Cs in the first and second generation of the Russian ship reactors is 
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estimated to 5 PBq (Gussgard, 1995), while 10 PBq may be accumulated during operation of a 
typical modern ship reactor (i.e. with a power level slightly less than 200 MW). The KNS core 
inventory was not available in this study. However, a rough guess of the Bellona experts based on 
the known inventories of other submarines (Gerdes et al., 2001; Bellona, 2001) gives 6.2 PBq of 
137Cs and 5.6 PBq of 90Sr. 

 

   
(a)                                                       (b)                                                         (c) 

 
Figure 5.2.3. Specific case of 10 September 2002 for UHR of 137Cs at the Snezhnogorsk shipyard: 
a) surface air concentration field at 14 Sep 2002, 00 UTC; b) integrated in time air concentration in 

the surface layer field at 15 Sep 2002, 18 UTC, and c) total deposition field at 14 Sep 2002, 00 
UTC. 

 
Our calculation (based on Figure 5.2.3) for the total unit release (1Bq) case indicates that the 

large areas of the Northwest Russia (excluding the Kola Peninsula) could obtain deposition of a 
fraction of the order of 10-13 Bq/m2. This corresponds to a deposition of 100 Bq/m2 per 1 PBq of 
airborne release of 137Cs in the accident, i.e. the level used in the NACC (1998) study. On the Kola 
Peninsula the higher deposition density (one to two orders of magnitude) might be expected 
compared with the Northwest Russia. In our case, 1 PBq of 137Cs airborne release corresponds to 1-
10 kBq/m2 and up to 50 kBq/m2 on the Kola Peninsula vs. local scale close to the release site. 

For Scandinavia, the direct deposition of 131I or 137Cs on pasture and crops at levels falling 
below 1 kBq/m2 is not likely leading to restrictions in normal agricultural practice or formal 
acceptance for commercial use of the food-products (Bergman et al., 1998). The concentration in 
reindeer in the Northern Fennoscandia is high, when feeding during winter on lichens exposed to 
fallout of radioactive caesium (134Cs and 137Cs). The ratio between activity concentration in the 
reindeer meat and deposition density will be close to 1 kg/m2 in the latter half of the first winter 
season after the fallout (Bergman & Ågren, 1999). This implies contamination about one order of 
magnitude higher than concerning direct deposition in the sensitive food-chain of grass-cow-milk. 
Intake of radioactive caesium in population groups consuming much reindeer meat is expected to be 
high.  

Assuming a release of 1 PBq of 137Cs and following Bergman et al., 1998, the levels of this 
radionuclide attained in reindeer meat are expected to be: 1) 1 kBq/kg in large areas on the Kola 
Peninsula affected by deposition, and 2) one order of magnitude higher over some small areas 
within a hundred kilometres from the site of release.  

It should be stressed that we do not link the hypothetical accident releases considered in the 
above analysis with the “Kursk” submarine case. In our analysis, we simply discussed possible 
consequences and their scales after the most severe hypothetical accident with a ship nuclear 
reactor. Moreover, it should be noted that all completed high and medium potential risk level 
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phases/actions of the KNS operation were performed successfully, and none of them involved any 
radioactive contamination or real risk for the population and the environment. 
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CONCLUSIONS AND RECOMMENDATIONS 
 

In this study, we have developed a methodology for complex risk and vulnerability assessment and 
mapping. The main question to answer was: Which regions are at the highest risk from a 
hypothetical accidental release at an NRS in the study region?  

To answer this question we suggest applying a variety of research tools considering them as a 
sequence of interrelated approaches. Among these tools are the following: atmospheric trajectory 
and dispersion modelling, methods of statistical analysis, specific case studies, evaluation of 
vulnerability to radioactive contamination, and risk evaluation and mapping.  

In comparison with the previous studies the methodology considered in this report focuses on 
the long-term dispersion and deposition modelling, statistical analysis of dispersion modelling 
results as well as briefly outlines the methods for the dose calculation and assessment of regional 
vulnerability and residential radiation risk, based on GIS modelling and analysis. 

We assume that the suggested approach for complex risk assessment provides useful 
information for further studies. Such results are applicable for the:  

(i) initial estimates of the probability of atmospheric transport and deposition in case of 
an accidental release at an NRS;  

(ii) improvement of emergency preparedness to possible accidents at an NRS;  
(iii) social and economical consequence studies of the impact for the populations and 

environment of the neighbouring countries;  
(iv) multidisciplinary risk and vulnerability analysis, probabilistic assessment of 

radionuclide meso-, regional-, and long-range transport; as well as  
(v) modelling and testing of higher-resolution models. 
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