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SUMMARY

The main aim of this study is 1) to test methodology for evaluation of the possible
atmospheric transport of radioactivity from the nuclear risk sites (NRSs) to different geographical
regions and countries, and 2) to combine atmospheric transport modeling and statistical analyses to
evaluate possible impact of an accidental release from main NRSs located in the Euro-Arctic
region. The main purpose of this study is a probabilistic analysis of atmospheric transport patterns
from selected NRSs for the GIS-based studies of region’s vulnerability and risk assessment of the
NRS impact.

The NRSs of concern (in total 11) selected in this study are nuclear power plants located in
Russia (Kola and Leningrad NPPs), Finland (Loviisa and Olkiluoto NPPs), Sweden (Barsebaeck,
Oskarshamn, and Ringhals NPPs), Lithuania (Ignalina NPP), two groups of NPPs in the United
Kingdom and Germany as well as the Novaya Zemlya test site (Russia). The geographical regions
and countries of interest are the North and Central European countries and Northwest Russia.

Once the nuclear risk sites and geographical region of interest were defined, it is of particular
interest to answer the following questions: Which geographical territories are at highest risk from
the hypothetical accidental releases at selected NRSs? What are probabilities for radionuclide
atmospheric transport to different neighboring countries in a case of accidents at these NRSs?

To answer these questions we applied several research tools developed within the “Arctic
Risk” Project (AR-NARP, 2001-2003; Baklanov & Mahura, 2001). The first research tool is an
isentropic trajectory model to calculate a multiyear (1991-1996) dataset of 5-day forward
trajectories that originated over the NRS locations at various altitudes. As input data for modeling
purposes we used NCAR meteorological gridded fields. The second research tool is a set of
statistical methods (including exploratory, cluster, and probability fields analyses) for analysis of
trajectory modeling results.

The results of probabilistic analysis of trajectory modeling results for 11 NRSs are presented
as a set of various indicators of the NRS possible impact on geographical regions of interest. In this
study, we calculated, constructed, and evaluated several indicators based on trajectory modeling
results: 1) airflow, 2) fast transport, 3) maximum reaching distance, 4) maximum possible impact
zone, 5) precipitation factor, and 6) typical transport time fields. To evaluate the temporal
variability of all these indicators, an analysis was performed annually, seasonally, and monthly.

The NRS possible impact (on the concrete geographical region, territory, country, site, etc.)
due to atmospheric transport from NRS after hypothetical accidental releases of radioactivity
can be properly estimated based on a combined interpretation of the indicators (simple
characteristics, atmospheric transport pathways, airflow and fast transport probability fields,
maximum reaching distance and maximum possible impact indicators, typical transport time and
precipitation factor fields) for different time periods (annual, seasonal, and monthly) for any
selected NRSs (both separately for each site or grouped for several sites) in the Euro-Arctic
region. Such estimation could be the useful input information for the decision-making process and
planning of emergency response systems at risk sites of nuclear, chemical, biological, etc. danger.

It should be noted that the suggested probabilistic indicators of the risk site possible impact
could be applicable for initial estimates of probability of atmospheric transport in the event of an
accidental release at the risk sites and for improvement in planning the emergency response to
radionuclide releases from the risk site locations. They are important input data for the social and
economical consequences studies of the risk site impact on population and environment for the
neighbouring countries as well as for the multidisciplinary risk and vulnerability analysis, and
probabilistic assessment of the meso-, regional-, and long-range transport of radionuclides.




L. INTRODUCTION BACKGROUND

The risks of significant radioactive contamination and radiological consequences in
geographical regions of concern are related to various nuclear risk sources located in the region of
concern or adjacent territories. The contamination and consequences might be reflected on different
scales — local, regional, global, and they might appear to be far reaching and of considerable
concern for the whole Euro-Arctic region. Thus, it is of particular interest to answer the following
questions:

o Which sources appear to be the most dangerous for those living close to and far from these
sources?

o Which geographical regions are at the highest risk from the hypothetical accidental releases on
the nuclear risk sources in the Euro-Arctic region?

o  What is the probability for radionuclide atmospheric transport to neighbouring countries or
remote territories in a case of an accidental release from these sources?

Baklanov & Mahura, 2001, Rigina & Baklanov, 2002 noted that for assessment of risk and
vulnerability it is important to consider a set of various social-geophysical factors and probability
indicators. These both depend on the geographical location of the area of interest and structure of its
population. Thus, for estimation of the potential nuclear risk and vulnerability levels for the nuclear
risk sites (NRSs) it will be important to know:

e Which geographical regions are the most likely to be impacted?

o What are probabilities of the fast, average, and slow atmospheric transport from NRSs to
neighbouring countries?

e What are precipitation probability and contribution during atmospheric transport for various
atmospheric layers and over different geographical territories?

e What are temporal (annual, seasonal, and monthly) and spatial variability for the mentioned
above characteristics?

o What are levels of contamination and consequences for the worst meteorological and accidental
scenarios at NRSs?

o What is vulnerability to radioactive deposition with a focus on the transfer of certain
radionuclides into food-chains especially native population and considering risk for different
geographical areas?

o What are risk, socio-economical and geographical consequences for different geographical
areas and population groups?

The methodology by AR-NARP, 2001-2003; Baklanov & Mahura, 2001; Baklanov et al.,
2002a; Baklanov et al., 2002b; Baklanov et al., 2002c¢ mentioned several research tools and
approaches, which could be applied for the probabilistic atmospheric studies. The developed
methodological scheme consists of several major blocks or steps in research activities. The focus of
this report will be only on the consideration of the trajectory modelling approach and statistical
analysis of trajectory modelling results for the selected NRSs in the Euro-Arctic region (Table 1.1,
Figure 1.1). Let us briefly consider research tools and approaches selected in this study that provide
input data for the probabilistic risk and vulnerability studies, as well as constructing and evaluating
various indicators of the NRS possible impact based on trajectory modelling results.

Research Tools and Approaches
The first research tool is the trajectory modelling. In our study, we applied an isentropic
trajectory model based on a technique described by Merrill et al., 1985. A multiyear dataset of




forward trajectories originated over selected NRS locations (Table 1.1, Figure 1.1) at various
altitudes above sea level (asl) was calculated. For the forward trajectory calculation, we used the
National Center for Environmental Prediction (NCEP) Global Tropospheric Analyses
(http://dss.ucar.edu/datasets/ds082.0/), which is one of the major gridded analyses available at the
National Center for Atmospheric Research (NCAR, Boulder, Colorado, USA). The original dataset
has resolutions of 2.5° x 2.5° latitude vs. longitude, and at 00 and 12 UTC (Universal Coordinated
Time) terms. Although, in our study, we used this dataset, we should mention that any other
datasets could be used too. For example, the DMI-HIRLAM high-resolution meteorological data
(http://www.dmi.dk) or meteorological data from the European Centre for Medium-Range Weather
Forecasts (ECMWF, Reading, UK) based on the ECMWF's global model forecast and analysis
(http://www.ecmwf.int/services/data/archive/index.html). In a similar way, any other trajectory
model could be used for the trajectory modelling purposes, for example, 3-D DMI trajectory model
(Sorensen et al., 1994).

The second research tool is the cluster analysis. In this study, we did not present the results of
the trajectory cluster analysis for all NRSs, because we consider this approach as the simple
approach. The cluster analysis technique was applied in several studies related to the nuclear risk
sites: at the Chukotka (Mahura et al., 1997a; Jaffe et al., 1997a; Mahura et al., 1999b), Kola
Peninsula (Mahura et al., 1997b; Jaffe et al., 1997b;, Mahura et al., 1999a; Baklanov et al., 2001)
and Russian Far East (Mahura, 2002). The potential risk sources considered there were the nuclear
power plants, spent nuclear fuel storage facilities, and nuclear submarine bases. In general, this
technique allows identifying atmospheric transport pathways from NRSs (or any selected source
points). In a similar way, it could be applied also to identify atmospheric transport pathways to the
receptor points. In this case, the backward trajectories arrived at the sites will be used for the cluster
analysis. This approach was applied in Mahura et al., 1997a; Jaffe et al., 1997a; Mahura et al.,
1999b. More detailed analysis and interpretation of the backward trajectory clustering is described
in the pilot study by Mahura & Baklanov, 2002.

The third research tool is the probability fields analysis. The first attempt to use the
probability fields analysis to interpret atmospheric transport patterns was performed by Mahura et
al., 1997b; Jaffe et al., 1997b,; Baklanov et al., 1998, on example of the Kola NPP (Murmansk
region, Russia). The major focus was the airflow probability fields which allowed to test the quality
of the cluster analysis technique in identification of the general atmospheric transport pathways
from NRS. Such probability fields analysis provides an additional information and detailed
structure of the airflow patterns from the site on a geographical map. In this study, we evaluated
annual, seasonal, and monthly probability fields for the airflow, fast transport, precipitation factor,
and other indicators. These fields allow to identify the most impacted geographical regions.

Nuclear Risk Sites, | ndicators of NRS Possible | mpact, and Applicability of Results

The main focus of this report is to describe probabilistic analysis of results (based on the
developed methodology for the probabilistic atmospheric studies by Baklanov & Mahura, 2001) for
the further risk assessment of the selected — 11 - nuclear risk sites in the Euro-Arctic region. These
sites include nuclear power plants (NPPs) in Russia, Lithuania, Germany, United Kingdom,
Finland, and Sweden (see Table 1.1, Figure 1.1). All selected sites are located within the area of
interest of the “Arctic Risk” Project. Moreover, the Kola NPP (Murmansk Region, Russia) has the
old type of reactors (VVER-230); Leningrad (Leningrad Region, Russia) and Ignalina (Lithuania)
NPPs have the RBMK type of reactor; and Novaya Zemlya (Novaya Zemlya Archipelago, Russia)
was considered as a former nuclear weapons test site and potential site for nuclear waste deposit.



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, they could have different risks of accidental releases,
the grouping is useful for airborne transport studies because all NPPs are located geographically
close to each other and, hence, atmospheric transport patterns will be relatively similar.

Table 1.1. 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

Figure 1.1. Nuclear risk sites selected for the “Arctic Risk” Project.

In this report, the results of probabilistic analysis for these sites are presented in a form of
various indicators (Figure 1.2) of the NRS possible impact on selected geographical regions
territories, and countries of concern (Figure 1.3). Among these indicators we should mention the
following: 1) simple characteristics of the NRS possible impact, 2) atmospheric transport pathways



(ATP), 3) airflow (AF) probability fields, 4) fast transport (FT) probability fields, 5) precipitation
factor (PF), 6) maximum reaching distance (MRD), 7) maximum possible impact zone (MPIZ), and
8) typical transport time (TTT) fields. The mentioned indicators are based on the interpretation of
the trajectory modelling results. More detailed information (monthly, seasonal, and annual
variability) for various NRS indicators is stored on CD (enclosed if ordered) and in Appendices.

CHARACTERISTICS AND INDICATORS OF NRS IMPACT

Simple Characteristics for Selected Atmospheric Maximum Reaching
Geographical Regions: Transport Distance
- Upper & Lower Boundaries of NRS Impact Pathways (MRD)
- Average Tr}ansport Time (ATP)
- Atmospheric Transport by Layers
- Fast Transport, etc. Maximum Possible
Impact Zone
(MP1Z2)
Airflow (AF) Precipitation Fast Transport Typical
Probability Factor (FT) Transport Time
Fields (PF) Probability Fields (TTT)
Field

Other Characteristics and Indicators of NRS Possible | mpact

Figure 1.2. Characteristics and indicators of the NRS possible impact.
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Figure 1.3. Geographical regions, territories, and countries selected for the “Arctic Risk” Project.

It should be noted that indicators of the NRS possible impact are applicable for initial estimates
of probability of atmospheric transport in the event of an accidental release at NRSs and for
improvement in planning the emergency response to radionuclide releases from the NRS locations.
They are important input data for the social and economical consequences studies of the NRS
possible impact on population and environment for the neighbouring countries as well as for the



multidisciplinary risk and vulnerability analysis, and probabilistic assessment of the meso-,
regional-, and long-range transport of radionuclides.

Research Progress on the “ Arctic Risk” Project

The methodological aspects and probabilistic analysis results for the dispersion modelling will
be presented in the research reports by Baklanov et al, 2002a and Mahura et al., 2003 as a
subsequent part of the “Arctic Risk” Project. For this task, we applied the long-range transport -
DERMA (Sorensen, 1998; Baklanov & Sorensen, 2001) and DMI-HIRLAM (Sass et al., 2000)
models to simulate radionuclide transport for the hypothetical accidental releases at NRSs.
Additional NRSs — Smolensk and Kursk NPPs (Russia), Chernobyl NPP (Ukraine), Forshmark NPP
(Sweden), and Roslyakovo shipyard (Kola Peninsula, Murmansk Region, Russia) - were also
included in the dispersion modelling to already initially selected 11 NRSs (as in Table 1.1) in the
Euro-Arctic region.

The results of these both parts (based on trajectory and dispersion modelling approaches) in the
“Arctic Risk” Project (AR-NARP, 2001-2003; Mahura et al., 2002c; Mahura et al., 2003) will be
used into two ways. First, these results will be used in evaluation of vulnerability to radioactive
deposition (concerning its persistence in the ecosystems with focus to transfer of certain
radionuclides into food chains of key importance for the intake and exposure in a whole population
and certain groups of the Nordic countries) applying approach by Bergman, 1999. Second, these
results will be used also for risk evaluation and mapping using demographic databases in
combination with the GIS-analysis as described by Rigina & Baklanov, 1999; Rigina, 2001, Rigina
& Baklanov, 2002. Their approach was applied to analyse socio-economical consequences for
different geographical areas and population groups taking into account various social-geophysical
factors and probabilities.



II. PROBABILISTIC ANALYSIS OF ATMOSPHERIC TRANSPORT
PATTERNS FROM NRSs IN EURO-ARCTIC REGION

In this report we will present and discuss some results based on application of the methodology
for the probabilistic assessment of the nuclear risk sites impact suggested by Baklanov & Mahura,
2001. The nuclear risk sites of concern in this study are eleven sites located in the Euro-Arctic
region (shown in Table 1.1). For this purpose we used calculated trajectories (during 1991-1996)
originated over selected NRSs to construct and estimate various indicators of the NRS possible
impact based on the trajectory modelling approach.

In §2.1 of this report, on example of the Kola NPP (Murmansk Region, Russia), the simple
characteristics of the NRS possible impact and atmospheric transport pathways from the site are
show. Detailed evaluation of these is given by Mahura et al., 1997b; Jaffe et al., 1997b;, Mahura et
al., 2001. In further sections, additional indicators — all based on the trajectory modelling results - of
the NRS possible impact, such as airflow probability field (§2.2), fast transport probability field
(§2.3), maximum reaching distance and maximum possible impact zone (§2.4), typical transport
time field (§2.5) are considered for 11 NRSs. The precipitation factor (§2.6) field will be shown
only for the Kola NPP, because a new dispersion modelling approach in evaluation of the wet
deposition patterns (Baklanov et al., 2002a; Baklanov et al., 2002c) could provide more
representative information about possibility of the radionuclide removal during atmospheric
transport from the accident location.

2.1. SIMPLE CHARACTERISTICS OF NRS IMPACT AND ATMOSPHERIC
TRANSPORT PATHWAYS

In general, we analyzed all calculated forward trajectories that originated over the NRS
locations to investigate the likelihood that the nuclear risk sites might have impact on the
neighbouring countries or distant geographical regions. As a first approximation, trajectories can be
separated into groups by altitudes of initial trajectory points. The boundaries of geographical
regions can be selected depending on political borders, climatic regimes, areas of research interest,
etc. For simplicity, we assumed that any trajectory, which crosses into the boundaries of the chosen
geographical region, might bring air parcels containing radionuclides. Therefore, only trajectories
crossing boundaries of these regions should be selected in further evaluation of the NRS impact.

Among the simple characteristics we could suggest the following. First, it is the number and
percentage of trajectories reaching the boundaries of the chosen geographical regions. Second, it is
the number and percentage of days when, at least, one trajectory had reached the region. Third, it is
the average transport time of air parcels to reach chosen regions. Fourth, it is the probability of
atmospheric transport within different atmospheric layers (boundary layer and free troposphere).
Fifth, it is the likelihood of very rapid (fast) atmospheric transport of air parcels, i.e. transport in one
day or less. All these characteristics can be evaluated over a multiyear dataset of calculated
trajectories, by individual year, season, and month. Such analysis allows to investigate possible
spatial and temporal variation in the airflow patterns from the NRS region to neighbouring countries
or selected geographical regions of concern.

Another approach in the simple analysis is to apply, as a research tool, a cluster analysis
technique for trajectories originated at each site. As a result of this analysis, the mean trajectories
for each cluster will be produced. These mean trajectories are atmospheric transport pathways
from the sites, and they can be explained based on existing synoptic features and peculiarities in the



studied regions. These pathways show the general direction of atmospheric transport from the site
region as well as probability of such transport (an example is shown in Figure 2.1.1). The mean
trajectory for each cluster is given with points indicating 12-hour intervals. Two numbers are used
for each cluster. The first is the identifier of a cluster. The second is the percentage of trajectories
within a cluster. The cluster numbers are arbitrary and only used to separate the possible types of
transport.

Figure 2.1.1. Annual atmospheric transport pathways from the Kola NPP region.

For the Kola NPP, six clusters were identified for the 5-day trajectories originating over the
NRS region within the boundary layer. Four of them (#1, 2, 3 and 4 with 27, 22, 10 and 16% of
occurrence, respectively) show westerly flow. These were observed about 75% of the time. Cluster
#6 (7%) was used to show the possibility of the easterly flow toward the North Atlantic. Cluster #5
(18%) represents transport to the southwest through the Scandinavian Peninsula into the Baltic Sea.
The westerly flows are predominant throughout the year. Cluster analysis of trajectories by seasons
showed that atmospheric transport from the west varies from 68% (in fall) to 94% (in spring) of the
time. Transport from the east occurs from 3% (in winter) to 26% (in summer) of the cases.
Transport in the southern direction takes place 15% of the time (in winter) increasing up to 25% (in
fall). Analysis of trajectories at higher altitudes (1.5 and 3 km asl) showed that in the free
troposphere the probability of atmospheric transport from the west increases up to 90%.

Although results of the cluster analysis are useful, they are not completely representative,
because information between clusters represented by mean trajectories (or transport pathways),
reflecting only the general direction of airflow from the site, is “missing”. Therefore, another
research tool (discussed in §2.2) — probability fields analysis - is required to extract this additional
information. It should be noted that some examples in evaluation of simple characteristics and
atmospheric transport pathways from the sites based on cluster analysis of trajectories are discussed
for the Northwest Russia and Russian Far East nuclear risk sites by Mahura et al., 1999a; Mahura
et al., 1999b; Baklanov et al., 2001, Mahura, 2002.

2.2. AIRFLOW PROBABILITY FIELDS

Probabilistic analysis is one of the ways to estimate the likelihood of occurrence of one or more
phenomena or events. In this study, for each NRS we calculated a large number of isentropic
forward trajectories that passed over various geographical regions. Each calculated trajectory
contains information about longitude, latitude, altitude, pressure, temperature, relative humidity,
etc. at each 12-hours interval. The probability fields for these mentioned characteristics, either



individual or combined, can be represented by a superposition of probabilities for air parcels
reaching each grid area in the chosen domain or on a geographical map.

Approaches to Construct Probability Fields

Let us consider in more details several common approaches to construct probability fields
based on trajectory modelling results (Baklanov & Mahura, 2001; Mahura, 2001). For all
approaches, initially, we construct a gridded domain having M,,, x My, latitude vs. longitude grid
points with a size of 4Y x AX degrees latitude vs. longitude. The selection of sizes 4Y and AX
depends on the resolution of original meteorological fields used for trajectory calculation purposes.
The number of latitudinal and longitudinal grid points - M, and M,,, — is selected taking into
account the farthest geographical boundaries which might be reached by air masses during the year.

The first approach to construct such fields (an example is shown in Figure 2.2.1a) considers

the number of trajectory intersections with each cell of the gridded domain (NCELLu ):
Ny My My,

News, =2 2, 2l »
j=1 =l

k=1

0
ni/k:{l if X, <X, <Xy
Y, <Y, <Y, "’

J+l
where:
Yis , Y — longitude and latitude of A-trajectory at time ¢ (where: ¢ = 0,5 days; 4¢ = 12 hours);
X;, Xi+; — longitudinal boundaries of the grid cells of domain;
Y;, Y;+; — latitudinal boundaries of the grid cells of domain;
N, — total number of trajectories during the multiyear period studied (number days per year « 8
trajectories per day = number of years);
M, Mo, - number of the grid points in domain along latitude and longitude.

The isolines (shown in Figure 2.2.1a) start from 25 intersections of trajectories with cells of the
gridded domain (maximum isoline represents 750 and more intersections), and all other isolines are
selected arbitrary, although these used to reflect the dominance of the westerly atmospheric
transport from the site as well as the fact that the airflow, in general, is concentrated around the site.

LENMOAAD NEF - ¥EAR

g (b) | b o
Figure 2.2.1. Examples of airflow probability fields for the Leningrad NPP (LNP) using the a) first, b)
second, and c) third approaches to construct probabilistic fields based on trajectory modelling results.

The second approach for construction of probabilistic fields (Figure 2.2.1b) uses an
assumption that the total sum of contributions from all individual grid cells of domain is equal to
100%. Hence, the contribution or probability that a given trajectory might reach the geographical
boundaries of the individual cell could be estimated as follows:
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where:
P;; - probability of trajectory intersections with a particular cell of the gridded domain;
No: — total number of trajectory intersections with all cells of the gridded domain.

The isolines (shown in Figure 2.2.1b) start from the smallest — “le-2” (%) - contribution of
cells into the total redistribution of the airflow from the site. In vicinity of the site and on the
regional scale up to 1000 km the contribution of cells varies from 7 to 1%. The contribution of more
distant cells from the site decreases by orders of magnitude. Similarly to Figure 2.1.1a, this
probabilistic field also reflects the dominance of the westerly atmospheric flows from the Leningrad
NPP region as well as concentration of the airflow around the site.

The third approach for construction of probabilistic fields (Figure 2.2.1c) uses an assumption
that for an individual NRS there is always an area where there is the highest probability of the
maximum possible impact due to atmospheric transport. The borders of such an area (or more
precisely, the cells included in such area) could be estimated by comparing the number of trajectory
intersections with the cells (adjacent to the NRS location) with the cell where the maximum number

of intersections occurred: Nawe = maX(Negry, oo Nering, ) . Among all grid cells, the cell where

the absolute maximum of intersections occurred will be identified as an “absolute maximum cell”
(AMC). Because all trajectories start near the NRS region, to account for the contribution into the
flow at larger distances from the site, we extended the area of maximum to cells adjacent to the
AMC. We compared the number of intersections in cells adjacent to AMC and then assigned
additional cells, which had difference of less than 10% between cells. Therefore, this new “area of
maximums”, if isolines are drawn, will represent the area of the highest probability of the possible
impact (AHPPI) from NRS. Assuming a value of 100% for this area, the rest could be re-calculated
as percentage of the area at the highest probability of the possible impact, or:

N
CELL,
_ i 0
PAHPMI,J = 100%
D
Ny =Ny =Nyupar >
My, My,

N =20 21y

j=1 =l

0
n, = ) ,
! {N CELL, if N CELL; 209N e
where:

Pasww,; probability of the NRS impact with respect to the area of the highest probability of the
possible impact (AHPPI) of the nuclear risk site;
Np - total sum of trajectory intersections with cells from the gridded domain, except the cells
located in the boundaries of AHPPI for the nuclear risk site;
Naupyvr — total sum of trajectory intersections with cells from the gridded domain located within
the boundaries of AHPPI for the nuclear risk site.
The isolines (shown in Figure 2.2.1c¢) start from “10” (%) and show contribution of cells into
the total redistribution of the airflow around the site with respect to AHPPI. The boundaries of
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AHPPI (extended in east-south sector from the site) are shown by the isoline of “>90” (%). This
field also shows dominance of the westerly flows from the NRS region.

In our study, we selected the third approach to construct the probabilistic fields as the most
representative to evaluate the NRS possible impact. We should note that the most interest for the
further analysis would be the following types of probabilistic fields: a) airflow, b) fast transport, c¢)
maximum reaching distance, d) maximum possible impact zone, e) typical transport time, and f)
precipitation factor.

Airflow Probability Fieldsfor NRSsin the Euro-Arctic region

The first type of probabilistic fields - airflow probability fields - shows the common features
in the atmospheric transport patterns from NRSs. First, it could provide a general insight on the
possible main direction of the radioactive plume transport. Second, it shows a probability that
radioactive plume will reach or pass over a given area on a geographical map. In comparison with
the atmospheric transport pathways (an example is shown in §2.1), the AF probability fields show
more detailed information about distribution of direction and probabilities of atmospheric transport
from the sites toward a concrete geographical territory, region, country, or site.

| -(TRS) o | (ONP)
Figure 2.2.2. Annual airflow probability fields for the selected NRSs in the Euro-Arctic region.

" (LRS)

Moreover, airflow probability field is a reliable test to reject or support results of the cluster
analysis (which could be applied to identify the general atmospheric transport pathways from
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NRSs), because the calculated clusters (or mean trajectories) will be located in the troughs and
crests of probabilistic fields. The regions, where the highest crossing by trajectories is occurred,
have the highest probability of the NRS possible impact. In this study, all airflow probability fields
were constructed by averaging airflow patterns over a selected time period: year, season, and month
(based on a multiyear dataset). The annual (see Figure 2.2.2), monthly (see Appendix 1), and
seasonal variability of the airflow probability fields for the selected NRSs is stored on CD (enclosed
if ordered).

For example, on an annual scale, for both Kola NPP (KNP) and Leningrad NPP (LNP), there is
a clear dominance of the westerly flows in the atmospheric transport from the sites (Figure 2.2.2).
The AHPPIs of these sites are extended in the eastern direction, although for the Kola NPP there is
an extension of AHPPI to the south-west of the site. For the Kola NPP, it is also reflected by the
cluster analysis of trajectories where cluster #5 (18% of the time as shown in Figure 2.1.1) lies in
the same direction. As any meteorological variable, the AF probability fields calculated based on
the wind characteristics have a temporal variability.
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Figure 2.2.3. Seasonal airflow probability fields for the Kola NPP (KNP).

Let us consider, as an example, the variability of the airflow patterns for the Kola NPP by
seasons (Figure 2.2.3) and for the Leningrad NPP by months (Figure 2.2.4). For the Kola NPP,
during all seasons, the predominant transport is in the eastern direction from the site. Although,
during spring, there is increase of transport in the south-western direction, and it is reflected by
shifting of the AHHPI boundaries to the central territories of Finland (Figure 2.2.3a). During
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summer, it is extended to the south of the site (reaching 65°N), but in other seasons it is located
northerly of this latitude. During winter, the probability to reach Sweden is minimal; but the north-
western and central regions of Russia are at the higher risk of being impacted during atmospheric
transport from NRS. Moreover, it should be noted, that isolines of the airflow probability fields
could be represented as the varying boundaries showing an order of the NRS possible impact on the
concrete geographical territory. For example, for the Yamal Peninsula (Russia), likelihood of the
NRS possible impact is the lowest during summer in comparison with other seasons, and for the
Baltic States this likelihood is the lowest during spring.

Leningrad WPP {LHP)
L RO rELD

Lanivgrad WPP (LP)
e caseary T

Figure 2.2.4. Monthly airflow probability fields for the Leningrad NPP (LNP).
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For the Leningrad NPP, more detailed consideration of temporal variability by months
(Figure 2.2.4) shows some peculiarities in the airflow patterns, which are not seen on both annual
and seasonal scales. During July, atmospheric transport in the southern direction dominates for
trajectories originated within the boundary layer over the Leningrad NPP region. The AHPPI
boundaries reach territories southerly of 55°N. During February and March, the boundaries are
extended significantly to the west of the site. During October and November, the probability for air
parcels to pass over the Barents Sea is decreased. During September, there is a probability to reach
the western seashore of the Southern Norway, although during other months, only a small part of
the northern territories of the country might be affected by the Leningrad NPP. Throughout the
year, the boundaries of the LNP AHPPI are located within the Russian territories, except during
March, September, and November when they are extended also to the northern territories of
Estonia.

It should be noted that the westerly transport dominates for all NRSs considered in this study.
Although, for example, for the block of the British NPPs (BBP), Oskarshamn NPP (ONP), and
Olkiluoto NPP (TRS), the airflow pattern is shifted toward the northeast of the site. For the Ignalina
NPP (INP), the AF probability field is shifted toward the southeast of the site. For NRSs located
closer to the North Atlantic Ocean region (i.e. blocks of the British (BBP) and German (BGP)
NPPs, and Barsebaeck NPP (BBP)), the boundaries of probabilistic fields are extended farther
(approximately on 1/3 in comparison with other NRSs) in the western direction from the sites.
Therefore, the probability to reach more remote (in the western direction) territories from the sites is
increased.

We should note that the airflow probability fields could be used for emergency planning and
preparedness, in advance, for estimates of possible atmospheric transport (including probabilities,
direction, speed, etc.) of the radionuclide cloud after hypothetical accidental releases at NRSs.

2.3. FAST TRANSPORT PROBABILITY FIELDS

The second type of probabilistic fields - fast transport probability fields - indicates the
probability of the air parcels movement during the first day of transport. It is important information,
especially, for the impact estimating of the short-lived radionuclides such as **"*'I, '**Te and Noble
gases such as *Kr, "33 Xe. These fast transport fields show those territories that may be
reached after the first 12 and 24 hours of atmospheric transport from the site, and those areas that
are at the most danger due to fast transport. In this study, the fast transport probability fields were
calculated after 12 and 24 hours of atmospheric transport from the risk sites.

The fast transport probability fields characterize not only the highly possible direction of the
radionuclide cloud atmospheric transport from the risk sites, but also define boundaries of territories
on a geographical map where the order of the NRS possible impact could be evaluated. In this case,
it is possible to depict the region (i.e. AHPPI) on a map where the risk site impact might be the
highest, and for other regions to re-calculate the NRS possible impact as a part of NRS AHPPIL

The annual FT probability fields at both terms (12 and 24 hours) are presented for the selected
NRSs in the Euro-Arctic region in Figures 2.3.1 and 2.3.2, respectively. The seasonal and monthly
variability of these fields is stored on CD (enclosed if ordered) and in Appendices 2 and 3.

Let us consider several examples of result interpretation. First, it is an individual interpretation
of the airflow or/and fast transport probability fields for one or more NRSs with respect to
geographical regions, territories, or countries of concern. Second, it is a combined interpretation of
the airflow and fast transport probability fields for two or more NRSs with respect to each other and
geographical regions, territories, or countries of concern.
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Individual I nterpretation of Airflow/Fast Transport Probability Fieldsfor One NRS

Let us consider some NRSs for such analysis. For the Kola NPP (KNP), the annual FT
probability field after 12 hours of atmospheric transport (Figure 2.3.1) shows, as it is expected, that
the entire Kola Peninsula is located within the area of the highest probability of the possible impact
(AHPPI) from NRS. During the first 12 hours, the atmospheric transport from KNP is dominated by
westerlies, although after 24 hours the transport to southwest can be also identified (Figure 2.3.2).

tgralina KPP (INF) B o
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Figure 2.3.1. Annual fast transport probability field after 12 hours of atmospheric transport from the selected
NRSs in the Euro-Arctic region.

Two maxima of AHPPI could be seen. The first is located in the eastern part of the Kola
Peninsula, second — in the central regions of Karelia and Finland. Both of these show that after a
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day of transport, there is the highest possibility that the radionuclide cloud will arrive to the
mentioned territories, and hence, the NRS possible impact might be higher compared with other
regions.
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Figure 2.3.2. Annual fast transport probability field after 24 hours of atmospheric transport from the selected
NRSs in the Euro-Arctic region.

On a seasonal scale, for the Kola NPP (Figure 2.3.3), during fall the FT probability field after
24 hours shows the shift of AHPPI in the eastern direction from the site toward less populated
territories of the Northwest Russia. During summer, the total area of the fast transport fields is
decreased (due to significant decrease of wind speeds during summer compared with other seasons).
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This tendency is observed for all NRSs. In the same time, more southern regions with respect to the
Kola NPP are included in the boundaries of AHPPI. There are also several maxima of AHPPI in
other seasons compared with summer.

For the Novaya Zemlya Test Site (NZS), where in the Former Soviet Union the testing of
nuclear weapons was conducted, on an annual scale, there is a pattern showing transport in the
western direction at the end of the first 12 hours of atmospheric transport (Figure 2.3.1), and a
pattern showing transport in the southern direction at the end of the first day of atmospheric
transport (Figure 2.3.2). We should note that for the FT probability field after 12 hours, the AHPPI,
although it is located near the site, is separated into two maxima: one to the east and one to the west
of the site. After the first day, the NRS possible impact will be the highest on the territories of the
Russian Arctic seashore. Moreover, there are also two maxima of KNP AHPPI, but they are located
to the south of the site.

s
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Figure 2.3.3. Seasonal variability of the fast transport probability fields after 24 hours of atmospheric
transport for the Kola NPP (KNP).

Let us compare the NRS possible impact from two or more NRSs on the concrete country of
concern — 1) Denmark and 2) Kaliningrad Region (Russia). For this purpose, for simplicity, we will
evaluate the annual (although seasonal or monthly variability could be used) fast transport
probability fields after 12 and 24 hours of atmospheric transport for 1) the blocks of the British
(BBP) and German (BGP) NPPs (as example 1); the Ignalina (INP) and Barsebaeck (BNP) NPPs
(as example 2). Such analysis could allow determining: which of NRSs, from the probabilistic point
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of view, represents the highest danger due to atmospheric transport to the concrete geographical
region, territory, country, site, etc.

In the first example, for both blocks of NPPs — German (BGP) and British (BBP), during the
first 12 hours, the tendency in dominating of westerly flows is observed (Figure 2.3.1). The area of
BGP AHPPI is higher compared with area of BBP AHPPI. The boundaries of the AHPPI’s middle
and high values (>50%) reaches the central and southern territories of Denmark. For the British
NPPs, the maximal values of AHPPI are located in a vicinity of the British Islands, and probability
to reach the Danish territories is minimal. The fast transport probability fields after 24 hours show
(Figure 2.3.2), that although the dominating atmospheric transport for both BBP and BGP sites is
still toward the east, for block of the British NPPs the transport toward the southern and northern
direction could be observed. The BBP AHPPI area is increased significantly, and its boundaries are
extended farther in the meridional direction compared with latitudinal direction. Hence, the
probability to reach the western territories of Denmark had risen.

In the second example, for both NRSs — Ignalina (INP) and Barsebaeck (BNP) NPPs — the
westerly flows had dominated during the first 12 hours of atmospheric transport (Figure 2.3.1). But
for INP, at the end of the first day there is a tendency in shifting of the airflow in the south-eastern
direction. For BNP, the western territories of the Kaliningrad Region will be located within the
AHPPI boundaries. Moreover, the entire Kaliningrad Region, Lithuania, and Latvia are located
inside the BNP AHPPI after 24 hours of atmospheric transport (Figure 2.3.2). Although, for the
Ignalina NPP, the medium values of INP AHPPI will be only on the eastern territories of the
Kaliningrad Region.

Combined I nterpretation of Airflow/Fast Transport Probability Fields for Several NRSs

Let us consider the combined analysis of the AF and FT probability fields for several NRSs
(examples are shown in Figure 2.3.4). We will compare the seasonal variability in the airflow and
fast transport patterns for the blocks of the British (BBP) and German (BGP) NPPs, Loviisa (LRS)
and Barsebaeck (BNP) NPPs with respect to the Nordic countries — Denmark, Finland, Norway,
Sweden, Iceland, and Faeroes Islands. It is a convenient step for such analysis to plot a selected
field on one figure for several NRSs simultaneously, and to choose several critical isolines (for
example, 10, 25, 50, 75, >90 % of NRS AHPPI) for better interpretation of results.

The seasonal variability of the airflow patterns (constructed based on the 5-day isentropic
trajectories) for both NRSs — BBP and BGP — is shown in Figure 2.3.4a, and it reflects the
dominance of the westerly flows in the atmospheric transport from the sites. The AHPPI boundaries
(>90) for both sites intersect each other over the North Sea throughout the year, except during
summer. The total area of the BBP airflow pattern is larger compared with BGP, and moreover,
during spring it almost covers the BGP airflow area. During spring and fall, the BGP airflow pattern
is more extended in the western direction from the site toward the North Atlantic Ocean.
Throughout the year, the Faeroes Islands will be located within 25-50% of BBP AHPPI, except
during winter. Considering a minimal isoline of 25% of AHPPI, it should be noted that the central
parts of the Scandinavian Peninsula are less reachable throughout the year, except during spring,
and hence, the NRS possible impact is lower compared with Denmark. For the Faeroes Islands, the
BBP possible impact will vary between 25-55% of AHPPI, although for Iceland it is very lower
than 25% of AHPPI.

The seasonal variability of the fast transport patterns (constructed at 24 hours of atmospheric
transport) for both NRSs — BBP and LRS — is shown in Figure 2.3.4b. For BBP, during spring and
fall the AHPPI boundaries are extended significantly to the south of the site, and moreover, during
spring the three maxima of AHPPI could be identified over the Denmark, United Kingdom, and
Ireland. During winter and spring, the boundaries of the fast transport probability field (enclosed by
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25% of AHPPI isoline), are extended farther to north and south compared with other seasons. In
general, among the Scandinavian countries only Denmark and the southern territories of Norway
and Sweden could be affected by the end of the first day after an accidental release of radioactivity
occurred from the site.
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Figure 2.3.4. Seasonal variability of the: a) airflow probability fields for the blocks of the British (BBP) and
German (BGP) NPPs; b) fast transport probability fields after 24 hours of atmospheric transport from the
block of the British (BBP) and Loviisa (LRS) NPPs, and c) fast transport probability fields after 12 hours of
atmospheric transport from the block of the British (BBP), Loviisa (LRS), and Barsebaeck (BNP) NPPs.
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For LRS, during summer the AHPPI boundaries are more extended to the southeast of the site,
during winter — to northeast of the site. Throughout the year, the total area of the fast transport
probability field for LRS is smaller compared with BBP, which could be also affected by the
difference in the continental vs. maritime climatical regimes of the sites, respectively. The
probability of reaching the eastern seashore of Sweden is low, and the NRS possible impact there
will be only 25% of AHPPI. The southern territories of Finland are always inside the LRS AHPPI
boundaries throughout the year, except during summer.

The seasonal variability of the fast transport patterns (constructed at 12 hours of atmospheric
transport) for three NRSs — BBP, LRS, and BNP — is shown in Figure 2.3.4c. For all NRSs, the
dominating transport pattern during the first 12 hours of atmospheric transport from the sites is
transport in the eastern direction. The sites” AHPPI boundaries are extended to the east of the sites,
although for BBP it is extended more to the north of BBP during summer and to the west of BBP
during spring, as well as for BNP it is extended to the west of BNP during fall. The seasonal
variability for LRS is less pronounced, and, in general, the LRS AHPPI boundaries are located
within the same geographical regions throughout the year. After 12 hours of atmospheric transport
from the sites, only neighbouring to NRS countries and regions will be located within the AHPPI
boundaries. For LRS, it is Finland, Estonia, and border regions of the Northwest Russia. For BNP,
it is Denmark, south of Sweden, and the Baltic seashore of Germany and Poland. For BBP, it is
only the United Kingdom with the western parts of the North Sea.

If consider Denmark as a country of concern than after the first 12 hours of atmospheric
transport: 1) throughout the year, LRS does not affect the Danish territory 2) BNP will always
represent the highest risk of atmospheric transport to Denmark throughout the year, especially
during spring and fall when the AHPPI boundaries pass over the Danish borders, and 3) BBP shows
the fast transport toward Denmark, and the NRS possible impact over the Danish territory will be
10-25% of AHPPL

Finally, it should be noted that similarly to the airflow analysis we can analyse the NRS
possible impact (on the concrete geographical region, territory, country, site, etc.) based the selected
probabilistic fields (fast transport after 12 and 24 hours of atmospheric transport) for different time
periods (annual, seasonal, and monthly variability of the fields) for any of 11 selected NRSs in the
Euro-Arctic region both separately for each site or combined for several sites. For example, such FT
probability fields analysis by months (during the Kursk nuclear submarine lifting and transportation
operation) is given by Mahura et al., 2002a. The seasonal and monthly variability of the FT
probability fields for the selected NRSs in the Euro-Arctic region is stored on CD (enclosed if
ordered) and in Appendices 2 and 3.

2.4. MAXIMUM POSSIBLE IMPACT ZONE AND MAXIMUM REACHING DISTANCE

In this section of report, we will introduce two additional indicators (Baklanov & Mahura,
2001; Mahura, 2001; Mahura et al., 2002a; Mahura et al., 2002d), which could play a role of
indicators of the NRS possible impact, and which, first of all, are important for the emergency
preparedness. In addition to the airflow and fast transport probability fields (described in §2.2 and
§2.3) it will be the third type of probabilistic fields. It should be noted that this type of the field,
first, indicates boundaries of areas with the highest probability of being reached by trajectories
during the first day of atmospheric transport from the risk sites. Let’s call it maximum possible
impact zone - MPIZ. Second, this type of the field indicates the farthest boundaries on the
geographical map that might be reached during the first day by, at least, one trajectory originating
over the NRS location. Let’s call it maximum reaching distance - MRD.
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To visualise the MPIZ indicator we counted also all endpoints of calculated trajectories
originated within the boundary layer (such calculation can be done for any other layer or altitude)
during the first day of transport (at 12 and 24 hours). Then, a similar approach for construction of
probability fields (as was used for the airflow and fast transport probability fields; see §2.2) was
used to construct the MPIZ field. An isoline of MPIZ was drawn through the areas with the highest
occurrence of trajectory intersections with the cells of the gridded domain.

To visualise the MRD indicator we used all endpoints of calculated trajectories at the end of the
first day of atmospheric transport. An isoline of MRD was drawn through the grid cells where, at
least, one trajectory intersected with the grid cell boundaries. We should note also, that although the
likelihood that an air parcel will reach these boundaries is low, it is still a possible case of
atmospheric transport from the site.

Maximum Possible | mpact Zone

Maximum possible impact zone (MPIZ) indicator, similarly to the fast transport probability
fields, is important characteristic of the NRS possible impact during the first day of atmospheric
transport after an accidental release at the site. The boundaries of the MPIZ indicators for the
selected NRSs in the Euro-Arctic region are shown in Figure 2.4.1. It should be noted, that although
MPIZs are concentrated in a vicinity of the risk sites, the configuration of the MPIZ isolines will
depend on the dominating transport patterns during the first day of atmospheric transport, and
isolines are extended along the direction of the main flow. For majority of the selected NRSs, the
dominating airflows from the sites are westerlies. Additionally, for the BBP site the MPIZ
boundaries are extended to the north of BBP. For the NZS, KNP, LNP, and INP sites these
boundaries are extended to the south of the sites.
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Figure 2.4.1. Annual boundaries of the maximum possible impact zone indicators after 24 hours of
atmospheric transport for the selected NRSs in the Euro-Arctic region.
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For studies of the long-term consequences of routine discharges or accidental releases it is
important to evaluate not only boundaries of MPIZ, but also areas of regions enclosed by the MP1Z
boundaries. To estimate areas we used a simple approach. First, the figure inside the MPIZ
boundary (or isoline) was approximated by a set of triangles, where each triangle has a top at the
NRS coordinates and a side on the MPIZ isoline. Second, the areas of all triangles were calculated,
and the total area under the MPIZ isoline was equal to a sum of all triangles’ areas. The estimation
of monthly maximum, minimum, and average areas for MPIZ is given in Table 2.4.1. It should be
noted that areas’ variability depends on the wind velocities on the synoptic- and mesoscales
throughout the year. And although, in general, during winter the wind speeds are higher compared
with summer, there is a possibility in variability defined by the local-scale atmospheric processes.

Table 2.4.1. Monthly variability of the maximum possible impact zone indicator.

Area of MPIZ
Nuclear Risk Sites NRS 10" km?
Maximum Minimum Annual Average
Novaya Zemlya Test Site NZS 91.5 (Dec) 42.9 (May) 57.4
Kola NPP KNP 52.4 (Apr) 31.9 (Aug) 42.8
Leningrad NPP LNP 52.4 (Nov) 30.9 (Sep) 40.2
Ignalina NPP INP 56.0 (Feb) 35.2 (Nov) 42.0
Oskarshamn NPP ONP 66.5 (Mar) 29.0 (Aug) 41.8
Ringhals NPP RNP 50.7 (Apr) 28.3 (Aug) 38.3
Barsebaeck NPP BNP 61.3 (Mar) 28.5 (Jun) 40.2
Loviisa NPP LRS 51.4 (Jul) 29.5 (Oct) 40.9
Olkiluoto (TVO) NPP TRS 55.9 (Nov) 33.8 (May) 44.6
Block of the British NPPs BBP 61.2 (Apr) 29.9 (Jul) 43.7
Block of the German NPPs BGP 63.6 (Nov) 28.9 (Jun) 42.1

Table 2.4.2. Seasonal variability of the maximum possible impact zone indicator.

Area of MPIZ
Nuclear Risk Sites NRS -10* km®

Maximum Minimum
Novaya Zemlya Test Site NZzZS 79.7 (Win) 47.1 (Sum)
Kola NPP KNP 41.9 (Spr) 33.6 (Sum)
Leningrad NPP LNP 57.4 (Win) 34.4 (Fal)
Ignalina NPP INP 56.9 (Win) 32.1 (Fal)
Oskarshamn NPP ONP 62.3 (Win) 37.7 (Sum)
Ringhals NPP RNP 46.0 (Spr) 27.9 (Sum)
Barsebaeck NPP BNP 44.9 (Win) 35.8 (Fal)
Loviisa NPP LRS 43.8 (Fal) 31.4 (Sum)
Olkiluoto (TVO) NPP TRS 48.1 (Fal) 33.9 (Spr)
Block of the British NPPs BBP 66.8 (Spr) 32.1 (Sum)
Block of the German NPPs BGP 45.6 (Win) 30.3 (Sum)

If consider a standard division by seasons (where: Win=Dec+Jan+Feb, Spr=Mar+Apr+May,
Sum=Jun+Jul+Aug, and Fal=Sep+Oct+Nov), than there is a possibility of significant smoothing in
the monthly fields and MPIZ areas, and therefore, shifting of extremes. On a seasonal scale (Table
2.4.2), for more than half of NRSs the MPIZ area has a minimum in summer, except Leningrad
(LNP), Ignalina (INP), and Barsebaeck (BNP) NPPs, where it has a minimum in fall. Moreover, the
monthly minimum (Table 2.4.1) or maximum could be shifted by 1-2 months with respect to
seasonal extremes (Table 2.4.2). For example, for the Leningrad NPP (LNP), the monthly
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maximum is in November, but seasonal maximum is in winter; for the Novaya Zemlya Test Site
(NZS), the monthly minimum is in May, but seasonal minimum is in summer; etc. It should be
noted that for NZS, the MPIZ area - 91.5-10" km? - is maximal among 11 considered nuclear risk
sites.

Maximum Reaching Distance

Maximum reaching distance (MRD) indicator, similarly to the maximum possible impact
zone indicator, is important characteristic of the NRS possible impact during the first day of
atmospheric transport after an accidental release at the site. The boundaries of the MRD indicators
for the selected NRSs in the Euro-Arctic region are shown in Figures 2.4.2 and Figure 2.4.3. If
consider a large dataset of trajectories, there is a situation after the hypothetical accidental release
when the contaminated air parcels might reach the most remote geographical regions. The distance
to these remote boundaries might vary between hundreds and thousands kilometres. Boundaries,
depicted on Figures 2.4.2 and 2.4.3 reflect such possibility. They could be interpreted as probable
boundaries of the NRS possible impact during the first day after the hypothetical accidental release
when atmospheric transport from the site was the fastest.
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Figure 2.4.2. Annual boundaries of the maximum reaching distance indicator after 24 hours of atmospheric
transport for the Block of the British NPPs (MD_BBP), Oskarshamn NPP (MD_ONP), Ignalina NPP
(MD_INP), and Kola NPP (MD_KNP).

For example, for the Kola NPP (KNP), the zone of such impact is extended to the northern
territories of Sweden and Norway, most of the territory of Finland, and north-western territories of
Russia (including the Barents, White, and Kara Seas) (Figure 2.4.2). For the Leningrad NPP (LNP),
the boundaries include a significant part of Finland, Baltic States, Byelorussia, northwest and
central regions of Russia (Figure 2.4.3a). For the Novaya Zemlya Test Site (NZS), the atmospheric
transport is extended in the latitudinal direction by 20-30° from the site, and in the meridional
direction — 8-10° from the site (Figure 2.4.3a). For the Olkiluoto (or TVO) NPP (TRS), the MRD
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boundaries are extended over the large part of the Scandinavian Peninsula, Northwest Russia, Baltic
States, and, partially, over Byelorussia and Poland (Figure 2.4.3b).
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Figure 2.4.3. Annual boundaries of the maximum reaching distance indicator after 24 hours of atmospheric
transport for the: a) Block of the German NPPs (MD BGP), Loviisa NPP (MD_LRS), Novaya Zemlya Test
Site (MD_NZS), and Leningrad NPP (MD_LNP); and b) Barsebaeck NPP (MD BNP), Ringhals NPP
(MD_RNP), and Olkiluoto NPP (MD_TRS).

Additionally, similarly to MPIZ, it is possible to estimate an area enclosed by the MRD isolines
for each NRS (Table 2.4.3). The MRD areas, of course, are significantly large than the MPIZ areas,
and the latter is also included in the MRD area. But in comparison with MPIZ, the dominating
direction of atmospheric transport is less underlined by MRD. The MRD areas have also temporal:
seasonal (Table 2.4.3) and monthly variability. Because the construction of the MRD indicator
boundaries includes cells of gridded domain with the lowest probabilities of transport through the
cells (i.e. at least one trajectory reached a cell), it is not possible to explain such variability only by
the synoptical scale features (i.e. there is a contribution of the global scale patterns, as well as
anomalies in the general transport patterns from the sites throughout the year). Among 11 NRSs
there are two: one with the highest and one with the lowest MRD areas. For the Novaya Zemlya
Test Site (NZS), the annual MRD area is equal to 903.5-10* km? with a maximum during winter,
and for the Oskarshamn NPP (ONP), it is equal to 595.1-10" km® with a minimum during spring.

Table 2.4.3. Seasonal variability of the maximum reaching distance indicator.

Area of MRD
Nuclear Risk Sites NRS 10" km®
Maximum Minimum Annual Average
Novaya Zemlya Test Site NZS 1200.0 (Win) 361.4 (Sum) 903.5
Kola NPP KNP 975.2 (Spr) 427.1 (Win) 596.0
Leningrad NPP LNP 785.5 (Win) 330.9 (Fal) 691.6
Ignalina NPP INP 842.7 (Win) 540.0 (Sum) 703.0
Oskarshamn NPP ONP 1007.4 (Win) 457.1 (Spr) 595.1
Ringhals NPP RNP 1307.2 (Win)  618.1 (Fal) 854.5
Barsebaeck NPP BNP 1296.3 (Win)  547.9 (Fal) 815.6
Loviisa NPP LRS 1039.3 (Win) 475.9 (Sum) 810.3
Olkiluoto (TVO) NPP TRS 1160.4 (Win)  647.9 (Sum) 780.9
Block of the British NPPs BBP 1100.0 (Win)  385.9 (Spr) 817.0
Block of the German NPPs BGP 962.4 (Spr) 568.6 (Sum) 735.6
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Figure 2.4.4. Seasonal variability of the maximum reaching distance and maximum possible impact zone for
the Block of the British NPPs — BBP (left), Barsebaeck NPP — BNP (middle), and Kola NPP — KNP (right).

Several examples with the seasonal variability of the MPIZ and MRD indicators combined into
one figure are shown in Figure 2.4.4 for the block of the British (BBP), Barsebaeck (BNP), and
Kola (KNP) NPPs. Plotting of both indicators simultaneously allows to estimate the order of
difference between impacted areas and farthest indicator’s boundaries, and between the highest
(MPIZ) and the lowest (MRD) probabilities of the NRS possible impact on the geographical
territories. The annual (Figure 2.4.5), monthly (Appendix 4), and seasonal variability of both
indicators for 11 selected NRSs in the Euro-Arctic region is stored on CD (enclosed if ordered).
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Figure 2.4.5. Annual maximum reaching distance and maximum possible impact zone for the selected NRSs
in the Euro-Arctic region.
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2.5. TYPICAL TRANSPORT TIME FIELDS

In the emergency response systems for nuclear accidents, the estimation of the radionuclide
transport time to a particular territory, region, county, city, etc. is one of the important input
parameters in the decision-making process. We extracted this information from the calculated
isentropic trajectories and constructed the fourth type of probabilistic fields called the typical
transport time (TTT) fields. These fields show: first, how long it will take for an air parcel to
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reach a particular geographical area from the NRS location, and second, what areas would be at the
highest risk during the first few days of radionuclide cloud transport after an accident at NRS.

Construction of Typical Transport Time Fields

To construct the TTT fields, at the first step, we built a new polar grid domain having 36
sectors (10° each) and 35 grid cells (2° each) along each sector line with the risk site in the center.
At the second step, in the same way as in the probability fields analysis, we counted the number of
trajectory intersections in each grid cell of new domain. Then, we selected along each sector a grid
cell with absolute maximum of trajectory intersections and constructed an isoline of typical
transport time.

A similar procedure is repeated for each temporal term of 0.5, 1, 1.5, 2, and 2.5 days. As a step
of this procedure, initially, the geographical coordinates (latitude and longitude) were converted

R(X,.Y, a(Xz’Yt));

into polar coordinates (radius ) and polar angle

R(XmYz):\/(Xz _XNRS)2 +(Yz _YNRS)2 >

y(X,,Y)= arctan(((yt_—YNRS))J,

t — “*NRS

N-y(X,.Y,) if N-E
90+y(X,,Y) if E-S
180+ y(X,,Y,) if S-w’
270+ y(X,,Y) if W—-N

a(X,,Y)=

where:
XY longitude and latitude of trajectory at time ¢ (¢ = 0,10 days; 4¢ = 12 hours),
X vrs > Yiws — longitude and latitude of the NRS location,

y(X,Y) angle calculated for one of quadrants (I-1V).
Then, for each time ¢ in each cell of the sector, we counted number of trajectory

intersections Negu, (t), and compared with the cells along the sector line to find a cell with the

absolute maximum of trajectory intersections N s (t ) :

Msccz Mim
NCELLU(t): Z Znij’
j=1 =l

Sa()(t’)fl)<agria'- ’

i+1,j+1

0
ny; = { ] {Rg"idi,j SR(X,T) < Rg’idi+1,j+l
Ty,

gridi,j

N e ()= maX(NCELLH (g Newrn, (t)l
where:

Reia , %erid - radius and angle of grid points in the gridded domain;

Moo, M - total number of grid points of the gridded domain (36 sectors x 10° and 35+1+35=71
intervals x 2°, respectively).
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For simplicity, if several AMC cells were identified along the sector line than the closest to the
site was selected for construction of the TTT field (example is shown for the Leningrad NPP by
Baklanov & Mahura, 2001; Mahura, 2001). It should be noted that the TTT fields’ construction for
the later terms is complicated due to significant airflow propagation from the site locations, and
hence, the later terms isolines are not concentrated around the site and less representative.

Typical Transport Time Fieldsfor NRSsin the Euro-Arctic Region

The annual typical transport time fields for a combined consideration of the NRS possible
impact are shown in Figure 2.5.1, and separately for each NRS, selected in this study, are shown in
Figure 2.5.2. The seasonal variability of the TTT fields is stored on CD (enclosed if ordered).

For the Block of the British NPPs (BBP), the typical situation during the first day would be
atmospheric transport over the United Kingdom territories and adjacent seas without reaching the
populated territories of the continental European countries (Figure 2.5.1a). After 2 days, the air
mass might reach the southern territories of Norway and Sweden, as well as countries on the
seashore of the North and Baltic Seas. The atmospheric transport in the southern and south-eastern
directions is minimal. For the Kola NPP (KNP), during the first day the territories of the Murmansk
and Archangelsk Regions, north of Karelia, and Finland could be reached, and on the second day,
the large territory of the Northwest Russia, northern and central regions of the Scandinavian
Peninsula are reached (Figure 2.5.1b). Moreover, a significant shift of the TTT isolines at 2 days is
seen in the eastern direction (dominating airflow pattern for the KNP site).

(a) (b)
Figure 2.5.1. Annual typical transport time fields at 1 (—) and 2 (---) days of atmospheric transport for the:
a) Block of the British (BBP) and Ignalina (INP) NPPs, and b) Oskarshamn (ONP) and Kola (KNP) NPPs.

If we assume, that the nuclear weapons testing would be resumed on the Novaya Zemlya Test
Site (NZS) (considering possible vent emissions during underground testing as a possible source of
radioactivity), than the typical transport time field shows that, on average, during the first day the
contaminated air parcels will reach only the Russian Arctic seashore (Figure 2.5.2). During first two
days the boundaries are extended significantly in both eastern and southern directions reaching
60°N, although countries of the Scandinavian Peninsula and Northern Europe will remain un-
affected.

Detailed analysis of the TTT fields for individual and several combined NRSs allows to
identify geographical regions and territories of the neighbouring countries which could be reached
by atmospheric flows and might be impacted by radioactive pollution during a selected period of
time, if an accidental release (or releases) occurred at NRSs. This information could be used to
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forecast the arrival of the radioactive cloud to a concrete territory, and hence, it will allow to plan
countermeasures, including informing and evacuating of population.

It should be also noted that selection of terms - 0.5, ..., 2.5 days — depends on the used for
modelling the temporal (interval of 12 hours) and horizontal (2.5° x 2.5° latitude vs. longitude)
resolution of meteorological data. Although, the linear interpolation of the TTT fields could be done
for the smaller time intervals (for example: 1, 3, 6, etc. hours) it will more reasonable to use a finer
resolution meteorological data for modelling purposes.

Leriingrad HPP (LNF) b o ikl

(LNP)
T e A R = Bozmboect WP (000)

L ('Bﬁp) _-

Cakorshamna NEF (ONE] e e P
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v AT A8 LD 0o ;. ] o T T L i s

(RNP) | (NZS)
Figure 2.5.2. Annual typical transport time fields at 1 (—) and 2 (---) days of atmospheric transport for the
selected NRSs in the Euro-Arctic region.
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2.6. INDICATORS OF POLLUTION POSSIBLE REMOVAL: RELATIVE HUMIDITY,
PRECIPITATION, AND WET DEPOSITION FIELDS

During the atmospheric transport of any kind of pollutants, including radionuclides, many
different processes may influence the distribution of substances. In general, the temporal change of
the radionuclide concentration during atmospheric transport will depend on the following factors.
First, the horizontal and vertical dispersion due to horizontal advection by a wind velocity vector
and turbulent diffusion are the most important factors. Second, all radionuclides during atmospheric
transport are subject to dry deposition of gaseous and particulate nuclides from the atmosphere by
vegetation, biological, or mechanical processes as well as to wet removal by precipitation: rain and
snow. Third, other factors are radioactive decay and resuspension (i.e. lifting of already deposited
material again back into the atmosphere). Although the contributions of all factors are important,
there is always a possibility to ignore some of them depending on the scale of analysis and each
term’s contribution to a particular problem. There are several approaches, which may be used to
evaluate possible contributions to radionuclide removal during atmospheric transport. Let us
consider them in more details in this section of report.

The first approach is based on evaluation of the long-term climatological patterns for
relative humidity and precipitation for a particular geographical area or region of interest. Such
climatological maps (on a multiyear, seasonal, or monthly basis for the large scale domains) can be
obtained from the meteorological weather services or constructed from the climatological data
archives. These maps would reflect the accumulated precipitation or relative humidity measured
near the surface for each interval of time. It can be used for identification of the large areas having
common precipitation and relative humidity patterns. For example, NOAA-CIRES Climate
Diagnostic Center (CDC) (http://www.cdc.noaa.gov) allows, based on their data archives, to
construct the averaged climatological relative humidity fields for different temporal intervals —
multiyear (Figure 2.6.1), months and seasons (Figure 2.6.2). Similarly, it is possible to construct the
averaged climatological precipitation fields for various temporal intervals as shown in Figure
2.6.3 (for a multiyear period), and Figure 2.6.4 (for selected month and season).

limote Dlagnostics Center MOAL=CRES/Climote Diagnostics Center
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(a) (b)
Figure 2.6.1. Mean relative humidity (%) fields for the Northern Europe and adjacent regions based
on a) Jan 1800 — Dec 1997 and b) Jan 1991 — Dec 1996 data (Source: NOAA-CIRES CDC).

The second approach is based on evaluation of the probabilistic fields for the “precipitation
factor” based on trajectory modelling results (Mahura et al., 1999a; INTAS, 2000, Mahura et al.,
2001; Mahura, 2001). There the relative humidity “plays the role” of a precipitation factor. It is one
of the factors, which will roughly determine the possibility of radionuclide removal during
atmospheric transport. Increasing relative humidity in the atmosphere is one of the signals of the
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water vapor’s increasing presence, and it may, in the presence of the cloud condensation nuclei
(CCN), lead to the formation of cloud cover. After clouds develop and form, under certain
conditions there is a possibility of precipitation, and hence, radionuclide removal. Construction of
the relative humidity fields is similar to the first steps in the probability field analysis. In this case
we calculate an average value of the relative humidity in each grid cell.

NOAS—CIRES /Cimate Disgnestics Center NOAA—CIRES/Chmate Disgnoatics Center

(@ ECH
Figure 2.6.2. Long-term mean relative humidity (%) fields for the Northern Europe and adjacent
regions for a) July and b) Summer (Source: NOAA-CIRES CDC).

HO&A&—CIRES /Climote Diagnostics Center HO&A&—CIRES /Climote Diagnostics Canter

Figure 2.6.3. Mean precipitation (mm/day) fields for the Northern Europe and adjacent regions based
on a) Jan 1979 — Dec 1999 and b) Jan 1991 — Dec 1996 data (Source: NOAA-CIRES CDC).

NDMA—CIRES/ Climate Diagnostics Canter

o
Figure 2.6.4. Long-term mean precipitation (mm/day) fields for the Northern Europe and adjacent
regions for a) July and b) Summer (Source: NOAA-CIRES CDC).

Both the precipitation and relative humidity fields have a cellular structure in comparison with
the airflow pattern. A pitfall in this analysis is the fact that all relative humidity values are directly
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related to the existing flow pattern from the site. So, each field is valid only with respect to a
particular NRS. Nevertheless, it is more realistic pattern of the possible removal during transport
than calculating climatological maps used in the first approach, because it includes processes above
the surface.

Figure 2.6.5. Relative humidity (or precipitation factor) fields for the Kola NPP within the boundary layer:
a) summer, b) fall, and c¢) winter.
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Figure 2.6.6. Spring relative humidity (or precipitation factor) fields for the Kola NPP in the layer of
a) surface — 1.5 km asl and b) 1.5-3 km asl.

This type of the fields - relative humidity or precipitation factor fields - describes the
possibility for removal processes to impact the contaminated air mass as it passes over the particular
geographical area. Such an analysis, a simple approximation, was used in INTAS, 2000, OCB,
2000; CERUM, 2001 and AR-NARP, 2001-2003 studies. To account for the contribution of
radionuclide wet removal during atmospheric transport, the temporal and spatial distribution of
relative humidity was calculated by constructing the relative humidity fields over the geographical
areas of concern. Seasonal variability of the relative humidity fields within the boundary layer (for
simplification it is assumed to be: surface - 1.5 km asl) for the trajectories originating over the Kola
NPP region during 1991-1996 is shown in Figure 2.6.5 and 2.6.6a. In some cases, for example
Figure 2.6.5a, the trajectories did not reach some geographical territories (shown as an “empty spot”
in the left bottom corner of the figure) during summer; therefore, the relative humidity over this
region was not calculated.

Additionally, several atmospheric layers - surface - 1.5, 1.5-3, 3-5, and above 5 km asl - were
examined to determine altitudinal differences in the possible removal processes (see examples in
Figure 2.6.6). As a first approximation, it was assumed that areas with relative humidity above 65%
were areas, where water vapor could be condensed and later removed in the form of precipitation.
The limitation of this approach is how we might resolve precipitation processes during air parcels
transport (for example, to resolve it we might need a finer meteorological data resolution). Analysis
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of relative humidity fields for the Kola NPP showed that the precipitation factor’s contribution
dominates in the low troposphere layers, and areas associated with the Icelandic Low activity and
along the main tracks of the cyclone systems.

The third approach is based on direct evaluation of the wet deposition fields (as the
precipitation factor field) based on dispersion modelling results (4AR-NARP, 2001-2003; Baklanov
et al., 2002; Baklanov et al., 2002). For this purpose, we can run a dispersion model for a multiyear
period and include one of the parameters of interest. As input data for such run we could use
meteorological data including precipitation from the: 1) National Center for Environmental
Prediction (NCEP, USA, North America), 2) European Center Medium Weather Forecast
(ECMWEF, Reiding, United Kingdom, Europe), or 3) DMI-HIRLAM model with a high resolution
data up to 0.15° x 0.15° latitude vs. longitude.

In this approach, assuming a continuous unit (for example, for a day, month, season, or year)
discrete (for example, every selected time interval of 15 minutes, 60 minutes, 3 hours, etc.)
hypothetical release (UDHR) of puffs occurred at NRS, we can run a model of atmospheric
transport, dispersion, and deposition (both dry and wet) of the radioactive material. As a result of
such simulation, we can produce a field for the wet deposition patterns (see examples in Figure
2.6.7) accumulated or averaged during selected time period (for example, day, month, season, year,
or multiyear period). Analysis of such field allows one to estimate: what would be accumulated wet
deposition patterns if a continuous release of radioactivity took place at NRS. Moreover, analysis of
such field also allows identification of the geographical areas (presumably of the cellular nature)
where the precipitation is observed. These areas are territories where the greatest removal of
radionuclides is possible during atmospheric transport from NRS. It should be noted that such fields
are also valid (as in the second approach mentioned) with respect to a particular NRS of interest and
they are related to trajectories representing atmospheric transport.

AVG WET DERQSITION (Bq/m2) 6,004
Leningrad NPP : FEEUP‘P&- g
03010000

. S
WET DEPOSITION (Bg/m2] 6 002 0321 000D
Leningrad NPP /m2) 'Qﬂ oét'z |
RELEASE: 2002031 50000—-2008031 ol - | 7

(a) b
Figure 2.6.7. *’Cs wet deposition fields for the unit discrete hypothetical release at the Kola NPP
during a) 15-16 Mar 2002, 00 UTC, and b) 1 Feb — 1 Mar 2002, 00 UTC.

The methodological aspects of the dispersion modeling approach to calculate the wet
deposition fields and their statistical characteristics are discussed by Baklanov et al., 2002, and
results of modeling and wet deposition fields analysis for the selected NRSs in the Euro-Arctic
region will be presented by Mahura et al., 2003.
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CONCLUSION

The main aim of this study is 1) to test a methodology for evaluation of the atmospheric
transport of radioactive pollutants from the nuclear risk sites to different geographical regions and
countries, and 2) to combine atmospheric transport modeling and statistical analyses to evaluate
possible impact of an accidental release at the nuclear risk sites located at the Euro-Arctic region.
The main purpose of this study is a probabilistic analysis of atmospheric transport patterns from
selected nuclear risk sites for the GIS-based studies of vulnerability to radioactive deposition and
risk assessment of the nuclear risk sites impact.

The nuclear risk sites of concern (in total 11) selected in this study are nuclear power plants
located in Russia (Kola and Leningrad NPPs), Finland (Loviisa and Olkiluoto NPPs), Sweden
(Barsebaeck, Oskarshamn, and Ringhals NPPs), Lithuania (Ignalina NPP), groups of the British and
German NPPs as well as the Novaya Zemlya test site (Russia). The geographical regions and
countries of interest are the North and Central European countries and Northwest Russia.

Once the nuclear risk sites and geographical region of interest were defined, it is of particular
interest to answer the following questions: Which geographical territories are at highest risk from
the hypothetical accidental releases at selected NRSs? What are probabilities for radionuclide
atmospheric transport to different neighboring countries in a case of accidents at these NRSs?

To answer these questions we applied several research tools developed within the Arctic Risk
Project (AR-NARP, 2001-2003). The first research tool is an isentropic trajectory model to calculate
a multiyear (1991-1996) dataset of 5-day forward trajectories that originated over the NRS locations
at various altitudes. As input data for modeling purposes we used NCAR meteorological gridded
fields. The second research tool is a set of statistical methods (including exploratory, cluster, and
probability fields analyses) for analysis of trajectory modeling results.

The results of probabilistic analysis of trajectory modeling results for 11 NRSs are presented
as a set of various indicators of the NRS possible impact on geographical regions of interest. In this
study, we calculated, constructed, and evaluated several indicators based on trajectory modeling
results: 1) atmospheric transport pathways (ATP), 2) airflow (AF) probability fields, 3) fast
transport (FT) probability fields, 4) maximum reaching distance (MRD), 5) maximum possible
impact zone (MPIZ), 6) precipitation factor (PF) fields, and 7) typical transport time (TTT) fields.
To evaluate the temporal variability of all these indicators, an analysis was performed annually,
seasonally, and monthly.

The NRS possible impact (on the concrete geographical region, territory, country, site, etc.)
due to atmospheric transport from NRS after hypothetical accidental releases of radioactivity
can_be properly estimated based on a combined interpretation of the indicators (simple
characteristics, atmospheric transport pathways, airflow and fast transport probability fields,
maximum reaching distance and maximum possible impact indicators, typical transport time and
precipitation factor fields) for different time periods (annual, seasonal, and monthly) for any
selected NRSs (both separately for each site or grouped for several sites) in the Euro-Arctic
region. Such estimation could be the useful input information for the decision-making process and
planning of emergency response systems at risk sites of nuclear, chemical, biological, etc. danger.

For all selected NRSs the westerly atmospheric transport dominates throughout the year within
the boundary layer. For NRSs located closer to the North Atlantic Ocean region (i.e. blocks of the
British (BBP) and German (BGP) NPPs, and Barsebaeck NPP (BBP)), the boundaries of the AF
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probability fields are extended farther (approximately on 1/3 in comparison with other NRSs) in the
western direction from the sites. For the block of the British NPPs (BBP), Oskarshamn NPP (ONP),
and Olkiluoto NPP (TRS), the airflow pattern is shifted toward the northeast of the site. For the
Ignalina NPP (INP), the airflow pattern is shifted toward the southeast of the site.

On an annual scale, among NRSs there are two: one with the highest and one with the lowest
MRD areas. For the Novaya Zemlya Test Site (NZS), this area is equal to 903.5-10" km® with a
maximum during winter, and for the Oskarshamn NPP (ONP), it is equal to 595.1-10* km” with a
minimum during spring. Moreover, for NZS, the MPIZ area - 91.5-10* km” - is the highest among
the sites with a minimum in May and a maximum in December.

Considering Denmark as a country of concern it should be noted that throughout the year after
the first 12 hours of atmospheric transport: 1) BNP will always represent the highest risk of
atmospheric transport to Denmark, especially during spring and fall, and 2) BGP shows the possible
impact of 60-80% of AHPPI as well as BBP shows the possible impact of 10-25% of AHPPI over
the Danish territory.

It should be noted that the suggested probabilistic indicators of the risk site possible impact
could be applicable for initial estimates of probability of atmospheric transport in the event of an
accidental release at the risk sites and for improvement in planning the emergency response to
radionuclide releases from the risk site locations. And furthermore, they are important input data for
the social and economical consequences studies of the risk site impact on population and
environment for the neighbouring countries as well as for the multidisciplinary risk and
vulnerability analysis, and probabilistic assessment of the meso-, regional-, and long-range transport
of radionuclides.
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ABBREVIATIONS

AR-NARP
AF
AHHPI
AMC
ATP
BBP
BGP
BNP
DERMA
DMI
ECMWF
FT

GIS
HIRLAM
INP
KNP
LNP
LRS
MPIZ
MRD
NCAR
NCEP
NPP
NRS
NZS
ONP

PF

RNP
TRS
TTT
UDHR

“Arctic Risk” Project - Nordic Arctic Research Programme

AirFlow

Area of the Highest Probability of the Possible Impact

Absolute Maximum Cell
Atmospheric Transport Pathways
Block of the British NPPs

Block of the German NPPs
Barsebaeck Nuclear Power Plant

Danish Emergency Response Model for Atmosphere

Danish Meteorological Institute
European Center for Medium Weather Forecast
Fast Transport

Geographic Information System

HIgh Resolution Limited Area Model
Ignalina Nuclear Power Plant

Kola Nuclear Power Plant

Leningrad Nuclear Power Plant

Loviisa Nuclear Power Plant

Maximum Possible Impact Zone

Maximum Reaching Distance

National Center for Atmospheric Research
National Center for Environmental Prediction
Nuclear Power Plant

Nuclear Risk Site

Novaya Zemlya Test Site

Oskarshamn Nuclear Power Plant
Precipitation Factor

Ringhals Nuclear Power Plant

Olkiluoto (TVO) Nuclear Power Plant
Typical Transport Time

Unit Discrete Hypothetical Release

40



APPENDECIES

1. MONTHLY VARIATIONS OF AIRFLOW PATTERNS FROM NRSs

2. MONTHLY VARIATIONS OF FAST TRANSPORT PATTERNS FROM NRSs
AFTER 12 HOURS OF ATMOSPHERIC TRANSPORT

3. MONTHLY VARIATIONS OF FAST TRANSPORT PATTERNS FROM NRSs
AFTER 24 HOURS OF ATMOSPHERIC TRANSPORT

4. MONTHLY VARIATIONS OF MAXIMUM POSSIBLE IMPACT ZONE AND
MAXIMUM REACHING DISTANCE INDICATORS FOR NRSs
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