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EXECUTIVE SUMMARY

The probabilistic analysis is performed for atmospheric transport and deposition patterns from 
two nuclear risk sites (NRSs) in the Russian Far East – Kamchatka and Vladivostok. The following 
geographical regions of interest are considered: Japan, China, North and South Koreas, territories of 
the Russian Far East, State of Alaska, and Aleutian Chain Islands, US. The main questions 
addressed are the following: Which geographical territories are at the highest risk from the 
hypothetical releases at NRSs? What are probabilities for radionuclide atmospheric transport and 
deposition on different neighbouring countries in a case of accidents at NRSs?  

For analysis we applied several research tools utilized within the Arctic Risk NARP Project: 
1) isentropic trajectory model to calculate a multiyear dataset of 5-day forward trajectories that 
originated over the site locations at various altitudes; 2) DERMA long-range transport model to 
simulate 5-day atmospheric transport, dispersion, and deposition of 137Cs for one day release (at the 
rate of 1010 Bq/s); and 3) a set of statistical methods (including exploratory, cluster, and probability 
fields analyses) for analysis of trajectory and dispersion modeling results.  

The results of trajectory and dispersion modeling are presented as a set of various indicators 
of the possible NRS impact on geographical regions of interest. For trajectory modeling these 
indicators are: 1) atmospheric transport pathways, 2) airflow probability fields, 3) fast transport 
probability fields, 4) maximum reaching distance, 5) maximum possible impact zone, 6) relative 
humidity or precipitation factor fields, and 7) typical transport time fields. Similarly, for dispersion 
modeling the indicators are: 1) surface air concentration, 2) integrated over time concentration at 
the ground surface, 3) dry deposition, and 4) wet deposition. To evaluate the temporal variability of 
these indicators, analyses were performed on an annual, seasonal, and monthly basis. 

The results of this study are applicable for: (i) better understanding of general atmospheric 
transport patterns in the event of an accidental release at NRS, (ii) improvement of planning in 
emergency response to radionuclide releases from the NRS locations, (iii) studies of social and 
economical consequences of the NRS impact on population and environment of the neighbouring 
countries, (iv) multidisciplinary risk evaluation and vulnerability analysis, and (v) probabilistic 
assessment of radionuclide regional and long-range transport patterns. 

The WWW-variant of this report is also available on CD (enclosed with this report with 
enlarged figures, if ordered) and includes archives of calculated results. 
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INTRODUCTION

The risks of radioactive contamination and radiological consequences in the selected 
geographical region are related to nuclear risk sources located in the region of concern or adjacent 
territories. Once the nuclear risk sources are defined and selected for a study, it is of particular 
interest to answer the following questions: Which geographical territories are at highest risk from 
hypothetical accidental releases in a selected area? What is the probability for radionuclide 
atmospheric transport and deposition to neighbouring countries in case of an accident from these 
sources?  

Rigina & Baklanov, 2002; Baklanov & Mahura, 2001 noted that for assessment of risk and 
vulnerability it is important to consider various social-geophysical factors and probability 
indicators, which depend on the location of the area of interest and its population. They mentioned 
that for estimation of the potential nuclear risk and vulnerability levels for the nuclear risk sites 
(NRSs) it would be important to know: geographical regions most likely to be impacted; 
probabilities of average and fast atmospheric transport, precipitation, etc. as well as their temporal 
and spatial variability; analysis of 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; etc. The results of such studies are applicable for further 
analysis of the: 1) risk, socio-economical and geographical consequences for different geographical 
areas and population groups applying freely available demographic databases and Geographic 
Information System (GIS) technology, and 2) vulnerability to radioactive deposition with a focus on 
the transfer of certain radionuclides into food-chains, especially for native population, and 
considering risks for different geographical areas. Moreover, the results of such analyses are useful 
for the emergency response and preparedness measures in cases of accidental releases at NRSs. 

The Radiation Safety of the Biosphere Project (RAD) Project of IIASA initiated such a study 
for the nuclear risk sites on the Kola Peninsula, Russia in 1995 in bounds of the Kola Assessment 
Study (Baklanov et al., 1996; Bergman et al., 1996; Bergman & Baklanov, 1998).

Starting from spring 2000 the RAD Project initiated a study entitled: “Assessment of Impact 
of Russian Nuclear Fleet Operations on Russian Far Eastern Coastal Regions” Study (FARECS).
The long-term focus of this study is to gather existing information and analyze problems associated 
with operations of the Russian Pacific Fleet. The research activities on this project, performed 
during 2000-2002, will be briefly described below. 

In 2000, research activities were concentrated on gathering available information, evaluating 
data, and performing preliminary analyses. For this step, Romanova & Takano, 2002 had 
considered two reactivity accidents (Chazhma Bay and hypothetical) at the nuclear submarine near 
the Vladivostok naval base. They stated that the accidents took place during refueling and de-
fueling of the submarine’s nuclear reactors. In their study, the worldwide version of the SPEEDI 
(System for Prediction of Environmental Emergency Dose Information) code (Ishikawa, 1991; 
Ishikawa & Chino, 1991; Ishikawa, 1994) was used to simulate long-range atmospheric transport of 
radionuclides from the accident location and estimate radiological consequences to neighbouring 
countries.

In 2001, the focus of study was an analysis of possible danger to the environment and 
population in neighbouring countries from the probabilistic point of view (Mahura, 2002). Two 
nuclear risk sites of concern were selected: the Kamchatka (52°55’N & 158°30’E) and Vladivostok 
(42°55’N & 132°25’E) NRSs, both located in the Russian Far East. The main question is to be 
addressed: What is the probability of the radionuclide atmospheric transport in a case of an accident 
at these two nuclear risk sites? The specific objectives included: 1) examination of the atmospheric 
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transport patterns from both NRSs, 2) evaluation of the probability of the fast transport (i.e. 
transport in less than one day), and 3) investigation of possible impacts of the radionuclide removal 
processes during atmospheric transport. The isentropic trajectory model (based on a technique by 
Merrill et al., 1985) was used to calculate trajectories for a multiyear period. Then, statistical 
analysis tools such as exploratory, cluster, and probability fields analyses were applied to explore 
the structure of calculated trajectory datasets. 

In 2002, the main purpose of study is an attempt to combine atmospheric transport and 
dispersion modeling and analyses with the radiological assessment to evaluate consequences of an 
accidental release at the nuclear risk sites studied. The methodology by AR-NARP, 2001-2003; 
Baklanov & Mahura, 2001; Baklanov et al., 2002a includes several research tools, which could be 
employed for such studies. Among these tools are trajectory and dispersion modeling as well as a 
set of statistical methods for analysis of modeling results. Application of these research tools 
provides the input data for the probabilistic risk and vulnerability studies. At this step, our study 
consisted of two main parts:  1) continue to construct and analyze additional indicators of the NRS 
impact based on the trajectory modeling results, and 2) construct and analyze indicators based on 
the dispersion modeling results. For the first part, the main modeling tool is the isentropic trajectory 
model. For the second part, the main modeling tool is the operational dispersion model developed at 
the Danish Meteorological Institute (DMI). Probability fields analysis was applied to analyze the 
results of trajectory and dispersion modeling. Additionally, several specific dates, when 
atmospheric transport occurred towards the geographical regions of interest, were also evaluated for 
both NRSs. 

The current report has the following structure. In the “Introduction” chapter, we briefly 
described the research activities of the FARECS Study completed during 2000-2002. The second 
chapter – methodological - provides information about research tools and approaches applied in this 
study. The third chapter summarizes results of trajectory and dispersion modeling used for 
construction and analysis of various indicators of the NRS impact. This chapter is followed by 
sections of “Conclusions and Recommendations”, “Acknowledgments”, “References”, and 
“Appendices”. The appendices include monthly and seasonal variations for indicators of the NRS 
impact (Appendices 1-7, as well as a short description of other suggested methods for a more 
detailed analysis and complex risk assessment on the local, regional, and hemispheric-scales 
(Appendices A, B, C). The WWW-variant of this report is also available on CD (enclosed in this 
report with enlarged illustrations, if ordered), including archives of calculated results.
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I. METHODOLOGICAL ASPECTS FOR PROBABILISTIC ANALYSIS OF 
ATMOSPHERIC TRANSPORT AND DEPOSITION PATTERNS FROM 
NRSs

1.1. APPROACHES AND RESEARCH TOOLS 

The methodology by AR-NARP, 2001-2003; Baklanov & Mahura, 2001; Baklanov et al., 
2002a 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 first block or step is data extraction and pre-processing 
from the available meteorological archives. The second is trajectory and dispersion modeling for the 
selected risk sites geographical locations. The third is statistical analysis of calculated trajectories 
applying various techniques. The fourth is construction and analysis of different characteristics and 
indicators of the nuclear risk sites impact based on trajectory and dispersion modeling results. And 
the firth step is the Geographic Information System (GIS)-based risk assessment including pre-
processing additional databases (e.g., administrative, population, etc) as well as GIS modeling of 
the nuclear risk site impact.  

In this study we applied the first four steps. A short description of the last step is given in 
Appendix A (by O.Rigina) of this report. Application of the last step finalizes the probabilistic risk 
assessment of the NRS impact and provides a complete picture of the complex nuclear risk and 
regional vulnerability for geographical territories, countries, counties, groups of population, etc. 

Let us briefly consider the research tools and approaches selected for this study that provide 
input data for the probabilistic risk and vulnerability studies, as well as allow constructing and 
evaluating various indicators of the NRS possible impact.  

The first research tool is the trajectory model. We used an isentropic trajectory model 
based on a technique described by Merrill et al., 1985. A multiyear (1987-1996) dataset of 5-days 
forward trajectories originating over the NRS locations – Vladivostok and Kamchatka - at various 
altitudes was calculated. For the forward trajectory calculation, we used meteorological fields from 
the Global Tropospheric Analyses dataset (http://dss.ucar.edu/datasets/ds082.0) (from the National 
Center for Environmental Prediction, NCEP) which is one of the major gridded analyses available 
at the National Center for Atmospheric Research (NCAR, Boulder, Colorado, USA).

The second research tool is the dispersion model. In this study, we applied the Danish 
Meteorological Institute (http://www.dmi.dk) long-range transport model – Danish Emergency 
Response Model of the Atmosphere DERMA (Sørensen, 1998; Baklanov & Sørensen, 2001) - to 
simulate radionuclide atmospheric transport and deposition for hypothetical accidental releases at 
both NRSs. The meteorological data from the European Center for Medium-Range Weather 
Forecasts (ECMWF, Reading, UK) based on the ECMWF global model forecast and analysis 
(http://www.ecmwf.int/services/data/archive/index.html) were used as input data in the model 
simulation.

The third 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 simplest of 
those used. 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 were the nuclear power 
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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, cluster analysis could be applied to identify atmospheric transport pathways to the 
receptor points. In this case, the backward trajectories arrived at the sites will be used for clustering. 
This approach was applied in Mahura et al., 1997a; Jaffe et al., 1997a; Mahura et al., 1999b. A 
more detailed analysis and interpretation of the backward trajectory clustering is described in the 
pilot study of Mahura & Baklanov, 2002.

The fourth research tool is the probability fields analysis. The first attempt to use the 
probability fields analysis was performed by Jaffe et al., 1997b; Mahura et al., 2001; Baklanov et 
al., 1998 using as an example the Kola nucler power plant (NPP) (Murmansk region, Russia). The 
major focus was the airflow probability fields, which allowed testing the quality of the cluster 
analysis technique in identification of the general atmospheric transport pathways from the site. 
Such probability fields analysis provides additional information and a detailed structure of the 
airflow patterns from the site on a geographical map. In this study, we constructed and evaluated 
annual, seasonal, and monthly probability fields for airflow, fast transport, precipitation factor (or 
relative humidity), concentration, deposition, and other patterns.  These fields allow identification 
of the most impacted geographical regions. 

The main focus of this report is to describe the probabilistic fields analyses for use in further 
risk assessment of the selected nuclear risk sites in the Russian Far East. The results of probabilistic 
analysis for these sites are presented in the form of various indicators (Figure 1.1.1, block of the 
characteristics and indicators of NRS impact) of the NRS possible impact on geographical regions. 
These indicators are based on the results of the trajectory and dispersion modeling. 

Figure 1.1.1.  Block of the characteristics and indicators of the NRS possible impact based on trajectory and 
dispersion modeling approaches (adapted from Baklanov & Mahura, 2001). 

In this study, among the indicators based on trajectory modeling, we should mention the 
following: simplest characteristics of NRS impact, atmospheric transport pathways (ATP), airflow 
(AF) and fast transport (FT) probability fields, precipitation factor (PF) or relative humidity (RH) 
fields, maximum reaching distance (MRD), maximum possible impact zone (MPIZ), and typical 
transport time (TTT) fields. Among the indicators based on dispersion modeling of radionuclide 
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transport and deposition, we should mention the following: air concentration in the surface layer 
(AC), integrated over time air concentration in the surface layer (IAC), wet deposition (WD), dry 
deposition (DD), and total deposition (TD). The monthly or seasonal variability of several 
indicators for both NRSs are presented in the Appendices of this report. More detailed and complete 
information for various NRS indicators is stored on CD (enclosed with this report if ordered). 

Finally, we should note, that the 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. These indicators are important input for the study of social and economical consequences 
of the NRS impact on population and environment for the neighbouring countries as well as for the 
multidisciplinary risk and vulnerability analysis, and the probabilistic assessment of radionuclide 
meso-, regional-, and long-range transport. 

1.2. METEOROLOGICAL DATA FOR TRAJECTORY AND DISPERSION MODELING 
AND COMPUTING RESOURCES 

It is well known among modelers of atmospheric processes that data analysis of 
meteorological fields is a basis for atmospheric sciences research. Data might be represented in 
different forms and at different temporal and spatial scales, as well as obtained from a variety of 
different sources. Models, which rely on intensive usage of supercomputing resources, can produce 
gridded arrays for the commonly used and basic variables. Atmospheric models can calculate 
various variables at different levels. In our study, we considered several gridded datasets as input 
data. Among them were: 1) NCAR dataset - for trajectory modeling purposes, 2) ECMWF dataset - 
for dispersion modeling purposes, and 3) DMI-HIRLAM dataset - for selected specific case studies 
purposes.

NCAR Dataset
The dataset DS082.0 - NCEP Global Tropospheric Analyses (from July 1976 untill April 

1997) is one of the major gridded analyses available at the National Center for Atmospheric 
Research (NCAR, Boulder, Colorado). It is a part of the operational and gridded analyses 
performed at the National Center for Environmental Prediction (NCEP; prior to 1995 known as the 
National Meteorological Center – NMC). This dataset has a resolution of 2.5° x 2.5° latitude vs. 
longitude (145 x 37 grids, ~3 Megabytes (Mb) per day) for both Northern and Southern 
hemispheres. It consists of the surface, tropospheric, tropopause, and lower stratospheric analyses at 
the standard levels up to 50 millibars (mb). The main analyzed variables are the following: 
geopotential height, temperature, components of the wind, relative humidity, sea level pressure, 
surface pressure and temperature, sea surface temperature, snowfall, precipitable water, potential 
temperature, vertical motion, tropopause pressure, and temperature. Analysis has been done on a 
daily basis at 00 and 12 UTC (Universal Coordinated Time) terms. 

More detail information about DS082.0 dataset can be found at the WWW-address 
http://dss.ucar.edu/datasets/ds082.0 and in publications by Baker, 1992; Trenberth & Olson, 1988; 
Randel, 1992.

ECMWF Dataset
The meteorological data used can be obtained from the European Center for Medium-Range 

Weather Forecasts (ECMWF), Reading, UK based on the ECMWF global model forecast and 
analysis (http://www.ecmwf.int). The data have a resolution of 1° x 1° latitude vs. longitude and 6 
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hours time resolution. It consists of the 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. 

DMI-HIRLAM Dataset
The DMI-HIRLAM high-resolution meteorological data (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) 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 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 regions including China, Afghanistan, Japan, Koreas and the Russian 
Far East. For example, the DMI-HIRLAM was operationally used for some limited periods of time 
for the territory of China and surroundings, including the area of interest. The DMI 3D Lagrangian 
transport 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 (Saas 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.  

NCAR Computing Resources 
The Scientific Computing Division (SCD, see more details at http://www.scd.ucar.edu) is part 

of the National Center for Atmospheric Research (NCAR). It is located in Boulder, Colorado, US. 
Its goal is to enable atmospheric research worldwide by providing and advancing high-performance 
computing technologies. SCD offers computing resources, various datasets, space for data storage, 
networking, and data analysis tools. There are several computers operated and supported by SCD: 
CRAY J924se, IBM SP RS/6000, SGI Origin2000, etc. Internet Remote Job Entry (IRJE) allows 
NCAR supercomputer users at remote sites to submit jobs directly from their local hosts and get the 
results delivered back to their local hosts over the Internet. It also provides an interface between the 
user site and Mass Storage System (MSS) to store data. 

DMI Computing Resources 
The Danish Meteorological Institute (DMI) provides meteorological and related services for 

the community within the large geographical area of the Kingdom of Denmark (Denmark, the 
Faeroes, and Greenland), including surrounding waters and airspace as well as global services. The 
DMI area of activity comprises forecasting and warning services as well as continuous monitoring 
of weather, sea state, climate, and related environmental conditions in the atmosphere, over land, 
and in the sea.

In 1996, DMI in Copenhagen, Denmark, installed an NEC SX-4/16 supercomputer system. 
This system is being replaced with a NEC SX-6/48 supercomputer. The final system will have 224 
GBytes of SDRAM main memory, 4TBytes of disk, and a peak performance of 460 Gflop/s.  The 
first phase consisting of 2 NEC SX-6 full nodes connected with an IXS switch was installed in 
April 2002. NEC's SX-Series represents the highest performance offer for technical computing. The 
latest machine in the SX-Series, the SX-6 is based on the fastest CPU (on a single chip) in the 
market with a speed of 8 Gflop/s per CPU (see more details at http://www.ess.nec.de).

In this project, the SGI Origin scalar server was used for dispersion modeling computational 
purposes, and all calculated fields were stored on the DMI UniTree mass-storage device. 
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1.3. TRAJECTORY MODELING APPROACH

Trajectory modeling is one of the approaches selected for this study. In general, each 
computed atmospheric trajectory represents a pathway of an air parcel motion in time and space. 
We consider trajectories as an estimate of the mean motion of a diffusing cloud of material. 
Although there are many different approaches to model atmospheric trajectories, we selected the 
isentropic approach. Although this approach uses the assumption of adiabatically moving air parcels 
and neglects various physical effects, it is still a useful research tool for evaluating common airflow 
patterns within meteorological systems on various scales. Some uncertainties in these models are 
related to the interpolation of meteorological data (which might be sparsely measured), applicability 
of the considered horizontal and vertical scales, assumptions of vertical transport, etc (Merrill et al., 
1985; Draxler, 1987; Stohl, 1998).

In Mahura, 2002 we interpolated the original National Center for Environmental Prediction 
(NCEP) gridded wind fields to potential temperature (isentropic) surfaces. We choose isentropic 
assumption in our study because isentropic trajectories are a better representation of the air parcels 
atmospheric transport when compared to isobaric trajectories. Additionally we should note that the 
quality of trajectory calculation is highly dependent on the original quality of the NCEP fields (2.5° 
x 2.5° latitude vs. longitude), and it may not adequantly reflect the contributions of frontal passages 
and local terrain phenomena. However, the trajectory errors arising during a single calculation 
might be smoothed in further analysis due to the large number of trajectories computed for the 
multiyear dataset. 

An interpolation procedure has been performed for a period of 10 years (1987-1996). We 
applied the technique described by Merrill et al., 1985. Then, we used the wind fields on isentropic 
surfaces to calculate trajectories in the model domain (2.5¯-77¯N and 90¯E-82.5¯W) at various 
levels within the atmosphere. All forward isentropic trajectories from the NRS regions were 
computed twice per day (at 00 and 12 UTC, Universal Coordinated Time) at different potential 
temperature levels (or isentropic surfaces). In total, we computed more than 467 thousand 
trajectories for each NRS. More details concerning the trajectory calculations used in this study can 
be found in Mahura, 2002.

For both NRSs, which contain nuclear submarine reactors and radioactive storage facilities, in 
the case of an accidental release, the most probable release heights would be within the surface 
layer of the atmosphere, i.e. within the first hundred meters above the ground. Therefore, as the next 
step, we selected only those trajectories originating within this layer from all isentropic trajectories. 
Therefore, for each site, we extracted approximately 29 thousand trajectories (from more than 467 
thousand original trajectories). All selected trajectories for further statistical analysis were 
terminated at the end of 5 days. We decided to use this limitation in duration on trajectories 
because: 1) the quality and accuracy of trajectory calculations after 5 days drop significantly, 2) 
observing development frames of the synoptic scale systems in the North Pacific region are within 
one week, and 3) the relative proximity of the analyzed NRS impact geographical regions to the 
sites of interest. 

Moreover, to study altitudinal variations in the atmospheric flow patterns (in particular, within 
the boundary layer and free troposphere), we also considered trajectories that originated over the 
NRS regions at the top of the boundary layer (i.e. near 1.5 km above sea level (asl)). 

1.4. DISPERSION MODELING APPROACH

The dispersion modeling approach (Baklanov et al., 2002a) is another risk assessment 
approach employed in this study. It uses the long-range transport model – Danish Emergency 
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Response Model of the Atmosphere, DERMA (Sørensen, 1998; Baklanov & Sørensen, 2001)
developed at the Danish Meteorological Institute (DMI). As input data this model can use 
meteorological data from the DMI-HIRLAM or European Center for Medium-Range Weather 
Forecasts (ECMWF) archives, and it is based on the ECMWF global model forecast and analysis. 
The DERMA model can simulate radionuclide atmospheric transport, dispersion, and deposition for 
atmospheric releases of radioactivity occurring at the selected geographical locations.

For this study, we made several assumptions. First, for simplicity, we selected for both NRSs 
the continuous “unit hypothetical release” (UHR) of radioactivity (1·1010 Bq/s) with discrete 
emitting of puffs (every 60 minutes) during one day, i.e. the total amount of radioactivity released 
during one-day release is equal to 1·1010(Bq/s)·24(hour)·60(min)·60(sec) = 8.64·1014 (Bq). Second,
we considered only one radionuclide of key importance - 137Cs - to save computational resources, 
although we should note that the calculation might be done for any radionuclide selected. In 
particular, for the specific cases studies, 131I and 90Sr will also be considered. Third, the simulation 
was performed 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). Fourth, to minimize the computing resources used for the dispersion 
modeling approach, we selected only one year (1 Jan 2000 – 31 Dec 2000) in our study, although it 
should be noted that for the statistical analysis the multiyear period is more preferred. 

Using the DERMA model, we calculated several important characteristics: 1) air 
concentration (Bq/m3) of the radionuclide in the surface layer – surface air concentration, 2) 
integrated in time air concentration (Bq·h/m3) of the radionuclide in the surface layer – integral
concentration at surface, 3) dry deposition (Bq/m2) of the radionuclide on the underlying surface – 
dry deposition, and 4) wet deposition (Bq/m2) of the radionuclide on the underlying surface – wet 
deposition fields. Output fields were recorded every 3 hours. The total deposition field for the 
radionuclide can be calculated as a sum of dry and wet deposition fields. 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 selected model grid domain. In general, 
the model domain covers most of the Northern Hemisphere starting from 12˚N.

Figure 1.4.1.  Domain for the region of interest. 

From this grid domain, we extracted and incorporated data into the new grid domain in the 
region of interest (Figure 1.4.1), which covers territories of the North Pacific region adjacent to the 
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NRS locations (20-90˚N vs. 100˚E –140˚W). This new domain had a resolution of 0.5˚ vs. 0.5˚ of 
latitude vs. longitude. It consisted of 241 vs. 139 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 16 days (4.4% of 366 days during the year 2000). 

Examples of the dispersion modeling for a particular date of release at the Kamchatka NRS 
are shown in Figures 1.4.2-1.4.4 (see also enclosed CD with enlarged figures). Figure 1.4.2 shows 
the surface air concentration (Bq/m3) of 137Cs within the surface layer of atmosphere after the “unit 
hypothetical release” (UHR) at NRS occurred during 5 Nov, 00 UTC - 6 Nov, 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 increasing distance from the source. 

                      1.0 days                                               2.0 days                                        3.0 days

                      4.0 days                                               5.0 days                                        6.0 days 
Figure 1.4.2.  Temporal variation of the Cs137 surface air concentration (Bq/m3) for the “unit hypothetical 

release” occurred at the Kamchatka NRS during 5-6 Nov, 2000, 00 UTC.

Figure 1.4.3 shows the integral air concentration (Bq·h /m3) of 137Cs at the surface after the 
same UHR at NRS 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 temporal steps where the areas closer 
to the NRS have higher magnitudes. 

                      1.0 days                                               2.0 days                                        3.0 days
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                      4.0 days                                               5.0 days                                        6.0 days 
Figure 1.4.3.  Temporal variation of the Cs137 integral air concentration (Bq h/m3) for the “unit hypothetical 

release” occurred at the Kamchatka NRS during 5-6 Nov, 2000, 00 UTC.

(a)                                                                                     (b) 
Figure 1.4.4.  Cs137 a) dry deposition and b) wet deposition fields (Bq/m2) for the “unit hypothetical 

release” occurred at the Kamchatka NRS during 5-6 Nov, 2000, 00 UTC. 

Figure 1.4.4a shows the dry deposition field for 137Cs (Bq/m2) after the same release occurred 
during 5-6 Nov 2000. The structure of the dry deposition field resembles the structure of the 
integral air concentration field (see Figure 1.4.3, at 6.0 days). Figure 1.4.4b shows the wet 
deposition field for 137Cs (Bq/m2) for the same release. Its structure 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. where precipitation occurred, we 
observe the higher values of the wet deposition at the surface. 

1.5. PROBABILITY FIELDS ANALYSIS FOR TRAJECTORY MODELING RESULTS

Probabilistic analysis is one of the ways to estimate the likelihood of occurrence of one or 
more phenomena or events. As mentioned in this study, we calculated a large number of trajectories 
that passed over various geographical regions. Each calculated trajectory contained information 
about longitude, latitude, altitude, pressure, temperature, relative humidity, and other variables at 12 
hour intervals. The probability fields for these characteristics, either individual or combined, can be 
represented by a superposition of probabilities for the air parcels reaching each grid region in the 
chosen domain or on the geographical map.  

Let us consider several common approaches to construct probability fields based on trajectory 
modeling results (Baklanov & Mahura, 2001; Mahura et al., 2002c). Initially, we construct a 
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gridded domain having Mlat Mlon latitude vs. longitude grid points with a size of Y x X degrees 
latitude vs. longitude.

The first approach to construct such fields (an example is shown in Figure 1.5.1a) considers 

the number of trajectory intersections with each cell of the gridded domain ( ijCELLN ):
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where:
Xk,t ,Yk,t – longitude and latitude of k-trajectory at time t (where: t = 0,5 days; t = 12 hours);
Xi , Xi+1 – longitudinal boundaries of the grid cells of domain;  
Yj , Yj+1 – latitudinal boundaries of the grid cells of domain;  
Ntr – total number of trajectories during the multiyear period studied (number days per year * 8 
trajectories per day * number of years);
Mlat , Mlon  - number of the grid points in domain along latitude and longitude. 

(a)                                                 (b)                                                  (c) 
Figure 1.5.1. Examples of airflow probability fields for the Kamchatka NRS using the a) first, b) second, 

and c) third approaches to construct probabilistic fields based on trajectory modeling results. 

The second approach for construction of probabilistic fields (an example is shown in Figure 
1.5.1b) 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:
Pi,j - probability of trajectory intersections with a particular cell of the gridded domain;  
Ntot – total number of trajectory intersections with all cells of the gridded domain. 

The third approach for construction of probabilistic fields (an example is shown in Figure 
1.5.1c) 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 NRS location) with the cell where 

the maximum number of intersections occurred: ),...,max(
,1,1 MlonMlattCELLCELLAMC NNN = . 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 
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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:  
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where:

jiAHPMIP
,  - probability of NRS impact with respect to the area of the highest probability of the 

possible impact (AHPPI) of the nuclear risk site; 
ND - 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; 
NAHPMI – total sum of trajectory intersections with cells from the gridded domain located within 
the boundaries of AHPPI for the nuclear risk site. 

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 (Baklanov & Mahura, 2001): a) 
airflow, b) fast transport, c) precipitation factor or relative humidity, d) maximum reaching 
distance, and e) maximum possible impact zone. 

The first type of probabilistic fields (airflow probability fields) shows the common features 
in the atmospheric transport patterns, i.e. it may provide a general insight on the possible main 
direction of the radioactive cloud’s transport as well as the probability that it will reach or pass any 
geographical area. The result of this analysis is an appropriate test to support or disprove results of 
the cluster analysis. This is because the atmospheric transport pathways (or mean trajectory 
clusters) show only the common direction of airflow away from the site. However, information 
between these pathways (or clusters) is missing.  

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 estimating the radionuclides - such as iodine and cesium isotopes - impact. These fast 
transport fields show those territories that may be reached after the first day, and those areas that are 
at the most danger due to fast transport probability. 

The third type of probabilistic fields (relative humidity or precipitation factor probability 
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 and AR-NARP, 2001-2003. In our study, we used a better representation 
of possible contribution of the possible removal processes during radionuclide atmospheric 
transport. We constructed the wet deposition fields – summary and averaged (see §1.6) - from the 
“unit hypothetical releases” at the NRS locations. 

The fourth type of probabilistic fields 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 (maximum reaching distance) as well as shows boundaries of areas with the highest 
probability of being reached by trajectories during the first day of transport (maximum possible 
impact zone).
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1.6. PROBABILITY FIELDS ANALYSIS FOR DISPERSION MODELING RESULTS

The dispersion modeling results might be analyzed in a similar manner to those for the 
trajectory modeling results. Further, we analyze the following calculated characteristics: integral 
concentration at surface, dry deposition, and wet deposition of 137Cs (see §1.4). Let us consider two 
approaches to construct probability fields for each of these characteristics (AR-NARP, 2001-2003; 
Baklanov et al., 2002a; Baklanov et al., 2002b). 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 characteristics’ values are given in a gridded domain having Mlat
Mlon latitude vs. longitude grid points with a size of Y x X degrees (0.5º x 0.5º) latitude vs. 
longitude for each day during January-December 2000. As an example, let us select only one 
characteristic - integral air concentration of radionuclide, although similar steps in the construction 
of fields could be applied for all other characteristics. 

The first approach to construct fields based on the results of dispersion modeling (an 
example is shown in Figure 1.6.1a) 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 us call this field the summary field for one of the chosen characteristics, and 
note that it is a field integrated over a given time 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 time period of interest: 
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where:
TP – number of valid dates in the selected time period of interest. 
Mlat , Mlon  - number of the domain grid points along latitude and longitude. 

This type of field shows the most probable geographical distribution of the radionuclide’s 
integral air concentration at the surface if the release of radioactivity occurred during the time 
period of interest. 

(a)                                                                                      (b) 
Figure 1.6.1. Cs137 a) summary and b) average fields of integral concentration at surface for the “unit 

hypothetical release” occurred at the Vladivostok NRS during 1-31 May, 2000, 00 UTC.
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The second approach to construct fields (an example is shown in Figure 1.6.1b) is simply 
based on calculating the average value from the summary field obtained in the first approach. Lets 
call this field the average field for one of the chosen characteristics. In this case, we divide the 
calculated summary field values (Ci,j ) in grids by the valid number (TP) of days during the selected 
time period. This type of field shows the most probable averaged distribution of the radionuclide’s 
integral air concentration at the surface when the release of radioactivity occurred during one 
average day within the time period of interest. 

It should be noted, that for convenience of comparison the temporal variability in 
characteristics’ patterns (between months or seasons) is marked by isolines at similar intervals 
(where the minimal selected isolines are: 10-1 or 10-2), 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 Figure 1.6.2 and 1.6.3. Moreover, the total 
deposition fields (summary and average) could be calculated by summing the summary and average 
dry and wet deposition fields, respectively. The seasonal and monthly variations in the integral air 
concentration, dry deposition, and wet deposition patterns are discussed in §2.6. 

(a)                                                                                      (b) 
Figure 1.6.2. Cs137 a) summary and b) average fields of dry deposition for the “unit hypothetical release” 

occurred at the Vladivostok NRS during 1-31 May, 2000, 00 UTC.

(a)                                                                                      (b) 
Figure 1.6.3. Cs137 a) summary and b) average fields of wet deposition for the “unit hypothetical release” 

occurred at the Vladivostok NRS during 1-31 May, 2000, 00 UTC.
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1.7. SPECIFIC CASE STUDIES APPROACH 

The specific case study is one of the approaches selected for this project. We should note that 
this approach is computationally less expensive when compared to dispersion modeling for a 
multiyear period, although it does provide 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; 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.  

The selection of specific cases with typical or worst-case scenarios can be based on results 
from trajectory modeling and probability fields 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 
Japan, Koreas, Northeast China, Aleutian Chain Islands, State of Alaska, and populated territories 
of the Russian Far East). Second, the possibility of precipitation during atmospheric transport of the 
radioactive cloud over the region of interest should be taken into account. In our study it could be 
inferred from the dispersion modeling 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 fields patterns) will be important. Fourth, the 
relatively large coverage of the regions of interest by the radioactive cloud during atmospheric 
transport should be considered. And finally, 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. Based on these criteria, we selected several 
specific cases with worst-case scenarios for both NRSs shown in Table 1.7.1. 

Table 1.7.1. Selected specific cases for Kamchatka and Vladivostok NRSs. 

# Specific 
Case

Dates & Duration of 
Release

NRS Regions of Interest 

1a 15 Nov 2000 15 Nov, 00 UTC, 2000 – 
16 Nov 00, UTC, 2000 

KRS State of Alaska, 
Chukotka Region 

1b 15 Nov 2000 15 Nov, 00 UTC, 2000 – 
16 Nov 00, UTC, 2000 

VRS Japan, North & South Korea, 
Aleutian Chain Islands 

2 05 Aug 2000 05 Aug, 00 UTC, 2000 – 
06 Aug 00, UTC, 2000 

KRS State of Alaska, 
Chukotka Region 

3 10 Aug 2000 10 Aug, 00 UTC, 2000 – 
11 Aug 00, UTC, 2000 

VRS Japan, North & South Korea, Norh-
East China, Chukotka Region 

4 17 Aug 2000 17 Aug, 00 UTC, 2000 – 
18 Aug 00, UTC, 2000 

VRS North & South Korea, 
Norh-East China, Primorskiy Kray 

5 05 Apr 2000 05 Apr, 00 UTC, 2000 – 
06 Apr 00, UTC, 2000 

KRS Aleutian Chain Islands, 
Magadan & Chukotka Regions 

6 26 Apr 2000 26 Apr, 00 UTC, 2000 – 
27 Apr 00, UTC, 2000 

KRS Japan 

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 
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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 a major dose-contributing radionuclides. The major characteristics for each 
radionuclide used in dispersion modeling are shown in Table 1.7.2. 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 accidental release occurred. 

Our detailed analysis for both NRS worst-case scenarios is shown in §2.7 of this report. 
However, it should be noted that specific case analysis for the Vladivostok NRS for the typical 
synoptic situations (in August) was performed by Romanova & Takano, 2002.

Table 1.7.2. Characteristics of radionuclides selected for dispersion modeling. 

Radionuclide
Characteristics 

137Cs 131I 90Sr

Half Life (s) 9.50428·108 6.94800·105 9.17640·108

Dry Deposition Velocity (m/s) 0.0015 0.006 0.002 
Average Particle Size (µm) 0.3 0.325 1.25 
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II. ATMOSPHERIC TRANSPORT AND DEPOSITION PATTERNS FROM 
NRSs

In this chapter we will present and discuss some results based on application of the 
methodology for the complex probabilistic assessment of the nuclear risk sites impact suggested by 
Baklanov & Mahura, 2001; Baklanov et al., 2002c. The risk sites of concern in this study are the 
Kamchatka and Vladivostok NRSs located in the Russian Far East. 

For this purpose we used calculated trajectories (during 1987-1996) originated over two NRSs 
- Vladivostok and Kamchatka – to construct and estimate various indicators of the NRS impact 
based on the trajectory modeling approach (Baklanov & Mahura, 2001).  We also used calculated 
fields of the air concentration, integral air concentration, wet and dry deposition patterns for 137Cs
(as a result of a continuous hypothetical release at both NRSs with a discrete emitting of 
radionuclide particles)  – to estimate other indicators of the NRS impact based on the dispersion 
modeling approach (Baklanov et al., 2002a).

Mahura, 2002 presented some simple characteristics of the Vladivostok and Kamchatka 
nuclear risk sites impact, atmospheric transport pathways as well as airflow and fast transport 
patterns for the areas of interest. In this report we will briefly summarize them in §2.1 and 2.2. In 
further sections, additional indicators of the NRS impact, such as typical transport time (§2.3), 
maximum reaching distance and maximum possible impact zone (§2.4), and precipitation factor or 
relative humidity (§2.5) fields based on the trajectory modeling are considered. Another set of NRS 
impact indicators, such as integral air concentration, and wet and dry deposition fields based on the 
dispersion modeling, will be presented in §2.6. In §2.7, following an approach for specific case 
studies suggested by Baklanov et al., 2001; Baklanov & Mahura, 2001; Baklanov et al., 2002a, we 
will evaluate several cases when atmospheric transport has occurred to the territories of interest 
(Japan, Koreas, China, State of Alaska, and Aleutian Chain Islands). The geographical locations of 
the names used further in data analysis and interpretation are shown in Figure 2.1. 

Figure 2.1.  Geographical names and selected geographical regions of interest  
(VNRS – Vladivostok NRS, KNRS – Kamchatka NRS). 

2.1. SIMPLE CHARACTERISTICS OF THE NRS IMPACT

Among the simple characteristics of the nuclear risk sites impact, 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 that at least one 
trajectory had reached the region. Third, it is the average transport time of air parcels to reach these 
regions. Fourth, it is the probability of transport within different atmospheric layers (boundary layer 
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and free troposphere). Fifth, it is the likelihood of very rapid (fast) 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 investigation of 
possible temporal and spatial variation in the airflow patterns from the NRS locations to selected 
geographical regions of interest.

Evaluation of these characteristics is based on the following. As a first approximation, 
trajectories can be separated into groups by altitude of the 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 pollutants. 
Therefore, trajectories crossing boundaries of these regions could be selected in the further 
evaluation of the simple characteristics of the NRS impact. 

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 nuclear risk 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 (examples are shown in Figure 
2.1.1). The mean trajectory for each cluster is given with points indicating 12-hour intervals. Two 
numbers were 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. 

We should note that a detailed evaluation of the simple characteristics of the nuclear risk 
sites’ impact and atmospheric transport pathways from the nuclear risk sites’ locations in the 
Russian Far East, based on the exploratory and cluster analyses of trajectories, are discussed by 
Mahura et al., 1999b; Mahura, 2002. The focus of this study is two NRSs –Vladivostok and 
Kamchatka. 

(a)                                                                                       (b) 
Figure 2.1.1.  Annual atmospheric transport pathways (cluster mean trajectories) from the 

a) Kamchatka NRS and b) Vladivostok NRS regions. 

For the Kamchatka NRS, Mahura, 2002 identified six clusters for the trajectories 
originating over the NRS region within the boundary layer (Figure 2.1.1a). Four of them (#1, 2, 3 
and 4 with 2, 31, 8 and 22% of occurrence, respectively) show westerly flow. These were observed 
about 63% of the time. Cluster #1 was used to show the possibility of the relatively rapid westerly 
flow toward the State of Alaska and Canadian territories. Cluster #6 (8%) shows easterly flow 
toward the continent both within the boundary layer and free troposphere. Cluster #5, which 
occured 29% of the time, represents transport to the west, but it is significantly slower when 
compared to cluster #6. Throughout the year, westerly flow is predominant for the Kamchatka NRS. 
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Transport from the west varies from 63% (in winter) to 87% (in spring) of the time. Transport from 
the east occurs from 15% (in fall) to 37% (in winter) of the cases. Transport in the northward 
direction is only apparent during fall, and it is equal to 17% of the cases. 

For the Vladivostok NRS, the same number of clusters - six - were identified for the 
trajectories originating within the boundary layer over the NRS region (Figure 2.1.1b). Four of them 
(#1, 3, 5 and 6 with 32, 3, 11 and 21% of occurrence, respectively) also show westerly flow. These 
were observed about 67% of the time. Among these clusters, cluster #3 represents the possibility of 
the relatively rapid westerly flow toward the North America territories. Cluster #4 (22%) shows 
easterly flow. Cluster #2, which occur 11% of the time, is transport with a northward component of 
the flow through the Okhotsk Sea. Throughout the year, westerly flow is also dominant for the 
Vladivostok NRS. Transport from the west varies from 68% (in fall) to 82% (in summer) of the 
time. Transport from the east occurs only during winter-spring and varies from 7% (in spring) to 
10% (in winter) of the cases. Transport with the northward component is a peculiarity of the 
Vladivostok NRS. It is reflected in each season throughout the year and varies from 14% (in winter) 
to 32% (in fall) of the time. 

Although results of cluster analysis are useful, they are not complete, because information 
between mean trajectories (or transport pathways) is “missing”. Therefore, another research tool – 
probability fields analysis - is required to extract this information. 

2.2. AIRFLOW AND FAST TRANSPORT PROBABILITY FIELDS 

As we mentioned, probabilistic analysis is one of the ways to estimate the likelihood of 
occurrence of one or more phenomena or events. In this study, we calculated a large number of 
trajectories that passed over various geographical regions for each NRS. Each calculated trajectory 
contains information about longitude, latitude, altitude, pressure, temperature, relative humidity, 
etc. at each 12 hours interval. The probability fields for these 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. The most interest for the further analysis 
would be the following probabilistic fields: airflow and fast transport probability fields.

The first type of probabilistic field – airflow probability field - shows the most common 
features in the atmospheric transport patterns from NRSs. It could provide a general insight on the 
possible main direction of the radioactive plume transport as well as the probability that it will reach 
or pass a given geographical area. The result of this analysis is an appropriate test to support or 
reject the results from the cluster analysis, which also could be applied to identify the general 
atmospheric transport pathways from the site.  

For the Kamchatka and Vladivostok nuclear risk sites, the annual airflow probability fields 
within the boundary layer, based on 5-day trajectories calculated during 1987-1996, are shown in 
Figure 2.2.1. Monthly variability of the airflow probability fields within the boundary layer for both 
sites is shown in Appendix 1. Mahura, 2002; Mahura et al., 2002b noted that for the Kamchatka 
NRS, the airflow is concentrated along the major tracks of the high and lower pressure systems. 
These systems are always under the influence of the Aleutian Low and Siberian High. During fall, 
the airflow reaches the North America continent. During May-November the possibility for the air 
masses to pass over the North Japan region is the lowest. November is a time when air masses have 
the ability to reach the Arctic shore territories, and it is a time for the Arctic front to move 
northward at the Russian Far East. During August, the airflow can pass over some parts of the State 
of Alaska. 

For the Vladivostok NRS, the similar dominance of the westerly flow can be identified. 
During summer, the northward component of the airflow became evident. At the end of the spring, 
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the airflow passes over the northern parts of the continental areas of the Russian Far East. During 
August-November, the airflow can reach the northern areas of the Okhotsk Sea and seashore of the 
Magadan Region. In September, the airflow pattern can be observed in the Seashore China region 
reaching the lower 30¯N latitudes. 

(a)                                                                                      (b) 
Figure 2.2.1. Annual airflow probability field within the boundary layer for the trajectories, originated over 

the a) Kamchatka NRS and b) Vladivostok NRS regions.

The second type of probabilistic fields – fast transport probability field - indicates the 
probability of air parcels movement during the first day of transport (Figure 2.2.2 show probability 
fields at 24 hours of atmospheric transport). In particular, these fields can be calculated after the 
first 12 and 24 hours of atmospheric transport. It is important information, especially, for estimation 
of the short-lived radionuclide impact such as the iodine isotopes. These fast transport fields show 
those territories that may be reached after the first half of the day or after one day, and those areas 
that are at the most danger due to fast transport. 

(a)                                                                                      (b) 
Figure 2.2.2. Annual fast transport probability field within the boundary layer for the trajectories, originated 

over the a) Kamchatka NRS and b) Vladivostok NRS regions. 

Our analysis of the fast transport probability fields showed that the westerly flow is dominant 
for both NRSs. Monthly variability of the fast transport probability fields within the boundary layer 
for both sites is shown in Appendix 2. For the Kamchatka NRS, the area of the highest probability 
of the possible impact (AHPPI) from the NRS is located southeast of the site, except during 
summer. During winter, there is a possibility of fast transport toward the Sakhalin Island. During 
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fall and spring, air mass could reach the Magadan Region territories during the first day. In summer, 
due to lower wind speeds, it is concentrated around the NRS region. During December-April, the 
fast transport field indicates the possibility of reaching the Sakhalin Island and Magadan Region 
territories. During September-October, it almost reaches the territories adjacent to the Magadan 
city. In November, there is a possibility of it reaching the Primorskiy Kray. The AHPPI is located to 
the east and south of the NRS during November-December. In October, it is to the north, and during 
February-March – to the west of the site. Starting in May, the total area of the AHPPI, which is 
under influence of the fast transport pattern, decreases, but in August, it will start again to increase.  

For the Vladivostok NRS, the AHPPI is also to the east and south of the site. Although in 
winter it is located far from NRS, and in summer it is in the proximity of the site. During fall, 
AHPPI is over the Japan Sea territories. During December-April, it passes over the North and 
Central Japan regions. In May, which might be considered as a transition period, there are two 
AHPPIs – above the Japan Sea and to the north of the Vladivostok NRS in the Russian Far East. 
During June-August and October-November, the AHPPI is situated above the Japan Sea. In 
September, the southward component prevails. During September-November, there is a possibility 
to reach the North and South Korean regions.

2.3. 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 fields called the typical transport time (TTT) fields. These 
fields show: first, how long it will take for an air parcel to 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 accidental release at NRS. 

To visualize the TTT fields, at the first step, we construct a new polar grid domain having 36 
sectors (10° each) with NRS in the center. At the second step, in the same way as in the probability 
fields analysis, we count the number of trajectory intersections in each grid cell of new domain. 
Then, we select along each sector a grid cell with absolute maximum of trajectory intersections and 
construct 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. More detailed information can be found in Mahura, 2002. Seasonal 
variability of the typical transport time fields for both sites is shown in Appendix 3. 

For the Kamchatka NRS (as shown in Figure 2.3.1a), on an annual scale, only the territories 
of the Kamchatka Region and islands in the adjacent seas, and in particular, the Komandor Islands 
(Russia) and the far western islands of the Aleutian Chain Islands (USA), can be reached during the 
first 2.5 days.

Some differences can be observed on a seasonal scale (see Appendix 3). During spring and 
fall, the Sakhalin Island (Russia) could be reached typically in 2 days. The populated areas of the 
Magadan Region as well as northern areas of the Kamchatka Peninsula can be reached in 2.5 days. 
During summer, especially during the first 2 days, only the Kamchatka Peninsula and surrounding 
seas territories can be typically reached by atmospheric flow. During winter, the northern areas of 
Japan (Hokkaido Island) will be reached in 2 days as well as the southern territories of the 
Chukotka Region. After 1.5 days, it can be seen that there are two flow components which 
dominate – transport in the eastern (toward the region of the Aleutian Chain Islands) and 
northeastern directions (Chukotka Region seashore and western parts of the Bering Sea). It should 



24

be noted also that after 1.5 days the transport paths cross significantly into the Western Hemisphere 
(cross 180ºE over the North Pacific Ocean). 

(a)                                                                                      (b) 

Figure 2.3.1. Annual typical transport time field for a) 1 & 2 days and b) 1.5 & 2.5 days of atmospheric 
transport from the Kamchatka NRS.

For the Vladivostok NRS (as shown in Figure 2.3.2), on an annual scale, the typical 
transport time from the site to reach the northern seashore areas of Japan is 1 day. Further, during 1-
2.5 days the air parcels will pass over the Northern Japan. Typical transport time to reach the North 
and South Koreas is about 1.5 and 2 days, respectively. We should note that the pattern of these 
fields depends strongly on the dominance of the westerly flows. Therefore, it is extended toward the 
main tracks of the cyclones traveling to the Bering Sea and Gulf of Alaska.  

(a)                                                                                      (b) 
Figure 2.3.2. Annual typical transport time field for a) 1 & 2 days and b) 1.5 & 2.5 days of atmospheric 

transport from the Vladivostok NRS. 

Some differences could be observed on a seasonal scale (see Appendix 3). During fall, the 
southern part of the Kamchatka Peninsula can be reached typically after 2.5 days of atmospheric 
transport. The Korean Peninsula will be first reached after 1.5 days. After 2.5 days, the air mass has 
traveled over both Koreas. The northern areas of Japan can be reached after the first day of 
transport. During winter, the northern territories of Japan will be reached in less than 1 day, and 
central Japan - in 1.5 days, with an air mass propagating further toward the northeastern direction. 
During spring, similarly to winter, the central and northern territories of Japan will be reached 
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typically in 1-1.5 days, the southern territories – in 2.5 days. After 2-2.5 days of transport, it can 
reach the seashore of China. Typically transport to the Sakhalin Island occurs in 1.5 days, and it 
reaches the middle parts of the Okhotsk Seas after 2.5 days. During summer, the transport pattern is 
minimized, i.e. it will require more time to reach the geographical region of interest considered in 
our study. In particular, the Koreas could be reached only after 2 days of transport, as well as 
transport to the northern territories of Japan may be minimized because of the dominating pattern of 
transport toward the north-north-east. 

2.4. MAXIMUM REACHING DISTANCE AND MAXIMUM POSSIBLE IMPACT ZONE 

Let us introduce two additional fields, which will be indicators of the nuclear risk sites 
impact, and are based on the results of trajectory modeling. The indicator - maximum reaching 
distance (MRD) - shows the farthest boundaries on the geographical map, which might be reached 
during the first day, at least, by one trajectory originated over the NRS location. To visualize the 
MRD indicator, we used all endpoints of calculated trajectories at the end of the first day of 
atmospheric transport. An isoline of MRD had been drawn through the grid boxes where at least 
one trajectory intersected with the grid's 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 transport. 

The indicator - maximum possible impact zone (MPIZ) - as an integral characteristic shows 
areas as well as boundaries with the highest probability of being reached by trajectories during the 
first day of transport. To visualize the MPIZ indicator, we counted all endpoints of calculated 
trajectories during the first day of transport. Then, a similar approach for the construction of 
probability fields (as was used for the fast transport and airflow probability fields) was used to 
construct the MPIZ field. An isoline of MPIZ was drawn through the areas with the highest 
occurrence of trajectory intersections. 

The annual MPIZ and MRD indicators are shown in Figure 2.4.1 (seasonal variability – in 
Figure 2.4.2 and 2.4.3 for the Kamchatka and Vladivostok NRSs, respectively; and monthly 
variability – in Appendix 4 of this report). The analyses are performed and presented annually, 
seasonally, and then monthly. 

(a)                                                                                      (b) 
Figure 2.4.1. Annual maximum possible impact zone (MPIZ ---) and maximum reaching distance (MRD )

indicators for the a) Kamchatka NRS and b) Vladivostok NRS. 

For the Kamchatka NRS (Figure 2.4.1a), on an annual scale, the areas under the MPIZ and 
MRD isolines are equal to 29.8·104 km2 and 676.2·104 km2, respectively. It should be noted that the 
MRD area also includes the MPIZ area. Let us interpret these results. First, the total maximum area, 
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which might be potentially affected during the first day after an accidental release occurs, is more 
than 6762 thousand km2. Second, from this potentially affected area, an area of about 298 thousand 
km2 is a territory with the highest probability of the NRS possible impact might be observed.  

Further analysis of seasonal (Figure 2.4.2) and monthly (Appendix 4) variability of these 
indicators showed the following. The area of MRD varies greatly throughout the year, especially 
comparing summer vs. winter. In particular, during November-April, it is almost twice as high as in 
June-August. The area of MRD is a maximum in December (867.2·104 km2) and a minimum in 
June (389.3·104 km2). The MRD indicator shows that during January-March at least one trajectory 
during the first day of atmospheric transport can reach the northern areas of Japan. During June-
September, it is practically impossible for the air mass to reach the Sakhalin Island and seashore of 
the Primorskiy Kray (Russia) at the end of the first day. The MRD indicator indicates that the 
Magadan Region territories are reachable throughout the year, although the large areas will be 
covered by transported air masses during November-April. 

(a)                                                                                      (b)

(c)                                                                                      (d) 
Figure 2.4.2. Seasonal variability of the maximum possible impact zone (MPIZ ---) and maximum reaching 

distance (MRD )  indicators for the Kamchatka NRS: a) spring, b) summer, c) fall, and d) winter.

The boundaries of the MPIZ are extended mostly in the southeastern direction from the site. 
The area of MPIZ varies throughout the year. It reaches a maximum in May (33.8·104 km2) and 
appears higher during June-September in comparison with other months. The lowest MPIZ areas 
are observed during October-February with an absolute minimum in January (18.8·104 km2). In 
general, the populated, southern territories of the Kamchatka Peninsula are inside the MPIZ. 
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For the Vladivostok NRS (Figure 2.4.1b), on an annual scale, the areas under the MPIZ and 
MRD isolines are equal to 25.4·104 km2 and 505.8·104 km2, respectively. Both areas are smaller in 
comparison with the Kamchatka NRS, and at first, it depends on the characteristic wind regimes for 
both sites. Interpretation of values will be similar: during the first day after an accidental release the 
total maximum area of potentially affected territory is 5058 thousand  km2. Moreover, 254 thousand 
km2 of this territory are within the area of the highest probability of the NRS possible impact. 

(a)                                                                                      (b) 

(c)                                                                                      (d) 
Figure 2.4.3. Seasonal variability of the maximum possible impact zone (MPIZ ---) and maximum reaching 

distance (MRD )  indicators for the Vladivostok NRS: a) spring, b) summer, c) fall, and d) winter. 

Further analysis of seasonal (Figure 2.4.3) and monthly (Appendix 4) variability for these 
indicators showed the following. The area of MRD varied significantly throughout the year; it has a 
maximum in May (692.8·104 km2) and a minimum in July (296.7·104 km2). The MRD indicator 
showed, that throughout the year at least one trajectory during the first day of atmospheric transport 
could pass over Japan, although the southern territories are less reachable during summer. During 
January, it will be practically impossible for an air mass to reach the Koreas by the end of the first 
day. During May-August, in comparison with other months, the MRD boundary extends further 
toward the west from the site almost reaching 120°E - Chinese northeastern territories.  

The boundaries of the MPIZ are extended mostly in the southeastern direction from the site, 
except,  during June-August when the north-south directions are dominant. In general, the populated 
southern territories of the Primorskiy Kray as well as northeast territories of the Russian-Chinese 
border are inside the MPIZ. During October-April, the isolines of MPIZ almost reach the northern 
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territories of Japan, and during June-August – the northern territories of the North Korea. The area 
of MPIZ varies throughout the year. It reaches a maximum in October (29.0·104 km2) and appears 
high during spring and fall in comparison with other seasons. The lower MPIZ areas are observed 
during summer and winter where an absolute minimum is found in January (15.7·104 km2).

2.5. PRECIPITATION FACTOR PROBABILITY FIELDS 

During the transport of any kind of pollutants, including radionuclides, within the atmosphere, 
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. The dispersion, in all directions, due to horizontal advection by a wind velocity vector and 
turbulent diffusion are the most important factors. All radionuclides during transport are subject to 
dry deposition of gaseous and particulate nuclides from the atmosphere by vegetation, biological, or 
mechanical processes; and wet removal by precipitation, rain, and snow. 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 by precipitation (AR-NARP, 2001-2003; Baklanov & Mahura, 2001; Mahura, 
2002).

The first approach is based on the evaluation of precipitation as well as relative humidity 
climatology patterns for a particular geographical area of interest. Such climatological maps (on a 
multiyear, seasonal, or monthly basis for large scale domains) might 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 may be used for identification of the large areas having common precipitation 
and relative humidity patterns. For example, NOAA-CIRES Climate Diagnostic Center 
(http://www.cdc.noaa.gov) allows, based on their data archives, to construct the relative humidity 
fields for different temporal intervals as shown in Figure 2.5.1. 

(a)                                                                                         (b) 
Figure 2.5.1. Relative humidity field for the North Pacific region based on a) 1985-1996 and b) 

August 1985 data (Source: NOAA-CIRES CDC).

The second approach is based on the evaluation of the probabilistic fields for the 
“precipitation factor” (INTAS, 2000; Mahura et al., 2001). Relative humidity “plays the role” of a 
precipitation factor. It is one of the factors, which will determine the possibility of radionuclide 
removal during transport. Increasing relative humidity in the atmosphere is one of the signals of the 
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 
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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. 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 related to the existing flow 
pattern. So, each field is valid only with respect to a particular NRS. Nevertheless, it is a more 
realistic pattern of the possible removal during transport than calculating rainfall climatological 
maps used in the first approach, because it includes processes above the surface. 

(a)                                                                                      (b) 
Figure 2.5.2. Spring relative humidity (or precipitation factor) probability field for the Kola NPP  

in the layer of a) surface – 1.5 km asl and b) 1.5-3 km asl. 

Although we did not apply the second approach in our study, we would like to mention a 
possible output of such application. For example, Mahura et al., 2001; INTAS, 2000 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 probability 
fields over the geographical areas of concern. 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 2.5.2). 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 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 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 the direct evaluation of the wet deposition fields at the 
surface (AR-NARP, 2001-2003; Baklanov et al., 2002a). In this approach, assuming a unit 
continuous discrete release of puffs occurred at NRS every selected time interval (for example, 
every 60 minutes, or every 3 hours, etc.), 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 accumulated during a selected time period (for 
example, 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 wet deposition is observed. These areas are territories 
where the greatest removal of radionuclides is possible during atmospheric transport from NRS. It 
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should be noted that such fields are also valid (as in the second approach mentioned) with respect to 
a particular NRS of interest. The results of the third approach are shown in §2.6. 

2.6. NRS INDICATORS BASED ON DISPERSION MODELING: AVERAGE 
INTEGRAL CONCENTRATION, DRY AND WET DEPOSITION FIELDS 

As mentioned in Chapter 1, we calculated and constructed two types of fields - summary and 
average - for 137Cs for several characteristics. The summary field is a sum of fields after 5 days of 
atmospheric transport for a one-day discrete continuous release of radioactivity at the site during the 
time period of interest (for instance: month, season, or year). The average field is simply based on 
calculation of an average value from the summary field. That is in each latitude vs. longitude grid 
point the average value will be equal to the summary value divided by the number of days within 
the period of interest. In this study, we first constructed both types – summary and average - of 
fields for the integrated over time air concentration (Bq·h/m3) of 137Cs in the surface layer and 
denoted them the summary and average integral concentration at surface fields. Second, fields 
constructed for the 137Cs dry deposition (Bq/m2) on the underlying surface we called the dry 
deposition fields. Third, fields constructed for the 137Cs wet deposition (Bq/m2) on the underlying 
surface we called the wet deposition fields.

In this chapter we will omit using abbreviation - 137Cs - assuming that all three considered 
fields (integral concentration, dry and wet deposition) were constructed for this particular 
radionuclide. Moreover, in this chapter we will consider only average fields of characteristics, 
although the summary fields are stored on CD (enclosed with this report if ordered).

To study temporal variability of these fields the summing and averaging of fields was 
performed on monthly, seasonal, and annual basis. The scaling with similar magnitude isolines 
starting from the lowest of 10-2 (1e-2 in Figures) is used to simplify interpretation and comparison 
of fields, although another scale might be selected and fields re-plotted based on the original 
archived data. Let us analyze annual fields using an isoline of 10-2, and seasonal and monthly fields 
with an isoline of 10-1.

Some important comments should also be 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). Second, the summary fields of these characteristics might be used further to 
calculate doses accumulated over the considered time 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. Third, the average fields of these 
characteristics might be used further to calculate doses accumulated during one day averaged over 
the considered time period (month, season, year) – i.e. average daily doses for a particular month, 
season, or year. These average fields will be more useful if the accidental short-term releases of 
radioactivity from NRS are considered. Fourth, the summary fields of characteristics will have 
larger areas enclosed by the isolines and the characteristic’s magnitudes will be higher in 
comparison with average fields. Fifth, because all 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 is completed at the site. As uncertainties in the modeling of atmospheric transport 
after 5 days became too great, the calculated fields for a one-day release were assumed to be 
unchangeable, i.e. we did not apply any loss processes after that 5 day term. Hence, once material 
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was deposited on the surface, the radioactive decay was not considered, although it should be 
accounted for the further risk and vulnerability analyses. 

137Cs Integral Concentration Pattern
The integral concentration of radionuclide is input data to calculate doses due to inhalation. It 

is an air concentration of radionuclides accumulated during a selected time interval. Therefore, for 
example, for a particular month, the average monthly field might be used to calculate an average 
dose due to inhalation at any selected geographical location at any given day of a particular month. 
The summary monthly field might be used to calculate the monthly dose due to inhalation at any 
selected geographical location. 

Let us mention some common peculiarities. First, integral concentration fields have a 
distribution type of isolines around the site, which is closer to elliptical than circular. The shape of 
these fields, in some way, reflects the presence of dominating airflow patterns throughout the year. 
These airflow patterns could also be obtained from the results of trajectory modeling, cluster 
analysis, and probability fields analysis of 5-day trajectories. Second, the larger magnitudes of the 
integral concentration are observed near the sites, and they decrease significantly with distance, as 
expected.

Temporal variability of the average 137Cs integral concentration fields for both sites is shown 
in Figure 2.6.1 (annual), Figure 2.6.2-2.6.3 (seasonal), and Appendix 5 (monthly). 

For the Kamchatka NRS (as shown in Figure 2.6.1a), on average annually, the area from the 
western parts of the Kamchatka to 180ºE is enclosed by the isoline of 100 Bq·h/m3. This area 
includes territories of the Kamchatka Peninsula as well as the farthest western islands of the 
Aleutian Chain Islands. The highest integral concentration (101 Bq·h/m3) is observed in the southern 
parts of the Kamchatka Peninsula. 

(a)                                                                                      (b) 
Figure 2.6.1. Annual average 137Cs integral concentration at surface field for the “unit hypothetical release” 

from the a) Kamchatka NRS and b) Vladivostok NRS. 

Seasonally (Figure 2.6.2), the area enclosed by the isoline of 10-2 Bq·h/m3 is larger, except 
summer, during all seasons. This selected isoline crosses into the 20-25ºN-latitudional belt during 
all seasons, except in summer (30ºN). The continental parts of Asia are more affected during winter 
in comparison with other seasons, although the integral concentration does not exceed 10-2 Bq·h/m3

over northeast China and Primorskiy Kray, and 10-1 Bq·h/m3 over the Magadan and Chukotka 
regions. Moreover, the integral concentration pattern is a good indicator of atmospheric transport 
patterns. In particular, the westerly flows are dominant. The same result might be seen from the 
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atmospheric transport pathways (§2.1) and airflow probability fields (§2.2), both based on trajectory 
modeling approach. 

The integral concentration pattern varies significantly temporally (considering monthly 
variability) and spatially (considering a distance from the site during different months) (as indicated 
in Appendix 5). In general, it depends on the variability of airflow patterns throughout the year: the 
wind speed is lower during summer and is higher in winter. Therefore, the total area of the integral 
concentration field (enclosed by the lowest selected isoline of 10-1 Bq·h/m3) is lower during June-
August in comparison with September-May. Moreover, the highest values are observed near the 
site. During October-March and August, the isoline of 100 Bq·h/m3 crosses the western shore of the 
State of Alaska. During January-May and September, the highest integral concentration over the 
northern territories of Japan might reach 10-1 Bq·h/m3, although in other months the territory 
remains unaffected. 

(a)                                                                                      (b) 

(c)                                                                                      (d) 
Figure 2.6.2. Seasonal variability of the average 137Cs integral concentration at surface field for the “unit 

hypothetical release” from the Kamchatka NRS: a) spring, b) summer, c) fall, and d) winter. 

For the Vladivostok NRS (as shown in Figure 2.6.1b), on average annually, the area from 
130 to 150ºE and from 30 to 50ºN is enclosed by the isoline of 100 Bq·h/m3. This area includes the 
populated territories of the Primorskiy Kray, northeast China, Japan, and eastern seashore of both 
Koreas. Moreover, although atmospheric transport occurs in eastern direction toward the Aleutian 
Chain Islands, the 137Cs integral concentration there does not exceed 10-2 Bq·h/m3.
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Seasonally (Figure 2.6.3), the area of the integral concentration field, enclosed by an isoline 
of 10-2 Bq·h/m3, is minimal during summer with the highest values within the 130-140ºE and 40-
50ºN geographical area. The highest integral concentrations are observed near the site throughout 
the year. Although the westerly flows dominated, there is a distinctive pattern of transport in the 
southwestern direction from the site during fall-winter, and in particular, the boundaries (10-1

Bq·h/m3) of the integral concentration field reached the eastern seashore of China during fall. 
The structure of the average integral concentration field varies significantly throughout the 

year (Appendix 5). During June-September, the total area enclosed by the 10-1 Bq·h/m3 isoline is 
smaller in comparison with other months. It does not even reach the Kamchatka Peninsula. During 
October-November and March, the integral concentration at the seashore of China (below 30ºN) is 
10-1 Bq·h/m3. Westerly flows dominate atmospheric transport from this site, which is also seen from 
the structure of the integral concentration fields. During March-April and October-December, the 
integral concentration along the Aleutian Chain Islands is about 10-1 Bq·h/m3, although in other 
months it does not reach this magnitude. During October-April, the integral concentration of 137Cs 
over the Japanese territories will be higher than 10+1 Bq·h/m3.

(a)                                                                                      (b) 

(c)                                                                                      (d) 
Figure 2.6.3. Seasonal variability of the average 137Cs integral concentration at surface field for the “unit 

hypothetical release” from the Vladivostok NRS: a) spring, b) summer, c) fall, and d) winter.

137Cs Dry Deposition Pattern
The dry deposition of a radionuclide is input data, as a first approximation, to calculate doses 

from the underlying surface. Dry deposition reflects the concentration of radionuclide deposited at 
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the surface due to the dry deposition process. Doses should include contribution of both – dry and 
wet – depositions processes, although as a first approximation, it is possible to use only dry 
deposition. In this case, doses would be underestimated because wet deposition is also an important 
contributor.

Similar to integral concentration, for a particular month, the average monthly field might be 
used to calculate an average dose from the underlying surface at any selected geographical location 
at any given day of a particular month. The summary monthly field might be used to calculate the 
monthly dose from the underlying surface at any selected geographical location. 

The dry deposition patterns reflect in some way a structure of the integral concentration 
patterns. Therefore, the elliptical configuration of both fields is very similar. The dry deposition 
reaches its highest values in vicinity of the site. Dry deposition fields are as reliable an indicator of 
the prevailing atmospheric transport patterns as an airflow probability field. In particular, for both 
NRSs there is a clear tendency of atmospheric transport by westerly flows. 

Temporal variability of the average 137Cs dry deposition fields for both sites is shown in 
Figure 2.6.4 (annual), Figure 2.6.5-2.6.6 (seasonal), and Appendix 6 (monthly). 

For the Kamchatka NRS (as shown in Figure 2.6.4a), on average annually, the area from the 
western parts of the Okhotsk Sea to the middle parts of the State of Alaska (in the west-east 
direction), and from the Bering Strait to 35ºN (in the north-south direction) is enclosed in the isoline 
of 100 Bq/m2. This area includes the populated territories of the Kamchatka, Magadan, and 
Chukotka Regions as well as the Aleutian Chain Islands and western regions of the State of Alaska.

(a)                                                                                      (b) 
Figure 2.6.4. Annual average 137Cs dry deposition field for the “unit hypothetical release” from the  

a) Kamchatka NRS and b) Vladivostok NRS. 

Seasonally (Figure 2.6.5), the dry deposition is lowest during summer, and it is extended in 
the northeastern direction, reaching the Chukchi Sea. It also shows that Japan is unaffected during 
summer and fall, and dry deposition there is equal to 0 because there is a low probability of 
atmospheric transport as seen from the airflow probability fields. During fall-winter, the boundary 
of 100 Bq/m2 isoline is extended significantly in the eastern direction from the site, reaching 140ºW. 
During fall, the same isoline crosses the 30ºN latitude line. The northeastern territories of China are 
more affected by dry deposition patterns during winter than in other seasons. 

The configuration of the dry deposition field varies significantly throughout the year 
(Appendix 6). It is highly dependent upon the variability of airflow patterns. During October-May, 
the total area enclosed by 10-1 Bq/m2 isoline is larger in comparison with other months. The 
domination of westerly atmospheric transport could be also seen from the structure of the dry 
deposition fields. Therefore, the elliptical configuration of fields is extended toward the prevailing 
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direction of atmospheric transport. During all months, the deposition field propagates in the eastern 
direction from the site, except in August when there is a northeastern component. During March, 
July, and September, the western shore of the State of Alaska is crossed by 10-1 Bq/m2 isoline of 
dry deposition pattern. During June-August and October-November, the territory of Japan remains 
unaffected by the dry deposition, although in other months there might be deposited up to 0.5·10+1

Bq/m2 of 137Cs on the surface on average on any given day of a month. Both Koreas are practically 
unaffected by the dry deposition field throughout the year. During January, dry deposition over the 
northeastern territories of China reaches 101 Bq/m2.

(a)                                                                                      (b) 

(c)                                                                                      (d) 
Figure 2.6.5. Seasonal variability of the average 137Cs dry deposition field for the “unit hypothetical release” 

from the Kamchatka NRS: a) spring, b) summer, c) fall, and d) winter. 

For the Vladivostok NRS (as shown in Figure 2.6.4b), on average annually, the area from 
125 to 170ºE and from 20 to 50ºN is enclosed by the isoline of 100 Bq/m2. This area includes the 
populated territories of the Primorskiy Kray and Sakhalin Island, North-East China, Japan, and both 
Koreas. Moreover, although atmospheric transport occurs in the eastern direction toward the State 
of Alaska and Aleutian Chain Islands, the 137Cs dry deposition there does not exceed 10-2 Bq/m2.

Seasonally (Figure 2.6.6), the area of the dry deposition field, enclosed by the 10-2 Bq/m2

isoline is minimal during summer. Two distinctive patterns might be observed. First, the highest 
deposition rates are observed near the site. Second, although the dominating transport is by 
westerlies, there are three separate outflows from the site – in eastern, southeastern, and 
northeastern directions. There is also a significant deposition pattern spreading from the site in the 
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southern and southwestern directions during winter and fall, respectively. Moreover, during fall the 
10-2 Bq/m2 isoline almost reaches the seashore of China along the 120ºE longitudinal line. 

The configuration of the average dry deposition field varies significantly throughout the year 
(Appendix 6). During July-August, the total area enclosed by 10-1 Bq/m2 isoline is lower in 
comparison with other months. In July, it does not reach even the Kamchatka Peninsula. Westerly 
flows dominate atmospheric transport from the site, which is also seen from the structure of the dry 
deposition fields. During October-November, the dry deposition of 101 Bq/m2 occurs also in the 
southwestern direction from the site, and during December-February – in the southeastern direction. 
During October-March, the dry deposition of 137Cs over the Japanese territories will be higher than 
10+2 Bq/m2. During July-September and February, the dry deposition over the Kamchatka Peninsula 
is negligible in comparison with 10-1 Bq/m2 isoline. 

(a)                                                                                      (b) 

(c)                                                                                      (d) 
Figure 2.6.6. Seasonal variability of the average 137Cs dry deposition field for the unit “hypothetical release 

from” the Vladivostok NRS: a) spring, b) summer, c) fall, and d) winter.

137Cs Wet Deposition Pattern
The wet deposition patterns are different than the integral concentration and dry deposition 

patterns. The wet deposition fields are less smooth and have a cellular structure, because they 
reflect irregularity of the rainfall patterns. It is a concentration of radionuclide deposited at the 
surface due to wet deposition processes. The total deposition is a sum of dry and wet depositions, 
and it is also input data to calculate doses from the underlying surface.  
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Temporal variability of the average 137Cs wet deposition fields for both sites is shown in 
Figure 2.6.7 (annual), Figure 2.6.8-2.6.9 (seasonal), and Appendix 7 (monthly). It is interesting to 
note, that over some geographical areas the wet deposition is higher by an order of magnitude in 
comparison with dry deposition, which is also a reflection of irregularity in the rainfall patterns. The 
wet deposition reflects a general tendency of airflow propagating in the eastern direction by 
westerly flows, although this tendency is less in comparison with integral concentration and dry 
deposition fields.

For the Kamchatka NRS (as shown in Figure 2.6.7a), on average annually, the area from the 
middle of the Okhotsk Sea to the northern parts of the Bering Sea is enclosed in the isoline of 100

Bq/m2. This area includes the populated territories of the Kamchatka Peninsula, Aleutian Chain 
Islands, and State of Alaska. Moreover, the wet deposition reaches highest magnitude in the close 
proximity of the site.  

(a)                                                                                      (b) 
Figure 2.6.7. Annual average 137Cs wet deposition field for the “unit hypothetical release” from the  

a) Kamchatka NRS and b) Vladivostok NRS. 

Considering seasonal (Figure 2.6.8) variability of wet deposition areas enclosed by10-2 Bq/m2

isoline, the total area is the highest during winter, and decreases throughout the year, reaching a 
minimum in summer. During winter, there are local maxima of wet deposition over the Russian Far 
East and Alaska territories. During summer, the wet deposition field is extended more toward the 
northeastern direction, although in other seasons it propagates in the east and east-east-south 
directions.

(a)                                                                                      (b) 
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(c)                                                                                      (d) 
Figure 2.6.8. Seasonal variability of the average 137Cs wet deposition field for the “unit hypothetical release” 

from the Kamchatka NRS: a) spring, b) summer, c) fall, and d) winter. 

The wet deposition pattern diminishes during June-September (Appendix 7). The area where 
wet deposition is occurring increases significantly during November-February with a maximum in 
December. The seashore territories of the Russian Far East including the Sakhalin Island are under 
influence of wet deposition during December-January and March-April. During January, a 
significant area of the continental Asian part of Russia is also covered by wet deposition pattern.

For the Vladivostok NRS (as shown in Figure 2.6.7b), on average annually the area between 
130-140ºE is enclosed in the isoline of 100 Bq/m2. This area includes partially the populated 
territories of the Primorskiy Kray, central Japan, and northeast China. Moreover, wet deposition 
reaches highest magnitude in the vicinity of the site as well as over the central territories of Japan. 
The configuration of wet deposition field shows the dominance of the westerly flows, which is 
similar to airflow patterns. 

Considering seasonal (Figure 2.6.8) variability of areas enclosed by 10-2 Bq/m2 isoline 
(similar to the Kamchatka NRS), the total area is the highest during winter, and decreases 
throughout the year, reaching a minimum in summer. During winter, there are two major directions 
for the distribution of wet deposition pattern. The first is toward the populated territories of the 
Japan, both Koreas, and Russian Far East. The second is toward the maritime areas of the Pacific 
Ocean along the 30ºN latitude line.  

(a)                                                                                      (b) 
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(c)                                                                                      (d) 
Figure 2.6.9. Seasonal variability of the average 137Cs wet deposition field for the “unit hypothetical release” 

from the Vladivostok NRS: a) spring, b) summer, c) fall, and d) winter. 

During summer, the wet deposition field is limited to an approximately 1500 km circle around 
the site. It reflects the higher values in the vicinity of the site. On a monthly scale (Appendix 7), the 
area covered by the wet deposition field is higher during November-April in comparison with other 
months. During July, Japan is minimally affected by wet deposition, but it is highly affected during 
September-April in comparison with other months. 

2.7. ANALYSIS OF SPECIFIC CASE STUDIES 

In this section of report, we will consider in more detail the selected specific cases mentioned 
in §1.7. Among these cases are: a) 15th November 2000 (described in §2.7), and b) 5th and 26th

April, 5th, 10th, and 17th August of 2000 (stored on CD; enclosed with this report if ordered). Any of 
selected cases showed atmospheric transport toward the selected regions of interest.  For all these 
specific cases, we considered atmospheric transport, dispersion, and deposition of three 
radionuclides (137Cs, 131I, and 90Sr) for the discrete continuous “unit hypothetical release” (UHR) with 
a fixed rate of 1·1010 Bq/s. The total amount of radioactivity released during one-day in this case is 
equal to 1·1010(Bq/s)·24(hour)·60(min)·60(sec) = 8.64·1014 (Bq). This amount is same for all three 
radionuclides.

Specific Case: Kamchatka NRS - 15 November 2000
For this specific case of 15 November 2000, we analyzed atmospheric transport of three 

radionuclides (137Cs, 131I, and 90Sr) for the “unit hypothetical release” (UHR) occurred during 24 
hours (15-16 Nov 2000, 00 UTC) simultaneously at both NRSs. For UHR occurred at the 
Kamchatka NRS, we consider atmospheric transport toward the State of Alaska and Chukotka 
region territories. For UHR occurred at the Vladivostok NRS we consider atmospheric transport 
toward the Aleutian Chain Islands, Japan, and both Koreas.

Following the subsequent temporal daily snapshots of the 137Cs surface air concentration field 
(Figure 2.7.1), it is possible to identify the development of the atmospheric transport from the site. 
For example, for the Kamchatka NRS, at the end of 1st day (16 Nov 2000, 00 UTC) after release 
started (15 Nov 2000, 00 UTC), the radioactive cloud extended in the southwestern and eastern 
directions passing over the southern areas of the Kamchatka Peninsula into the Okhotsk Sea and 
reaching 170ºE. 
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(1 day)                                                (2 day)                                                (3 day) 

(4 day)                                                (5 day)                                                (6 day) 
Figure 2.7.1. 137Cs surface air concentration field for the “unit hypothetical release” occurred at the 

Kamchatka NRS during 15-16 Nov, 2000, 00 UTC. 

During 2nd day it is relatively fast transported and dispersed by the westerly flows toward the 
Aleutian Chain Islands almost reaching 40ºN and 170ºW. By the end of 3rd day, the cloud passed 
over the southwestern territories of the State of Alaska and moved into the Bering Sea aquatoria as 
well as partially continued to propagate in the eastern direction (150ºW). During 4th day, it 
continued atmospheric transport in the northern directions passing over the Chukotka region, 
northern and central parts of the State of Alaska and Bering Sea into the Chukchi Sea. During 5th

and 6th days it circled around the same area expanding in the latitudinal and longitudinal directions, 
finally almost reaching the Kamchatka Peninsula, where the release occurred. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.2.  Surface air concentration fields of a) 137Cs, b) 131I, and c) 90Sr for the “unit hypothetical 

release” occurred at the Kamchatka NRS during 15-16 Nov, 2000, 00 UTC. 

For this specific case, we analyzed four characteristics: surface air concentration, integral 
concentration, dry and wet deposition. Figures 2.7.1-2.7.5 shows 2-dimensional fields plotted at the 
end of the 6th day of atmospheric transport after the release had started at the Kamchatka NRS. 

Analysis of fields (shown in Figures 2.7.1-2.7.5) allows us to identify several features for this 
specific case. First, it should be noted that for 137Cs and 90Sr the shape and magnitude of isolines are 
similar for all characteristics, which is due to almost the same half lifetimes and reference dry 
deposition velocities for these radionuclides (see Table 1.7.2) in comparison with 131I. Second, for 



41

131I, the surface air concentration decreases faster with distance from the site; similar to other 
calculated characteristics, although the rate of decrease is slower. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.3.  Integral concentration fields of a) 137Cs, b) 131I, and c) 90Sr for the “unit hypothetical 

release” occurred at the Kamchatka NRS during 15-16 Nov, 2000, 00 UTC. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.4.  Dry deposition fields of a) 137Cs, b) 131I, and c) 90Sr for the “unit hypothetical release” 

occurred at the Kamchatka NRS during 15-16 Nov, 2000, 00 UTC. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.5.  Wet deposition fields of a) 137Cs, b) 131I, and c) 90Sr for the “unit hypothetical release” 

occurred at the Kamchatka NRS during 15-16 Nov, 2000, 00 UTC.

Third, the territory between 160-180ºE and 50-55ºN was not significantly affected by 
precipitation, and therefore, the wet deposition over this region is smaller compared with the dry 
deposition contribution. The integral concentration and dry deposition showed similarities when the 
air mass had traveled over this region. Moreover, the wet deposition field for this particular case has 
a pattern in some way similar to dry deposition, although, in general, it has an irregular form. 

Additionally, the area under a particular order of magnitude isoline could be calculated 
similarly to estimation of areas enclosed by isolines of the maximum reaching distance and 
maximum possible impact zone indicators (based on results of trajectory modeling). If several 
geographical locations of interest are selected (i.e. its latitude and longitude are known) then exact 
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values of the integral concentration, dry deposition, and wet deposition can be calculated by 
interpolation from the original fields. 

Table 2.7.1. Selected geographical locations/sites by countries. 

Country Locations/Sites Latitude vs. Longitude 
Anchorage 61.2ºN, 150.0ºW 

Barrow 71.3ºN, 156.8ºW 
Fairbanks 64.8ºN, 147.9ºW 

Nome 64.5ºN, 165.4ºW 
Kodiak 57.8ºN, 152.5ºW 

USA

Shemya 52.7ºN, 174.1°E 
Fukuoka 33.6°N, 130.5°E 
Sapporo 43.1°N, 141.4°E 

Japan

Tokyo 35.7°N, 139.8°E 
Pyongyang 39.0°N, 125.7°E Korea

Seoul 37.6°N, 127.0°E 

Let us evaluate orders of magnitude for the integral concentration, and dry and wet deposition 
after 5 days of atmospheric transport from NRSs at selected geographical locations or sites (Table 
2.7.1) and selected regions of interest (shown in Figure 2.1). For locations/sites, we estimated a 
magnitude of characteristics at exact latitude vs. longitude point on a map. For geographical regions 
of interest, we estimated a maximum and an average (in Tables 2.7.2 and 2.7.3 this value is shown 
in paratheses) magnitudes of the same characteristics within latitudinal vs. longitudinal boundaries 
of regions (shown in Figure 2.1).

Table 2.7.2. Calculated characteristics for the selected geographical regions of interest and locations/sites for 
the “unit hypothetical release” occurred at the Kamchatka NRS during 15-16 Nov, 2000, 00 UTC. 

Integral Concentration Dry Deposition Wet Deposition 
Bq·h/m3 Bq/m2 Bq/m2

Characteristic 
Units

Radionuclide Cs137 131I 90Sr Cs137 131I 90Sr Cs137 131I 90Sr
Regions

Alaska State  0(-1) 0(-1)  0(-1) +1(0) +1(0) +1(0) +1(0) +1(-1) +1(0) 
Aleutian Islands +1(0) 0(-1) +1(0) +1(0) +2(+1) +1(+1) +1(-1)  0(-1)  0(-1) 

Sites
Kamchatka NRS +2 +2 +2 +2 +3 +3 +2 +2 +2 
Anchorage 0 -1 0 0 0 +1 0 0 0 
Barrow -3 -5 -3 -2 -4 -2 -3 -5 -3 
Fairbanks -3 -4 -3 -2 -3 -2 -3 -4 -3 
Nome -1 -2 -1 -1 -1 -1 -2 -3 -2 
Kodiak -1 -1 -1 0 0 0 -2 -2 -2 
Shemya -3 -4 -4 -3 -3 -3 -6 -7 -6 

For the Kamchatka NRS, as shown in Table 2.7.2, the order of magnitude for the integral 
concentration and wet deposition is +2, and for dry deposition it varies between +2 and +3. For 
Anchorage, all characteristics have the highest order of magnitudes in comparison with other sites. 
Shemya has the lowest wet deposition. For regions of the Aleutian Chain Islands and State of 
Alaska, for the integral concentration and dry deposition, there is only one order of magnitude 
difference between maximum and average (given in paratheses) values, although for wet deposition 
it is two. 
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Specific Case: Vladivostok NRS - 15 November 2000
Similarly, the temporal variability of the atmospheric transport from the Vladivostok NRS 

could be analyzed. Let us follow the subsequent temporal daily snapshots of the surface air 
concentration field (stored on CD; enclosed with this report if ordered). At the end of 1st day (16 
Nov 2000, 00 UTC) after release started (15 Nov 2000, 00 UTC), the radioactive cloud extended in 
the southeastern and eastern directions passing over Japan into the Pacific Ocean along 35-40ºN 
belt. During 2nd day the radioactive cloud was divided into two parts. The first part was transported 
over both Koreas due to a newly arrived cyclone from the continental Asia. The second part was 
transported in the southern direction over the southern Japanese territories. By the end of 3rd day: 
the first part passed again over Japan, and the second continued transport in the southwestern 
direction crossing 20ºN. During 4th day, the second part of the cloud continued slow atmospheric 
transport in the southwestern direction almost reaching seashore of China. In the same time, the first 
part of the cloud was transported by westerlies through the Pacific Ocean reaching 170ºE. During 
5th and 6th days, both parts of original cloud continued transport in the same directions. The first 
part reached slowly the seashore of China. The second part passed rapidly south of the Aleutian 
Chain Islands into the Gulf of Alaska and reached the southern territories of the State of Alaska. 

Similarly to analysis of the Kamchatka NRS release at specific date, for selected geographical 
locations or sites (Table 2.7.1), we estimated a magnitude of characteristics at exact latitude vs. 
longitude point on a map. For geographical regions of interest, we also estimated a maximum and 
an average (in Table 2.7.3 this value is given in paratheses) magnitudes of the same characteristics 
within latitudinal vs. longitudinal boundaries of regions (shown in Figure 2.1). 

(a)                                                     (b)                                                     (c) 
Figure 2.7.6.  Surface air concentration fields of a) Cs137, b) 131I and c) 90Sr for the “unit hypothetical 

release” occurred at the Vladivostok NRS during 15-16 Nov, 2000, 00 UTC. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.7.  Integral concentration fields of a) Cs137, b) 131I and c) 90Sr for the “unit hypothetical release” 

occurred at the Vladivostok NRS during 15-16 Nov, 2000, 00 UTC. 

For this specific case, we analyzed four characteristics: surface air concentration, integral 
concentration, dry and wet deposition. Figures 2.7.6-2.7.9 shows 2-dimensional fields plotted at the 
end of the 6th day of atmospheric transport after the release had started at the Vladivostok NRS. 



44

(a)                                                     (b)                                                     (c) 
Figure 2.7.8.  Dry deposition fields of a) Cs137, b) 131I and c) 90Sr for the “unit hypothetical release” occurred 

at the Vladivostok NRS during 15-16 Nov, 2000, 00 UTC. 

(a)                                                     (b)                                                     (c) 
Figure 2.7.9.  Wet deposition fields of a) Cs137, b) 131I and c) 90Sr for the “unit hypothetical release” 

occurred at the Vladivostok NRS during 15-16 Nov, 2000, 00 UTC.

Table 2.7.3. Calculated characteristics for the selected geographical regions of interest and locations/sites for 
the “unit hypothetical release” occurred at the Vladivostok NRS during 15-16 Nov, 2000, 00 UTC. 

Integral Concentration Dry Deposition Wet Deposition 
Bq·h/m3 Bq/m2 Bq/m2

Characteristic 
Units

Radionuclide Cs137 131I 90Sr Cs137 131I 90Sr Cs137 131I 90Sr
Regions

Alaska State  -2(-4) -3(-5) -2(-4) -1(-4) -2(-4) -1(-4) -3(-5) -4(-6) -3(-5) 
Aleutian Islands -1(-3) -2(-4) -1(-3) 0(-2) 0(-2)  0(-2) -2(-3) -2(-4) -2(-4) 
North Japan 0(-1) 0(-1) 0(-1) +1(0) +1(0) +1(0) -1(-2) -2(-2) -1(-2) 
Central Japan +1(+1) +1(0) +1(+1) +2(+1) +2(+2) +2(+2) -1(-1) -2(-2) -1(-1) 
South Japan +1(+1) +1(0) +1(+1) +2(+1) +2(+2) +2(+2) 0(0)  0(-1) 0(-1) 
North Korea +2(+1) +1(+1) +2(+1) +3(+2) +3(+2) +3(+2) 0(-1) -1(-2) 0(-1) 
South Korea +2(+1) +1(+1) +2(+1) +2(+2) +2(+2) +2(+2) +1(0) 0(-1) 0(0) 
North-East China -6(-8) -7(-8) -6(-8) -5(-7) -5(-7) -5(-7) -5(-7) -6(-8) -5(-7) 
Seashore China -2(-4) -3(-5) -2(-4) -1(-4) -2(-4) -1(-4) -6(-8) -6(-9) -6(-8) 

Sites
Vladivostok NRS +1 +1 +1 +1 +2 +1 -9 -10 -9 
Fukuoka -1 0 +1 +1 +1 +1 0 -1 0 
Sapporo -2 -2 -2 -1 -1 -1 -7 -8 -7 
Tokyo 0 0 0 +1 +1 +1 -1 -2 -1 
Pyongyang -1 -1 -1 0 0 0 -2 -3 -2 
Seoul +1 +1 +1 +2 +2 +2 0 -1 0 

For the Vladivostok NRS, as shown in Table 2.7.3, the order of magnitude for the integral 
concentration and dry deposition is +1, although for wet deposition it is –9 (which reflects the fact 
that precipitation did not play a significant role near the site). For 131I, wet deposition is by an order 
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of magnitude lower than for Cs137 and 90Sr, but dry deposition is higher by an order of magnitude 
for the same two radionuclides. For all other Japanese and Korean locations/sites, the integral 
concentration and dry deposition patterns have the same orders of magnitude for all radionuclides, 
although for 131I wet deposition is lower by an order of magnitude.  

However, the exact values for these locations can vary significantly. For example, the integral 
concentration in Seoul (South Korea) is 4.5 times higher than in Fukuoka (Japan) – 6.8E+01 vs. 
1.5E+01 Bq·h/m3. Therefore, if sites of interest are located not far from NRS (i.e. on a regional 
scale), it will be also important to consider difference in exact values of characteristics. If sites of 
interest are located far from NRS (i.e. on a large or global scale), then difference in orders of 
magnitude will be sufficient because uncertainties in modeling of transport, dispersion, and 
deposition will increase significantly with a time and distance from NRS.

For the locations/sites of the State of Alaska (shown in Table 2.7.1), the order of magnitude 
for integral concentration, dry and wet depositions is lower than -8, and therefore, should be 
considered as negligible. 
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CONCLUSIONS

The main aim of this study is to combine atmospheric transport and dispersion modeling and 
statistical analyses with the radiological assessment to evaluate consequences of an accidental 
release at the nuclear risk sites located at the Russian Far East. The main purpose of this study is a 
probabilistic analysis of atmospheric transport and deposition 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 selected in this study are the Kamchatka (52°55’N & 
158°30’E) and Vladivostok (42°55’N & 132°25’E) nuclear risk sites. The countries and 
geographical regions of interest are Japan, China, North and South Koreas, territories of the Russian 
Far East, State of Alaska, and Aleutian Chain Islands. 

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

To answer these questions we applied several research tools utilized within the Arctic Risk 
NARP Project (AR-NARP, 2001-2003). The first research tool is an isentropic trajectory model to 
calculate a multiyear (1987-1996) dataset of 5-day forward trajectories that originated over the NRS 
locations at various altitudes. The second research tool is the long-range transport model to simulate 
5-day atmospheric transport, dispersion, and deposition of 137Cs for one-day release (at the rate of 
1010 Bq/s). As input data we used NCAR and ECMWF meteorological gridded fields for trajectory 
and dispersion modeling, respectively. The third research tool is a set of statistical methods 
(including exploratory, cluster, and probability fields analyses) for analysis of trajectory and 
dispersion modeling results. Additionally, several specific dates when atmospheric transport 
occurred towards the geographical regions of interest were also evaluated for both NRSs. 

The results of probabilistic analysis of trajectory and dispersion modeling results for the 
selected sites are presented as a set of various indicators of the NRS possible impact on the 
geographical regions of interest. In this study, we calculated, constructed, and evaluated several 
indicators based on trajectory modeling results. They are: 1) atmospheric transport pathways, 2) 
airflow probability fields, 3) fast transport probability fields, 4) maximum reaching distance, 5) 
maximum possible impact zone, 6) relative humidity or precipitation factor fields, and 7) typical 
transport time fields. Similarly, we considered several indicators based on dispersion modeling 
results: 1) surface air concentration, 2) integrated over time concentration at the ground surface, 3) 
dry deposition, and 4) wet deposition. To evaluate the temporal variability of these indicators, 
analyses were performed on an annual, seasonal, and monthly basis. 

The main results of this study are the following: 

BASED ON TRAJECTORY MODELING RESULTS:

For the Kamchatka and Vladivostok NRSs, the westerly flow is dominant throughout the 
year (more than 60% of the time) in the boundary layer. At altitudes of the free troposphere, the 
probability of transport from the west increases up to 85% of the time. The relatively rapid westerly 
flow toward the North American continent reaches a maximum during fall-winter (8-11% of the 
time) and during winter-spring (12-13% of the time) for the Kamchatka and Vladivostok NRSs, 
respectively.
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For the Vladivostok NRS:
¶ The North China and North Japan regions are at the highest risk of possible impact in 

comparison with other regions.  
¶ The lower (and upper) bounds of the NRS possible impact are about of 32 (54) and 35 (87)% for 

the North China and North Japan regions, respectively.  
¶ On average, atmospheric transport to these regions could occur in 0.5 and 1.6 days, respectively. 

The fast transport events (in less than one day) could represent major concerns for the Japanese 
and North Korean regions, but such events are not common for the US territories.

¶ On average, the annual typical transport times to reach the North Japan, North and South Koreas 
are about 1, 1.5, and 2 days, respectively. 

¶ Although total maximum area, which might be affected during the first day of atmospheric 
transport after an accidental release, varies throughout the year, on average annually it is more 
than 5060 th.km2. From this potentially affected area, only 250 th.km2 is a territory where there 
is the highest probability of the NRS possible impact. The area’s boundaries are extended 
mostly in the southeastern and eastern directions from the site. Moreover, this area is a 
maximum in October and a minimum in January - 290 and 160 th.km2, respectively.

For the Kamchatka NRS:
¶ The US territories are at the highest risk compared to the rest of the regions.
¶ The lower (and upper) bounds of the NRS possible impact are about of 30 (54) and 13 (32)% for 

the Aleutian Chain Islands and State of Alaska, respectively.  
¶ On average, atmospheric transport to these regions could occur in 3.0 and 5.1 days, respectively.
¶ On average, annual typical transport time to reach islands of the Aleutian Chain Islands is 2.5 

days, although during winter it is 1.5 days. 
¶ Although total maximum area, which might be affected during the first day of atmospheric 

transport after an accidental release, varies throughout the year, on average annually it is more 
than 6760 th.km2. From this potentially affected area, only 300 th.km2 is territory, where there is 
the highest probability of the NRS possible impact. The area’s boundaries are extended mostly 
in the eastern direction from the site. Moreover, this area is a maximum in May and a minimum 
in January - 340 and 190 th.km2, respectively. 

BASED ON DISPERSION MODELING RESULTS:

For the Vladivostok and Kamchatka NRSs, the integral concentration and dry deposition 
fields have higher values in vicinity of the sites, and it decreases significantly with a distance. 
Moreover, both types of fields have an elliptical form. The shape of these fields, in some way, 
reflects the dominating airflow patterns throughout the year. For both NRSs these fields show the 
prevailing atmospheric transport by westerly flows.

Although wet deposition is also high near the sites, the field is less smooth and it has a 
cellular structure, which is strongly dependent on irregularity of the rainfall pattern. It is interesting 
to note, that over some geographical areas the wet deposition is higher by an order of magnitude in 
comparison with dry deposition, which is also a reflection of irregularity in the rainfall patterns. 

For the Vladivostok NRS, the integral concentration during October-November and March, 
at the seashore of China is 10-1 Bq·h/m3. During March-April and October-December, along the 
Aleutian Chain Islands it is about 10-1 Bq·h/m3. During October-April, over the Japanese territories 
it is higher than 10+1 Bq·h/m3.
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The dry deposition during October-March, over the Japanese territories is higher than 10+2

Bq/m2. During December-February and October-November, the populated territories with 
deposition higher than 101 Bq/m2 are situated to southeast and southwest of the site, respectively. 

The total area where wet deposition is higher than 100 Bq/m2 is larger during November-April 
in comparison with other months. The Japanese territories are minimally affected by wet deposition 
during July, and highly affected during September-April.  

For the Kamchatka NRS, the integral concentration during October-March and August, at 
the western shore of the State of Alaska is 100 Bq·h/m3. During January-May and September, the 
integral concentration over the northern territories of Japan is 10-1 Bq·h/m3, although in other 
months these territories appear unaffected. 

The dry deposition during March, July, and September, at the western shore of the State of 
Alaska is 10-1 Bq/m2. During June-August and October-November, the territory of Japan appears 
unaffected, although in other months there might be deposited up to 0.5·10+1 Bq/m2 at any average 
given day of a month. During January, over the northeastern territories of China it is 101 Bq/m2.

The total area of the wet deposition field increases significantly during November-February 
reaching a maximum in December, with a flat minimum during summer months. During winter 
months, there are local maxima of wet deposition over the Russian Far East and State of Alaska 
territories. During summer months, the wet deposition field is more extended toward the 
northeastern direction from the site, although in other months it appeared to be more in the eastern 
direction. This field diminishes significantly during June-September. Moreover, during January the 
large area of the continental Asian part of Russia is also affected by wet deposition.

Analysis of the specific cases, when atmospheric transport from the sites toward the regions 
of interest occurred, showed several common peculiarities. First, shapes and magnitude of isolines 
are almost similar for both 137Cs and 90Sr time integral concentration and dry deposition fields. Both 
fields are relatively well correlated. Second, 131I surface air concentration decreases faster with a 
distance from the site in comparison with 137Cs and 90Sr due to radioactive decay and greater 
propensity to serve as condensation nuclei. Third, the wet deposition fields for selected specific 
cases showed a similar structural irregularity of fields (as monthly and seasonal variability) in 
comparison with integral concentration and dry deposition fields. 

APPLICABILITY OF RESULTS:

The results of this study are applicable for: (i) better understanding of general atmospheric 
transport patterns in the event of an accidental release at NRSs, (ii) improvement of planning in 
emergency response to radionuclide releases from the NRS locations, (iii) studies of social and 
economical consequences of the NRS impact for population and environment of the neighbouring 
countries, (iv) multidisciplinary risk evaluation and vulnerability analysis, and (v) probabilistic 
assessment of radionuclide meso-, regional-, and long-range transport patterns. 

The WWW-variant of this report is also available on CD (enclosed with this report with 
enlarged figures, if ordered) and includes archives of calculated results.
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RECOMMENDATIONS AND FUTURE STUDIES 
Several concluding remarks and recommendations should be made to clarify applicability and 

importance of the obtained results. These results constitute initial steps to estimate atmospheric 
transport and deposition from two selected nuclear risk sites – Kamchatka and Vladivostok - located 
in the Russian Far East. In the event of an accidental release these results can be used as a 
preliminary estimation of likelihood and direction of the atmospheric transport, evaluation of 
minimum and average transport times, and identification of predominant atmospheric layer during 
transport reaching the borders of counties, countries, and remote geographical regions. They also 
can be used to estimate possible order of magnitudes for time-integrated concentration, and dry and 
wet deposition patterns at exact locations or for geographical territories of concern. Using 
calculated concentration and deposition fields it is possible to evaluate doses due to inhalation and 
from the underlying contaminated surfaces accumulated or averaged over the year, season, or 
month.

Emergency response plans to possible radionuclide releases from the nuclear risk sites could 
be improved by analyses of probabilities for the fast transport, airflow patterns, typical transport 
time, maximum reaching distance and maximum possible impact zone indicators. Valuable 
indicators of the NRS possible impacts will be given by the temporal variability of the radionuclide 
time-integrated concentration, dry, wet, and total deposition at various distances from the sites. 
These are input to better understanding of seriousness of possible consequences of radionuclide 
releases from the nuclear risk sites.  This study output is valuable input data for studies of social and 
economical consequences for population and environment of the neighbouring countries, and 
especially, on a regional scale due to impact of accidents at NRSs. These results are also important 
data for studies of multidisciplinary risk and vulnerability, and probabilistic assessments of the 
radionuclide meso-, regional-, and long-range transport.

Moreover, we suggest that the developed methodology within the Arctic Risk NARP Project 
(AR-NARP, 2001-2003) and used in the RAD FARECS study might be successfully applied for 
other risk sites of concern such as chemical and biological.  

Therefore, we recommend further studies on the following issues: 

1) The analysis of the atmospheric transport and deposition patterns for the Vladivostok and 
Kamchatka NRS raises a concern of the possible fast transport as well as radionuclide 
deposition in the neighbouring countries such as Japan, Koreas, China, Russia, and USA. 
Therefore, (see Appendix A) as a logical step to finalize this study we propose to evaluate: i) 
risks, socio-economical and geographical consequences for different geographical areas and 
population groups applying available demographic databases and GIS-technology, and ii) 
vulnerability to a radioactive deposition with a focus on the transfer of certain radionuclides 
into food-chains, especially for the native population, and considering risks for different 
geographical areas. Such analysis can provide a complete estimate of nuclear risk and 
regional vulnerability for geographical territories, countries, counties, and population groups 
in the North Pacific region due to possible accidental releases at these NRSs. 

2) It should be mentioned that there are other nuclear risk sites in the North Pacific region: 
nuclear weapons-related facilities and nuclear fuel reprocessing facilities located in the 
northern regions of China and Japan, respectively. An approach similar to used in this study 
could be applied for these sites too. In addition, because there is a high monthly variability 
in the airflow patterns from the sites to the regions of interest, we suggest investigating  
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possible impacts of the NRS accidental releases using the source (nuclear risk site) vs. 
receptor (remote geographical location or region) relationship approach. For this purpose, 
the additional sensitivity of source vs. receptor indicators might be introduced (see 
Appendix B) for evaluation of the possible NRS impact. For example, with respect to the 
US concern about atmospheric transport toward the North American continent, several 
receptor point locations within the Pacific region north of the equator might be selected for 
such a study: Barrow, Nome, Anchorage, Shemya, Midway, Mauna Loa, Guam, as well as 
sites along the US Western Coast. 

3) For some countries, which are located not far from the nuclear risk sites (for example, 
Vladivostok NRS vs. Koreas, Japan, China, and Russia) another approach consisted of both 
the 3-d atmospheric transport, dispersion, and deposition of radionuclides model as well as 
statistical model might be applied (see Appendix C). The suggested approach is more useful 
for evaluation of the territorial risk on the local- and regional scales due to accidental 
releases at the nuclear risk sites. 

4) There is a large number of radiation risk sources located in the countries of the North Pacific 
region. These sources represent risks of different magnitude, and their “possible danger” is 
highly dependent on many factors. In general, the simplest approach depends on the 
knowledge of the source term. But it seems reasonable to ask: What is the ranging of each 
radiation risk source with respect to another source as well as due to other factors? As a first 
step, an evaluation of the probability matrix for the transport pathways in different 
environments, fast transport, and removal processes might give an answer to this question. 
For comprehensive evaluation, the additional factors such as probabilities of the accidental 
releases, prevailing scenarios, accumulated activities, types of radioactive material, etc. 
should be considered too. Such analysis might rank the risk sources in the order of their 
potential danger with respect to population and environment of different territories. This 
allows the policy and decision makers to make an informed decision about: which sources 
should be considered as the first priority of study, and what measures should be taken if an 
accidental release will occur. Of course, for an accident, the detailed examination of the 
conditions at the site, the accident scenario and actual atmospheric conditions must be taken 
into account.
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APPENDIXES
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2. MONTHLY VARIATIONS OF THE FAST TRANSPORT PATTERNS  

3. SEASONAL VARIATIONS OF THE TYPICAL TRANSPORT TIME PATTERNS  

4. MONTHLY VARIATIONS OF THE MAXIMUM POSSIBLE IMPACT ZONE AND 
MAXIMUM REACHING DISTANSE INDICATORS  

5. MONTHLY VARIATIONS OF THE AVERAGE INTEGRAL CONCENTRATION 
PATTERNS

6. MONTHLY VARIATIONS OF THE AVERAGE DRY DEPOSITION PATTERNS  

7. MONTHLY VARIATIONS OF THE AVERAGE WET DEPOSITION PATTERNS 

A.  APPROACH TO COMPLEX RADIATION RISK ASSESSMENT APPLYING GIS 

B. APPROACH TO PROBABILISTIC EVALUATION OF SOURCE-RECEPTOR 
RELATIONSHIP FOR NUCLEAR RISK SITES AND REMOTE TERRITORIES 

C. APPROACH TO PROBABILISTIC ASSESSMENT OF POTENTIAL TERRITORIAL 
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