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1. Introduction

There is increasing concern over potential radioactive contamination of the Arctic due to the presence of
a wide range of nuclear sources within this region. Dumped radioactive waste contributes the greatest
proportion to the total activity found in the Arctic followed by inputs from Sellafield and global fallout
(Sarkisov et al., 2009). Of these, dumped objects containing Spent Nuclear Fuel (SNF) are of special
importance.

Dumping of radioactive wastes into the world oceans was widespread in the decades following the
Second World War. The first dumping was conducted by the USA in the Pacific Ocean in 1946 and the last
one took place in the Sea of Japan in 1993 by the Russian Federation (IAEA, 1999a). Between 1959 and
1992, solid and liquid radioactive waste were dumped in the Arctic Seas first by the Former Soviet Union
and then by the Russian Federation (Sarkisov et al., 2009).

After more than three decades of dispute, an agreement on the total banning of dumping of any
radioactive waste to the marine environment was reached in 1993 by the London Convention member-
states (IAEA, 1999a).

All objects and nuclear waste which have been dumped in the Arctic present a real and potential hazard
that, given the unique and vulnerable Arctic ecosystem, give rise to concerns due to the effects of possible
leakages of radioactivity.

Amongst dumped objects in the Arctic, the Russian submarine K-27 has received much attention due to
particular concerns related to this vessel: it contains two reactors with highly enriched SNF and lies at a
depth of about 30 m under water.

To address these concerns, the Norwegian Radiation Protection Authority (NRPA) initiated a study in 2013
to examine the radiological consequences of the dumped submarine K-27 for both humans and the
environment. The dumped K-27 is also of particular interest to Norway, given its proximity and
importance of northern sea areas for Norway and Norwegian economic interests.

The study is based on derivation of different hypothetical accident scenarios and evaluating possible
associated consequences for humans and the environment. In general, three main scenarios seem
plausible and thus appropriate for consideration. The first is the “zero- alternative”, i.e. investigate the
current and future impact assuming no interventions. The second considers an accidental scenario
involving the raising of the submarine and the third an accidental scenario related to the transportation of
the submarine to shore for defueling.

With regards to the accidental scenarios related to raising and transportation of the submarine, two
alternatives can be considered depending on where and how a hypothetical accident could take place and
whether the subsequent releases occur underwater or at the water surface. The issue of an uncontrolled
chain reaction occurring as a result of a potential recovery of the submarine is included in the assessment.

The work includes application of state of the art 3D hydrodynamic and atmospheric dispersion models to
investigate the transport, distribution and fate of relevant radionuclides following hypothetical accidents
that result in releases to aquatic and terrestrial ecosystems. The outputs from these dispersion models
have been used as inputs to food-chain transfer and environmental dosimetry models such as ERICA
(Brown et al., 2008) and other well developed models (exposure pathways-based models for humans).
The resultant doses to human and biota have been calculated and associated consequences have been
evaluated.

The first part of this work was completed in 2015 and its findings published as a NRPA report (Hosseini et
al., 2015). The second and final part of the work is presented in this report. The first report’s main focus
was to provide an overview of the extant and available facts and information regarding the submarine,
characterising the source term and considering the various conditions under which a spontaneous chain
reaction might occur. Furthermore, the findings detailed in Hosseini et al. (2015) have been used as inputs
for this second and final part of the work where the focus has been on the modelling of radionuclide
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advection and dispersion in the environment and subsequent assessment of doses and associated
consequences.

This report moves from compiling facts and relevant data to computer simulations using pre-defined
scenarios. This necessitates application and parametrisation of several models as well as making use of
various assumptions. All these have an impact on the obtained results and also the type and amount of
uncertainty involved in them. To deal with uncertainty and consequently lend credibility to the outcomes
of the modelling work, conservatism has been introduced at various points in the present study.

The report can be broadly divided into two parts; the first part focusing on the transport of radioactivity in
the environment and its fate with regards to exposure situations relevant for environmental impact
assessments and the second part focusing on the consequences of releases of radioactivity into the
environment and calculation of doses.

The report starts by discussing issues relevant for marine dispersion in order to provide a background for
subsequent sections which present the results of the marine dispersion modelling. Next, the results from
atmospheric dispersion modelling will be presented. The outputs from dispersion modelling are used as
inputs to the models which deal with estimation of activity concentrations in the environment including
biological components important for human exposures. In the chapters that follow the methodology used
is introduced and results obtained are presented - estimated activity concentrations and calculated doses
for both humans and non-human biota.

The work reported here is financed with funding from the Norwegian government’s Nuclear Action Plan
with allocation from the Ministry of Foreign Affairs.
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2. Review of earlier works: Arctic marine dispersion
modelling

In order to have an overview of the published literature regarding the dispersion of radioactivity
associated with dumped objects in the Kara Sea, a review of existing studies was conducted (see Appendix
A). Before going further, we will first highlight some general aspects of oceanographic dispersion
modelling (Harms and Karcher, 2003; Harms et al., 2003) and hence provide some basis to facilitate
understanding and interpreting the outputs of such models.

2.1 Modelling marine radioactivity

2.1.1 Model set-up

The model systems applied in the studies referred to in the following sections are based on classical
approaches in hydrodynamic and transport modelling which make use of numerical models. Such models
consist of mathematical equations which are solved for discrete time steps on a regular or irregular grid
that covers the model domain containing the region of interest. A model study requires the selection of a
model domain, the definition of the model grid and the determination of the grid size. The regional focus
and the spatial extent are the most obvious differences between various model studies. In the current
case of dispersion scenarios for Kara Sea dump sites, the spatio-temporal aspect can be separated into
three groups:

¢ Near field or local scale applications that deal with estuaries, fjords, bays or straits. Typical size
of the model domain: 1-100 km, typical grid size: 0.01 — 5 kilometres.

e Medium range or regional scale applications that deal with shelf areas or semi-enclosed seas.
Typical size of the model domain: 100 — 1000 km, typical grid size: 5 — 50 kilometres.

e Farfield or global / basin scale applications that deal with large ocean basins or whole oceans.
Typical size of the model domain: 1000 km — global scale, typical grid size: 10 — 50 kilometres.

Previous studies have used this model hierarchy to assess radiological contamination on all scales, from
the North Atlantic, the Nordic Seas, the Arctic Ocean and down to the dump sites in the Kara Sea.

2.1.2 Model physics

Hydrodynamic model studies on dispersion of marine radioactivity involve basically two model types: a
hydrodynamic circulation model and a transport model. The hydrodynamic model calculates the three-
dimensional flow field, depending on model representations of external forcing and internal physics,
whereas the transport model calculates the dispersion of a tracer according to a previously computed
flow.

There are two basic approaches for dispersion modelling: the Eulerian approach that calculates the
exchange of radionuclide concentrations between adjacent grid boxes in time and space and the
Lagrangian approach that applies a particle tracking method which follows a trajectory in space and time.

In small scale applications, such as for the fjords of Novaya Zemlya, the Eulerian approach, which is the
most common approach in numerical dispersion modelling, is used. It is frequently used for the dispersion
of dynamically active variables like temperature and salinity. In principle, the transport algorithm for
temperature or salinity is assigned to radioactivity as a third tracer. As long as no further sources or sinks
are considered such an approach is appropriate for conservative and soluble radionuclides with relatively
long half-lives.

However, radionuclides in the marine environment may also be particle reactive, adding a new physical
process to the simple redistribution of the tracer by the flow field in a conservative, passive form. Particle
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reactive radionuclides in turn tend to attach to particles or suspended material in the water column which
constitutes a sink for the dissolved radioactive load in the water column. Where appropriate a simple non-
conservative approach is applied for simulating radioactivity in both phases. Details on this approach are
described in Appendix A2.

Ice transport can play a significant role in redistributing particle reactive radionuclides as well (Dethleff, et
al., 2000). This effect is omitted for the local scale, however, the process is discussed with respect to large
scale dispersion pathways in Appendix B3.

2.1.3 Model forcing

Depending on the task which a hydrodynamic circulation model is used to solve, different kinds of
external driving forces can be applied. The external driving forces initiate the circulation which, in turn, is
responsible for the advection and diffusion of the tracers. These driving forces are applied to the model
via the setting of boundary conditions at the sea surface, at lateral boundaries or as a tide generating
force on the entire volume. The details of the application of the external forcing via the boundary
conditions is an essential part of the experimental design which is governed by the questions to be
answered by the model experiment.

An important aspect in terms of model forcing is the temporal and spatial resolution of the
meteorological input data. On very small spatial scales, the atmospheric forcing at the sea surface is
determined by direct observation. For modelling over larger spatial scales, the use of meteorological
observational data sets or the products of meteorological forecast models is more common.

Although the fjord simulations in earlier studies were performed for a very small scale, it was not possible
to use direct observations as forcing data because such data were not available. Instead the fjord
scenarios were forced with idealized wind situations such as on-shore or off-shore wind directions at
different wind speeds. An exception was the use of atmospheric data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis where explicitly noted.

Another important aspect is the presence of an ice cover. The fjord model accounts for the change in
momentum transfer in the presence of an immobile ice sheet. During winter it can be assumed, that a
land-fast ice cover is established at the surface that largely inhibits any transfer of momentum by wind at
the sea surface. As a result, summer and winter circulation patterns differ considerably in dynamic
intensity.

2.2  Previous near field dispersion modelling for Stepovogo Fjord

Realistic release rate scenarios for Stepovogo Fjord were performed by Koziy et al. (1998). These model
simulations clearly confirmed previous findings concerning seasonality in circulation and dispersion as
well as concerning accumulation of concentrations in the inner fjord. The study conducted by Koziy et al.
(1998) investigated the release from a submarine, dumped at the fjord entrance at about 30 m depth.
Figure 1 shows the distribution of 13’Csin August, 6 months after release. Unfortunately, it was not
possible to identify the release rate applied for this study. As with other simulations conducted for the
case of Abrosimov Bay (Harms and Povinec, 1999), the vertical distribution is inhomogeneous, showing a
maximum concentration in the inner part of the fjord, at the bottom. This accumulation might be
attributed to the weak winter outflow (ice-cover) and the onset of the flushing at the surface in late
summer (ice melt). A pronounced vertical stratification and the sill in Stepovogo Fjord contribute to this
situation. Although the model configuration and forcing in Koziy et al. (1998) differs from the Hamburg
model system used by Harms and Povinec (1999) the results concerning gradual release scenarios are very
similar.

10
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Figure 2.1. a) Concentration of *3’Cs on a longitudinal section through Stepovogo Fjord in August (Bq m3), six
months after release; b) Concentration of *3’Cs in sediment (Bq kg™?) of Stepovogo Fjord for the same situation.
Figure from Koziy et al. (1998).

Information on the dumping sites of the Kara Sea, i.e. the bathymetry of the Stepovogo Fjord, its
hydrography or relevant local meteorological data, is either very sparse or not easily available. In this
respect, the present situation does not differ very much from the knowledge basis during the late 90’s
when most of the previous modelling work on local dispersion was performed (see Appendix A).

2.3  New assessments of local dispersion from a potential K-27 recovery accident

This section summarizes the findings from previously described model scenarios and puts them into a
context relevant for the K-27 case. On a fundamental level, an accidental release during recovery of K-27
does not differ from previous model scenarios that were focused on sunken submarines, dumped reactors
or waste containers. The results for a worst case (sudden release of high amounts of radioactivity) and a
moderate case with a continuous release rate are summarised here. It has to be stressed that all
evaluations for the local scale are based on the aforementioned existing model calculations. New
information on the topography, the hydrography or any other forcing data regarding Stepovogo Fjord
which exceed the state of knowledge at the time when those model experiments were performed were
not available at the time of writing. Hence, no additional new model calculations for the local scale were
undertaken.

2.3.1 Considerations for a worst case scenario

A worst case scenario would consist of an instantaneous underwater release of high amounts of
radioactivity due to a failure during recovery or even reactor nuclear accident. The model findings from
flushing time scenarios are pertinent in assessing such a situation. The sudden release of 1 TBq would give

11
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rise to concentrations of radioactivity in the inner fjord waters in the range of at least 10* — 10> Bq m™.
This estimate is based on the volume of the fjord (approx. 10’ m3) and the assumption that the
contamination disperses rapidly (i.e. within a few days) and more or less instantaneously all over the
fjord. Contamination from higher release rates can easily be scaled using the same approach.

The assumption of an instantaneous dispersion throughout the fjord may be viewed as somewhat
simplified. However, given the rapid release of very high amounts of radioactivity and the small size of the
fjord, a differentiation in time and space on the fjord scale seems to be obsolete. Moreover, a severe
accident or even an explosion may additionally disturb the stratification.

How and when the contamination will leave the fjord are important aspects which require consideration.
The flushing time scenarios (see Appendix Al.1) suggest that concentrations in the inner fjord affect
coastal waters of Novaya Zemlya within a month on average. Strong winds may shorten flushing times
down to a few days. Under very calm conditions, the outflow of the contaminated plume may be
prolonged up to 2-3 months. Very similar flushing rates were given by Koziy et al. (1998). In summer,
Stepovogo Fjord can be flushed under favourable wind directions within 10 days.

It can be assumed that a recovery of the K-27 will likely be performed during late summer when weather
conditions are favourable for this activity (i.e. no ice). It may, therefore, be assumed that an accidental
release would happen during this period. Based on the evaluation of the existing model scenarios and in
case of no sea ice cover in the fjord, it is arguable that the three dimensional circulation in the fjord would
be considerably enhanced, in particular during late summer when autumn winds start getting stronger
after weak summer winds. It is therefore presumed that an intense mixing in the fjord and a rapid outflow
towards the Novaya Zemlya coast and the Kara Sea is the most probable consequence following a severe
accident during remediation.

2.3.2 Considerations for a continuous release scenario

The second possible scenario for an assessment could be that the wreck is damaged during recovery,
leading to an uncontrolled continuous release in the fjord. Simulation of such a situation requires model
experiments covering longer time scales than instantaneous releases, in particular when realistic (i.e.
transient) atmospheric forcing is applied.

For simplified atmospheric conditions (application of two prevailing wind directions) the resulting depth
mean outflow of dissolved radioactivity (e.g. 3’Cs) will likely be below or in the range of 1000 Bq m-3 for a
1 TBq vy release. However, for previously published scenarios, the applied wind speeds were quite low
and constant in time and space. They led to stationary radionuclide concentration patterns in the water.
Based on these stationary solutions it is possible to evaluate the scavenging effect of particle reactive
radionuclides. For such a case, calculated for a release of 1 TBq y* of the radionuclide 23°Pu, the highest
simulated concentration in sediment are of the order of 500 Bq kg™*. It must be stressed, however, that
the particle reaction for many radionuclides, including 23°Pu, is difficult to estimate since the coefficients
which determine the relative distribution between water and sediment are based on an equilibrium
assumption (see Appendix B2) which may not adequately reflect the real conditions in case of variable
wind and circulation. On the other hand, the strong mixing inside the fjord may lead to rather constant
concentrations of the dissolved radionuclides at least over a long time period of the order of years, in case
of a continuous release.

Temporal variability of the circulation has been taken into account in the results presented in Appendix
A1.3, however subject to considerable constraints due to limited data availability. An important finding
emerging from these model scenarios is the pronounced seasonality in circulation and hence dispersion.
In general, the fjord circulation is most enhanced in late summer, when ice is still absent and intense
autumn winds become established. Calm conditions occur in spring when the winds are weak and the ice
cover shields the water surface from wind input. If a continuous release is applied over a couple of cyclo-
stationary years, the tracer load in the fjord increases during spring and summer before a sudden highly
contaminated outburst flushes large amounts of radioactivity out of the fjord in autumn.

12
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2.4  Far Field Assessment and transport of radioactivity by Arctic sea ice

So far, the near field consequences have been considered. The issue of the far field dispersion of
radionuclides will be the focus of the next chapter, some background information regarding the large
scale dispersion of dissolved radioactivity from Kara Sea and Barents Sea sources as it already exists in
literature being provided in Appendix A2. The case of long range transportation of contaminated
sediment by sea ice is also reviewed (see Appendix A2.3). It is clear that realistic export rates of
radioactively contaminated sea ice are difficult to deduce because of the significant lack of
sedimentological data and uncertain parametrisations. In a simple conservative approach, Harms (1997)
estimated that the possible radionuclide export rate by sea ice from the Kara Sea to the Arctic Ocean to
be of the order of 0.03 TBq y*. This calculation assumes an ice volume flux from the Kara Sea into the
Arctic Ocean of 150 km?3/y (Pavlov and Pfirman, 1995), a sediment load in sea ice of 3 mg/| (IAEA, 1994)
and a radionuclide concentration in sea ice sediment of 70 Bq kg (Meese et al., 1997). The estimated
export rate is at least one order of magnitude lower than the corresponding export rate through the
water column but probably still overestimated.

A wide range of possible export rates was also presented in a more detailed study by Dethleff et al.
(2000). Both publications confirm that, compared to the dissolved transport in the water column, drifting
sea ice might be a very fast transport pathway. It might also be quite efficient due to the missing dilution /
diffusion of radioactive concentration in the ice and the possibility of transporting 'hot spots', i.e.
sediment patches of very high contamination. Integrated over time and space, however, the dominant
pathway for an export of radioactivity from the Arctic Ocean is the transport in dissolved form in the
water column, even if radionuclide concentrations in the water are much lower than in sea ice. The main
reason for this is the large water volume transport compared to a much smaller sea ice transport.

13
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3. Marine dispersion modelling

After characterization of the source term in first part of the present study (Hosseini et al. 2015) which
included evaluation of the inventory of the contaminants available for release and quantification of time-
varying release rates to the environment, the next step in the risk assessment was to evaluate the
transport of hypothetically released radionuclides in Arctic waters using marine dispersion modelling.

An important output of such models is the prediction of the spatial and temporal distribution of
radionuclide concentrations in the marine environment.

Following the input of radionuclides to the surface waters of a marine system, several immediate
processes are likely to occur. A fraction of the radionuclide inventories will be advected by prevailing
currents away from the input point and diluted and dispersed by diffusion processes. The remaining
fraction of the radionuclide inventories will undergo interaction with suspended particulate material and /
taken up by biota. The degree of particulate-phase interaction will depend on numerous factors including
the physico-chemical form of the radionuclide, the availability of adsorption surfaces and the lithology
and chemical attributes of the suspended material.

In the process of conducting the initial part of a marine impact assessment, the modelling of radionuclides
fate can be arbitrarily split into 2 components namely (i) physical (abiotic) transfer processes and (ii)
biological transfer through marine food-chains.

In order to simulate the physical transport of tracers or contaminants in marine environments, models
with various considerations can be applied. These may range from uniform and instantaneous mixing
models to 3D hydrodynamic models where the movement of contaminants can be simulated in the
vertical and horizontal planes.

In the previous chapter, near field marine dispersion modelling, which is relevant for the assessment of
local accidents, was discussed and some background materials for far field dispersion was provided. The
latter type of dispersion modelling is the focus of this chapter.

The aim is to provide data on the dispersion of radioactivity in the Arctic marine environment from a
number of scenario experiments which are performed for releases in the Kara Sea and the Barents Sea
through the application of a large scale numerical model (see following section).

3.2 Model description

The numerical model used for the current set of experiments is a version of NAOSIM (North
Atlantic/Arctic coupled Ocean Sea Ice Model) (Karcher et al., 2003a; Kéberle and Gerdes (2003)). It is
derived from the Geophysical Fluid Dynamics Laboratory modular ocean model MOM-2 (Pacanowski,
1995) and a dynamic-thermodynamic sea ice model with a viscous-plastic rheology (Hibler, 1979).
NAOSIM has been used successfully in a number of applications focusing on Northern Sea circulation
(Karcher et al. 2008, Gerdes et al. 2005) and tracer dispersion (Karcher et al. 2004; 2012).

The version used here has 30 unevenly spaced vertical levels, starting from 20 m thickness down to 100 m
depth with the thickness gradually increasing with depth. The model domain covers the Nordic Seas, the
Arctic Ocean and the northern North Atlantic down to about 502N. The model has an open boundary in
Bering Strait where a total inflow for the barotropic mode of 0.8 Sv is imposed to cover approximate
amount of observed inflow of Pacific Water into the Arctic Ocean. It also has an open boundary in the
south, where barotropic flow from a larger scale version of the model is prescribed. At both boundaries,
the flow profiles can develop freely. The open boundary conditions have been implemented following
Stevens (1991), thereby allowing the outflow of tracers and the radiation of waves. The initial
hydrography, in January 1948, is adopted from the Polar science centre Hydrographic Climatology (PHC),
winter climatology (Steele et al., 2001), while a yearly mean climatology is used as a reference for surface
salinity restoring on a time scale of 180 days. The restoring of sea surface salinity is a common method
used to prevent the ocean salinity from drastically drifting away from the observed ocean state (Steele et
al., 2001). Sea surface salinity restoring compensates for a mismatch between freshwater forcing data
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(e.g., precipitation and runoff) and model physics. Parametrization of river runoff is employed using
negative salt fluxes proportional to seasonal climatologies of runoff for each of the major rivers which
follows the Arctic Ocean Model Intercomparison Project (AOMIP protocol) (Holloway et al., 2007). The
model is driven with daily atmospheric forcing from 1948 to 2010 (NCEP/NCAR reanalysis (Kalnay et al.,
1996)).

The tracer release experiments began in July for each of the experiments, since summer is assumed to be
the most likely season for a potential recovery of the submarine.

3.2  Setup of the tracer release experiments

The aim of the current set of experiments was to cover ocean circulation scenarios which represented
extreme situations in terms of speed and range of dispersion of the pollutant. The basis for this decision
has been earlier studies on the large scale changes of circulation in the Barents and Kara Sea as well as the
Arctic Ocean (Gerdes et al., 2001; Harms and Karcher, 2005; Karcher et al., 2003b), and the effect of this
on the dispersion of radionuclides (Gerdes et al, 2001; Karcher at al., 2004; 2006, 2010, 2012).

To evaluate the (large scale) marine dispersion of potentially released soluble radionuclides as a
consequence of a possible recovery of K-27, the following assumptions have been made. The half life of
the contaminant has been assumed to be much longer than the dispersion period of 10 years and
sediment interaction is not considered. The time period envisaged for salvaging of the submarine is
summer. The experiments being considered are as follows:

A) “On-site”; one depth (at the surface),
B) During transportation (past the “half way” point) two depths (surface and ~ 300 m),
C) “Final destination” (i.e. at or very near Gremikha); one depth (surface),

For each location, three different large scale atmospheric and oceanic circulation scenarios were
considered: weak and strong Kara—>Barents flow and Transpolar Drift current (transporting radionuclides
toward Fram Strait/Svalbard area), and a special case of a reverse flow period through Kara Gate, for two
release scenarios each (i.e. instantaneous and continuous).

Data was collated as the weekly means of the tracer concentration and was stored on a server in the
common NetCDF format. A web-based tool was generated which allowed access to the data based on
geographical and temporal information for each of the experiments.

3.3  Motivation of the experimental set-up: Variability of circulation

As mentioned previously, three different circulation regimes were considered in this study. The reason for
the selection of these circulation regimes was based on analyses of the large scale flow field and
experience from earlier studies.

3.3.1The 1983 versus the 1988 flow field: Two different Arctic-wide circulations

As part of the work on potential releases from the submarine Kursk in the Barents Sea, an analysis of the
oceanic circulation on the entire western Siberian Shelves and beyond was performed (Gerdes et al.,
2001).

Motivated by this analysis, two maximally different flow regimes, each lasting for three years, were
selected. The periods selected were 1983-1986 and 1988-1991. During 1983-1986 a weak through-flow
through the Barents Sea was dominant, while a strong through-flow was predominant during 1988-1991
(see Appendix A2.2). These periods also align with a low and a high phase, respectively, of an Arctic-wide
atmospheric sea level pressure pattern named the Arctic Oscillation (AO). In its low phase, the AO leads to
a location of the oceanic Transpolar Drift rather close to the Siberian shelves. In its high phase, as in the
late 1980s/ early 1990s, it leads to a shift of the Transpolar Drift, oriented from the Chukchi Sea/Bering
Strait to the Fram Strait, with large implications also for the dispersion of substances carried with the
Atlantic derived waters passing the Barents Sea (e.g. Karcher et al. 2012). This means that a contaminated
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water mass stemming from the western Siberian shelves, would spread far eastward into the central
Arctic Ocean Basin before returning to Norwegian Waters with the Transpolar Drift. In contrast, during
the earlier, weak Barents Sea throughflow (lower AO) period starting in 1983 would the location of the
Transpolar Drift in the Eurasian basin, along the Siberian shelves, would favoured a rather quick return
flow to the Fram Strait. Regionally, this translates into a longer flushing time of the Kara Sea and south-
eastern Barents Sea in the 1983-1986 flow regime resulting in higher concentrations, compared to the
1988-1991 flow regime.

3.3.2 The 1998 flow regime: the reverse flow from Kara Sea to Barents

Based on an analysis of local flow regimes in the Kara Sea (Harms and Karcher, 2005), a third flow field
was selected for further investigation. It was characterized by the exceptional situation of a return flow
through Kara Gate which occurred in 1998/99, favouring dispersion of potential contamination from the
Kara Sea back into the Barents Sea.

As highlighted by Harms and Karcher (2005), the atmospheric sea level pressure patterns (SLP) over the
north-western Siberian shelves in the period 1948-2002 reveal a strong positive anomaly over the north-
eastern Barents Sea and the Kara Sea in the years 1998 and 1999. This strong anomaly resulted in large
scale wind stress forcing fields which forced drastic changes in the oceanic circulation over the shelves.
Empirical Orthogonal Function (EOF) analysis of the simulated oceanic flow fields of the entire Barents
and Kara Sea shelf over the period 1948-2002 revealed two dominant modes that explained 43% and 25%
of the variability, respectively. This result was very similar to an analysis carried out for the shorter period
of 1979 to 2002 (Karcher et al., 2003b). The first mode described a general increase of the through-flow
from the Barents Sea Opening eastward, including the Kara Sea. The second mode described a northward
shift of the through-flow through the Barents Sea, and a reduction of eastward flow through the Kara
Strait and the Kara Sea (Figures 3.1a and 3.1b).

’ ﬂ‘L V/’A VA NSO VR, N £
VWVTV A

I-f,llﬁ‘!]I T 1960 ’ .Ilﬂ.?lﬂl - 1980 1990 El)ﬂf; .

0.3 cm's

Figure 3.1. Second EOF mode of yearly mean velocities in 80 m depth on the Barents and Kara shelf for the
period 1948-2002: (a) principal component and (b) circulation pattern.
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The second mode was strongest in the years 1998/1999, when circulation and transport rates in the Kara
Sea were completely reversed; i.e., the flow through Kara Gate, normally directed eastwards to the Kara
Sea, was directed westwards towards the Barents Sea for a period of almost a year (Figure 3.2).
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Figure 3.2. (a) Yearly mean Kara Strait throughflow from 1948-2001 and (b) monthly mean Kara Strait
throughflow from 1995-2001, deduced from NAOSIM. (from Harms and Karcher, 2005).

3.4 Model Experiments: results

3.4.1 Instantaneous Release Experiments

In the following, a few examples will be presented for the results of dispersion experiment as far as the
instantaneous releases are concerned. Figures 3.3-3.12 exhibit the surface concentration, based on an
instantaneous release of 1 PBq (10% Bq) at the 3 different release positions (Stepovogo Fjord, Barents Sea
and Gremikha Bay). For each release location activity concentration in water is shown at various time
after the release start in three different years; 1983, 1988 and 1998.

As expected, in all cases the advection of the contaminants generally occurs eastward via the Kara Sea
and Laptev Sea and subsequently into the central Arctic Ocean. From here, the dispersion occurs mostly
via the Transpolar Drift to Fram Strait and further south with the East Greenland Current and into the
Labrador Sea. Part of the contaminants in the central Arctic, however, recirculate southward into the
Barents Sea, dominantly on the east coast of Svalbard. In the Nordic Seas, low concentrations of the
contaminant reach Norwegian waters, recirculating with the Jan Mayen Current and the East Icelandic
Current, mixing into the Norwegian Atlantic Current and the Norwegian Coastal Current.

For the instantaneous release in 1983, shown in Figures 3.3, 3.6 and 3.9, the widespread contamination of
the central Arctic is a consequence of the variability of circulation pathways on timescales of several

years. The centre of mass for the contaminants 10 years after release is located in the Central Basin of the
Arctic around the North Pole. Relatively, higher concentrations are still identifiable on the shelves, mostly
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in the eastern Kara and the Laptev Seas. The north-western Barents Sea exhibits elevated concentrations,
too, following a recirculation of Polar water from the central Arctic east of Svalbard. The patterns from
the four different release positions show rather similar levels and form. Surface concentrations in the case
of release at position C near Gremikha (Figure 3.9) are somewhat lower, following the longer advective
pathway from the start to the central Arctic, but also likely due to a larger fraction being exported to
depth with the formation of dense water occurring in the western Barents Sea.

As pointed out previously, 1988 and the following period of 5-6 years were characterized by a Transpolar
Drift which carried water from the Siberian Shelves far eastward into the Amerasian/Canadian Basin,
beyond the Lomonosov Ridge. This can be found in Figures 3.4, 3.7 and 3.10 for all release positions. The
maximum concentrations after 10 years are found much further towards the Canadian coast than in the
1983 flow regime case. Also the fact that the circulation was strong over the shelves of the Barents and
Kara Seas in the period after 1988 is emphasized by the fact that concentrations in the Kara Sea are
considerably lower as compared to the flow regime of 1983. This is a consequence of strong flushing of
the Barents and Kara Sea which has led to a replacement of contaminated water. High concentrations also
reach the area north of Svalbard.

For the release in 1998, shown in Figures 3.5, 3.8 and 3.11, the overall large scale pattern is similar, but
there are considerable regional differences. Most noticeably, the interior Canadian Basin is less affected
by the contaminants, following obviously less variability of the Transpolar Drift path in the 10 years
following 1998. This fits the fact that since 1996, the interior Arctic Ocean has been dominated by an
anticyclonic circulation regime, favouring a large Beaufort Gyre and a Transpolar Drift from the Laptev Sea
to the Fram Strait. As a consequence of the large and strong Beaufort Gyre, recirculation of contaminated
water to the west, north of Greenland and the Canadian Archipelago can be found. This is congruent with
the finding of Karcher et al. (2012). Furthermore, year 10 of the 1998 release case also indicates higher
contamination of the waters around Svalbard and south into the western Barents Sea, as was the case in
the 1983 flow regime release experiment. Higher surface concentrations can also be found in the Laptev
and the East Siberian Sea, in comparison to the case of the1983 flow regime.

To illustrate the impact of different flow-regimes on the resultant activity concentrations in water at a
given location, a number of examples are shown in Figures 3.3-3.11. These maps also provide an overview
of the dispersion of contamination as a function of time and place.
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Figure 3.3. Tracer concentration (Bq m) at the surface following an instantaneous release of 1 PBq at
Stepovogo fjord. The maps illustrate the temporal development of contamination plume in Arctic Seas
according to the 'weak' flow regime after 1983.
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Figure 3.4. Tracer concentration (Bq m) at the surface following an instantaneous release of 1 PBq at
Stepovogo fjord. The maps illustrate the temporal development of contamination plume in Arctic Seas
according to the 'strong’ flow regime after 1988.
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Figure 3.5. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at
Stepovogo fjord. The maps illustrate the development of contamination plume in Arctic Seas according to the
flow regime after 1998.
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Figure 3.6. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at the
bottom in Barents Sea. The maps illustrate the temporal development of contamination plume in Arctic Seas
according to the flow regime after 1983.
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Figure 3.7. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at bottom
in the Barents Sea. The maps illustrate the temporal development of contamination plume in Arctic Seas
according to the flow regime after 1988.
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Figure 3.8. Tracer concentration (Bq m>) at the surface following an instantaneous release of 1 PBq at bottom
in the Barents Sea. The maps illustrate the temporal development of contamination plume in Arctic Seas
according to the flow regime after 1998.
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Figure 3.9. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at
Gremikha Bay. The maps illustrate the temporal development of contamination plume in Arctic Seas according
to the flow regime after 1983.
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Figure 3.10. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at
Gremikha Bay. The maps illustrate the temporal development of contamination plume in Arctic Seas according
to the flow regime after 1988.

26



STRALEVERNRAPPORT 2016:8

Week 260 Week 520

0.001 0.005 0.01 0.05 01 05 1 10 20 50 100

Figure 3.11. Tracer concentration (Bq m3) at the surface following an instantaneous release of 1 PBq at
Gremikha Bay. The maps illustrate the temporal development of contamination plume in Arctic Seas according
to the flow regime after 1998.
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3.4.2 Continuous Release Experiments

Figures 3.12, 3.13 and 3.14 show the patterns of contaminant dispersion in year 10 after start of the
continuous release of 1 TBq y* (102 Bq y'!) in 1983, 1988 and 1998 for various release locations.

For the case of a continuous release starting in 1983 (Figure 3.12) the largest part of the central Arctic
Basin is affected, as are the Kara and the Laptev Sea shelves. Since the end of the 10 year release period
starting in 1983 is in the phase of the high Arctic Oscillation starting in 1989, we find the year 10
distribution covering also parts of the Canadian Basin.

Figure 3.13 shows the surface concentration after 10 years of continuous release starting in 1988. Most
striking, in comparison to the release starting in 1983, is the narrower plume of high contamination
spreading from the Kara Sea into the eastern Eurasian and the Canadian Basin, even reaching the
Canadian Archipelago. Importantly, the transport southwards towards Svalbard is considerably weaker in
that phase, leading to lower concentrations there in year 10. As was the case for the instantaneous
releases, lower concentrations on the shelves in the period of the 1988 flow regime than in the period of
1983 are evident, likely due to the stronger flushing of the shelf seas in the 1988 flow regime phase.

In contrast to both earlier periods, the continuous release case for the start year 1998, shown in Figure
3.14, exhibits a narrow band of the Transpolar Drift stretched parallel to the Siberian Shelf break towards
Fram Strait. The contaminant plume has reached the Fram Strait and Svalbard waters with higher
concentrations than it is the case for the 1988 flow regime. Interestingly, as a consequence of the
circulation, highest concentrations in the Svalbard vicinity are a consequence of the release in the Kara
Sea (position A, Figure 3.14a), in contrast to the closer release position C near Gremikha in the Barents
Sea (Figure 3.14b).
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Figure 3.12. Tracer concentration in Bq m~ at the surface 10 years after start of continuous release of 102 Bq y
1in summer 1983 at position: A) Stepovogo, B) Gremikha, C) Barents Sea (surface), D) Barents Sea (bottom).
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Figure 3.13. Tracer concentration in Bq m at the surface 10 years after start of continuous release of
10% Bq y! in summer 1988 at position: A) Stepovogo, B) Gremikha, C) Barents Sea (surface), D) Barents Sea
(bottom).
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Figure 3.14. Tracer concentration in Bq m~ at the surface 10 years after start of continuous release of
10% Bq y! in summer 1998 at position: A) Stepovogo, B) Gremikha, C) Barents Sea (surface), D) Barents Sea
(bottom).

In summary, the results from a set of 24 experiments (2 release modes, 3 release locations and 4 depths,
i.e. 24 experiments) have been presented in this chapter. The experiments were each performed for 10
years duration, with release start dates in summer 1983, 1988 and 1998 respectively.

3.5  Selected sea water activity concentrations for estimation of doses

Dispersion data for each release location and all considered current regimes has been scrutinised to
identify regions of highest sea water activity concentrations.

In order to extract and average geographic areas from the NAOSIM model data, the grid boxes in a given
longitude and latitude region were first transformed to the NAOSIM model domain, a 0.252 x 0.252
rotated-pole coordinate system with its equator corresponding to the true 302 W/15092 E meridian and its
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North Pole located at a true 02 N, 602 E. Mean time series of concentrations were then computed as area-
weighted spatial averages for each of the 30 unevenly spaced depths of the NAOSIM model. In addition,
averages over the whole water column were computed by using the thicknesses of the layers as weights.

Figure 3.15. Visualisation of regions given in Table 3.1. Estimated water activity concentrations for these
regions have been used for the dose calculations made in the present work.

Table 3.1 summarises these water activity concentrations for different regions (see Figure 3.15) which
have been further used in all dose estimations made in this study.
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Table 3.1. Geographic coordinates and concentration values for regions showing highest water activity

concentrations for each release location and all considered release years. All values are based on considering
instantaneous release scenarios.

N172.80 E156.80

Stepovogo Fjord (A)

N2 72.95 E257.55

Year 1983 1988 1998
Surface (Bq/I) Max 19.3 16.6 18.3
Mean 1.3 14 1.6
Depth Average Max 11 0.9 11
(Ba/l) Mean 0.1 0.2 0.2
Gremikha Bay (C)
N168.20 E139.10 N2 68.50 E2 39.70
Year 1983 1988 1998
Surface (Bq/l) Max 20.5 17.2 15.6
Mean 0.9 0.9 0.9
Depth Average Max 3.0 2.6 2.3
(Ba/l) Mean 0.2 02 0.2
Barents Sea (B)
N170.00 E147.10 N2 70.30 E2 48.00
Year 1983 1988 1998
Surface (Bg/I) Max 12.7 13.4 13.3
Mean 0.6 0.5 0.6
Depth Average Max 2.0 2.1 2.0
(Ba/l) Mean 0.1 0.1 0.1
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4. Atmospheric dispersion

As discussed in Hosseini et al. (2015), accident scenarios have been considered which could result in
releases to the atmosphere. Such scenarios represent accidents with and without involvement of a
Spontaneous Chain Reaction (SCR).

To evaluate atmospheric transport and deposition of radioactive debris on Norwegian territory as a
consequence of a hypothetical accident during possible recovery of K-27, three locations were considered
as potential accident sites: Stepovogo Fjord, Gremikha Bay and one position en route between these
locations (see Figure 3.15).

The time period considered was August-September. Releases are assumed to only occur at the surface (or
within 10 m of the surface) and at a height of 100 m (such as after a fire). The releases at each location
are assumed to be either “instantaneous” releases or as having occurred over a period of some hours
(such as after a fire).

4.1 SNAP: the atmospheric dispersion model

A model called SNAP (Severe Nuclear Accident Program) was used to simulate the atmospheric dispersion
of radionuclide debris in this study. SNAP is a Lagrangian particle model which was developed at the
Norwegian Meteorological Institute (MET) (Bartnicki et al., 2011) for simulating atmospheric dispersion of
radioactive debris in an emergency situation such as nuclear accidents and /or nuclear explosions. For
more details regarding the SNAP model, see Appendix C.

The basic concept of a Lagrangian particle model is as follows: The released mass of radioactive debris is
distributed among a large number of model particles. After the release, each model particle carries a
given mass of selected pollutant which can be in the form of gas, aerosol or particulate matter. A model
particle in this approach is given an abstract mathematical definition, rather than a physical air parcel
containing a given pollutant. It is used in SNAP as a vehicle to carry the information about the pollutant
emitted from the source. The model particle is not given a definite size and cannot be subdivided or split
into parts. On the other hand, the mass carried by the particle can be subdivided and partly removed
during the transport.

4.1.1  Model domain and meteorological data

The SNAP model is flexible concerning both model domain and meteorological data. The spatial and
vertical structure of the SNAP model domain is in fact defined by the meteorological input. In this study, a
meteorological database, especially developed for the purpose of this work and called NORA10-EIl, was
employed. The NORA10-El database has a horizontal resolution of approximately 11 km. Surface fields are
stored every hour, while model level fields are stored every third hour. The database covers the 33 year
period between January 1980 and December 2012. There are 40 vertical layers with meteorological data.
The model domain in this database is shown in Figure 4.1.
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Figure 4.1. Domain (within blue frame) with meteorological data for the period 1980-2012 used in this study.

4.2  Selection of the worst case meteorological scenario

After compiling the aforementioned meteorological database, the next step towards identifying the worst
case meteorological scenarios for Norway was to use these data as input and run the SNAP model. A
preliminary source term with only one radionuclide was used for selecting meteorological situations of
interest. The compiled meteorological database was also used for statistical analysis of the radioactivity
transport to Norway in which the probability of arrival was the parameter of main interest.

4.3  Selection procedure

It is not straight forward to define a set of general and objective criteria for selecting the worst case
meteorological scenario for the atmospheric transport of radioactive pollutants as the definition of a
worst case can depend on many factors. Parameters such as deposition (wet or dry), arrival time, accident
time (growing season or not), type of radionuclides (gaseous, particulate), type of receptors (human, non-
human), type of area (urban, agricultural or others) have to be taken into consideration.

4.3.1 Source term for the selection procedure

In principle, three accident scenarios with three different source terms corresponding to the three
selected locations had to be considered. However, mainly due to computational time limits, only one
simplified source term has been used for all accident locations. Table 4.1 shows the derived source term
that was used only for selection of the worst case meteorological scenarios. The particle size and density
are taken from the ARGOS database. ARGOS is a decision support system which is used by radiation
protection authorities in Scandinavian countries. The particle dimensions are amongst the smallest in this
database, which are subject to the longest atmospheric transport and the least affected by wet
deposition. The release rate and period, as well as vertical range, are in a good agreement with what is
typically used in exercises conducted by all Scandinavian countries in the frame of a long term project
called MetNet (Persson et al., 2007).
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Table 4.1. Specification of the preliminary source term used for the selection procedure.

Parameter Value

Initial location 72.5N, 55.5E
Intermediate location 69.5N, 47.0E

Final location 68.04N, 39.33E
Radionuclide Cs-137 in the particle form
Particle radius 0.55 um

Particle density 23gcm3

Release rate 2.0x 10" Bgs?

Release period 12 hours

Vertical range 0-500 m

The SNAP model was run for all three accident locations, twice a day at 00:00 UTC and 12:00 UTC, for two
months (August and September) for the entire period of 33 years available in the collated meteorological
database. In total, this resulted in more than 12000 model runs.

As such a large number of runs makes it impracticable to examine the results of each individual run
visually, a simple automatic algorithm was used for the selection purpose. It was applied to each of the
three considered accident locations separately. In the algorithm, the total deposition of Cs-137 on
Norwegian territory was calculated for each model run and the release date. In the next step of the
selection procedure, the output files were sorted according to the deposition values and the situations
with highest depositions were highlighted. The top cases on the sorted list were then inspected visually
for selection of the worst case meteorological scenarios. An extract of the results of the selection
procedure for all three release locations are shown in Table 4.2. Top four cases and the last case - with
lowest average deposition over Norway are shown in Table 4.2.

The number of cases with deposition above zero decreases with the distance between the release
location and Norway. For releases at Stepovogo Fjord, during transport (Barents Sea) and at the final
destination (Gremikha), the probability of radioactive contamination reaching Norwegian Territory is 17%,
25% and 37%, respectively.

Also, the average deposition over Norway is clearly dependant on the distance from the release location,
with the largest depositions for the accidental release occurring at Gremikha. There is an exception
however with highest deposition being observed for the release located on the transport route and the
case from 7 September 1986 at 12 UTC. This exceptional case is discussed in Section 4.4.2. The final
selection of the worst case meteorological scenarios is discussed in the following sections.
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Table 4.2. Results of the selection procedure for the worst case meteorological scenarios for all three releases
locations. The time of accident start is shown as year, month, day and hour (UTC). Average deposition over
Norway is given in Bq m™.

Stepovogo Fjord

Rank Date Average deposition
1 1986 09 06 00 4878

2 1986 09 05 12 3272

3 1998 08 26 00 3146

4 1986 09 06 12 2933

620 19830919 12 0.0003

Barents Sea

Rank Date Average deposition
1 1986 09 07 12 6425

2 1986 05 07 00 4970

3 1998 05 17 00 4278

4 1999 08 15 12 4258

930 2009 08 20 00 0.0003

Gremikha Bay

Rank Date Average deposition
1 2009 08 23 12 6185

2 2004 09 22 00 6000

3 2004 09 22 12 5993

4 2006 08 16 00 5645

1342 19830907 12 0.0007

4.4  Worst case meteorological scenarios

In the following, the resultant worst case meteorological scenarios are discussed separately for each
location of the considered hypothetical accident. Upon selection of the worst case meteorological
scenario, use was made of not only absolute values of the average deposition for Norway but also the
spatial distribution of the deposition over Norwegian territory. It is important to bear in mind that the
deposition levels shown in this section (Figures 4.2 — 4.4) are for illustrative purpose only. They have been
based on an elevated source term and used only in the process of selecting worst case meteorological
scenarios.
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4.4.1 Worst case scenario related to an accident at Stepovogo Fjord

Deposition maps corresponding to the top four meteorological cases listed in Table 4.2, for an accident at
the current location of K-27 in Novaya Zemlya, are shown in Figure 4.2. For three of the top four
meteorological cases identified for this location, only the northern and central part of Norway is affected
by the deposition (mostly the Northern part). Average deposition in case nr. three is approximately 35%
lower than average deposition in case nr. one, but almost the entire territory of Norway, including Oslo, is
affected by the deposition in the former case. Therefore, case nr. three was selected as the worst case
meteorological scenario for a hypothetical accident at Stepovogo Fjord with the accident starting on 26
August 1998 at 00 UTC.
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Figure 4.2. Deposition maps of Cs-137 for accident at the current location of K-27, 96 hours after the accident
start. The date and hour of the accident start are shown above each map. Top four meteorological cases from
Table 4.2. Units: Bq m™. The deposition levels here are for illustrative purpose only, having been based on an
elevated source term.

4.4.2 Worst case scenario related to an accident during transport

Deposition maps corresponding to the top four meteorological cases listed in Table 4.2, for an accident on
the way from Novaya Zemlya to Gremikha Bay near Murmansk, are shown in Figure 4.3. For this release
location, none of the four cases reach the south of Norway, but the top case in Table 4.2, with the release
starting on 7 September 1986 at 12 UTC, covers the entire coast of Western Norway and a large part of
Central Norway. This is also the case with highest average deposition over Norway for all three accident
locations. These were the main reasons for selecting this case as the worst case meteorological scenario
for an accident during transport. It is interesting to consider case nr. three with the release starting on 17
September 1998. In this case, the radioactive cloud passes only the very northern part of Norway and
then turns north towards Svalbard. This gives very high deposition in the north of Norway but no
deposition in the remaining parts of Norway.
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Figure 4.3. Deposition maps of Cs-137 for accident during the transport, 96 hours after the accident start. The
date and hour of the accident start are shown above each map. Top four meteorological cases from Table 4.2.
Units: Bq m™. The deposition levels here are for illustrative purpose only, having been based on an elevated
source term.

4.4.3 Worst case scenario for a release at Gremikha

For a release located at the final destination of the submarine, all four cases in Table 4.2 show very high
levels of average deposition. The spatial pattern of the deposition in cases nr. two and nr. three is quite
similar, however in case three, deposition over southern Norway is higher (see Figure 4.4). Since the
average deposition in case three (with the release starting on 22 September 2004 at 12 UTC) is only 5%
lower than the average deposition in the worst case, this case was selected as the worst case
meteorological scenario for a release at the final destination. It should be mentioned that this
meteorological worst case scenario is also the worst case among the three release locations from the
Norwegian perspective. The main reason for this would be the proximity of the release site to Norway,
but there is one additional factor which makes the final destination different from the other two locations
and this is the potential for an accidental release during the entire year and not only during the two
months considered for the other two accident locations.
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Figure 4.4. Deposition maps of Cs-137 for release at the final destination, 96 hours after the accident start. The
date and hour of the accident start are shown above each map. Top four meteorological cases from Table 4.2.
Units: Bq m™. The deposition levels here are for illustrative purpose only, having been based on an elevated
source term.

4.5  Statistical analysis

The results of all model runs for the entire 33 years period was statistically analysed in order to estimate
the total deposition and probability of arrival for each model grid for the territory of Norway. This analysis
is computationally very time consuming and hence was performed just for Cs-137. Statistical analyses
were performed separately for each of the three accident locations.

4.5.1 Metrological cases which results in deposition in Norway

The percentiles for the deposition to Norwegian territory (excluding Svalbard) is shown in Figure 4.5. It is
not surprising that an accident at Gremikha would result in more possible instances where contaminants
arrive over Norway as the release source is located close to Norway.

A single case exists that is related to the transport scenario, where deposition over Norway is slightly
higher than in the worst case related to the Gremikha scenario, and this is the reason for the anomaly
observed at the far right of the histogram displayed in Figure 4.5.
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Figure 4.5. Percentages of cases with positive deposition to Norway from all model runs in the entire period. The
territory of Svalbard was excluded from these calculations. Deposition units: Bq m™.

4.5.2 Probability of arrival

Probability of arrival is another piece of important information which can be used in the process of
evaluation of an impact. Probability of arrival to a given model grid was calculated as the ratio of model
runs with non-zero concentrations in the given grid to total number of model runs. The maps of the
probability of arrival to each model grid are shown in Figure 4.6 for all three accident locations.
Probability of arrival to Norway is clearly higher for the hypothetical accident in Gremikha Bay than for
releases at the other two locations. This probability has a maximum in the very northern part of Norway
with the following ranges 10-15%, 15-25% (closer to 15%) and 15-25% (closer to 25%) for an accident
occurring at Stepovogo Fjord, under transport (Barents Sea) and at Gremikha, respectively. These
probabilities are much lower for southern Norway, being below 1% for a release at the initial location and
below 3% for releases at the remaining 2 locations.
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Figure 4.6: Maps of probability of arrival to each model grid from releases: at initial location - top, on the way to
Gremikha Bay - in the middle and at the final destination - bottom.
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4.6  Source term for selected scenarios

As previously discussed, the simplified, preliminary source term was used for the model runs in the
selection procedure. A more advanced and elaborate source term was developed for t