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1. Introduction

In the frame of collaboration with met.no the Norwegian Radiation Protection Authority
(NRPA) has a possibility to run the SNAP (Severe Nuclear Accident Program) model re-
motely in case of Nuclear Emergency. This option is very important for NRPA and especially
for the Norwegian Crisis Committee in case of a real nuclear emergency, as well as for testing
emergency preparedness. The system allows the experts located in NRPA to specify the source
term for the nuclear accident and submit it to met.no where the SNAP model can be run at
once. As soon, as the model run is finished the results are sent back to NRPA and are available
for further processing within the ARGOS system. This process is relatively fast and can be
repeated as many times as necessary with the updated source term. Such a system gives a lot
of flexibility to the experts in NRPA and to the Crisis Committee as well.

This system for remote SNAP runs from NRPA has been in operation for 10 years now
and has functioned well, without any major problems. However, recently the model version
available to NRPA has become relatively old compared to the operational SNAP version used
at met.no. At the same time there has been a substantial change in the meteorological input
to SNAP form app. 20 km resolution to app. 12 km resolution. In addition, the parameteri-
zations of physical processes in SNAP have been improved. Therefore, there was a need for
updating the SNAP version available to NRPA, which was not exactly the same as the opera-
tional version of SNAP used by meteorologists at met.no. In this report we describe the latest
operational version of the SNAP model, as well as the remote SNAP applications from NRPA
in the frame of the ARGOS system. We also report the results of the model sensitivity tests to
major processes and the number of model particles used in the simulations.

Many changes have been introduced into the latest version of the SNAP model. The most
important of them follow the request from NRPA and are described below.

Meteorological data from the HIRLAM-12 Numerical Weather Prediction (NWP) model,
operational at met.no at present (December 2011) are used as meteorological input for the
latest version of the SNAP model. Compared to the old version, the computational domain
of present version has been extended both in range and in number of nodes to 864 x698. The
number of vertical layers has been also increased from 40 to 60.

Since, the nuclear explosion option has been implemented in SNAP, correct parameteriza-
tion of gravitational settling velocity for large particles become very important. In the new
parameterization, large particles are can be faster deposited on the ground as it happens in
reality.

Vertical diffusion process in the mixing layer was better parameterized by taking into ac-
count more accurate meteorological input data in the new version. The same applies to vertical
diffusion above the mixing layer, however in this case sensitivity tests indicated that it should
be kept at the minimum. Therefore, only the exchange mechanism between mixing layer and
free atmosphere was improved.

The decay process for isotopes already deposited to the ground was introduced into new
version. The decay constants are taken from the list of 382 isotopes provided by NRPA.
Radioactive decay is applied to both, wet deposition matrix and dry deposition matrix.

In the new version of SNAP for remote applications from NRPA all the input information for
SNAP runs is specified within the ARGOS framework. In this context, there are some specific
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changes in the source term parameterization which can be sent from ARGOS to SNAP. In
the new model version, a flexible vertical structure of initial release profile is possible, as
well as a flexible time profile. For the nuclear explosion application, two initial shapes of the
radioactive cloud are available in SNAP: the mushroom and the cylinder. However, as agreed
with NRPA, only cylinder shape will be specified in the ARGOS files in the future. The choice
of initial shape is not so important for this application, because as it was shown in [9], after
long range transport of radioactive debris from the explosion, there is no significant difference
in the model results for the mushroom and cylinder.

New results of SNAP have been made available to NRPA on automatic request. Now, both
for accident and explosion application, the SNAP output for NRPA includes the following
matrices with results: 1) wet deposition 2) dry deposition 3) total (wet+dry) deposition 4) in-
stantaneous concentrations and 5) time integrated air concentrations. These fields are available
for gases and particles.

In addition to nuclear accident option, two new applications were introduced into the present
system: nuclear explosions and three-dimensional trajectories.

In the operational SNAP version available at met.no up to now, the source term for nuclear
explosion included four classes of explosive yield: 1 kt, 10 kt, 100 kt and 1 Mt. To make SNAP
source term compatible with the ARGOS source term, additional classes were introduced into
the SNAP. So, at present eight classes of the explosive yield are available in SNAP, both for
remote SNAP runs from NRPA and direct runs at met.no. These are the following: 1 kt, 3 kt,
10 kt, 30 kt, 100 kt, 300 kt, 1 Mt, 3 Mt. There are two options in SNAP for the initial shape
of the radioactive cloud immediately after explosion: cylinder and a mushroom type. Both
options were updated with parameters for the new classes, but only cylinder option will be
used for the remote SNAP runs from NRPA.

Possibility of calculating three-dimensional trajectories is also included in the new version
of SNAP for remote runs from NRPA. Only forward trajectories will be available initially for
the remote runs, but the option for backward trajectories will be also implemented later in
2012.

Finally, a number of sensitivity tests and operational tests were performed with the latest
SNAP version for remote applications from NRPA. This was an important part of the study
indicating providing sensitivity ranking for simulations of nuclear accidents and explosions,
and indicating the directions of future model improvements. The operational version of SNAP
is ready at present at met.no, however, the operational testing of the model will require some
more joint NRPA-met.no effort before the new version of SNAP will be fully operational for
remote use from NRPA.
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The Severe Nuclear Accident Program (SNAP) is a Lagrangian particle model, which has been
developed at met.no (former DNMI) for simulating atmospheric dispersion of radioactive de-
bris, first from nuclear accidents and then from nuclear explosions. In addition to radioactive
applications, SNAP was also used to simulate large fires in London and Russia and atmo-
spheric dispersion of volcanic ash from Ejafjallajookull eruption in 2010 [[10]].

The basic concept of a Lagrangian particle model is rather simple in principle. The emitted
mass of radioactive debris or volcanic ash, as in this model version, 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, noble gas 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
can be not subdivided or split into parts. On the other hand, the mass carried by the particle
can be subdivided and partly removed during the transport.

As in case of many other models, the development of SNAP started after the Chernobyl
accident which occurred in April 1986. The first, preliminary version of SNAP [31] was
based on the early version of the NAME model [19]. This SNAP version became fully op-
erational at DMNI in December 1995 [32], [30], [33]] as a part of the major Management
Project (MEMbrain), in the framework of EUREKA (EU-904) activity. This operational ver-
sion of SNAP was tested against tracer measurements in the European Tracer Experiment
(ETEX) [34], [35]], [41] and then improved [3]. In 1996, SNAP was compared with two other
models, one of Lagrangian type (NAME model from UK meteorological Office) and one Eu-
lerian (EMEP model modified for radioactive pollution from the Norwegian Meteorological
Institute) [20]. These three models produced similar results concerning the location of radioac-
tive cloud, but the differences in concentrations were larger. The SNAP model was compared
with many other models and tested on measurements available from the tracer releases not
only in the frame of ETEX experiments, but also ATMES experiment [37].

In the frame of joint project between met.no and NRPA, SNAP was used in analysis of
potential threat from hypothetical accident in Kola nuclear power plant [4], [[7] [36], [38]. The
results of SNAP calculations indicated that, in case of accident the radioactive cloud can reach
Northern Norway already after six hours and Oslo after two days from the accident start.

In the early versions of the SNAP models only small (diameter below 1 ptm) particles were
taken into account in the model equations. Some measurements, performed by University of
Life Sciences after Chernobyl accident, showed that in certain cases also much larger (of the
order of 20 um) particles, so called hot particles were transported for long distances reaching
Norway. Therefore, parameterization of particles with arbitrary diameter and density was
introduced into the SNAP model and this model version was applied to simulate the Chernobyl
accident again [3]], [6]. This version was also applied for simulating the potential release from
Kola once again, this time focusing on radioactive particle of different size and density [8]].

SNAP has been an active member of the ENSEMBLE group [15] and project for the last
10 years. There are at least three important advantages of ENSEMBLE on-going project:
1) possibility of comparing SNAP results with more than 20 other models in the same grid
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system, 2) possibility for the backup in case of problems with SNAP, and 3) possibility of
creating the ensemble forecast giving a hint on uncertainty of the results, very important for
the decision makers [[16], [[17].

Introduction of particles with arbitrary size into the SNAP equations made it possible to
create a model version for nuclear explosion [6]], [9]], [39], [40]. This model version was also
used as a basis for developing the volcano eruption of SNAP, used to simulate atmospheric
dispersion of volcanic ash from Ejafjallajokull eruption in 2010 [10]].

2.1. Meteorological input and model domain

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 meteoro-
logical input. The Hi Resolution Limited Area Model (HIRLAM) model version 7.1.3 [435]]
is used as the meteorological input provider for SNAP at present. This Numerical Weather
Prediction (NWP) model is currently operational at met.no and it is being run in different
resolutions. Since, 2010, the HIRLAM-12 version with approximately 12 km spatial resolu-
tion and 66 hrs time horizon for the forecasts used for operational SNAP applications. The
HIRLAM-12 is run 4 times a day, to produce 66 hour forecasts starting at 00, 06, 12 and 18
UTC. The main features of the HIRLAM-12 NWP model are summarized in Table[ll and the
HIRLAM-12 model domain is shown in Fig.|ll The HIRLAM-12 domain shown in Fig. |l|is
also a computational domain of the SNAP model for routine applications.

Table 1: Main features of the HIRLAM-12 NWP model.

Boundary age
Boundary interval (h)
Forecast length (h)
Time step (min)
Condensation scheme
Surface scheme
Turbulence scheme
Radiation scheme

Horizontal grid points (lon x lat) | 864 x 698

Vertical levels 60

Mesh size (deg) 0.108 x 0.108

Analysis 3D-Var

Initialization IDFI

Host model ECMWEFE, IES Cycle 36r, Richardson [26]

6

3

66

5

ISBA
STRACO
TKE-1
Savijirvi [42]

For historical reasons the FORTRAN code of SNAP has been developed for a single pro-
cessor computer and was implemented on several platforms at met.no with the possibility of
external use of the model by the Norwegian Radiation Authority (NRPA). This solution cre-
ates some backup and security for operational applications in nuclear emergency, but at the
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Lerdag 1958-10-11 00 UTC

h12.1956101100 MSLP (+0) 19568-10-11 00 UTC

———

Figure 1: Computational domain of the operational HIRLAM-12 NWP model, used as mete-
orological input provider for SNAP and computational domain of the SNAP model.

same time it creates some limits for the operational model use in case of many different ra-
dionuclides and relatively long, over 10 days, release period. The main limits are: the available
memory and the time of the computations. These limits of technical nature can be overcome in
two ways: 1) by moving the model code and all computations to a massive parallel computer
and 2) by installing a new dedicated server outside the fire wall at met.no, with large CPU
memory and fast processors. In light of the latest development of heavy computing infrastruc-
ture available at met.no, the first option looks like a better solution. In this solution, NRPA
can have a possibility to run the SNAP model on the parallel computer very quickly (several
minutes) at any time of day and night, both in case of emergency and for the exercise.

2.2. Specification of SNAP run

All information necessary to run the SNAP model, both remotely from NRPA and directly at
met.no, is included in the input file called ”snap.input”. The main parameters to be specified
in the ”’snap.input” file are the following:
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1. Date and time of the accident start
Release position in geographical co-ordinates
Simulation period for the model run (maximum 66 hours with HIRLAM-12
as meteorological input)
Random walk procedure option (ON/OFF)
Time profile of source geometry
Time profile of release rate for each component
Maximum number of model particles per release
Specification of each component release (dry/wet deposition, radioactive decay,
gravitational settling velocity, density and size for particles)
9. Relative mass/activity limit for model particle removal
10. Model time step
11. Type of model grid for meteorological input
12.  Vertical layers used in the model run
13.  Choice of input files with meteorological data
14. Specification of model output files

W

N0k

2.3. Source term

The source term is specified differently for each SNAP application. In the new version of the
system, three applications of SNAP are possible for remote model runs from NRPA:

e Nuclear accident
e Nuclear detonation
e Trajectories

The source term for each of above listed application is described in more detail in the
following sections.

2.3.1. Source term for nuclear accident

The source geometry is time dependent in the SNAP model and can be specified differently
for each time segment of the release during the nuclear accident. However, the number of
model particles released at each model time step is the same for the entire period of release.
The source term can be also specified separately for each substance which is released into the
atmosphere. Gases, noble gases, aerosols and large particles can be included for dispersion
simulation in SNAP. In case of nuclear accident, the individual radionuclides are represented
in the model by different model particles which can have different properties. The release rate
is defined separately for each component released and can vary in time.

Source geometry As in the earlier versions of SNAP [40], [6], there are two options for
parameterizing geometry of the source for nuclear accident and detonation: cylinder or two
cylinders one above another (mushroom shape). The SNAP versions for remote applications
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from NRPA assume that all model particles are uniformly mixed and distributed in the cylinder
volume immediately after release. Different model particles are used for each substance -
pollutant and therefore the trajectories of these model particles can also differ. The radius
of the cylinder, as well as the bottom and top of the cylinder are specified in the input file
for the model run. The definitions of the cylinder parameters in the “snap.input” file are the
following:

RELEASE.RADIUS.M= 200
RELEASE.UPPER.M= 2000
RELEASE.LOWER.M= 0

According to the definition above, all model particles are uniformly distributed in the cylin-
der with 200 m radius, extending vertically from the ground to 2000 m. The parameters of
cylinder can vary in time during the period of release and are specified in the ’snap.input” file.
The radius, base and top of each cylinder can change in different ways between the specified
hours of the release. Three options - commands for this specification can be used in the SNAP
input file: "BOMB”, ”STEPS” and "LINEAR”. In the ’BOMB” option all model particles
are injected into cylinder only at time zero of the simulation. In the "STEPS” option emission
rates are kept constant for each time sequence which is specified by the user. In the "LINEAR”
option, there is a linear interpolation of the emission rates between each time step, which is
specified by the user.

For example the statements in the ’snap.input” file:

TIME.RELEASE.PROFILE.LINEAR
RELEASE . HOUR= 0, 24, 48,
RELEASE.RADIUS.M= 500, 400, 350,
RELEASE.UPPER.M= 300, 250, 200,
RELEASE.LOWER.M= 10, 10, 10

mean that all radioactive debris is uniformly released in the single cylinder in the period 0-48
hours. The base of the cylinder (10 m) remains unchanged in the entire period, whereas the
release radius decreases linearly in time from initial 500 m to 400 m after 24 hours and 350 m
after 48 hours. Also the top of the cylinder is getting lower linearly in time, from initial 300
m to 250 m after 24 hours and to 200 m after 48 hours.

Release rate The release rate can be specified individually for each component released
and can change in time during the release period. As an example we show the time profile of
release rates of three radionuclides I-131, Xe-133 and Cs-137 as specified in the snap.input”
file for 24 hours:

TIME.RELEASE.PROFILE.LINEAR

RELEASE . HOUR= 0, 12

RELEASE.BQ/SEC.COMP= 5.56e+08, 5.56e+08, ’I-131'
RELEASE.BQ/SEC.COMP= 1.1le+ll, 1l.lle+ll, ’Xe-133'
RELEASE.BQ/SEC.COMP= 5.79e+10, 5.79e+10, ’Cs-137'

The above example was used as a source term in the MetNet exercise in February 2011.
The release rate is defined separately for each component in Bq s~!. SNAP simulation can be
performed for many radionuclides in one model run, but the time profile of release is the same
for all of them. This can be a certain limitation, but it can be overcome by running the model
separately for each component with different time profile.
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Components The radionuclides released during the nuclear accident and simulated by SNAP
can be in the form of noble gases, gases and particles. In the previous SNAP version for re-
mote application from NRPA, the list of possible radionuclides to be used included more than
300 positions. NRPA could simulate within the ARGOS system noble gases, aerosols and
different isotopes of Iodine. In the present SNAP version for NRPA, the same options are pos-
sible and for Iodine three different forms are distinguished: aerosol, elemental and organic.
There is also a table with the list of 382 isotopes which are included in ARGOS system and
in SNAP. For each isotope on the list, the name of it, type (noble gas, aerosol and Iodine) and
decay rate are specified.

Noble gas From the modelling point of view the most important features of noble gas is the
lack of dry and wet deposition. This is reflected in the definition of Xe-133 component in the
file ”snap.input” shown below.

COMPONENT= ’Xe-133"
DRY.DEP.OFF

WET.DEP.OFF
RADIOACTIVE.DECAY.ON
HALF.LIFE.TIME.DAYS= 5.243
FIELD.IDENTIFICATION=1

The statement FIELD.IDENTIFICATION=1 assigns the output identifier for this component.
Because of the lack of dry and wet deposition, noble gas can stay in the atmosphere for un-
limited time. In SNAP runs, its presence in the air is mainly limited by the time necessary
for noble gas to reach the lateral boundary of the model domain. The half-life time of Xe-133
used in the model calculations is slightly over 5 days. The following noble gases are taken
into account in the SNAP runs for NRPA: Ar, Kr, Ra, Rn and Xe.

Aerosol Most of radionuclides included in SNAP are in the form of aerosol with particle
size of the order of 1 um. Therefore, gravitational settling velocity can be neglected for
those component allowing shorter computational time. Aerosols are subject to dry and wet
deposition during the transport, with wet deposition being more effective process than dry
deposition. An example of aerosol specification in the ”snap.input” file is given below for
Cs-137:

COMPONENT= Cs-137
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.ON
HALF.LIFE.TIME.YEARS= 30.17
GRAVITY.OFF
RADIUS.MICROMETER= 0.5

2.3.2. Source term for nuclear detonation

The source term for nuclear detonation in SNAP is mainly determined by the explosive yield [40], [6].
In the previous, operational version of SNAP we considered four classes of the explosive yield:

1 kt, 10 kt, 100 kt and 1000 kt. In the present SNAP version for NRPA there are eight classes

of explosive yield: 1 kt, 3 kt, 10 kt, 30 kt, 100 kt 300 kt, 1000 kt and 3000 kt.

10
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Source geometry There are two options in SNAP for parameterizing geometry of the source
for nuclear accident and detonation: cylinder and mushroom shape, but only cylinder option is
used for remote applications from NRPA. Following Persson [22], parameters for the cylinder
and activities, depending on eight explosive yield classes, are given in Table

Table 2: Parameters for the cylinder, for the radioactive cloud shortly after the explosion and
activities for explosive yield classes. Single cylinder cloud shape.

Explosive Base of Top of Radius (km) | Activity (Bq)
yield (kt) | cylinder (km) | cylinder (km)
1 0.50 1.50 0.6 2 x 10
3 1.40 3.10 1.0 6 x 1019
10 2.25 4.75 1.4 2 x 1020
30 4.10 8.40 2.3 6 x 1020
100 5.95 12.05 3.2 2 x 10%!
300 8.00 18.50 5.8 6 x 1021
1000 10.00 25.00 8.5 2 x 1022
3000 12.00 32.00 11.1 6 x 1022

An example of the source geometry and time profile for 10 particle classes in the detonation
with explosive yield 10 kt, as specified in the file ”snap.input” is shown below.

TIME.RELEASE.PROFILE.BOMB
RELEASE . SECOND= 0
RELEASE.RADIUS.M= 1400.
RELEASE.LOWER.M= 2250.
RELEASE.UPPER.M= 4750.
RELEASE.BQ/STEP.COMP=
RELEASE.BQ/STEP.COMP=

2.0e+20 ’"Aerosol_2.2mym’

2.0e+20 ’"Aerosol_4.4mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 'Aerosol_8.6mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’'Aerosol_14.6mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’'Aerosol_22.8mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’Aerosol_36.lmym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’'Aerosol_56.5mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’Aerosol_92.3mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’'Aerosol_173.2mym’
RELEASE.BQ/STEP.COMP= 2.0e+20 ’Aerosol_250mym’

There is large variation in the size of particles in the radioactive cloud after the explosion. In
the SNAP model we assume that particle size spectrum is represented by 10 discrete classes.
The total activity released during nuclear explosion is the sum of all ten classes. This is based
on the assumption that the activity is uniformly distributed in the mass of the bomb material
and that each particle size class gets an equal part of the original bomb material. This implies
that a factor of 10 in difference in particle radius for two classes will result in a factor of 103
in the number of particles in two classes. In this way we attribute 10% of the original activity
in each particle class.

Particle size classes and distribution of activity, in the SNAP model, are the same as in
the MATCH model [22]], [27] and are shown in Table 3| together with corresponding activity
share, characteristic gravitational settling velocity and particle radius assumed to calculate
this velocity. Density of the particles in Table 3 is assumed to be ca. 3 g cm™>. In case of
a detonation close to the ground, particles of soil origin will be excited and drown into the

11



2. SNAP Model

updraft. This fraction of the material has lower density than the original "bomb” material
and also activity attached to this mass fraction will be quite different in composition. We are
unsure how much of this extra activity is included in numbers presented in Table [3]

Table 3: Particle size classes and corresponding parameters used in the SNAP model calcula-
tions. Note: we have assumed an equal share of the activity to each size class.

Class No. | Range of particle | Activity | Gravitational settling | Particle radius (¢tm)
radius ((m) share (%) velocity (cm/s) for the class

1 0-3 10 0.2 2.2

2 3-6.5 10 0.7 4.4

3 6.5-11.5 10 2.5 8.6

4 11.5-18.5 10 6.9 14.6
5 18.5-29 10 15.9 22.8
6 29 - 45 10 35.6 36.1
7 45 -71 10 71.2 56.5
8 71-120 10 137.0 92.3
9 120 - 250 10 271.3 173.2
10 over 250 10 direct deposition 300.0

Ten particle classes with characteristic radius and gravitational settling velocity as speci-
fied in Table 3| are used for the fast operational SNAP run simulating the nuclear detonation.
Specification of the component/classes in the file ”snap.input” is given below.

*
COMPONENT= Aerosol_2.2mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 2.2
GRAVITY.FIXED.CM/S= 0.2
FIELD.IDENTIFICATION=01

*

COMPONENT= Aerosol_4.4mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 4.4
GRAVITY.FIXED.CM/S= 0.7
FIELD.IDENTIFICATION=2

*

COMPONENT= Aerosol_8.6mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 8.6
GRAVITY.FIXED.CM/S= 2.5
FIELD.IDENTIFICATION=3

*

COMPONENT= Aerosol_14.6mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 14.6
GRAVITY.FIXED.CM/S= 6.9
FIELD.IDENTIFICATION=4

*

COMPONENT= Aerosol_22.8mym
DRY.DEP.ON

WET .DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 22.8
GRAVITY.FIXED.CM/S= 15.9
FIELD.IDENTIFICATION=5

12



2.4. Mixing height

*
COMPONENT= Aerosol_36.1lmym
DRY.DEP.ON

WET .DEP .ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 36.1
GRAVITY.FIXED.CM/S= 35.6
FIELD.IDENTIFICATION=6

*

COMPONENT= Aerosol_56.5mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 56.5
GRAVITY.FIXED.CM/S= 71.2
FIELD.IDENTIFICATION=7

*

COMPONENT= Aerosol_92.3mym
DRY.DEP.ON

WET .DEP .ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 92.3
GRAVITY.FIXED.CM/S= 137.0
FIELD.IDENTIFICATION=8

*

COMPONENT= Aerosol_173.2mym
DRY.DEP.ON

WET.DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER=173.2
GRAVITY.FIXED.CM/S= 277.3
FIELD.IDENTIFICATION=9

*

COMPONENT= Aerosol_250mym
DRY.DEP.ON

WET .DEP.ON
RADIOACTIVE.DECAY.OFF
RADIUS.MICROMETER= 300.0
GRAVITY.FIXED.CM/S= 10000.0
FIELD.IDENTIFICATION=10

The statements: DRY . DEP . ON and WEP . DEP . ON mean that each component is a subject
of dry and wet deposition during the atmospheric transport. The statement RADIOACTIVE . —
DECAY . OFF indicates that no radioactive decay is calculated during the model run. In this
specification, ten particle classes with characteristic radius and constant gravitational settling
velocity specified in Table [3| are used in the model run. An artificial, very large gravitational
settling velocity was specified for class 10 with largest particles to simulate a direct deposition
of these particles at the release location. It is also possible to run the model with the option
of calculating gravitational deposition velocity for each model particle and at each model
time step by including the statement, DENSITY.G/CM3= ... in the ’snap.input” file. For
example, DENSITY.G/CM3=3 is the density of 3 gcm—>. However, the execution time of
the model with this option for the gravitational settling velocity can be up to 50% longer.

2.3.3. Source term for trajectories

Specification of the source term for three-dimensional trajectory calculations is relatively sim-
ple. Only forward trajectories are calculated which can start at arbitrary level within the ver-
tical domain of the SNAP model. The specification necessary to start SNAP for trajectory
calculations includes date and time of the start, geographical position, number of trajectories
to be calculated in one SNAP run and start level in meters for each trajectory to be calculated.

2.4. Mixing height

As good as possible determination of the mixing height, which represents in the model the
depth of atmospheric boundary layer (ABL), is very important for modelling atmospheric
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2. SNAP Model

transport and deposition of air pollution. The turbulent diffusion is significantly more intensive
in the ABL and only pollution in the boundary layer is a subject of dry deposition.

The procedure to identify and calculate the mixing height 4 is based on critical Richardson
Number formulation R;c. The gradient Richardson Number, R;, is calculated for a given model
layer from

 gA8i/Az 0

" T(Au/Az)?
where A6;/Az and Au/Az are the gradients of potential temperature and wind speed, g is the
acceleration due to gravity and T is the mean temperature of the layer. It is assumed that the
mixing height can be determined from the meteorological input data at which a small positive
number of R; is reached, below which turbulent motion tends to persists and above which it
is suppressed. The critical value R;c is used to identify the top of the ABL that is, the mixing
height 4. The model gradients of potential temperature and wind, A8 /Az and Au/Az, are used
to search for R;c layer by layer, starting from the surface and stepping upward trough the
model layers. The value R;c = 1.8 is used for determining the mixing height in the SNAP
model.

2.5. Advection and diffusion

The advective displacement of each model particle is calculated at each model time step, At,
which is equal to 5 minutes (300 s) in the present SNAP version. For this calculation, three-
dimensional velocity is interpolated to particle position from the eight nearest nodes in the
model grid. Bilinear interpolation in space is applied to horizontal components of the velocity
field and linear interpolation for the vertical component. In addition, linear interpolation in
time is applied between sequential meteorological input fields. The advective displacement of
each particle in one model time step is calculated according to

X rrar = X+ [u(x;) +ug(x;)]Ar ()
where x; = (x,y,1,t) is the position of particle, u = (x,y,n,?) is velocity from the numerical
weather prediction model and u, = ug(x,y,n,t) is the gravitational setting velocity for the
given model particle, all at time ¢. The intermediate position of the particle after advection is
denoted by the vector X', | A,

The calculation of gravitational settling velocity included in Eq. 2]is described in the next
Section. A relatively simple iterative procedure developed by Petersen [23]] is used for nu-
merical solution of Equation 2l We have found two iterations in this procedure to be entirely
sufficient for calculating the new position of the model particle.

2.5.1. Gravitational settling velocity

For conditions when the Stokes law is valid, gravitational settling velocity with spherical shape
of particles is a function of particle size, particle density and air density [43]:

b d,%g(Pp — Pa)C(dp)
& 18v

3)
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2.5. Advection and diffusion

where:
dp is the particle diameter,
g is the acceleration due to gravity,
pp is the particle density,
Pa = Pa(p,T) is the density of the air at particle location,
C(d)) is Cunningham correction factor,
v = v(T) is the dynamic molecular viscosity of the air at particle location.

The density of the air is calculated from the equation of state

14

= 4
Pa = o7 4
where
p is the atmospheric pressure,
T is the absolute temperature,
R = 287.04 is the gas constant for dry air (Jkg~'K—1)
Viscosity of the air is a function of temperature [24]:
393 T 3
v=172x10"° —)2 5
10 1305 ©)
and Cunningham correction factor for small particles [43] is calculated as:
21 d
Cldp) =1+ -7(1257+ 0.4e~ 05537 ) (6)

p

where A = 6.53 x 10~3m is the mean free path of air molecules. Eq. is not valid for particles
with the radius larger than 10-15 um. In case of the larger particle classes, correction to
account for high Reynolds numbers is necessary. Such a correction was introduced in the
SNAP model [6] leading to the following set of equations [43]]:

27 p—
ve(1+ Re+ 1t5Re* In2Re) = W 0.1 <Re<2

2 _
Vg(1+0.15R€0.578):W 2<R€§500

(7

where Re = v,d,p,/V is the Reynolds Number. Eq.[7|is non-linear and requires a numerical
solution, which may significantly slow down the model performance, if it is applied to each
individual particle at each model time step. In the present version of SNAP, there is an option
for using the tabulated values of gravitational settling velocities for each of the selected particle
class. This table is calculated only once at the beginning of each model run, so that application
of these equations did not significantly reduced the model performance.

2.5.2. Random walk method

Random walk techniques giving effect to diffusion are described in detail in [28]. The Wiener-
type of process used here is governed by a length scale, the sequence of steps following the
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2. SNAP Model

description by Mayron [[19]. A slightly different parameterization is used for particles located
within boundary layer and for those above, but can be described by the same equations. The
new particle position is calculated as:

X=X+l
Y=y +nl (8)
n// — n/+rnln

where x";. A, = (X,y",n") is the particle position vector at time 7 + Az after application of
the diffusion algorithm; ry,ry,r, are randomly sampled numbers from the range (-0.5,+0.5),
generated from uniform distribution; / and /;; are the length scales from the horizontal and
vertical turbulent motion. Horizontal diffusion above the ABL in SNAP is parameterized in
the same way as for the particles below, but the value of the coefficient of proportionality is
different for two regions. We assume horizontal length-scale for the turbulent motion, defining
horizontal diffusion:

[ = ax’ 9)

where x = |u|Ar, |u] = Vu? +1? is the wind speed in m/s, b = 0.875, a = 0.5 in ABL and
a = 0.25 above.

The scale of vertical diffusion is /;; = 0.08 within ABL and /;; = 0.001 above the bound-
ary layer. Parameterization of vertical diffusion in the volcano version of SNAP is relatively
simple, probably too simple especially in the ABL. However, as seen from the aviation per-
spective, the most important for the model results is the diffusion above ABL. In most of the
dispersion models, vertical diffusion is very week and in some models it is even neglected [27]].
The advantage of the simplification related to vertical diffusion parameterization is a better
performance of the model in relation to computational time.

2.5.3. Boundary conditions

When displaced, particles can reach the boundaries of the model domain. Since SNAP is a
model of the Lagrangian type, formulation of boundary conditions is relatively simple.

For particles with larger diameter like 10 um and above, the mechanism of gravitational
settling can be effective in moving them quickly to the ground. If the position of model
particle in the next time step is lower than the ground level n > 1.0, the entire particle is
removed from the further computations and its entire mass is added to dry deposition matrix.
In the random walk process, the model particles cannot penetrate the surface - the bottom
boundary of the model domain. If the particle hits the ground in the random walk procedure,
it is reflected back into the boundary layer.

A similar procedure is applied to the model particles reaching the upper boundary of the
model domain. At the top of the model domain, there is no exchange of particles. This
assumption implies the closed upper boundary conditions.

Particles can flow out of the lateral boundaries of the model domain, but none can enter the
model domain from the outside. This implies open lateral boundary conditions.
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2.6. Dry deposition

2.6. Dry deposition

Many particles of different size are released into the atmosphere during nuclear accident and
especially during nuclear explosion eruption. For the relatively large particles, the dry de-
position process is dominated by the gravitational settling. However, for the relatively small
particles with the diameter below 3 pm, other processes are dominating the removal of par-
ticles from the air. Therefore, not only gravitational settling, but also other surface related
processes are included in the parameterization of dry deposition.

A key parameter in the dry deposition process is the dry deposition velocity v, which can
be calculated based on the resistance analogy [43]]. In this approach, dry deposition of gases
is governed by steady-state mass conservation equation:

dc
Jz
where K(z) is the diffusion coefficient and c is the concentration. Integration of the Eq.
gives:

F =K(z2) (10)

F=K(z) @ (11)
where r(z) = é% is the resistance to vertical transport. The Eq. |11 has the same form as
equation for an electrical circuit with voltage corresponding to concentration, current to flux
and electrical resistance to transport resistance.

The dry deposition velocity v, is defined as an inverse of resistance, and the dry deposition
flux can be calculated as:

F =v4(2)c(2) (12)

According to Seinfeld [43] Eq.|10|can be also applied for particles with the following for-
mulation of dry deposition velocity:

1
vy = +v 13
d Tq+Ts+TalsVg § (13)

In Equation [I3] the aerodynamic resistance r, accounts for turbulent diffusion from the
free atmosphere to surface laminar sub-layer and it is a function of meteorological parameters
such as wind speed, atmospheric stability and surface roughness. The surface layer resistance
rg 1s related to diffusion trough a laminar sub-layer and is more dependent on molecular than
turbulent properties. For the latest version of SNAP, we have assumed the total resistance in
Equation to be 200 s m~!. The gravitational settling velocity is dominating dry deposition
process for large particles. For very large particles, emitted into the atmosphere during nuclear
accident or explosion, this leads to the simplification v, ~ v,.

Venkatram and Pleim ?? pointed out that Eq. [13]is not strictly valid for particles because
dry deposition flux associated with particles does not depend on the concentration gradient.
Assuming that turbulent transport and particle settling can be added together, the vertical flux
can be calculated as follows ??:
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2. SNAP Model

F:K(z)f—f—vgc:vdc (14)
r
The dry deposition velocity in Eq.|14|has the following form ??:

Vg

- 1 —e "

Vd (15)
where r is the total resistance for particles. Since the differences between dry depositions
calculated with Eq. [I6]and Eq. [T5]are small ??, we still use Eq. [I6]in operational version of
SNAP

In our calculations, we assumed that the model particles located above the surface layer &
are not affected by the dry deposition process. The height of the surface layer is defined as
10% of the mixing height. Reduction of the particle mass, m, due to dry deposition in one
time step At, for each model particle located within the surface layer can be calculated as:

m(t +Ar) = m(t)exp(—Z—dAt) (16)
S

where A is the height of the surface layer. In addition to mass reduction of the model particles

in dry deposition process, the particles reaching the ground in due to gravitational settling are

entirely eliminated from the model and their mass is added to dry deposition matrix.

The above parameterization of dry deposition is relatively simple, except gravitational set-
tling velocity calculations. This simple approach can affect the deposition field and concen-
trations in the ABL. However, in SNAP applications for nuclear accidents and explosions, the
uncertainty introduced by simplifications in dry deposition parameterization is much lower
than the uncertainty due to unknown source term.

The present version of SNAP can be remotely applied from NRPA both for nuclear acci-
dents and nuclear explosions. In case of nuclear explosion, relatively large particles, with
diameter up to 300 um are injected into the air. For these large particles, not dry deposition
but gravitational settling is the most effective mechanism for removing them from the dry air.
To take this fact into account, we first calculate vertical transport of model particles governed
by the sum of large scale vertical velocity and gravitational settling velocity. If the model
particle hits the ground, its activity is in 100% deposited to the surface and stored in the de-
position matrix. In this way we can make consistent parameterization of dry deposition with
calculation of gravitational settling and vertical transport.

2.7. Wet deposition

Wet deposition is the most effective process in removing soluble gases and particles of differ-
ent size from the atmosphere. This process includes absorption of particles into the droplets
in the clouds (rainout) and then droplet removal by precipitation (washout). Wet deposition
process depends on many complicated factors, which are difficult to take into account, like for
example occult deposition related to fog, scavenging by snow, effect of convective precipita-
tion and orographic effects.
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2.7. Wet deposition

In the present version of the model, we have assumed that the mass of particle, m affected
by precipitation is reduced during one model time step At in the following way:

m(t +Ar) = m(t)e oA (17)

Following Baklanov and Sgrensen [1]], the coefficient of wet deposition k,, is a function of
the particle radius » (in um) and the precipitation intensity ¢ (in mm per hour). For below
cloud scavenging, the coefficient of wet deposition is calculated differently for three classes
of particles:

apg " r<1.4
ky(r,q) =< (bo+bir+byr* +b3r¥)f(q) 1.4 <r<10.0 (18)
f(q) 10.0 < r

where
f(q) =a1q+axq*,
ap=84x1072,a; =27x107%, a, = —3.618 x 107°,
by = —0.1483, b; = 0.3220133, by = —3.0062 x 1072, b3 = 9.34458 x 10~4.

In Equation [I8] the wet deposition coefficient for small particles (» < 1.4pm) and for large
particles (10.0um < r) does not depend on the particle size, but on precipitation intensity.
Only for particles in the range (1.4um < r < 10.0um), the wet deposition coefficient is a
function of both particle size and precipitation intensity.

Wet deposition process between cloud base and cloud top (rainout) depends on the type of
precipitation - dynamic or convective. The wet deposition coefficient for dynamic precipita-
tion is close to wet deposition coefficient below the cloud and be also estimated by Eq. [T8]
The wet deposition is more effective for convective than dynamic precipitation. Therefore, wet
deposition coefficient for convective precipitation between cloud base and top is estimated ac-
cording to Maryon et. al. [21] in the following way:

ki (r,q) = aoqg” " (19)

where ay = 3.36 x 10~*. The wet deposition coefficient within the cloud is not dependent on
the particle size as it was suggested by Crandall et. al. [L1]].

In many cases and in convective situation especially, precipitation does not occur in the
entire model grid square. The area of the model grid square covered by precipitation as a
function of precipitation intensity was originally estimated in [18]. In the SNAP model we
use a probability curve Fig.[2|based on this estimation. From the probability curve we can find
the probability of the model particle to be affected by precipitation in a given model grid as a
function of precipitation intensity. If the probability ¢ of precipitation for a given location of
the model particle is above zero, we replace the precipitation intensity ¢ in Equation [I§|by the
effective precipitation intensity g.rr = g/¢.

In addition, there is an elevation limit for model particles to be a subject of wet deposition.
In the volcano version of SNAP, we have assumed that only those particles located below the
model level 1 = 0.76 are losing mass due to wet deposition. This 1) level corresponds roughly
to 2000 m.
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Figure 2: The probability curve for precipitation used in the SNAP, model and taken from [18].

2.8. Radioactive decay

All isotopes included in the SNAP model are subject to radioactive decay. In the SNAP version
run directly at met.no, this process is specified in the ”snap.input” file as in the example shown
below:

COMPONENT= ’Xe-133"

RADIOACTIVE.DECAY.ON
HALF.LIFE.TIME.DAYS= 5.243

In the example above, a half-life time for Xe-133 is given in days. Other units e.g. hours
and years can be also used for the specification of half-life time. For remote applications of
SNAP from NRPA the radionuclides specified in Appendix [A] are used in the model runs.
This specification also includes information about the decay constant. The relation between
half-life time 7}/, and decay constant A is the following:

n2  0.693
Ty = % = (20)

The activity of any isotope remaining in the air after time 7 is calculated according to the
following equation:

A(t) = Age ™M (21)

where A(7) is the activity at time T and Ay is the initial activity of the considered isotope. The
calculations are performed at every time step At, so:

Alt+ A1) = A(r)e™ (22)

The radioactive decay is also affecting a part of each isotope already deposited to the
ground, so the same approach is applied to matrices of wet and dry deposition for each isotope
at each model time step.

Ddry(i7j7t+At) = Ddry(iajat)eilt
Dwet(i7j7t+At) :Dwet(ivjat)eikt

where Dy, (i, j,t) and Dy (i, j,t) are matrices of dry and wet deposition respectively.

(23)
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In the old system, only one application of SNAP was available for remote runs from NRPA -
simulation of nuclear accident. In the new version, in addition to nuclear accident, SNAP can
be run for simulation nuclear explosion and for calculating three dimensional trajectories.

3.1. Nuclear accident

Simulation of atmospheric dispersion of radioactive debris from nuclear accident is the most
important task for the SNAP model. In fact, nuclear accident in Chernobyl in 1986 was the
main reason for developing SNAP. A practical importance of this kind of modelling was con-
firmed by the latest accident in Fukushima in May 2011.

3.1.1. Computational scheme for nuclear accident

The sequence of events starts at NRPA in the frame of ARGOS system and is illustrated in
Fig.|3|in the computational diagram for the accident case.

met.no: .xml — .txt |-7 ARGOS
at NRPA

File: isotope-list.txt }\‘ Program: _’{ | ‘
File: snap.input
CREATE-SNAP-INPUT PP

File: NRPA-input.xt |~ |

{ File: snap.conc

—‘ File: snap.dose Program: SNAP ‘
4‘ File: snap.dep

File: griddef.gdf
Program: A 2 :
CREATE-ARGOS-FILES \4,:”6

: argos.depo

—.{ File: argos.conc

{ File: argos.dose ‘

Figure 3: Computational diagram at met.no for the accident case.

In the remote SNAP applications from NRPA, the SNAP run for the nuclear accident is
initiated when the new input file for the nuclear accident appears on the met.net server. This
file is originally in .xml format, but it is converted to a simple text file at met.no. A test
example of such input file (NRPA-input.txt) is shown below.
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3. Remote Applications of SNAP

57.249982262757 LATITUDE
12.0998963945262 LONGITUDE
2011-10-12T06:00:00Z RELEASE START
3 ISOTOPES

748 I -131la

158 Xe-133

169 Cs—-137

2 RELEASE INTERVALS

INTERVAL

10 0 HOUR,MINUTE

10 45 RELEASE HEIGHT MIN,MAX
748 57667598327

158 44058874033996

169 5814817158

INTERVAL

5 0 HOUR,MINUTE

10 35 RELEASE HEIGHT MIN,MAX
748 5000000000

158 4000000000000

169 600000000

The first two lines of the file give the geographical co-ordinates of the accident and at the
same time the release location. The third line specifies the date and time (in hours, minutes and
seconds) of the accident and beginning of release. The fourth line gives the number of isotopes
to be simulated. In this case, there are three isotopes with the identification numbers and names
specified in three following lines and taken from the isotope list, which will be explained later.
Next line gives the total number of release intervals, which are two in this test case. In the first
interval the release duration is 10 hours and 0 minutes. The minimum elevation of release is
10 m and maximum elevation of release is 45 m. Next three lines specify the release rate (in
Bq s~ !) for each simulated isotope with corresponding identification number. The duration of
release in the second interval is 5 hours and O minutes with vertical range 10-35 m and there
are also three different release rates for each isotope. They are specified in the last three lines
of the file.

Two input files are necessary to start the SNAP run at met.no: NRPA-input.txt and
isotope-list.txt. Thefileisotope-1list.txt ispresented as atablein Appendix[A]
Altogether there are 382 isotopes listed in Appendix |A| which can be used in remote applica-
tions of SNAP from NRPA. The identification number of each isotope is given in the first
column and name of the isotope in the second column. There can be three forms of the iso-
tope denoted by a single digit number: 0-noble gas, 1-gas and 2-aerosol. This information is
included in the third column. The decay coefficient (s~!) is given in column four.

Program CREATE-SNAP-INPUT (Fig.[3) is creating the input file (snap . input) for the
SNAP model using the information included in the files: NRPA-input .txt and i sotope-
-list.txt. Next step is the SNAP model run producing three intermediate output files:
snap.conc, snhap.dose and snap.dep, including calculated instantaneous concentra-
tions, time integrated concentrations and deposition, respectively. These files are very large,
because they contain many unnecessary zeros in the model grid system. The intermediate out-
put files are then converted to final output files by program CREATE-ARGOS-FILES. The
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3.1. Nuclear accident

final output files are much smaller because they include only non-zero values of concentra-
tion and deposition. Program CREATE-ARGOS-FILES is also producing an additional file
isotope—-griddef.gdf with model grid definition in geographical coordinates. The final
output files are sent to the ARGOS system at NRPA as soon as they are created.

In principle the sequence of actions illustrated in Fig. [3| can be simplified so, that the AR-
GOS files are produced directly by the SNAP model and program CREATE-ARGOS-FILES
is not used at all. However, this will require some additional changes in the SNAP hard code
and therefore it is not done in the test phase.

3.1.2. An example of remote application for nuclear accident

An example of the remote application from NRPA for nuclear accident is shown in Fig. ] and
Fig.[5] In this example atmospheric dispersion of radioactive debris from hypothetical accident
in Ringhals (Sweden) nuclear power plant has been simulated. The start of the accident was
assumed on 24 September 2011 at 13:00 UTC. Two isotopes Cs-137 and 1-131 were released
into the air for the period of 10 hours. Compared to the previous SNAP version, a better and
more precise specification of the source term geometry is available in the new model version.
Both isotopes were released into the abstract cylinder with the base at 10 m and top at 20 m.
The cylinder radius was 20 m. The SNAP simulation of this accident was performed for 63
hours. The final results of the model run were available on 27 September 2011 at 04:00 UTC.

In Fig. [] the results of SNAP simulation (time integrated concentration and deposition of
I-131) are shown using the graphics available at met.no. The radioactive debris from this ac-
cident is mainly transported and deposited over Swedish territory, reaching a small area of
Northern Norway at the end of the simulation. There is also a small part of Southern Norway
affected at the beginning of the transport. The range of the deposition is longer than the range
of time integrated concentration, because a part of the radioactivity is transported higher in
the air. It means zero concentration on the ground, but still possible wet deposition. In this
case, the wet deposition process above the ground is quite effective, showing relatively high
deposition values far away from the source in Northern Sweden, where time integrated con-
centrations were equal to zero. Both in the concentration and deposition maps, but especially
in the deposition maps, two separate plums can be seen corresponding to different periods of
the transport. The earlier tang is going south and then east whereas the later tang is going first
south-north for a short period and then to the north.

In Fig. [5] the same results as in Fig. 4] are illustrated using the ARGOS graphics. Both,
maps created at met.no and those in ARGOS system are very similar, however more details
are visible on the ARGOS maps. The spatial distributions, as well as the gradients are very
similar on the met.no’s and NRPA’s maps.
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Time integrated concentration (Bq h/m3) 27.09.2011 04UTC
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Figure 4: Maps of time integrated I-131 concentration (above) and total deposition (below).
Results of SNAP run performed at met.no for the test accident submitted by NRPA.
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Figure 5: Screen dumps of the time integrated I-131 concentration (above) and deposition (be-
low) from the test accident run post processed in the ARGOS system at NRPA. Re-

sults of the same SNAP run as presented in Fig.
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3.2. Nuclear explosion

Possibility of simulating nuclear explosion is a new and important feature in the remote SNAP
applications from NRPA. Fortunately up to now, SNAP has never been used for simulating
a real nuclear explosion in operational model, but it has been used to simulate historical nu-
clear explosions in Novaya Zemlya. In the new model version, NRPA can simulate a nuclear
explosion which takes place within the model domain shown in Fig.

3.2.1. Computational scheme for nuclear explosion

The procedure and computational diagram for nuclear explosion (Fig. [0]) is very similar to the
case of nuclear accident (Fig. [3) and there are only two small differences visible in the bomb
diagram.

ARGOS
at NRPA

Program:
File: NRPA-input.txt }—- o T e —{ File: snap.input ‘

{ File: snap.conc

—‘ File: snap.dose Program: SNAP ‘
4‘ File: snap.dep

_~ File: griddef.gdf
Program:
CREATE-ARGOS-FILES |~.['gy,q

: argos.depo

—4 File: argos.conc

{ File: argos.dose ‘

Figure 6: Computational diagram at met.no for nuclear explosion case.

The first difference is in the lack of the file i sotope—-1ist.txt, which is not necessary
for nuclear explosion. The second is in the fact, that the file NRPA-input . txt is created by
ARGOS directly in the text format, so conversion from the html to text file is not necessary.
The computational procedure at met.no starts when the file NRPA-input . t xt arrives. Pro-
gram CREATE-SNAP-INPUT. txt generates file snap.input and the run of the SNAP
model starts at once. The relatively longest time in the entire procedure is necessary for the
SNAP run. When this run is finished, three SNAP output files are converted to ARGOS for-
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3.2. Nuclear explosion

mat by the program CREATE-ARGOS-FILES.txt and these files are immediately sent to
NRPA.
An example of the input file for remote nuclear explosion application is shown below:

61.972 Latitude (dec.deg.)
10.810 Longitude (dec.deg.)
201111041214 Start (UTC)
201111061214 End (UTC)

3 Output time step (hr)
10 kt Yield of source
100.00 Fission proportion

The first two lines of the file above give the geographical coordinates of the explosion. The
third line specifies the time of explosion and the next one gives the required end time of the
simulation and time of the final output from the model run. If the meteorological data are not
available for the required end time, the model is run until the end of available meteorological
data. The line number five gives the time interval between consecutive outputs from the model
run. The one before last line gives the most important information for the explosion, namely
the explosive yield in kt. The last line, fission proportion, is not used in the SNAP model at
present.

3.2.2. Examples of remote applications for nuclear explosion

For all examples of remote applications from NRPA we have chosen a hypothetical nuclear
explosions over London. There was no particular reason for selecting London as the place
of explosion, except for some interesting weather patterns which created large differences for
different explosion yields. In these examples we have tested all explosive yields available in
the SNAP menu, starting from 1 kt and ending in 3000 kt. It means that, in this example, we
have performed eight model runs with different explosive yields with London as a detonation
place, or to be more precise the sky over London. The results of these runs as maps of time
integrated concentrations and deposition are shown in Figs. for different explosive yields
In Fig. the same scale is kept for all time integrated concentration maps and the same
scale for all deposition maps.

The direction of the transport is south-west for the first three explosive yields in the range
1-30 kt, however, the west component is getting stronger with the higher explosive yield. The
southern part of UK, small area of Western France and also small area of Northern Spain are
affected in this explosive range.

An interesting effect can be seen in Figs. (10| and 11| showing the results of 30 kt and 100
kt explosions. Namely, in addition to south-west direction there is also a clear and strong
transport to the east. This is caused by the easterly wind direction in the upper troposphere,
where a large part of the initial cloud is located for these explosions. The similar features are
seen for 300 kt explosion (Fig.[I2)). Much larger part of France and many additional countries
(Belgium, Germany, Switzerland, Italy, Austria Czech Republic, Slovak Republic, Hungary,
Poland and Ukraine) are covered by the radioactive cloud in this explosive yield range.

For very high explosive yield like 1000 kt and 3000 kt, there is only transport to the east
with the radioactive cloud reaching Russia at the end.
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Figure 7: An example of SNAP run for 1 kt nuclear explosion, 48 hours after the detonation.
Time integrated concentrations in Bq h m > above and total deposition in Bq m—>
in the bottom.
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Time Integrated Concentration (Bgh/m3) - 3 kt
| > KA
B —L - N I

0.1E+10
0.1E+09
0.1E+08

0.1E+07

0.1E+06
0.1E+05
0.1E+04

0.1E+13
0.1E+12
0.1E+11

0.1E+10

0.1E+09
0.1E+08
0.1E+07

Figure 8: An example of SNAP run for 3 kt nuclear explosion, 48 hours after the detonation.

Time integrated concentrations in Bq h m—> above and total deposition in Bq m~

in the bottom.
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Figure 9: An example of SNAP run for 10 kt nuclear explosion, 48 hours after the detonation.
Time integrated concentrations in Bq h m > above and total deposition in Bq m—>
in the bottom.
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Figure 10: An example of SNAP run for 30 kt nuclear explosion, 48 hours after the detonation.
Time integrated concentrations in Bq h m~> above and total deposition in Bq m—>
in the bottom.
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Figure 11: An example of SNAP run for 100 kt nuclear explosion, 48 hours after the detona-
tion. Time integrated concentrations in Bq h m~3 above and total deposition in Bq
m~> in the bottom.
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Figure 12: An example of SNAP run for 300 kt nuclear explosion, 48 hours after the detona-
tion. Time integrated concentrations in Bq h m~3 above and total deposition in Bq
m~3 in the bottom.
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Figure 13: An example of SNAP run for 1000 kt nuclear explosion, 48 hours after the detona-
tion. Time integrated concentrations in Bq h m~3 above and total deposition in Bq
m~> in the bottom.
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Figure 14: An example of SNAP run for 3000 kt nuclear explosion, 48 hours after the detona-
tion. Time integrated concentrations in Bq h m—> above and total deposition in Bq
m~3 in the bottom.
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3.3. Trajectories

In the frame of current project, there was a plan for implementation of both, forward and
backward trajectory calculations in SNAP. However, some difficulties occurred concerning
development of backward trajectories. First, because of the limited storage space, met.no
does not store more than one day of old meteorological output from HIRLAM-12. It means
that calculation of backward trajectories would be very limited in time for present situation.
Second difficulty is related to the present structure of the FORTRAN code of SNAP. Reading
meteorological data takes more time than the computation and therefore only data for the
period of 6 hours are available for the computation at the arbitrary model time step and in the
strictly forward order. This is enough for calculating the forward trajectories, but not enough
for backward, in which case we need to reverse the order of reading meteorological data and
change the sign of the velocity field. Theoretically it is not a problem, but technically it is
quite a problem in the present code structure of SNAP. Therefore, we decided to postpone
the implementation of the backward trajectories until the new version of SNAP code will be
developed and new dedicated server ready for use.

3.3.1. Calculation of forward trajectories

Three-dimensional trajectories are calculated in the SNAP model and in case meteorological
data from the NWP of HIRLAM-12 model, these calculations are originally performed in the
n vertical co-ordinates. The forward three-dimensional trajectory is calculated in SNAP by
solving the following set of equations:

% = u(%)’;rlat)
D —y(x,y,1M,1) (24)

A — 7 (x,y,m,1)

where x =x(t), y = y(t), n = 1n(t) represent a parametric description of the trajectory; u and v
are the horizontal components of the velocity field and 1 is the vertical component. To solve
the set of equations we have used the same numerical method as applied in the EMEP
trajectory model [2]]. In the numerical solution, each forward trajectory is represented by a
set of discrete points. These points are calculated from Eq. [24] using an interactive procedure
described by Pettersen [23]]. Denoting the initial point on the trajectory at time ¢ as (xg, Y0, Mo),
the initial change of the position is defined as:

Axo = u(xo,y0,No,t) ANt
Ayo = v(x0,¥0,No,1) At (25)

AN = N (x0,Y0,No,1) ANt

Bi-linear interpolation in space from the four nearest nodes is used to calculate the wind com-

36



3.3. Trajectories

ponents in Eq. 25| and linear interpolation in time between consecutive 3-hourly wind fields.
The time step between the points on the trajectory is 5 minutes. The following iterative pro-
cedure for i in Eq. [26]is applied to correct the first guess for (Axg, Ayg, Ano):

( _ Dxgtulxo+Axi1,y0+AYi-1,Mo+ AN 1,1+ A At
Axi = 5

Ay; = Ayo+v(xo+Axi— aYO+A%’i—1 Mo+ AN t+AHAL (26)

A _ Dyotv(xo+Axi—,yo+Ayim1, Mo+ AN t+A) At
\ ni= 2

After N iterations, the next point on the trajectory can be calculated as:

x(t+At) =x(t) + Dxy
y(t+An) =y(t)+ Dyy 27)

n(t+A4t) =n(t)+Any

In the EMEP model [2], five iterations (N = 5) are assumed to be sufficient for the conversion.
In our experiments [?], we have not found much difference in accuracy between five and two
iterations and therefore we used only two iterations to calculate for convergence to the final
position. Each trajectory is calculated for the period specified in the input file or shorter if it
reaches the boundary of the model domain or the end of available meteorological data. The
minimum possible time step between the consecutive points on the trajectory is 5 minutes, but
the distance between the consecutive trajectory points in the output file is 1 hour.

3.3.2. An Example of forward trajectories calculated by SNAP

One of the MetNet scenarios was chosen for testing remote calculation of the trajectories. In
this scenario, a radioactive release from the accident at nuclear powered ship located close to
the coast of Norway is assumed. All parameters necessary for calculating three dimensional
trajectories are specified in the compressed input file send from NRPA. The original com-
pressed file, sent from NRPA is decompressed and further proceed at met.no in the similar
way as for nuclear accident or explosion. An example of such a file in the text format is shown
below. The first line in the file is the name of the source or scenario. Two next lines include
information about origin of the trajectory (latitude and longitude). Following line gives the
date and time of the release and next defines the calculation mode. There are two options for
the mode parameter in the file: forward and backward. Only forward option is used at present
which means that trajectories are calculated forward from the source location. The length
(in time) of the trajectories is specified by the ”Simulation duration (h)” and the maximum
length/period for which trajectories can be calculated is 66 hrs. It is limited by the forecast
horizon of HIRLAM NWP model currently operational at met.no. Number of trajectories to
be calculated is specified by "Number of parcels”. For practical reason, the number of trajec-
tories to be calculated is limited to 10. The last lines in the input file define the release level
(in m) for each trajectory.
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3. Remote Applications of SNAP

METNET Source name

64.15 Latitude (dec.deg.)

9.10 Longitude (dec.deg.)

2010101400 Start (UTC)

forward Mode

48 Simulation duration (h)

4 Number of parcels

10.0 First parcel (meters above surface)
500.0 Second parcel (meters above surface)
1000.0 Third parcel (meters above surface)
1500.0 Fourth trajectory (meters above surface)

The above file is then used to create the input file for the SNAP model and SNAP is run to
calculate specified 3-D trajectories. In this example four forward trajectories are calculated for
the period of 48 hours (two days). These trajectories are released at different levels above the
surface: 10m, 50m, 1000m and 1500m. The results of the model run are written in the number
of files corresponding to the number of trajectories calculated, which means one output file
for each trajectory. Each file includes the locations (latitude and longitude) and height above
the surface of the trajectory points. These output files are available for further processing in
the ARGOS system at NRPA. The results of the SNAP run are also used internally at met.no
to create maps with calculated trajectories.

The example with such maps for four trajectories specified in the input file above and cal-
culated at met.no is presented in Fig. [I5] There is one trajectory on each map with different
colors indicating the elevation (in m above the ground level) of the trajectory segment. Those
trajectories go to different directions and their altitudes are variable in time.

Output trajectory files are sent automatically to NRPA and there used for creating maps in
the ARGOS system. The same trajectories as shown on separate maps in Fig. [I5] are shown
in Fig. [I6] but on one map and created within the ARGOS system. Each of four trajectories
in Fig. [T6]is marked with different color and the trajectory points (positions at each hour after
release) are shown. The release location is also marked on the map. As expected, the distance
traveled by the trajectory increases with the elevation of the release location because of the
higher wind speed on high elevations. The destination and directions of movements are quite
different for the trajectories released at different levels. The density of the points on each
trajectory indicates the speed of the transport. The transport was relatively fast over Norway
and Sweden on three trajectories released on 500 m and above. The transport was much slower
outside the Scandinavia mainly because all trajectories went on trough much lower level than
the level they were released on. The transport on the lowest trajectory was relatively slow and
the speed had not changed much during the entire period.
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Figure 15: Test trajectories calculated by SNAP based on input file specified at NRPA and
displayed locally at met.no. Different colors indicate the elevation (in m above the
ground level) of the trajectory segment.
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SNAP: Trajectory 003
= ) NN\ S

1100 m

900 m

700 m

500 m

300 m

200 m

100 m

SNAP: Trajectory 004
[ VAN U ¥y

- A NN JSOIN T

1600 m

1400 m

1200 m

1000 m

800 m

600 m

400 m

Figure 15: (cont.) Test trajectories calculated by SNAP based on input file specified at NRPA
and displayed locally at met.no. Different colors indicate the elevation (in m above
the ground level) of the trajectory segment.
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Figure 16: The same test trajectories calculated by SNAP as in Fig. |15} but displayed remotely
in the ARGOS system at NRPA.

Figure 17: Vertical locations of the trajectory points in time for the same trajectories as in

Fig.

The levels of the trajectory segments are not shown in Fig.[I6 but instead they are displayed
in a separate Fig. [I7] Fig.[I7] shows that atmospheric transport is indeed three dimensional.
Only trajectory released at the lowest level (10 m) does not change altitude much, however it
is slightly higher at the and. All other trajectories tend to go down in the first period of the
transport. Then the trajectory released at the top level (1500 m) remains on the 500 m level,
whereas, two other trajectories end up much lower, close to the ground.
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4. Sensitivity Tests and Measures

Sensitivity tests have been performed with the new SNAP version for two main remote ap-
plications from NRPA: nuclear accident and nuclear explosion. The results of these tests will
be later described separately for nuclear accident and nuclear explosion. In this Chapter we
describe a general procedure for the sensitivity tests and give definitions of selected sensitivity
measures.

A framework for sensitivity analysis is discussed in several papers e.g. in Rao [25]. In
general, sensitivity analysis examines the response of the particular model to variations of in-
put variables or internal parameters to this model. The results of sensitivity analysis are not
directly related to model accuracy, but give the indication of relative importance of input vari-
ables. This is helpful when deciding how accurately the input variables have to be estimated.

Following Rao [25]], for a model with j-th output given by C(t;) where #;(=1,2,...,n) are
independent input variables, the sensitivity coefficients S;; are defined as

S,‘j = 8C/8(lnt,-) (28)

and the derivatives are evaluated for the base case values of the inputs.

In our sensitivity studies we do not use Eq. [28| and perform a slightly different and more
intuitive analysis having in mind possible applications to nuclear accident or explosion. The
first step in this analysis is a choice of the basic case. For this purpose we have chosen one of
the cases for MetNet meteorological scenario from 10 October 2010. The main reason for this
choice was a fact that the radioactive cloud from this hypothetical accident came to Norway
and particularly to Oslo. The second important reason was availability of meteorological data
for this case. So, the SNAP model was run first for the basic case.

In the sensitivity tests, we have performed a number of additional runs. In each of them, we
either excluded one of the most important processes responsible for transport and deposition
of radioactive debris or intensity of this process. Then, we compared the results of such runs
with the results of the standard run performed for the basic case. The maps of deposition and
concentration were used for visual comparison and estimation of differences and sensitivities.
I addition, the values of total deposition and time integrated concentration were compared for
the model grid square were the city of Oslo is located.

The results of the SNAP model are not only sensitive to the presence and correct parame-
terisation of basic physical processes, but also to the number of model particles used for the
simulations. The number of model particles should be as large as possible in the Lagrangian
models, but it is limited for the practical and mainly computational (time and memory) rea-
sons. It is important to know how the model results are changing with different number of
model particles used. This kind of sensitivity to number of model particles was also taken into
account.

To compare sensitivities quantitatively, four sensitivity measures were established, two of
global nature for comparisons of the fields and two local for comparison of the values in the
Oslo grid square. Definitions of these sensitivity measures are given below:

Sensitivity of Deposition Field (SDF):
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Sensitivity of Time Integrated Concentration Field (SCF):
VGt BT (el ) = 0(6))2)
SCF =100- T < <N — (30)
N Li=1 Zj:l cs(iy )
Sensitivity of Deposition in the Grid square with Oslo (SDG):
d ‘()7 ‘()
DG = 100. L liorJo). G1)
ds(lm ]0))
Sensitivity of Time Integrated Concentration in the Grid square with Oslo (SCG):
SCG = 100 <1Uordo). (32)
Cs(lm ]0))

In the above equations:

M - is the model grid size in x-direction,

N - is the model grid size in y-direction,

dg(i,j) - is the standard (from the base run) deposition in the model grid square (i, j),

di(i,J) -1is the test (from the sensitivity run) deposition in the model grid square (i, j),

cs(i, ) - is the standard (from the base run) time integrated concentration in the model grid
square (i, j),

¢(i, j) - is the test (from the sensitivity run) time integrated concentration in the model grid
square (i, j),

(ip, jo) - coordinates of the model grid where Oslo is located.

The SDF measure is calculated only in the grids where, either standard deposition ds(i, j) > 0,
or test deposition d; (i, j) > 0. The same applies to SCF measure and concentrations. The SDF
measure can be roughly interpreted as a standard deviation between the standard deposition
field and the deposition field from the sensitivity test, expressed in percent of the average
value of the standard deposition field. The SCF measure can be interpreted in the same way,
but for time integrated concentration. The SDG and SCG measures are the changes between
the value of sensitivity run and value of the standard run, expressed in percent of the standard
run value.

The above defined sensitivity measures were calculated for each sensitivity run. The same
measures were used in the sensitivity tests for the accident case and sensitivity tests for nuclear
explosion.
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5. Sensitivity Tests for Nuclear Accident

The choice of the basic case, as well as the resulting source term for the standard run are
described in this Chapter, together with the results of sensitivity runs. A brief summary, com-
parison and ranking of model sensitivities to different processes are also included at the end
of the Chapter.

5.1. Standard run for nuclear accident

As a basic case for the standard run we assumed a hypothetical nuclear accident in the ship
located close to Norwegian coast, as described in the MetNet exercise which took place in
October 2010. Original description of the simulated accident was the following: A serious
accident has occurred aboard a transport ship carrying nuclear waste to Murmansk. The ship
is on fire and is reported to leak Cs-137 from a storage tank”. To make this basic case a bit
more general we have also assumed the release of two other radionuclides iodine and xenon.
In this way, we could take into account radionuclides in the form of gas, aerosol and noble
gas. Atmospheric transport of these radionuclides is simulated for 48 hours in the standard
run and in the test runs.

5.1.1. Source term

Participants of the MetNet exercise in October 2010 were asked to report long range dispersion
results based on the original source term:

Location: Coast of Norway

Longitude: E 9 deg 10 min 00 sec (9,167)

Latitude: N 64 deg 15 min 00 sec (64,250)

Date and time of release start: 14.10.2010 06:00 UTC
Height of release: 15 meters

Plume rise: up to 500 meters

Length of release: 10 hours

Total amount of nuclides: 9.4E+15 Bg Cs-137 = 2.6E+11 Bqg/s

In addition, the release of iodine and xenon was assumed from the same location with the
rates given below:

5.0E17 Bg of iodine (I-131) => Release rate = 1.39E+13 Bg/sec
3.6E17 Bg of xenon (Xe-133) => Release rate = 1.00E+13 Bg/sec

The decay constants for selected radionuclides were taken from Appendix [Aland converted
to a half-life time as traditional input for the SNAP model. Both, decay constants and half-life
times for selected three radionuclides are given in Table 22] Compared to I-131 and Xe-133,
Cs-137 has much longer half-life time and in practice its radioactive decay during the 48 hours
simulation can be neglected. Therefore one can expect a low sensitivity of model results to
radioactive decay for concentration and deposition of Cs-137.

The above specified source term for nuclear accident was used for the standard run in sen-
sitivity tests.
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5.1. Standard run for nuclear accident

Table 4: Decay constants and half-life times for three radionuclides selected for sensitivity

tests.
Decay variable Cs-137 I-131 Xe-133
Decay constant (s—1) | 0.729 x 10~ | 0.944 x 107° | 0.729 x 10—
Half-life time (days) | 10954.88 8.07 4.57

5.1.2. Results of the standard run

The source term described in the previous section was used to calculate time integrated con-
centrations and total deposition for the standard run. The results for Cs-137, I-131 and Xe-133
are presented in Figures. 42] 43| and [44] respectively, in the form of time integrated concen-
tration and deposition maps after 48 hours from the release start.

Time integrated concentrations and deposition calculated in the standard SNAP run show
similar spatial pattern for all selected radionuclides. However, calculated values are different
for each radionuclide reflecting differences in their release rates. In the initial phase of the
transport, the plume is relatively narrow and directed mainly to the south and little bit to the
east. In the later phase, prevailing wind direction is changing, horisontal diffusion becomes
stronger and the plume is reaching Northern part of Germany in the south, covering Denmark
on the way. In the east, the plume is reaching Baltic Sea and in the west it covers almost entire
North Sea area, being close to the United Kingdom.

For comparison of sensitivity results, time integrated concentrations and deposition were
calculated in the model grid square where the city of Oslo is located. The results for the
standard run in the Oslo grid are presented in Table 23]

Table 5: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the standard run.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m—3) (Bqm~2)
Cs-137 0.27x 10! 0.10x10°

I-131 0.99x 102 0.13x10
Xe-133 0.15x10°3 0.0

The values of time integrated concentrations and deposition for each radionuclide in Ta-
ble 23] reflect roughly their release rates in the source term for the standard run. However, the
highest values of time integrated concentration can be noticed for Xe-133, although total re-
lease for [-131 (5.0e17 Bq) is higher than the total release for Xe (3.6e17 Bq). This is because
Xe-133 is a noble gas which is neither dry nor wet deposited, with zero deposition value in
Table Therefore, the relative amount of Xe-133 radioactivity remaining in the air during
the transport is significantly higher than the amount of radioactivity of regular gas or aerosol.
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Figure 18: The results of the standard SNAP run for Cs-137 after 48 hours from the accident
start. Time integrated concentrations in Bq h m—3 above and total deposition in Bq
m~> in the bottom.

46



5.1. Standard run for nuclear accident

0.1E+06
0.1E+05
0.1E+04

0.1E+03

0.1E+02
0.1E+01
0.1E+00

Total Deposition (Bg/m2) - ST

ANDARD I-131

0.1E+08

0.1E+07

______
[
| |

0.1E+06

e A | I__.»-" \ -4 gr RN .
N, ] | | W AL /
- \ - ‘\ W SYAN
' T \ Wy 0.1E+05
— ] A < 0.1E+04
Il I|I \\\ i y
/ 1 IRt 1y &, 0.1E+03
[ L _ \“ e ke,
] . \ \ 0.1E+02
| | . VTN

Figure 19: The results of the standard SNAP run for I-131 after 48 hours from the accident
start. Time integrated concentrations in Bq h m—> above and total deposition in Bq
m~3 in the bottom.
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Figure 20: The results of the standard SNAP run for Xe-133 after 48 hours from the accident
start. Time integrated concentrations in Bq h m 3.
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5.2. Sensitivity to dry deposition

5.2. Sensitivity to dry deposition

Sensitivity to dry deposition was tested in the model run without dry deposition process. The
maps of time integrated concentration and total deposition for Cs-137 are shown in Fig. @#3|
and the maps of time integrated concentration and total deposition for I-131 are shown in
Fig. 46l Since Xe-133 is a noble gas, it is not sensitive to dry deposition and the deposition
and concentration maps are not shown here for Xe-133.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table [24] for the model run without dry deposition, 48 hours after the
start of release. Sensitivity measures for the run without dry deposition are shown in Table 23]

Table 6: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run without
dry deposition.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m—3) (Bqm~2)
Cs-137 0.29x 10! 0.0

1-131 0.12x10°3 0.0
Xe-133 0.15x10°3 0.0

SENS SDF SCF SDG SCG Cs-137 58.4 77.1 -100.0 5.0 I-131 136.0 292.7 -100.0 18.9
Xe-1330000

Table 7: Sensitivity measures as defined in Eqgs. - (32), for the run without dry deposition.

Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 584 | 77.1 | -100.0 | 5.0
I-131 136.0 | 292.7 | -100.0 | 18.9
Xe-133 0 0 0 0

Elimination of dry deposition from the model processes results in higher air concentrations
of Cs-137 and I-131, visible in the concentration maps (Fig. 45| and [46)) and in the sensitivity
measures (Table[25]). The SCF values in Table [25] show that time integrated concentration of
I-131 is definitely more sensitive to dry deposition process than time integrated concentration
of Cs-137. The same conclusion applies to deposition, as indicated by SDF measure in Ta-
ble Sensitivity of Cs-137 and I-131 deposition to dry deposition is also clearly visible
in the deposition maps for those radionuclides (Fig. [45] and [46). Total deposition pattern is
the same as wet deposition pattern on those maps and it reflects the precipitation distribution
during the transport. Since it does not rain in Oslo, total deposition in Oslo grid in the run
without dry deposition is zero, which explains -100.0 values of SDG measure in Table
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Figure 21: Results of the sensitivity run without dry deposition. Maps of time integrated con-
centration and deposition of Cs-137, 48 hours from the accident start.
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Figure 22: Results of the sensitivity run without dry deposition. Maps of time integrated con-
centration and deposition of I-131, 48 hours from the accident start.
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5.3. Sensitivity to wet deposition

Sensitivity to dry deposition was tested in the model run without wet deposition process. The
maps of time integrated concentration and total deposition for Cs-137 run are shown in Fig.
and the maps of time integrated concentration and total deposition for I-131 run are shown in
Fig. 48] Since Xe-133 is a noble gas, it is not sensitive to wet deposition and the deposition
and concentration maps are not shown here for Xe-133. Compared to the results of standard
run, time integrated concentrations of Cs-137 and I-131 is higher and smoother in the run
without wet deposition, especially in the centre of the plume. The deposition maps shown in
the same figures indicate, on the other hand, slightly lower deposition values compared to the
standard run.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table 26| for the model run without wet deposition, 48 hours after the
start of release. Both, time integrated concentrations and deposition of Cs-137 and I-131 in
the Oslo grid are higher in the run without wet deposition than in the standard run. Sensitivity
measures for the run without wet deposition are shown in Table

Table 8: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run without
wet deposition.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™?) (Bqm™2)
Cs-137 0.62x 10! 0.17x10°

I-131 0.29x 103 0.27x10
Xe-133 0.15x103 0.0

Table 9: Sensitivity measures as defined in Eq. - (32), for the run without wet deposition.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 545.2 | 2345 | 68.8 | 126.4
I-131 464.8 | 341.5 | 102.7 | 189.6
Xe-133 0 0 0 0

The sensitivity measures in Table[27]show that the model is more sensitive to wet deposition
than to dry deposition. Especially, the SDF values in Table [27] are very high, which means
that the sensitivity of both radionuclides is higher for deposition than concentration, however,
the sensitivity of concentrations to wet deposition is also relatively high. High sensitivity to
wet deposition is also confirmed by local SDG and SCG measures in Table [2/| which apply
to the model grid square with Oslo location. In this case sensitivity is slightly higher for
concentration than for deposition.
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Figure 23: Results of the sensitivity run without wet deposition. Maps of time integrated con-
centration and deposition of Cs-137, 48 hours from the accident start.
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Figure 24: Results of the sensitivity run without wet deposition. Maps of time integrated con-
centration and deposition of I-131, 48 hours from the accident start.
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5.4. Sensitivity to radioactive decay

Sensitivity to radioactive decay was tested in the model run without a decay process. The maps
of time integrated concentration and total deposition for Cs-137 run are shown in Fig.[49] The
maps of time integrated concentration and total deposition for I-131 are shown in Fig. [50]and
finally the map of time integrated concentration for Xe-133 is shown in Fig. [51] Since Xe-
133 is a noble gas the deposition field for this radionuclide is not shown. Practically, there
are no differences between the standard run and the test run for Cs-137 in time integrated
concentration and in deposition maps. Also for I-131 the differences between maps from the
standard and test runs are small and they are not large either for the maps of time integrated
concentrations of Xe-133.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table [28| for the model run
without radioactive decay. For Cs-137, both time integrated concentrations and deposition
are practically the same in the standard run and in the test run. For I-131, there is only 1%
difference in time integrated concentration, but deposition in the run without radioactive decay
i1s 15% higher than in the standard run. However, time integrated concentration of Xe-131 in
the Oslo grid is almost two times higher in the test run than in the standard run.

Sensitivity measures for the run without radioactive decay are given in Table As ex-
pected, the model results for Cs-137 are definitely not sensitive to radioactive decay. Certain
model sensitivity to radioactive decay can be noticed in case of I-131 and some more sensitiv-
ity in case of time integrated concentration of Xe-133.

Table 10: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without radioactive decay.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m~?) (Bq m~2)
Cs-137 0.27x 10" 0.10x10°

I-131 0.10x 103 0.15x10°
Xe-133 0.27x10° 0.0

Table 11: Sensitivity measures as defined in Eqgs. - (32)), for the run without radioactive

decay.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 0.1 00 | 0.0 0.0
I-131 108 | 84 | 15.1 | 4.1

Xe-133 00 [260| 00 | 794
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Figure 25: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 26: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 27: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of Xe-133, 48 hours from the accident start.
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5.5. Sensitivity to horisontal diffusion

Sensitivity to horisontal diffusion was tested in two model runs. In the first run, the process
of horisontal diffusion was switched off, both below and above the mixing height. In the
second run, horisontal diffusion was increased by applying double value to horisontal diffusion
coefficient, again in the boundary layer and above.

The maps of time integrated concentrations and total deposition for Cs-137 for the run
without horisontal diffusion are shown in Fig. The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig. [55] Both, for Cs-137 and
I-131 the differences between the standard run the run without horisontal diffusion are very
small. It applies to the maps of time integrated concentration and deposition maps, as well.

The maps of time integrated concentrations and total deposition for Cs-137 for the run with
increased horisontal diffusion are shown in Fig. The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig.[56] The differences between
the standard run and the test run with increased horisontal diffusion are also small in this case
for both radionuclides.

The maps of time integrated concentration for Xe-133 are shown in Fig. |57 for the runs
without horisontal diffusion and increased horisontal diffusion. Once again, differences be-
tween the maps of time integrated concentrations calculated in the run with no horisontal
diffusion, in the run with increased horisontal diffusion and in the standard run are very small.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table [30] for the model run
without horisontal diffusion and in Table for the model run with increased horisontal dif-
fusion. As in case of Cs-137 and I-131, also there are only small differences between time
integrated concentrations maps from the standard run and the runs without and with increase
horisontal diffusion.

Table 12: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without horisontal diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m—3) (Bqm~2)
Cs-137 0.22x 10! 0.12x10°

I-131 0.85x 102 0.15x 10
Xe-133 0.22x10°3 0.0

In general there is not much difference between the deposition values from the standard
and test runs for all radionuclides and for both, run without deposition and run with increased
deposition. However, all depositions in the Oslo grid from the test run are slightly higher - 10-
20%, than the depositions from the standard run. On the other hand, calculated time integrated
concentrations in the test runs in the Oslo grid differ, sometimes significantly from those in the
standard run. The largest difference -87% can be noticed for I-131 and the run with increased
horisontal diffusion.
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Table 13: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run with
increased horisontal diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m3) (Bq m~2)
Cs-137 0.33x 10! 0.11x10?

I-131 0.13x10? 0.14x10°
Xe-133 0.31x10° 0.0

Sensitivity measures, for the runs without horisontal diffusion and with increased horisontal
diffusion are shown in Table§32] and These measures are relatively (compared to dry and
wet deposition) low for SCF and all three isotopes. For SDF, the measures for Cs-137 and
[-131 are similar to those for dry deposition, but much lower than those for wet deposition.
Three sensitivity measures (SDF, SCF and SDGQG), for the runs without horisontal diffusion
and with increased horisontal diffusion, are a bit higher for I-131 than for Cs-137. The SCG
measure is higher for Cs-137. Sensitivity measures for Xe-133 are lower for the runs with and
without horisontal diffusion than for the run without a radioactive decay.

Table 14: Sensitivity measures as defined in Eqgs. - , for the run without horisontal

diffusion.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 1222 | 11.5 ] 11.0 | -17.8
1-131 1500 | 16.3 | 11.8 | -13.6

Xe-133 00 |102| 00 | 444

Table 15: Sensitivity measures as defined in Egs. - , for the run with increased ho-
risontal diffusion.

Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 1354 | 200 | 5.8 | 209
I-131 139.2 | 260 | 7.5 | 27.0
Xe-133 00 | 146 | 0.0 | 104.0
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Figure 28: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 29: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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Figure 30: Results of the sensitivity run with increased horisontal diffusion. Maps of time
integrated concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 31: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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Figure 32: Results of the sensitivity run with increased horisontal diffusion. Maps of time
integrated concentration and deposition of I-131, 48 hours from the accident start.
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Figure 33: Results of the sensitivity run without horisontal diffusion (above) and increased
horisontal diffusion (below). Maps of time integrated concentration and deposition
of Xe-133, 48 hours from the accident start.
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5.6. Sensitivity to vertical diffusion

As in case of horisontal diffusion, sensitivity to vertical diffusion was also tested in two model
runs. In the first run, the process of vertical diffusion was switched off, both below and above
the mixing height. In the second run, vertical diffusion was increased by applying double
value to vertical diffusion coefficient, in the boundary layer and above.

The maps of time integrated concentration and total deposition for Cs-137 for the run with-
out vertical diffusion are shown in Fig. The maps of time integrated concentration and
total deposition for I-131, for the same run, are shown in Fig. [59] All test maps for Cs-137
and I-131 differ significantly from the standard run maps. The plumes in the test runs are
narrower and gradients are steeper. This applies, both to the maps of deposition and maps of
time integrated concentration.

The maps of time integrated concentration and total deposition for Cs-137 and the run with
increased vertical diffusion are shown in Fig. [60] The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig. @ Also in this case, the
results for Cs-137 and 1-131 on the maps from test runs are quite different from the results
on the maps from the standard run. However, in the run with increased vertical diffusion, the
plumes are wider than the plumes from the standard run.

The maps of time integrated concentration for Xe-133 are shown in Fig. [62] for the runs
without vertical diffusion and the runs with increased vertical diffusion. The differences in
Xe-133 time integrated concentrations between the standard run and the test runs without
vertical diffusion and with increased vertical diffusion are very similar like in case of Cs-137
and I-131. Compared to the standard run results, narrower plume can be noticed in the run
without vertical diffusion and wider plume in the run with increased vertical diffusion.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table |34{ - for the model run
without vertical diffusion and in Table[33]- for the model run with increased vertical diffusion.

Table 16: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without vertical diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m—3) (Bqm~2)
Cs-137 0.00E+00 0.00E+00

I-131 0.00E+00 0.00E+00
Xe-133 0.00E+00 0.00e+00

Only zeros can be found in Table @ because in the model run without vertical diffusion,
radioactive debris did not arrive to Oslo grid at all. On the other hand, time integrated concen-
trations and deposition in the Oslo grid from the model run with increased vertical diffusion
(Table [35) are much higher than corresponding values from the standard run. It means that for
Oslo location, model sensitivity to vertical diffusion is relatively high.
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Table 17: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run with
increased vertical diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m3) (Bq m~2)
Cs-137 0.79x 10! 0.28x10°

I-131 0.30x10° 0.36x10°
Xe-133 0.60x 103 0.0

Sensitivity measures for the run without vertical diffusion and run with enhanced vertical
diffusion are shown in Table Compared to other sensitivity tests, the local measures (SDG
and SCQ) are relatively high, both for the run without vertical diffusion and run with increased
vertical diffusion. The global measures - SDF and SCF - are approximately 100% higher in
the run without vertical diffusion than in the run with increased vertical diffusion. In both
runs, the global measure for time integrated concentration (SCF) is more sensitive to vertical
diffusion than the global measure for deposition SDF.

Table 18: Sensitivity measures as defined in Eqgs. - , for the run without vertical dif-
fusion and the model run with enhanced vertical diffusion.

Radionuclide | SDF | SCF | SDG SCG
selected

No vertical diffusion
Cs-137 88.2 | 188.4 | -100.0 | -100.0
[-131 96.0 | 273.1 | -100.0 | -100.0
Xe-133 0.0 | 2040| 0.0 |-100.0
More vertical diffusion

Cs-137 482 | 939 | 1747 | 190.3
I-131 46.0 | 90.7 | 172.5 | 202.5
Xe-133 0.0 | 1025 | 0.0 291.5
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Figure 34: Results of the sensitivity run without vertical diffusion. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 35: Results of the sensitivity run without vertical diffusion. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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Figure 36: Results of the sensitivity run with increased vertical diffusion. Maps of time inte-
grated concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 37: Results of the sensitivity run with increased vertical diffusion. Maps of time inte-
grated concentration and deposition of I-131, 48 hours from the accident start.
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Figure 38: Results of the sensitivity run without vertical diffusion (above) and increased ver-
tical diffusion (below). Maps of time integrated concentration and deposition of
Xe-133, 48 hours from the accident start.
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5.7. Sensitivity to number of model particles

The number of model particles is not related to any particular physical process, but it decides
about the accuracy of the approximation of the model equations. The accuracy of the model
results increases with the number of model particles and it should be as large as possible.
Unfortunately, this number is limited for technical reasons, mainly computational time and
available CPU memory. For the model applications, it is important to know how the model
results are changing with the number of model particles used in the simulation. In the standard
model run, the number of model particles was set to 2000 for each model time step. It means
that total number of the model particles released was 240 000. In the sensitivity tests, we have
tried both lower and higher number of model particles as shown in Table The number of
model particles used in the standard run is highlighted in Table

Table 19: The number of model particles used in the sensitivity tests. The number of model
particles in the standard run is highlighted.

Per time step | 500 1000 2000 4000 8000

Total 60 000 | 120 000 | 240 000 | 480 000 | 960 000

The results of sensitivity runs with different number of the model particles are shown in
Fig. - (66) - for Cs-137, in Fig. (67) - - for I-131, and in Fig. - - for
Xe-133. For all numbers of model particles tested and for all radionuclides selected, the maps
of time integrated concentration and deposition look very similar to those form the standard
run. In some cases, only very small differences can noticed at the edge of the plume, where
the concentration and deposition values are small. However, these small differences can be
neglected in practical applications of the SNAP model.

The results of the SNAP runs, for different number of model particles are summarised in
Table 38| - in the model grid square where the city of Oslo is located. The results are shown
48 hours after the release start. The most significant differences between the test run and the
standard run for time integrated concentration can be noticed in the run with 500 particles
per time step - for Cs-137 and 1-131, and in the run with 200 particles in case of Xe-133.
Calculated deposition in the Oslo grid is not so sensitive to the number of model particles
and differences between the test runs and the standard run are much smaller compared to time
integrated concentration.

Sensitivity measures for the SNAP runs with different number of model particles are shown
in Table [56] Global sensitivity measures (SDF and SCF) are relatively small, especially for
SDF measure and the test runs with the number of model particles lower than standard. For
CS-137 and I-131, the global deposition measures are higher than global concentration mea-
sures for the number of model particles higher than standard. For Xe-131, the SCF measure
remains on the same level for all test model runs and is very small.

74



5.7. Sensitivity to number of model particles

Table 20: Time integrated concentrations, 48 hours after the start of release, in the model grid
cell where the city of Oslo is located. Results of the model runs with different
number of model particles (N). Values for the standard run are highlighted. The unit

for time integrated concentration is Bq h m~> and the unit for deposition is Bq m~2.

N [ GCs137 | 1131

[ Xe-133

Time Integrated Concentration

200
500
2000
4000
8000

0.35E+01
0.52E+01
0.27E+01
0.30E+01
0.27E+01

0.12E+03
0.18E+03
0.99E+02
0.12E+03
0.99E+02

0.41E+03
0.83E+02
0.15E+03
0.20E+03
0.21E+03

Deposition

200
500
2000
4000
8000

0.87E+02
0.11E+03
0.10E+03
0.99E+02
0.10E+03

0.11E+05
0.14E+05
0.13E+05
0.13E+05
0.13E+05

0.0
0.0
0.0
0.0
0.0

Table 21: Sensitivity measures as defined in Eqs. - , for the SNAP runs with different

number of model particles (N).

N [ SDF [ SCF | SDG | SCG
Cs-137
200 | 27 [ 126 [ -16.4 | 277
500 | 2.4 | 120 | 102 | 915
4000 | 57.2 | 11.7 | -4.8 | 109
8000 | 732 | 199 | -1.5 | -25
1-131
200 | 33 [16.0 [-19.7 [ 263
500 | 27 | 151 | 57 | 80.9
4000 | 50.9 | 154 | 2.6 | 175
8000 | 65.0 | 259 | 0.1 | 0.5
Xe-133
200 | 0.0 [134] 0.0 [1657
500 | 0.0 | 108 | 0.0 | -45.8
4000 | 0.0 | 179 | 00 | 33.8
8000 | 0.0 | 6.0 | 0.0 | 382

2
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Figure 39: Results of the sensitivity run with 200 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 40: Results of the sensitivity run with 500 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.

7



5. Sensitivity Tests for Nuclear Accident

0.1E+04
0.1E+03
0.1E+02

0.1E+01

0.1E+00
0.1E-01
0.1E-02

0.1E+06
0.1E+05
0.1E+04

0.1E+03
0.1E+02
0.1E+01
0.1E+00

Figure 41: Results of the sensitivity run with 4000 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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The choice of the basic case, as well as the resulting source term for the standard run
are described in this Chapter, together with the results of sensitivity runs. A brief summary,
comparison and ranking of model sensitivities to different processes are also included at the
end of the Chapter.

5.8. Standard run for nuclear accident

As a basic case for the standard run we assumed a hypothetical nuclear accident in the ship
located close to Norwegian coast, as described in the MetNet exercise which took place in
October 2010. Original description of the simulated accident was the following: ”A serious
accident has occurred aboard a transport ship carrying nuclear waste to Murmansk. The ship
is on fire and is reported to leak Cs-137 from a storage tank™. To make this basic case a bit
more general we have also assumed the release of two other radionuclides iodine and xenon.
In this way, we could take into account radionuclides in the form of gas, aerosol and noble
gas. Atmospheric transport of these radionuclides is simulated for 48 hours in the standard
run and in the test runs.

5.8.1. Source term

Participants of the MetNet exercise in October 2010 were asked to report long range dispersion
results based on the original source term:

Location: Coast of Norway

Longitude: E 9 deg 10 min 00 sec (9,167)

Latitude: N 64 deg 15 min 00 sec (64,250)

Date and time of release start: 14.10.2010 06:00 UTC
Height of release: 15 meters

Plume rise: up to 500 meters

Length of release: 10 hours

Total amount of nuclides: 9.4E+15 Bg Cs-137 = 2.6E+11 Bqg/s

In addition, the release of iodine and xenon was assumed from the same location with the
rates given below:

5.0E17 Bg of iodine (I-131) => Release rate = 1.39E+13 Bg/sec
3.6E17 Bg of xenon (Xe-133) => Release rate 1.00E+13 Bg/sec

The decay constants for selected radionuclides were taken from Appendix [A{and converted
to a half-life time as traditional input for the SNAP model. Both, decay constants and half-life
times for selected three radionuclides are given in Table [22] Compared to I-131 and Xe-133,
Cs-137 has much longer half-life time and in practice its radioactive decay during the 48 hours
simulation can be neglected. Therefore one can expect a low sensitivity of model results to
radioactive decay for concentration and deposition of Cs-137.

The above specified source term for nuclear accident was used for the standard run in sen-
sitivity tests.
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Table 22: Decay constants and half-life times for three radionuclides selected for sensitivity

tests.
Decay variable Cs-137 I-131 Xe-133
Decay constant (s~ 1) | 0.729 x 1072 | 0.944 x 107° | 0.729 x 10~
Half-life time (days) | 10954.88 8.07 4.57

5.8.2. Results of the standard run

The source term described in the previous section was used to calculate time integrated con-
centrations and total deposition for the standard run. The results for Cs-137, I-131 and Xe-133
are presented in Figures. #2] [43] and [{4] respectively, in the form of time integrated concen-
tration and deposition maps after 48 hours from the release start.

Time integrated concentrations and deposition calculated in the standard SNAP run show
similar spatial pattern for all selected radionuclides. However, calculated values are different
for each radionuclide reflecting differences in their release rates. In the initial phase of the
transport, the plume is relatively narrow and directed mainly to the south and little bit to the
east. In the later phase, prevailing wind direction is changing, horisontal diffusion becomes
stronger and the plume is reaching Northern part of Germany in the south, covering Denmark
on the way. In the east, the plume is reaching Baltic Sea and in the west it covers almost entire
North Sea area, being close to the United Kingdom.

For comparison of sensitivity results, time integrated concentrations and deposition were
calculated in the model grid square where the city of Oslo is located. The results for the
standard run in the Oslo grid are presented in Table 23]

Table 23: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the standard run.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™) (Bqm™?)
Cs-137 0.27x 10! 0.10x10°

I-131 0.99x 102 0.13x10°
Xe-133 0.15x103 0.0

The values of time integrated concentrations and deposition for each radionuclide in Ta-
ble 23] reflect roughly their release rates in the source term for the standard run. However, the
highest values of time integrated concentration can be noticed for Xe-133, although total re-
lease for I-131 (5.0e17 Bq) is higher than the total release for Xe (3.6e17 Bq). This is because
Xe-133 is a noble gas which is neither dry nor wet deposited, with zero deposition value in
Table Therefore, the relative amount of Xe-133 radioactivity remaining in the air during
the transport is significantly higher than the amount of radioactivity of regular gas or aerosol.
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Figure 42: The results of the standard SNAP run for Cs-137 after 48 hours from the accident
start. Time integrated concentrations in Bq h m—> above and total deposition in Bq
m~3 in the bottom.
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Figure 43: The results of the standard SNAP run for I-131 after 48 hours from the accident
start. Time integrated concentrations in Bq h m—3 above and total deposition in Bq
m~> in the bottom.
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5.8. Standard run for nuclear accident

Time Integrated Concentration (Bgh/m3) — STANDARD Xe-133
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Figure 44: The results of the standard SNAP run for Xe-133 after 48 hours from the accident
start. Time integrated concentrations in Bq h m .
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5. Sensitivity Tests for Nuclear Accident

5.9. Sensitivity to dry deposition

Sensitivity to dry deposition was tested in the model run without dry deposition process. The
maps of time integrated concentration and total deposition for Cs-137 are shown in Fig. 5]
and the maps of time integrated concentration and total deposition for I-131 are shown in
Fig. 46] Since Xe-133 is a noble gas, it is not sensitive to dry deposition and the deposition
and concentration maps are not shown here for Xe-133.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table [24] for the model run without dry deposition, 48 hours after the
start of release. Sensitivity measures for the run without dry deposition are shown in Table 23]

Table 24: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without dry deposition.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™) (Bqm™?)
Cs-137 0.29x 10" 0.0

I-131 0.12x103 0.0
Xe-133 0.15x103 0.0

SENS SDF SCF SDG SCG Cs-137 58.4 77.1 -100.0 5.0 1-131 136.0 292.7 -100.0 18.9
Xe-1330000

Table 25: Sensitivity measures as defined in Eqgs. - (32), for the run without dry

deposition.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 584 | 77.1 | -100.0 | 5.0
I-131 136.0 | 292.7 | -100.0 | 18.9
Xe-133 0 0 0 0

Elimination of dry deposition from the model processes results in higher air concentrations
of Cs-137 and I-131, visible in the concentration maps (Fig. 45|and and in the sensitivity
measures (Table 25)). The SCF values in Table [25] show that time integrated concentration of
I-131 is definitely more sensitive to dry deposition process than time integrated concentration
of Cs-137. The same conclusion applies to deposition, as indicated by SDF measure in Ta-
ble Sensitivity of Cs-137 and I-131 deposition to dry deposition is also clearly visible
in the deposition maps for those radionuclides (Fig. 43| and 6). Total deposition pattern is
the same as wet deposition pattern on those maps and it reflects the precipitation distribution
during the transport. Since it does not rain in Oslo, total deposition in Oslo grid in the run
without dry deposition is zero, which explains -100.0 values of SDG measure in Table 25]
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5.9. Sensitivity to dry deposition
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Figure 45: Results of the sensitivity run without dry deposition. Maps of time integrated con-
centration and deposition of Cs-137, 48 hours from the accident start.
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Figure 46: Results of the sensitivity run without dry deposition. Maps of time integrated con-
centration and deposition of I-131, 48 hours from the accident start.
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5.10. Sensitivity to wet deposition

5.10. Sensitivity to wet deposition

Sensitivity to dry deposition was tested in the model run without wet deposition process. The
maps of time integrated concentration and total deposition for Cs-137 run are shown in Fig.
and the maps of time integrated concentration and total deposition for I-131 run are shown in
Fig. 48 Since Xe-133 is a noble gas, it is not sensitive to wet deposition and the deposition
and concentration maps are not shown here for Xe-133. Compared to the results of standard
run, time integrated concentrations of Cs-137 and I-131 is higher and smoother in the run
without wet deposition, especially in the centre of the plume. The deposition maps shown in
the same figures indicate, on the other hand, slightly lower deposition values compared to the
standard run.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table [26| for the model run without wet deposition, 48 hours after the
start of release. Both, time integrated concentrations and deposition of Cs-137 and I-131 in
the Oslo grid are higher in the run without wet deposition than in the standard run. Sensitivity
measures for the run without wet deposition are shown in Table

Table 26: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without wet deposition.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m—3) (Bqm~2)
Cs-137 0.62x 10! 0.17x10°

I-131 0.29x10° 0.27x10
Xe-133 0.15x10°3 0.0

Table 27: Sensitivity measures as defined in Eq. - (32), for the run without wet deposition.

Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 5452 | 234.5 | 68.8 | 126.4
I-131 464.8 | 341.5 | 102.7 | 189.6
Xe-133 0 0 0 0

The sensitivity measures in Table[27]show that the model is more sensitive to wet deposition
than to dry deposition. Especially, the SDF values in Table [27| are very high, which means
that the sensitivity of both radionuclides is higher for deposition than concentration, however,
the sensitivity of concentrations to wet deposition is also relatively high. High sensitivity to
wet deposition is also confirmed by local SDG and SCG measures in Table [2/| which apply
to the model grid square with Oslo location. In this case sensitivity is slightly higher for
concentration than for deposition.
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Figure 47: Results of the sensitivity run without wet deposition. Maps of time integrated con-
centration and deposition of Cs-137, 48 hours from the accident start.
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5.10. Sensitivity to wet deposition
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Figure 48: Results of the sensitivity run without wet deposition. Maps of time integrated con-
centration and deposition of I-131, 48 hours from the accident start.
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5. Sensitivity Tests for Nuclear Accident

5.11. Sensitivity to radioactive decay

Sensitivity to radioactive decay was tested in the model run without a decay process. The maps
of time integrated concentration and total deposition for Cs-137 run are shown in Fig.[d9] The
maps of time integrated concentration and total deposition for I-131 are shown in Fig. [50]and
finally the map of time integrated concentration for Xe-133 is shown in Fig. Since Xe-
133 is a noble gas the deposition field for this radionuclide is not shown. Practically, there
are no differences between the standard run and the test run for Cs-137 in time integrated
concentration and in deposition maps. Also for I-131 the differences between maps from the
standard and test runs are small and they are not large either for the maps of time integrated
concentrations of Xe-133.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table 28| for the model run
without radioactive decay. For Cs-137, both time integrated concentrations and deposition
are practically the same in the standard run and in the test run. For I-131, there is only 1%
difference in time integrated concentration, but deposition in the run without radioactive decay
1s 15% higher than in the standard run. However, time integrated concentration of Xe-131 in
the Oslo grid is almost two times higher in the test run than in the standard run.

Sensitivity measures for the run without radioactive decay are given in Table As ex-
pected, the model results for Cs-137 are definitely not sensitive to radioactive decay. Certain
model sensitivity to radioactive decay can be noticed in case of I-131 and some more sensitiv-
ity in case of time integrated concentration of Xe-133.

Table 28: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without radioactive decay.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™) (Bqm™?)
Cs-137 0.27x 10" 0.10x10°

I-131 0.10x10? 0.15x 10
Xe-133 0.27x10° 0.0

Table 29: Sensitivity measures as defined in Eqgs. - (32), for the run without radioactive

decay.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 0.1 00 | 00 0.0
I-131 108 | 84 | 15.1 | 4.1

Xe-133 0.0 1260| 0.0 | 794

90



5.11. Sensitivity to radioactive decay
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Figure 49: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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5. Sensitivity Tests for Nuclear Accident

Time Integrated Concentration (Bgh/m3) — NO DECAY I-131
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Figure 50: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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5.11. Sensitivity to radioactive decay

Time Integrated Concentration (Bgh/m3) — NO DECAY Xe-133
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Figure 51: Results of the sensitivity run without radioactive decay. Maps of time integrated
concentration and deposition of Xe-133, 48 hours from the accident start.
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5. Sensitivity Tests for Nuclear Accident

5.12. Sensitivity to horisontal diffusion

Sensitivity to horisontal diffusion was tested in two model runs. In the first run, the process
of horisontal diffusion was switched off, both below and above the mixing height. In the
second run, horisontal diffusion was increased by applying double value to horisontal diffusion
coefficient, again in the boundary layer and above.

The maps of time integrated concentrations and total deposition for Cs-137 for the run
without horisontal diffusion are shown in Fig. The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig.[55] Both, for Cs-137 and
I-131 the differences between the standard run the run without horisontal diffusion are very
small. It applies to the maps of time integrated concentration and deposition maps, as well.

The maps of time integrated concentrations and total deposition for Cs-137 for the run with
increased horisontal diffusion are shown in Fig. The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig.[56] The differences between
the standard run and the test run with increased horisontal diffusion are also small in this case
for both radionuclides.

The maps of time integrated concentration for Xe-133 are shown in Fig. |57 for the runs
without horisontal diffusion and increased horisontal diffusion. Once again, differences be-
tween the maps of time integrated concentrations calculated in the run with no horisontal
diffusion, in the run with increased horisontal diffusion and in the standard run are very small.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table [30] for the model run
without horisontal diffusion and in Table for the model run with increased horisontal dif-
fusion. As in case of Cs-137 and I-131, also there are only small differences between time
integrated concentrations maps from the standard run and the runs without and with increase
horisontal diffusion.

Table 30: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without horisontal diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™) (Bqm™?)
Cs-137 0.22x 10" 0.12x10°

I-131 0.85x 102 0.15x10
Xe-133 0.22x103 0.0

In general there is not much difference between the deposition values from the standard
and test runs for all radionuclides and for both, run without deposition and run with increased
deposition. However, all depositions in the Oslo grid from the test run are slightly higher - 10-
20%, than the depositions from the standard run. On the other hand, calculated time integrated
concentrations in the test runs in the Oslo grid differ, sometimes significantly from those in the
standard run. The largest difference -87% can be noticed for I-131 and the run with increased
horisontal diffusion.
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5.12. Sensitivity to horisontal diffusion

Table 31: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run with
increased horisontal diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m?) (Bq m~2)
Cs-137 0.33x 10! 0.11x10°

I-131 0.13x10? 0.14x10°
Xe-133 0.31x10° 0.0

Sensitivity measures, for the runs without horisontal diffusion and with increased horisontal
diffusion are shown in Table§32] and These measures are relatively (compared to dry and
wet deposition) low for SCF and all three isotopes. For SDF, the measures for Cs-137 and
I-131 are similar to those for dry deposition, but much lower than those for wet deposition.
Three sensitivity measures (SDF, SCF and SDGQG), for the runs without horisontal diffusion
and with increased horisontal diffusion, are a bit higher for I-131 than for Cs-137. The SCG
measure is higher for Cs-137. Sensitivity measures for Xe-133 are lower for the runs with and
without horisontal diffusion than for the run without a radioactive decay.

Table 32: Sensitivity measures as defined in Egs. - , for the run without horisontal

diffusion.
Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 1222 | 11.5 | 11.0 | -17.8
I-131 150.0 | 16.3 | 11.8 | -13.6

Xe-133 00 | 102 | 00 | 444

Table 33: Sensitivity measures as defined in Eqgs. - , for the run with increased ho-
risontal diffusion.

Radionuclide | SDF | SCF | SDG | SCG
selected
Cs-137 1354 { 200 | 5.8 | 209
I-131 139.2 | 260 | 7.5 27.0
Xe-133 00 | 146 | 0.0 | 104.0
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Figure 52: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 53: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 54: Results of the sensitivity run with increased horisontal diffusion. Maps of time
integrated concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 55: Results of the sensitivity run without horisontal diffusion. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 56: Results of the sensitivity run with increased horisontal diffusion. Maps of time
integrated concentration and deposition of I-131, 48 hours from the accident start.
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Figure 57: Results of the sensitivity run without horisontal diffusion (above) and increased
horisontal diffusion (below). Maps of time integrated concentration and deposition
of Xe-133, 48 hours from the accident start.
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5. Sensitivity Tests for Nuclear Accident

5.13. Sensitivity to vertical diffusion

As in case of horisontal diffusion, sensitivity to vertical diffusion was also tested in two model
runs. In the first run, the process of vertical diffusion was switched off, both below and above
the mixing height. In the second run, vertical diffusion was increased by applying double
value to vertical diffusion coefficient, in the boundary layer and above.

The maps of time integrated concentration and total deposition for Cs-137 for the run with-
out vertical diffusion are shown in Fig. The maps of time integrated concentration and
total deposition for I-131, for the same run, are shown in Fig. [59] All test maps for Cs-137
and I-131 differ significantly from the standard run maps. The plumes in the test runs are
narrower and gradients are steeper. This applies, both to the maps of deposition and maps of
time integrated concentration.

The maps of time integrated concentration and total deposition for Cs-137 and the run with
increased vertical diffusion are shown in Fig. [60] The maps of time integrated concentration
and total deposition for I-131, for the same run, are shown in Fig. @ Also in this case, the
results for Cs-137 and 1-131 on the maps from test runs are quite different from the results
on the maps from the standard run. However, in the run with increased vertical diffusion, the
plumes are wider than the plumes from the standard run.

The maps of time integrated concentration for Xe-133 are shown in Fig. [62] for the runs
without vertical diffusion and the runs with increased vertical diffusion. The differences in
Xe-133 time integrated concentrations between the standard run and the test runs without
vertical diffusion and with increased vertical diffusion are very similar like in case of Cs-137
and I[-131. Compared to the standard run results, narrower plume can be noticed in the run
without vertical diffusion and wider plume in the run with increased vertical diffusion.

Time integrated concentrations and deposition, 48 hours after the start of release, in the
model grid cell where the city of Oslo is located are shown in Table [34{ - for the model run
without vertical diffusion and in Table [33]- for the model run with increased vertical diffusion.

Table 34: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without vertical diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m™) (Bqm™?)
Cs-137 0.00E+00 0.00E+00

I-131 0.00E+00 0.00E+00
Xe-133 0.00E+00 0.00e+00

Only zeros can be found in Table @ because in the model run without vertical diffusion,
radioactive debris did not arrive to Oslo grid at all. On the other hand, time integrated concen-
trations and deposition in the Oslo grid from the model run with increased vertical diffusion
(Table [35)) are much higher than corresponding values from the standard run. It means that for
Oslo location, model sensitivity to vertical diffusion is relatively high.
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Table 35: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the model run with
increased vertical diffusion.

Radionuclide Time integrated Total deposition
selected concentration (Bq h m?) (Bq m~2)
Cs-137 0.79x 10! 0.28x10°

I-131 0.30x10? 0.36x10°
Xe-133 0.60x10° 0.0

Sensitivity measures for the run without vertical diffusion and run with enhanced vertical
diffusion are shown in Table Compared to other sensitivity tests, the local measures (SDG
and SCQG) are relatively high, both for the run without vertical diffusion and run with increased
vertical diffusion. The global measures - SDF and SCF - are approximately 100% higher in
the run without vertical diffusion than in the run with increased vertical diffusion. In both
runs, the global measure for time integrated concentration (SCF) is more sensitive to vertical

diffusion than the global measure for deposition SDF.

Table 36: Sensitivity measures as defined in Eqgs. - , for the run without vertical dif-
fusion and the model run with enhanced vertical diffusion.

Radionuclide | SDF | SCF | SDG | SCG

selected
No vertical diffusion

Cs-137 88.2 | 188.4 | -100.0 | -100.0

I-131 96.0 | 273.1 | -100.0 | -100.0

Xe-133 0.0 | 2040| 0.0 |-100.0

More vertical diffusion

Cs-137 48.2 | 939 | 174.7 | 190.3

I-131 46.0 | 90.7 | 172.5 | 202.5

Xe-133 0.0 | 1025 | 0.0 291.5
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Figure 58: Results of the sensitivity run without vertical diffusion. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 59: Results of the sensitivity run without vertical diffusion. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 60: Results of the sensitivity run with increased vertical diffusion. Maps of time inte-
grated concentration and deposition of Cs-137, 48 hours from the accident start.
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Time Integrated Concentration (Bgh/m3) - MORE VERTICAL I-131
__:L '\fi\fj\\;3.};-“*-‘-&;{,-j.‘fﬁ‘,:/ \ "

0.1E+06
_____ 0.1E+05
T\

0.1E+04

T (! g LA
/ i | \ S 4 S \.__ i
" | Y , iy, // ‘\
~1 [ 3 ( . g
. III : 'al :‘,. P ’ P . g 0.1E+03
~/ | | o - g
T Y Y 0.1E+02
] .II \\ N |
| } | ! N 0.1E+01
| | B 2 §
—= \ 0.1E+00
. L

Total Deposition (Bg/m2) — MORE VERTICAL I-131

aa— | i
.

0.1E+08

0.1E+07

_____
[
| |

0.1E+06

i / I e | \ - T e 0.1E+05
-~ f | \ ey A _
T | AN . 0.1E+04
| Y i p 3
f 1 Vo 1 AN 0.1E+03
i o | - _7____,;;--"'- ‘\“ A !
] — \ \_~ 0.1E+02
| | || ——
| | o Vo

Figure 61: Results of the sensitivity run with increased vertical diffusion. Maps of time inte-
grated concentration and deposition of I-131, 48 hours from the accident start.
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Figure 62: Results of the sensitivity run without vertical diffusion (above) and increased ver-
tical diffusion (below). Maps of time integrated concentration and deposition of
Xe-133, 48 hours from the accident start.
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5.14. Sensitivity to number of model particles

The number of model particles is not related to any particular physical process, but it decides
about the accuracy of the approximation of the model equations. The accuracy of the model
results increases with the number of model particles and it should be as large as possible.
Unfortunately, this number is limited for technical reasons, mainly computational time and
available CPU memory. For the model applications, it is important to know how the model
results are changing with the number of model particles used in the simulation. In the standard
model run, the number of model particles was set to 2000 for each model time step. It means
that total number of the model particles released was 240 000. In the sensitivity tests, we have
tried both lower and higher number of model particles as shown in Table The number of
model particles used in the standard run is highlighted in Table

Table 37: The number of model particles used in the sensitivity tests. The number of model
particles in the standard run is highlighted.

Per time step | 500 1000 2000 4000 8000

Total 60 000 | 120 000 | 240 000 | 480 000 | 960 000

The results of sensitivity runs with different number of the model particles are shown in
Fig. (63) - (66) - for Cs-137, in Fig. - - for I-131, and in Fig. - - for
Xe-133. For all numbers of model particles tested and for all radionuclides selected, the maps
of time integrated concentration and deposition look very similar to those form the standard
run. In some cases, only very small differences can noticed at the edge of the plume, where
the concentration and deposition values are small. However, these small differences can be
neglected in practical applications of the SNAP model.

The results of the SNAP runs, for different number of model particles are summarised in
Table 38| - in the model grid square where the city of Oslo is located. The results are shown
48 hours after the release start. The most significant differences between the test run and the
standard run for time integrated concentration can be noticed in the run with 500 particles
per time step - for Cs-137 and 1-131, and in the run with 200 particles in case of Xe-133.
Calculated deposition in the Oslo grid is not so sensitive to the number of model particles
and differences between the test runs and the standard run are much smaller compared to time
integrated concentration.

Sensitivity measures for the SNAP runs with different number of model particles are shown
in Table [56] Global sensitivity measures (SDF and SCF) are relatively small, especially for
SDF measure and the test runs with the number of model particles lower than standard. For
CS-137 and I-131, the global deposition measures are higher than global concentration mea-
sures for the number of model particles higher than standard. For Xe-131, the SCF measure
remains on the same level for all test model runs and is very small.
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Table 38: Time integrated concentrations, 48 hours after the start of release, in the model grid
cell where the city of Oslo is located. Results of the model runs with different
number of model particles (N). Values for the standard run are highlighted. The unit
for time integrated concentration is Bq h m~> and the unit for deposition is Bq m~2.

N [ Cs137 | I-131 | Xe-133

Table 39: Sensitivity measures as defined in Egs. - , for the SNAP runs with different
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Time Integrated Concentration

200
500
2000
4000
8000

0.35E+01
0.52E+01
0.27E+01
0.30E+01
0.27E+01

0.12E+03
0.18E+03
0.99E+02
0.12E+03
0.99E+02

0.41E+03
0.83E+02
0.15SE+03
0.20E+03
0.21E+03

Deposition

200
500
2000
4000
8000

0.87E+02
0.11E+03
0.10E+03
0.99E+02
0.10E+03

0.11E+05
0.14E+05
0.13E+05
0.13E+05
0.13E+05

0.0
0.0
0.0
0.0
0.0

number of model particles (N).

N [ SDF | SCF | SDG | SCG
Cs-137
200 | 27 [ 126 [ -16.4 | 277
500 | 2.4 | 120 | 102 | 915
4000 | 57.2 | 11.7 | -4.8 | 109
8000 | 732 | 199 | -1.5 | -25
1-131
200 | 33 [16.0 [-19.7 | 26.3
500 | 27 | 151 | 57 | 809
4000 | 50.9 | 154 | -2.6 | 175
8000 | 65.0 | 259 | 0.1 | 05
Xe-133
200 | 0.0 [134] 0.0 [165.7
500 | 0.0 | 108 | 0.0 | -45.8
4000 | 0.0 | 179 | 0.0 | 338
8000 | 0.0 | 6.0 | 0.0 | 382
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Figure 63: Results of the sensitivity run with 200 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 64: Results of the sensitivity run with 500 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Time Integrated Concentration (Bgh/m3) — 4000 PARTICLES Cs-137
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Figure 65: Results of the sensitivity run with 4000 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Figure 66: Results of the sensitivity run with 8000 model particles. Maps of time integrated
concentration and deposition of Cs-137, 48 hours from the accident start.
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Time Integrated Concentration (Bgh/m3) - 200 PARTICLES I-131
S

0.1E+06

0.1E+05

________
T |
| |

0.1E+04

0.1E+03

0.1E+02
0.1E+01
0.1E+00

0.1E+08
0.1E+07
0.1E+06

0.1E+05
0.1E+04
0.1E+03
0.1E+02

Figure 67: Results of the sensitivity run with 200 model particles. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 68: Results of the sensitivity run with 500 model particles. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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Time Integrated Concentration (Bgh/m3) - 4000 PARTICLES I-131
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Figure 69: Results of the sensitivity run with 4000 model particles. Maps of time integrated
concentration and deposition of I-131, 48 hours from the accident start.
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Figure 70: Results of the sensitivity run with 8000 model particles. Maps of time integrated
concentration and deposition of 1-131, 48 hours from the accident start.
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Time Integrated Concentration (Bgh/m3) - 200 PARTICLES Xe-133
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Figure 71: Results of the sensitivity run with 200 (above) and 500 (below) model particles.
Maps of time integrated concentration of Xe-133, 48 hours from the accident start.
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Figure 72: Results of the sensitivity run with 4000 (above) and 8000 (below) model particles.
Maps of time integrated concentration of Xe-133, 48 hours from the accident start.
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5.15. Sensitivity ranking for nuclear accident

Sensitivity ranking for nuclear accident is based on the comparison of sensitivity measures, as
well as on visual comparison of the maps for time integrated concentration and deposition in
relation to the standard run. The sensitivity measures for selected test runs are given in Table
In this Table, we focus our attention on the global sensitivity measures: SDF - for total
deposition and SCF - for time integrated concentration.

The results of sensitivity tests are similar for Cs-137 and I-131, but quite different for Xe-
133, because of the lack of deposition processes. For both, Cs-137 and I-131 isotopes, the
calculated deposition and time integrated concentration is the most sensitive to wet deposi-
tion. Diffusion is the second in the sensitivity ranking, with horisontal diffusion being more
important in case of Cs-137 and vertical diffusion more important in case of I-131. Next in
the ranking is dry deposition for both isotopes.

For Cs-137, model is not sensitive at all to radioactive decay because of the long half-life
time. Also for I-131, the model is relatively not sensitive to radioactive decay. For Xe-133,
model is more sensitive to radioactive decay, because of much shorter half-life time.

For both Cs-137 and 1-131, the sensitivity of calculated time integrated concentration to
the number of model particles is relatively low. For calculated deposition, sensitivity to the
number of model particles is slightly higher, on the same level as to dry deposition for Cs-137,
but 50% lower for I-131.

For Xe-133, only SCF sensitivity measure can be considered, because there is no wet and
dry deposition. In this case, calculated time integrated concentration is the most sensitive to
vertical diffusion and radioactive decay, followed by horisonatal diffusion and the number of
model particles.

The maps of time integrated concentration and deposition from the test runs have been
compared with corresponding maps from the standard run. In general, the differences between
the test runs and the standard run are small in case of Cs-137 and I-131, however, with some
exceptions. Namely, the differences are large in case of the run without vertical diffusion in
both, time integrated concentration and deposition maps. However smaller, the differences
also can be noticed in the test runs without dry deposition, without wet deposition and with
increased diffusion, but only in the deposition fields. In case of Xe-133, large differences are
present in the map of time integrated concentration from the run without vertical diffusion and
slightly lower in the map from the run without radioactive decay.

No differences, or only very small differences, between the test runs and standard run can
be noticed for the tests with different number of model particles used, for all radionuclides
selected.

The sensitivity ranking for nuclear accident is similar for Cs-137 and I-131. The model is
most sensitive wet deposition then diffusion and dry deposition. For Xe-133, model is mostly
sensitive to vertical diffusion and then to radioactive decay and horisontal diffusion. The
sensitivity to the number of model particles used is relatively low for all radionuclides.
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Table 40: Comparison of sensitivity measures for Cs-137, for different sensitivity tests.

Run | SDF| SCF| SDG| SCG
Cs-137
No dry dep. 584 | 77.1 | -100.0 5.0
No wet dep. 545.2 | 234.5 68.8 | 1264
No radioactive decay 0.1 0.0 0.0 0.0
No hor. diff. 1222 | 115 11.0 | -17.8
More hor. diff. 1354 | 20.0 5.8 20.9
No ver. diff. 88.2 | 188.4 | -100.0 | -100.0
More ver. diff. 482 | 939 | 174.7 | 190.3
200 part. 27| 126 | -164 27.7
500 part. 24| 12.0 10.2 91.5
4000 part. 572 11.7 -4.8 10.9
8000 part. 73.2 | 19.9 -1.5 -2.5
I-131
No dry dep. 136.0 | 292.7 | -100.0 18.9
No wet dep. 464.8 | 341.5 | 102.7 | 189.6
No radioactive decay | 10.8 8.4 15.1 4.1
No hor. diff. 150.0 | 16.3 11.8 | -13.6
More hor. diff. 139.2 | 26.0 7.5 27.0
No ver. diff. 96.0 | 273.1 | -100.0 | -100.0
More ver. diff. 46.0 | 90.7 | 172.5 | 202.5
200 part. 33| 16.0| -19.7 26.3
500 part. 2.7 151 5.7 80.9
4000 part. 509 | 154 -2.6 17.5
8000 part. 65.0 | 259 -0.1 0.5
Xe-133
No dry dep. 0.0 0.0 0.0 0.0
No wet dep. 0.0 0.0 0.0 0.0
No radioactive decay 0.0 | 26.0 0.0 79.4
No hor. diff. 0.0 10.2 0.0 444
More hor. diff. 0.0 14.6 0.0 | 104.0
No ver. diff. 0.0 | 204.0 0.0 | -100.0
More ver. diff. 0.0 | 102.5 0.0 | 291.5
200 part. 0.0 134 0.0 | 165.7
500 part. 0.0 10.8 0.0 | -458
4000 part. 0.0 179 0.0 33.8
8000 part. 0.0 6.0 0.0 38.2

122



6. Sensitivity Tests for Nuclear Explosion

There are at least three important differences between nuclear accident and nuclear explosion
from the modelling point of view. First, the radioactive debris from the nuclear explosion
is emitted much higher into the atmosphere. Second, the release time is very short and for
modelling purpose it can be set to zero in case of nuclear explosion and third, the size of
particles emitted in case of nuclear explosion is significantly larger than in case of nuclear
accident. Therefore the sensitivity tests for nuclear accident and explosion were performed
and described separately.

6.1. Standard run for nuclear explosion

As a basic case for the standard run we assumed a nuclear explosion at the same place as the
location of the ship described in the previous Chapter. The main reason for such a choice is
availability of the meteorological data for the model runs in the sensitivity tests. In addition,
it is interesting to see the differences in atmospheric dispersion from accident and nuclear
explosion taking place in the same location and time.

6.1.1. Source term

The source term for nuclear explosion is very much dependent on the explosive yield. Three
different explosive yields were used in the sensitivity tests: 1 kt, 10 kt and 100 kt. The
explosive yield of 1 kt is typical for improvised nuclear device which might be used in potential
terrorist attack. The explosive yield of 10 kt is typical for most of the military bombs and the
explosive yield of 100 kt represents the upper limit of the explosion in the sensitivity tests. The
initial shape of the radioactive cloud was in the form of cylinder with parameters dependent
of the explosive yield. These parameters are given in in Table together with the activities
which differ one order of magnitude between the chosen explosive yields.

Table 41: Parameters for the cylinder representing the radioactive cloud shortly after the explo-
sion in the standard run for sensitivity tests. Corresponding activities for explosive
yield classes are also given.

Explosive Base of Top of Radius (km) | Activity (Bq)
yield (kt) | cylinder (km) | cylinder (km)
1 0.50 1.50 0.6 2 x 101
10 2.25 475 1.4 2 x 1020
100 5.95 12.05 3.2 2 x 10%!

There are large differences in the cylinder parameters and especially in the cylinder top for

different explosive yields in Table For the explosive yield of 1 kt, the initial activity is
released mainly in the mixing layer, at least for most of the meteorological situations. For
the explosive yield of 10 kt, the major part of initial activity is released just above the mixing

123
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layer in the troposphere. The initial radioactive cloud after 100 kt explosion is mostly located
in the upper part of the troposphere or slightly above. Also the radius of the cylinder changes
significantly (more than five times) between explosions with different yield.

Large differences in vertical location of the initial cloud for selected explosive yields can
result in significant changes of direction and range of the transport of radioactive particles.
This is mainly caused by different wind directions and magnitudes at different vertical layers
in the SNAP model [40]. In addition, radioactive particles from relatively small explosion (1
kt) can reach the ground much faster than the particles from relatively large explosion (100
kt). This difference is more significant for the particles of small size, because large particles
are mainly removed from the air by gravitational settling, not far away from the place of
detonation.

6.1.2. Results of the standard run

The source term described in the previous section was used to calculate time integrated con-
centrations and total deposition for the standard run. The results for 1 kt, 10 kt and 100 kt
nuclear explosions are presented in Fig. and respectively, in the form of time inte-
grated concentration and deposition maps, 48 hours after the detonation.

As expected, time integrated concentrations and deposition calculated in the standard SNAP
run are significantly different in spatial patterns for selected explosive yields. Both, the range
of the transport and the area affected by radioactive cloud are significantly increasing with
higher explosive yields. Also direction of the transport differs as a result of the increased
range for higher explosive yield. The differences between selected explosive yields are more
significant for deposition maps than for the maps of time integrated concentration.

Time integrated concentrations and deposition were also calculated in the model grid square
where the city of Oslo is located. The results are presented in Table

Table 42: Time integrated concentrations and deposition, 48 hours after the start of release, in
the model grid cell where the city of Oslo is located. Results of the standard run for
selected explosive yields.

Explosive Time integrated Total deposition
yield (kt) | concentration (Bq h m—>) (Bqm~2)
1 0.41E+06 0.81E+07
10 0.16E+07 0.28E+09
100 0.20E+07 0.91E+09

Both, time integrated concentrations and deposition in the Oslo grid increase with increas-
ing explosive yield. The differences between 1kt and 100 kt explosions in Table 42| are large,
one order of magnitude for time integrated concentrations and two orders of magnitude for the
deposition.

124



6.1. Standard run for nuclear explosion
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Figure 73: The results of the standard SNAP run for 1 kt nuclear explosion, 48 hours after the
detonation. Time integrated concentrations in Bq h m > above and total deposition
in Bq m—3 in the bottom.

125



6. Sensitivity Tests for Nuclear Explosion

Time Integrated Concentration (Bgh/m3) — STANDARD — 10 kt
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Figure 74: The results of the standard SNAP run for 10 kt nuclear explosion, 48 hours after the
detonation. Time integrated concentrations in Bq h m—> above and total deposition
in Bq m~3 in the bottom.
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Figure 75: The results of the standard SNAP run for 100 kt nuclear explosion, 48 hours af-
ter the detonation. Time integrated concentrations in Bq h m~> above and total
deposition in Bq m™3 in the bottom.
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6.2. Sensitivity to dry deposition

Sensitivity to dry deposition was tested in the model run without dry deposition process. The
maps of time integrated concentration and total deposition for 1 kt, 10 kt and 100 kt explosion
are shown in Fig. and[78] respectively.

There are visible differences between the standard and test runs, both for time integrated
concentration and deposition. These differences are small in time integrated concentration
fields, compared to deposition fields. The values of time integrated concentrations are slightly
higher in the test runs, but there is almost no difference in the spatial pattern. The differences
in the deposition fields are much larger compared to time integrated concentrations, both in
magnitude and spatial distribution. They are mainly present because of irregular pattern of the
precipitation field and effectiveness of wet deposition.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table [43|for the model run without dry deposition. For time integrated
concentration, the difference between the standard run and test run is mostly visible for 1
kt explosion. The relatively low transport and greater exposure for precipitation is the main
reason for this.

Table 43: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without dry deposition.

Explosive Time integrated Total deposition
yield (kt) | concentration (Bq h m—>) (Bqm~2)
1 0.43E+06 0.00E+00
10 0.16E+07 0.00E+00
100 0.20E+07 0.00E+00

Sensitivity measures for the run without dry deposition are shown in Table 4] The abso-
lute values of measures for deposition (SDF, SDG) are much higher than measures for time
integrated concentration (SDF, SDG). The global measure for deposition SDF is decreasing
with increasing explosive yield. Again, the reason for it is a low vertical location of the initial
plume for 1 kt explosion, which is getting higher with the increasing explosive yield.

Table 44: Sensitivity measures as defined in Egs. - , for the run without dry

deposition.
Explosive | SDF | SCF | SDG | SCG
yield (kt)
1 289.3 | 15.3 | -100.0 | 4.3

10 173.4 | 29.2 | -100.0 | 3.1
100 120.4 | 22.1 | -100.0 | 0.0
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Time Integrated Concentration (Bgh/m3) - NO DRY - 1 kt
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Figure 76: The results of the SNAP run without dry deposition for 1 kt nuclear explosion, 48
hours after the detonation. Time integrated concentrations in Bq h m~3 above and
total deposition in Bq m~3 in the bottom.
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Figure 77: The results of the SNAP run without dry deposition for 10 kt nuclear explosion, 48
hours after the detonation. Time integrated concentrations in Bq h m—3 above and
total deposition in Bq m—2 in the bottom.
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Time Integrated Concentration (Bgh/m3) - NO DRY - 100 kt
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Figure 78: The results of the SNAP run without dry deposition for 100 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m—3 above
and total deposition in Bq m~3 in the bottom.

131



6. Sensitivity Tests for Nuclear Explosion

6.3. Sensitivity to gravitational settling

Gravitational settling is an important and effective process responsible for removal of large
particles from the air. In addition, gravitational settling contributes to dry deposition and
gravitational settling velocity is also present in Eq. [I3] used for calculating dry deposition
velocity in the model. Model sensitivity to gravitational settling was tested in two runs. In
the first run, gravitational settling velocity was completely neglected and switched off. In
the second run, constant values of gravitational settling velocities for each particle class (as
specified in Table [3| ) were replaced by calculating gravitational settling velocity for each
model particle and at each model time step (on-line).

The results of the runs without gravity process, as maps of time integrated concentrations
and deposition, are shown in Fig. The lack of gravity keeps the large particles in air
much longer and this is visible in the concentration and deposition fields for 1 kt and 10 kt
explosions. Compared to standard run, both concentrations and deposition are a bit higher, in
some distance away from the source. There is a dramatic difference in the maps for standard
run and maps for the run without dry deposition in case of 100 kt explosion. Since there is no
gravitational settling and the initial level of release is very high, all particles remain above the
precipitation level for the entire period of the simulation and there is no wet deposition. Also
the transport time is too short for the effective transition of model particles to the ground, so
there is only a trace of dry and wet deposition at the end of the simulation - far away from the
source.

The results of the runs with on-line calculated gravitational settling velocity for each model
particle are shown, as maps of time integrated concentrations and deposition, in Fig. [§2}{84]
The differences between the standard runs and sensitivity runs are rather small for all explo-
sive yields, with slightly higher deposition for the runs with on-line calculated gravitational
settling velocity. It justifies the use of fixed gravitational settling velocities in the operational
applications.

The results of sensitivity tests, in the model grid cell where the city of Oslo is located are
shown in Table They include time integrated concentrations and deposition, 48 hours after
the start of release. The differences between the standard runs and sensitivity runs are very
much dependent on the explosive yield. For 1 kt explosion, both time integrated concentration
and deposition in the run without dry deposition are much higher in the Oslo grid than those
calculated from the standard run. The opposite relation takes place for 10 kt explosion. In this
case, both time integrated concentration and deposition in the run without dry deposition are
much lower in the Oslo grid than those calculated from the standard run. For 100 kt explosion,
the Oslo grid is not affected at all by the radioactive cloud, because it is too high above when
passing Oslo.

Comparison of the standard runs and sensitivity runs with on-line calculated gravitational
settling velocity shows higher values of time integrated concentrations and deposition in the
Oslo grid for sensitivity runs. It means that although spatial patterns of time integrated con-
centrations and depositions are rather similar (Fig. [82}{84)), the differences in individual model
grids can be slightly larger (Table [43).

Sensitivity measures for the run without gravitational settling process and run with on-line
calculated gravitational settling velocity are shown in Table 46| These measures are relatively
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6.3. Sensitivity to gravitational settling

Table 45: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run

without gravitational settling and model run with on-line calculation of gravitational
settling velocity.

Explosive Time integrated Total deposition

yield (kt) | concentration (Bq h m—3) (Bq m~2)
No gravitational settling
1 kt 0.19E+07 0.16E+08
10 kt 0.41E+05 0.38E+06
100 kt 0.00E+00 0.00E+00
On-line gravitational settling

1 kt 0.91E+06 0.28E+08
10 kt 0.17E+07 0.38E+09
100 kt 0.37E+07 0.13E+10

high, especially for time integrated concentrations and the run without gravitational settling.
Compared to sensitivity run without dry deposition, sensitivity measures for gravitational set-

tling are higher. It means that the model results are more sensitive to gravitational settling than
to dry deposition.

Table 46: Sensitivity measures as defined in Eqgs. - , for the model run without gravi-
tational settling process and model run with on-line calculation of gravitational set-
tling velocity.

Explosive | SDF | SCF | SDG | SCG
yield (kt)

No gravitational settling
1 kt 421.0 | 5574 | 84.2 | 163.9
10 kt 480.9 | 246.1 | -999 | -97.6
100kt | 477.1 | 209.4 | -100.0 | -100.0
On-line gravitational settling

1 kt 206.5 | 73.7 | 212.6 | 26.5
10 kt 1269 | 555 | -254 -1.6
100kt | 214.7 | 188.7 | 9.7 36.5
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Figure 79: The results of the SNAP run without gravitational settling for 1 kt nuclear explo-
sion, 48 hours after the detonation. Time integrated concentrations in Bq h m 3
above and total deposition in Bq m—3 in the bottom.
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Figure 80: The results of the SNAP run without gravitational settling for 10 kt nuclear explo-
sion, 48 hours after the detonation. Time integrated concentrations in Bq h m—3
above and total deposition in Bq m™—3 in the bottom.
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Figure 81: The results of the SNAP run without gravitational settling for 100 kt nuclear ex-
plosion, 48 hours after the detonation. Time integrated concentrations in Bq h m—>
above and total deposition in Bq m—3 in the bottom.
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Figure 82: The results of the SNAP run with on-line gravitational settling for 1 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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Figure 83: The results of the SNAP run with on-line gravitational settling for 10 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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Figure 84: The results of the SNAP run with on-line gravitational settling for 100 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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6.4. Sensitivity to wet deposition

Sensitivity to wet deposition was tested in the model run without wet deposition process. The
maps of time integrated concentration and total deposition for 1 kt, 10 kt and 100 kt explosion
are shown in Fig. [85] [86]and [§7] respectively.

There are some differences between the standard and test runs, both for time integrated
concentration and deposition. These differences are relatively small for time integrated con-
centrations, but only for 1 kt explosion. For 10 kt and 100 kt explosions, the differences are
significant. The differences in the deposition fields are much larger, for all explosive yields,
because of the irregular pattern of precipitation field. These differences increase with the
increased explosive yield, being largest for 100 kt explosion.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table 47| for the model run without wet deposition, 48 hours after the
start of release. The differences between the standard run and the test run are more visible
for the deposition. However, both time integrated concentrations and deposition are higher
in the run without wet deposition. The most likely reason for that is the area with intensive
precipitation close to the source. In the model run without wet deposition, particles are not
removed close to the source and transported farther away than in the standard run.

Table 47: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without wet deposition.

Explosive Time integrated Total deposition
yield (kt) | concentration (Bq h m~3) (Bq m~2)
1 0.78E+06 0.18E+08
10 0.39E+07 0.74E+09
100 0.30E+07 0.11E+10

Sensitivity measures for the run without wet deposition are given in Table [54] These mea-
sures are relatively high, especially for 10 kt explosion. In general, model is rather sensitive
to wet deposition process.

Table 48: Sensitivity measures as defined in Egs. - , for the run without wet

deposition.
Explosive | SDF | SCF | SDG | SCG
yield (kt)
1 468.3 | 2253 | 125.4 | 89.3

10 952.7 | 369.7 | 160.6 | 150.8
100 3999 | 97.1 | 26.2 | 489
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Figure 85: The results of the SNAP run without wet deposition for 1 kt nuclear explosion, 48
hours after the detonation. Time integrated concentrations in Bq h m~3 above and
total deposition in Bq m~3 in the bottom.
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Figure 86: The results of the SNAP run without wet deposition for 10 kt nuclear explosion, 48
hours after the detonation. Time integrated concentrations in Bq h m—3 above and
total deposition in Bq m—2 in the bottom.
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Figure 87: The results of the SNAP run without wet deposition for 100 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m—3 above
and total deposition in Bq m~3 in the bottom.

143



6. Sensitivity Tests for Nuclear Explosion

6.5. Sensitivity to horisontal diffusion

Model sensitivity to horisontal diffusion was tested in two runs. In the first run, horisontal
diffusion was completely neglected. In the second run, the coefficient of horisontal diffusion
was amplified two times.

The results of sensitivity runs without horisontal diffusion are shown in Fig. [88}{90] as maps
of time integrated concentration and deposition. For all explosive yields, the differences be-
tween spatial distributions in the standard run and in the run without horisontal diffusion are
very small, both for time integrated concentrations and deposition.

The results of sensitivity runs with enhanced horisontal diffusion are shown in Fig. 91}{03
as maps of time integrated concentrations and deposition. Also in this case, the differences
between spatial distributions in the standard run and in the run with enhanced horisontal dif-
fusion are very small, for all explosive yields.

The results of sensitivity runs without and with enhanced horisonatal diffusion, in the model
grid cell where the city of Oslo is located are shown in Table B9 They include time inte-
grated concentrations and deposition, 48 hours after the detonation. Both, for the run without
horisonatal diffusion and the run with enhanced horisontal diffusion, time integrated concen-
trations and deposition are slightly higher than in the standard run. The differences are a bit
larger for the run with enhanced horisontal diffusion.

Table 49: Time integrated concentrations and deposition, 48 hours after the detonation, in the
model grid cell where the city of Oslo is located. Results of the model run without
horisontal diffusion and model run with enhanced horisontal diffusion.

Explosive Time integrated Total deposition

yield (kt) | concentration (Bq h m—>) (Bqm~2)
No horisontal diffusion
1 kt 0.73E+06 0.91E+07
10 kt 0.17E+07 0.52E+09
100 kt 0.28E+07 0.11E+10
More horisontal diffusion

1 kt 0.69E+06 0.84E+07
10 kt 0.16E+07 0.37E+09
100 kt 0.22E+07 0.10E+10

Sensitivity measures for the run without horisontal diffusion and run with enhanced ho-
risontal diffusion are shown in Table [50] These measures are slightly higher for the run with
enhanced horisontal diffusion. Compared to other sensitivity runs, the measures for horisontal
diffusion are on the same level as for dry deposition, but lower than for gravitational settling
and wet deposition.

The above results suggests that the model is relatively not so sensitive to horisontal diffu-
sion. In fact, some of the Eulerian emergency models neglect horisontal diffusion completely
in the model equations.
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6.5. Sensitivity to horisontal diffusion

Table 50: Sensitivity measures as defined in Egs. - (32), for the model run without ho-

risontal diffusion and model run with enhanced horisontal diffusion.

Explosive | SDF | SCF | SDG | SCG
yield (kt)
No horisontal diffusion
1 kt 158.7 | 30.7 | 3.4 1.0
10 kt 151.0 | 18.8 | 2.6 1.8
100 kt 372 | 354 | -6.3 1.7
More horisontal diffusion
1 kt 1919 | 169 | -5.0 | 4.5
10 kt 372.1 | 26.3 | -26.0 | -4.1
100 kt 82.4 | 373 | -163 | -19.5
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Figure 88: The results of the SNAP run without horisontal diffusion for 1 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m~3 above
and total deposition in Bq m~3 in the bottom.
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Figure 89: The results of the SNAP run without horisontal diffusion for 10 kt nuclear explo-
sion, 48 hours after the detonation. Time integrated concentrations in Bq h m—3
above and total deposition in Bq m™—3 in the bottom.
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Figure 90: The results of the SNAP run without horisontal diffusion for 100 kt nuclear explo-
sion, 48 hours after the detonation. Time integrated concentrations in Bq h m 3
above and total deposition in Bq m—3 in the bottom.
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Figure 91: The results of the SNAP run with more horisontal diffusion for 1 kt nuclear explo-
sion, 48 hours after the detonation. Time integrated concentrations in Bq h m—3
above and total deposition in Bq m™—3 in the bottom.
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Figure 92: The results of the SNAP run with more horisontal diffusion for 10 kt nuclear ex-
plosion, 48 hours after the detonation. Time integrated concentrations in Bq h m—>
above and total deposition in Bq m—3 in the bottom.
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Figure 93: The results of the SNAP run with more horisontal diffusion for 100 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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6.6. Sensitivity to vertical diffusion

Model sensitivity to vertical diffusion was tested in two runs. In the first run, vertical diffusion
was completely neglected. In the second run, the coefficient of vertical diffusion was amplified
two times.

The results of sensitivity runs without vertical diffusion are shown in Fig. [94}{96]as maps of
time integrated concentration and deposition. For all explosive yields, the differences between
spatial distributions in the standard run and in the run without vertical diffusion are very large,
both for time integrated concentrations and deposition. The plume is much narrower for the
run without vertical diffusion with significantly higher concentrations in the centre, compared
to standard run.

The results of sensitivity runs with enhanced vertical diffusion are shown in Fig.
as maps of time integrated concentration and deposition. Also in this case, the differences
between spatial distributions in the standard run and in the run with enhanced vertical diffusion
are large, for all explosive yields. However, in this case the plume in the run with enhanced
vertical diffusion is more spread than the plume in the standard run.

The results of sensitivity runs without and with enhanced vertical diffusion, in the model
grid cell where the city of Oslo is located are shown in Table They include time integrated
concentrations and deposition, 48 hours after the detonation. The values from the sensitivity
runs are more different from the results of the standard run in the test without vertical diffusion.

Table 51: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without vertical diffusion and model run with enhanced vertical diffusion.

Explosive Time integrated Total deposition

yield (kt | concentration (Bq h m™) (Bqm~2)
No vertical diffusion
1 kt 0.39E+06 0.33E+07
10 kt 0.24E+07 0.62E+09
100 kt 0.35E+07 0.14E+10
More vertical diffusion

1 kt 0.64E+06 0.98E+07
10 kt 0.21E+07 0.33E+09
100 kt 0.20E+07 0.11E+10

Sensitivity measures for the run without vertical diffusion and in the run with enhanced
vertical diffusion are shown in Table Compared to other sensitivity runs, these measures
are not very high. This is a bit of surprise taking into account large differences between this
run and standard run in the time concentration and deposition maps.
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6.6. Sensitivity to vertical diffusion

Table 52: Sensitivity measures as defined in Egs. - (32), for the model run without vertical
diffusion and model run with enhanced vertical diffusion.

Explosive | SDF | SCF | SDG | SCG
yield

No vertical diffusion

1 kt 56.6 | 317.0 | -62.1 | -45.8
10 kt 188.4 | 216.3 | 224 | 43.1
100kt | 162.4 | 3564 | 11.7 | 27.7
More vertical diffusion

1 kt 427 | 118.7 | 11.5 | -11.6
10 kt 163.1 | 159.6 | -35.1 | 23.1
100 kt 49.1 | 755 | -6.9 | -24.7
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Figure 94: The results of the SNAP run without vertical diffusion for 1 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m~3 above
and total deposition in Bq m~3 in the bottom.
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Figure 95: The results of the SNAP run without vertical diffusion for 10 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m—3 above
and total deposition in Bq m~3 in the bottom.
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Figure 96: The results of the SNAP run without vertical diffusion for 100 kt nuclear explosion,
48 hours after the detonation. Time integrated concentrations in Bq h m~3 above
and total deposition in Bq m~3 in the bottom.
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Figure 97: The results of the SNAP run with enhanced vertical diffusion for 1 kt nuclear ex-
plosion, 48 hours after the detonation. Time integrated concentrations in Bq h m—3
above and total deposition in Bq m™—3 in the bottom.
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Figure 98: The results of the SNAP run with enhanced vertical diffusion for 10 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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Figure 99: The results of the SNAP run with enhanced vertical diffusion for 100 kt nuclear
explosion, 48 hours after the detonation. Time integrated concentrations in Bq h
m~3 above and total deposition in Bq m~3 in the bottom.
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6.7. Sensitivity to total diffusion

Sensitivity to total diffusion was tested in the model run without both horisontal and vertical
diffusion. The maps of time integrated concentration and total deposition for 1 kt, 10 kt and
100 kt explosion are shown in Fig.[T00} [T0T]and [T02] respectively. There are large differences
between these maps and corresponding maps from the standard run. In the run without ho-
risonatal and vertical diffusion at the same time, the plume is very narrow and the values in
the centre of it high. This especially applies to the maps of time integrated concentrations, for
all selected explosive yields.

Time integrated concentrations and deposition in the model grid cell where the city of Oslo
is located are shown in Table [53| for the model run without horisontal and vertical diffusion,
48 hours after the detonation. Except for deposition from 1 kt explosion, all values of time
integrated concentration and deposition are higher in the sensitivity run than in the standard
run.

Table 53: Time integrated concentrations and deposition, 48 hours after the start of release,
in the model grid cell where the city of Oslo is located. Results of the model run
without both horisontal and vertical diffusion.

Explosive Time integrated Total deposition
yield (kt | concentration (Bq h m™) (Bqm~2)
1 kt 0.58E+06 0.31E+07
10 kt 0.25E+07 0.64E+09
100 kt 0.67E+07 0.18E+10

Sensitivity measures for the run without horisontal and vertical diffusion are shown in Ta-
ble These measures are relatively high, higher than corresponding measures for the runs
without horisontal and without vertical diffusion separately.

Table 54: Sensitivity measures as defined in Egs. - , for the run without both horison-
tal and vertical diffusion.

Explosive | SDF | SCF | SDG | SCG

yield

1 kt 204.5 | 481.9 | -65.1 | -19.3

10 kt 196.9 | 253.1 | 27.1 | 48.4

100 kt 172.8 | 396.7 | 47.0 | 145.3
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Figure 100: The results of the SNAP run without horisontal and vertical diffusion for 1 kt
nuclear explosion, 48 hours after the detonation. Time integrated concentrations
in Bq h m—3 above and total deposition in Bq m~ in the bottom.
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Figure 101: The results of the SNAP run without horisontal and vertical diffusion for 10 kt
nuclear explosion, 48 hours after the detonation. Time integrated concentrations
in Bq h m—3 above and total deposition in Bq m~ in the bottom.
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Figure 102: The results of the SNAP run without horisontal and vertical diffusion for 100 kt
nuclear explosion, 48 hours after the detonation. Time integrated concentrations
in Bq h m—3 above and total deposition in Bq m~ in the bottom.
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6. Sensitivity Tests for Nuclear Explosion

6.8. Sensitivity to the number of model particles

Also in the case of nuclear explosion, the number of model particles decides about the accu-
racy of the approximation of the model equations. The accuracy of the model results increases
with the number of model particles and it should be as large as possible for simulating nuclear
explosion. In the standard model run, the number of model particles was set to 200 000. In
the sensitivity tests we have tried the following numbers of model particles: 20 000, 50 000,
400 000 and 800 000.

The results of sensitivity runs with different number of the model particles are shown in
Fig. (I03) - (IT4), for all selected explosive yields. For 1 kt explosion, differences between
standard runs and test runs are small for arbitrary number of model particles. This is true,
both for time integrated concentration and deposition. Only for model run with the smallest
number of model particles - 20 000 the differences are slightly more visible. Compared to 1
kt explosion, the differences between the standard run and test run are slightly larger for 10
kt explosion. However, this mainly applies to model runs with 20 000 particles and 50 000
particles, both for time integrated concentration and deposition. For the test runs with 400 000
and 800 000 model particles, the differences are very small again. In case of 100 kt explosion,
small differences can be noticed for the model runs with minimum number of model particles
- 20 000 and maximum number of model particles - 800 000. These differences are mostly
visible in the fields of time integrated concentration for the run with 20 000 model particles
and in both fields for the run with 800 000 model particles.

The results of the SNAP runs, as time integrated concentrations and deposition, for different
numbers of model particles are summarised in Table [S5]in the model grid square where the
city of Oslo is located. The results are shown 48 hours after the detonation. For the model
test runs with the number of model particles larger than standard, the differences between
the results are small, both for time integrated concentration and deposition. The differences
between time integrated concentration and deposition in the standard run and in the all test
runs are also relatively small for 1 kt explosion. The same applies to 10 kt explosion, but only
for time integrated concentration. The largest differences between the standard run and test
runs can be noticed for 100 kt explosion and the model run with the number of model particles
reduced to 20 000, both for time integrated concentration and deposition.

Sensitivity measures as defined in Eq. (29) - (32)), for the SNAP runs with different number
of model particles and for selected explosive yields are given in Table[56] For global measures
(SDF and SCF) there is a clear declining tendency with the number of model particles, which
agrees well with the expectations. The largest values can be noticed for the runs with the
lowest number of model particles - 20 000, for all tested explosive yields. In general, the
sensitivity measures for the number of model particles are lower than for other sensitivity
tests.
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6.8. Sensitivity to the number of model particles

Table 55: Time integrated concentrations and deposition, 48 hours after the detonation, in the
model grid cell where the city of Oslo is located. Results of the model runs with
different number of model particles (N), for all selected explosive yields. Values for
the standard run are highlighted. Units for time integrated concentration: Bq h m—3
and for deposition: Bq m~2.

N | 1kt | 10kt | 100kt

Time integrated concentration

20 0000
50 0000
200 000
400 000
800 000

0.70E+06
0.73E+06
0.72E+06
0.74E+06
0.72E+06

0.16E+07
0.17E+07
0.17E+07
0.17E+07
0.17E+07

0.41E+07
0.21E+07
0.27E+07
0.27E+07
0.27E+07

Deposition

20 0000
50 0000
200 000
400 000
800 000

0.93E+07
0.93E+07
0.88E+07
0.90E+07
0.89E+07

0.46E+09
0.40E+09
0.50E+09
0.41E+09
0.50E+09

0.18E+10
0.12E+10
0.12E+10
0.11E+10
0.12E+10

Table 56: Sensitivity measures as defined in Eq. - , for the SNAP runs with different
number of model particles (N) and for selected explosive yields.
N | SDF | SCF | SDG | SCG
1 kt yield

20000 | 11.6 [ 23.1 | 5.0 | -2.6
50000 | 53 | 166 | 59 1.4
400000 | 5.5 94 | 15 2.3
800 000 | 4.7 80 | 0.8 0.6
10 kt yield
20000 | 173.0 | 46.8 | -8.6 | -7.3
50000 | 134 | 273 |-19.8 | -1.1
400000 | 10.1 | 142 | -194 | -0.1
800000 | 94 | 135 |-194 | 03
100 kt yield
20000 | 55.5 | 809 | 47.2 | 51.3
50000 | 24.8 | 532 | -6.1 | -22.7
400000 | 19.2 | 252 | -8.1 1.2
800000 | 193 | 298 | -44 | -1.0
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Figure 103: The results of the sensitivity run with 20 000 model particles. Maps of time
integrated concentrations and total deposition for 1 kt nuclear explosion.
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Figure 104: The results of the sensitivity run with 50 000 model particles. Maps of time
integrated concentrations and total deposition for 1 kt nuclear explosion.
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Figure 105: The results of the sensitivity run with 400 000 model particles. Maps of time
integrated concentrations and total deposition for 1 kt nuclear explosion.
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Figure 106: The results of the sensitivity run with 800 000 model particles. Maps of time
integrated concentrations and total deposition for 1 kt nuclear explosion.
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Figure 107: The results of the sensitivity run with 20 000 model particles. Maps of time
integrated concentrations and total deposition for 10 kt nuclear explosion.

170



6.8. Sensitivity to the number of model particles

0.1E+07
0.1E+06
0.1E+05

0.1E+04

0.1E+03
0.1E+02
0.1E+01

0.1E+10
0.1E+09
0.1E+08

0.1E+07
0.1E+06
0.1E+05
0.1E+04

Figure 108: The results of the sensitivity run with 50 000 model particles. Maps of time
integrated concentrations and total deposition for 10 kt nuclear explosion.
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Figure 109: The results of the sensitivity run with 400 000 model particles. Maps of time
integrated concentrations and total deposition for 10 kt nuclear explosion.
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Figure 110: The results of the sensitivity run with 800 000 model particles. Maps of time
integrated concentrations and total deposition for 10 kt nuclear explosion.
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Figure 111: The results of the sensitivity run with 20 000 model particles. Maps of time
integrated concentrations and total deposition for 100 kt nuclear explosion.
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Figure 112: The results of the sensitivity run with 50 000 model particles. Maps of time
integrated concentrations and total deposition for 100 kt nuclear explosion.
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Figure 113: The results of the sensitivity run with 400 000 model particles. Maps of time
integrated concentrations and total deposition for 100 kt nuclear explosion.
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Figure 114: The results of the sensitivity run with 800 000 model particles. Maps of time
integrated concentrations and total deposition for 100 kt nuclear explosion.
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6. Sensitivity Tests for Nuclear Explosion

6.9. Sensitivity ranking for nuclear explosion

Sensitivity ranking for nuclear explosion was based on the comparison of sensitivity measures,
as well as on the comparison of the maps with time integrated concentration and deposition, in
relation to the standard run. The sensitivity measures for selected test runs are given in Table
for 1 kt, 10 kt and 100 kt explosions. The most interesting in these Tables are the global
sensitivity measures: SDF - for total deposition and SCF - for time integrated concentration.

The model sensitivity of calculated total deposition to different processes varies slightly for
different explosive yields, but a relatively clear general pattern for all explosive yields can
be found. The sensitivity ranking for total deposition is the following: 1) wet deposition, 2)
gravitational settling and 3) diffusion and especially vertical diffusion. The model sensitivity
to the number of model particles used in the simulation is relatively very low with only slightly
higher sensitivity in case of the lowest number of model particles used - 20 000.

The model sensitivity of calculated time integrated concentration to different processes also
varies for different explosive yields, more than in the case of total deposition. However, also
for time integrated concentration, a general pattern for all explosive yields can be seen. The
calculated time integrated concentration is the most sensitive to 1) diffusion and slightly less
to 2) gravitational settling and 3) wet deposition. Sensitivity to dry deposition is much lower,
as well as sensitivity to the number of model particles used.

Sensitivity of the SNAP model was also estimated by comparing the maps of total depo-
sition and time integrated concentration for the standard run and the test runs. Also in this
comparison a general pattern can be found for all explosive yields. The visual comparison of
total deposition and time integrated concentration indicates that the SNAP model is the most
sensitive to vertical diffusion, quite sensitive to gravitational settling and wet deposition and
its sensitivity to dry deposition is slightly lower. However, for larger explosive yields, model
sensitivity to gravitational is much larger than for any other process. The reason is in very
high altitude, above the troposphere, of many model particles in the initial distribution after
explosion. For these very high located particles, gravitational settling is the only mechanism
bringing them down.

If we take into account both, data in Tables ??, ??, ?? and the results of visual inspection of
the maps, the model sensitivity ranking for application to nuclear explosion is the following:

1. Gravitational settling

2. Vertical diffusion

3. Wet deposition

4. Dry deposition

5. Number of model particles used

However, it should be mentioned that the number of model particles cannot be too low and
already with 20 000 model particles used, the results are visibly different from the standard
run with 200 000 model particles.
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Table 57: Comparison of sensitivity measures for nuclear explosion for different sensitivity
tests.

Run | SDF | SCF | SDG | SCG
1 kt explosion

No dry dep. 289.3 | 153 | -100.0 | 4.3
No gravity 421.0 | 557.4 | 84.2 | 1639
On gravity 206.5 | 73.7 | 212.6 | 265
No wet dep. 468.3 | 2253 | 1254 | 89.3
No hor. diff. 158.7 | 30.7 34 1.0
More hor. diff. | 191.9 | 16.9 -5.0 -4.5
No ver. diff. 56.6 | 317.0 | -62.1 | -45.8
More ver. diff. | 42.7 | 118.7 | 11.5 -11.6
No diffusion 204.5 | 481.9 | -65.1 | -19.3
20 000 part. 11.6 | 23.1 5.0 -2.6
50 000 part. 53 16.6 5.9 1.4
400 000 part. 5.5 9.4 1.5 2.3
800 000 part. 4.7 8.0 0.8 0.6
10 kt explosion
No dry dep. 1734 | 29.2 | -100.0 | 3.1
No gravity 480.9 | 246.1 | 999 | -97.6
On gravity 1269 | 555 | 254 | -1.6
No wet dep. 952.7 | 369.7 | 160.6 | 150.8
No hor. diff. 151.0 | 18.8 2.6 1.8
More hor. diff. | 372.1 | 26.3 | -26.0 -4.1
No ver. diff. 188.4 | 2163 | 224 43.1
More ver. diff. | 163.1 | 159.6 | -35.1 23.1
No diffusion 196.9 | 253.1 | 27.1 48.4
20 000 part. 173.0 | 46.8 -8.6 -7.3
50 000 part. 134 | 27.3 | -19.8 -1.1
400 000 part. 10.1 | 142 | -194 -0.1
800 000 part. 9.4 135 | -194 0.3
100 kt explosion
No dry dep. 1204 | 22.1 | -100.0 | 0.0
No gravity 477.1 | 209.4 | -100.0 | -100.0
On gravity 214.7 | 188.7 | 9.7 36.5
No wet dep. 399.9 | 97.1 26.2 48.9
No hor. diff. 372 | 354 -6.3 1.7
More hor. diff. | 82.4 | 37.3 | -16.3 | -19.5
No ver. diff. 162.4 | 356.4 | 11.7 27.7
More ver. diff. | 49.1 | 75.5 -6.9 -24.7
No diffusion 172.8 | 396.7 | 47.0 | 1453
20 000 part. 555 | 809 | 472 51.3
50 000 part. 248 | 532 -6.1 -22.7
400 000 part. 19.2 | 25.2 -8.1 1.2
800 000 part. 19.3 | 29.8 -4.4 -1.0
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7. Conclusions

7. Conclusions

The new version of the SNAP model for remote applications from NRPA has been developed
and can be applied for simulating dispersion of radioactive debris from nuclear accident and
to simulate movement of the radioactive cloud from nuclear explosion. In addition, SNAP
model can be used for calculating three-dimensional trajectories from arbitrary point in the
model domain. This new version has been tested on selected cases and it was also a subject
of sensitivity analysis. The following conclusions can be drown from the development of the
new SNAP version for remote applications from NRPA, sensitivity analysis and operational
tests of the model.
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The meteorological input for the current SNAP model has been significantly improved
by using meteorological input data from the operational HIRLAM model with 12 km
resolution and increased grid dimension in horisontal (864 x 699 nodes) and in vertical
(60 layers).

In the latest SNAP version parameterisation of both, wet and dry deposition processes
has been improved as well as, parameterization of vertical diffusion and gravitational
settling. Also, the radioactive decay algorithm has been implemented for dry and wet
deposition fields.

The parameterisation of the source term has been improved and made more general for
ARGOS applications by implementing flexible vertical and time profile options. In case
of nuclear explosion, two initial shapes were tested: cylinder and mushroom, but as
agreed with NRPA based on the test results, only cylinder shape will be used in remote
applications.

The list of SNAP output has been extended for remote applications from NRPA. At
present, it includes: instantaneous and time integrated concentrations, wet, dry and total
(wet+dry) deposition and trajectory points. The temporal resolution for output data is
flexible and can be specified in the ARGOS system.

The new model version has been tested for different source terms for nuclear accidents
and nuclear explosions and for different meteorological conditions. All these tests were
performed remotely from NRPA. and were successful. However, still more different
operational tests are necessary, before the new SNAP model version becomes fully op-
erational in remote applications from NRPA.

Concerning trajectories, the model has been tested for different meteorological situa-
tions and for all of them there was no problem with calculating three-dimensional tra-
jectories starting from the prescribed locations. It was interesting to notice a significant
vertical movements of the trajectories. Some of them stating at the ground level ended
up at 3000-4000m. However, the opposite case could have been noticed more frequently,
e.g. start at 1500 m and the end at 10 m.



The model sensitivity to different processes, as well as the number of model particles
used, has been an important part of this study. The sensitivity tests have been performed
separately for nuclear accident and for nuclear explosion. Sensitivity ranking was based
on the comparison of sensitivity measures, as well as on the comparison of the maps
with time integrated concentration and deposition, in relation to the standard run.

The sensitivity ranking for nuclear accident is similar for Cs-137 and 1-131. The model
1s most sensitive to wet deposition then diffusion and dry deposition. For Xe-133, the
model is most sensitive to vertical diffusion and then to radioactive decay and horisontal
diffusion. The sensitivity to the number of model particles used is relatively low for all
radionuclides.

The model sensitivity ranking for application to nuclear explosion is the following: 1)
gravitational settling, 2) vertical diffusion, 3) wet deposition, 4) dry deposition, 5) num-
ber of model particles used. However, it should be mentioned that the number of model
particles cannot be too low and 90% reduction of the standard number of model particles
gives the results visibly different from the standard run.

In general, sensitivity tests indicate that improvement of the paramerization of wet de-
position and vertical diffusion is the number one priority for the SNAP model, followed
by the improvements in parameterization of gravitational settling and dry deposition.
However, it should be mentioned that for nuclear explosion with high explosive yield
(100 kt and above), parameterization of gravitational settling velocity is definitely the
most important.

The new version of the SNAP model is ready and is runs well at met.no. However, more
joint operational tests involving NRPA and met.no are necessary to make remote SNAP
application fully operational.
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A. List of Isotopes used in Remote Simulations from NRPA

A. List of Isotopes used in Remote Simulations from NRPA

In this Appendix we show the list of isotopes included in the input file isotope-1ist.txt
used for remote SNAP runs from NRPA. Altogether there are 382 isotopes which can be used
in remote applications of SNAP from NRPA. Identification number of each isotope is given in
the first column and name of the isotope in the second coulmn. There can be three forms of
the isotope specified by one digit number: 0-noble gas, 1-gas and 2-aerosol. This information
is included in the third column. The radioactive decay constant is given in column four with
the unit s~ 1.
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Identification | Name Type Decay
number constant
1 H-3 0 | 0.178E-08
2 Na- 24 2 | 0.128E-04
3 Ar- 41 0 | 0.105E-03
4 Co- 58 2 | 0.113E-06
5 Co- 60 2 | 0.416E-08
6 Zn-72 2 | 0.414E-05
7 Ga- 72 2 | 0.137E-04
8 Ga- 73 2 | 0.395E-04
9 Ge- 75 2 | 0.140E-03
10 Ge-77m | 2 | 0.128E-01
11 Ge- 77 2 | 0.170E-04
12 Ge- 78 2 | 0.133E-03
13 As- 77 2 | 0.496E-05
14 As- 78 2 | 0.127E-03
15 Se- 79 2 | 0.338E-12
16 Se- 81m 2 | 0.202E-03
17 Se- 81 2 | 0.625E-03
18 Se- 83m 2 | 0.990E-02
19 Se- 83 2 | 0.513E-03
20 Br- 82m 2 | 0.189E-02
21 Br- 82 2 | 0.544E-05
22 Br- 83 2 | 0.802E-04
23 Br- 84m 2 | 0.193E-02
24 Br- 84 2 | 0.363E-03
25 Kr- 83m 0 | 0.104E-03
26 Kr- 85m 0 | 0.438E-04
27 Kr- 85 0 | 0.203E-08
28 Kr- 87 0 | 0.152E-03
29 Kr- 88 0 | 0.686E-04
30 Kr- 89 0 | 0.364E-02
31 Rb-86m | 2 | 0.114E-01
32 Rb- 86 2 | 0.430E-06
33 Rb- 87 2 | 0.470E-18
34 Rb- 88 2 | 0.642E-03
35 Rb- 89 2 | 0.760E-03
36 Sr- 89 2 | 0.154E-06
37 Sr- 90 2 | 0.787E-09
38 Sr-91 2 | 0.203E-04
39 Sr-92 2 | 0.711E-04
40 Y - 90m 2 | 0.604E-04
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A. List of Isotopes used in Remote Simulations from NRPA

Identification | Name Type Decay
number rate
41 Y -90 2 0.301E-05
42 Y -91m 2 0.232E-03
43 Y -91 2 0.137E-06
44 Y -92 2 0.545E-04
45 Y -93 2 0.189E-04
46 Y -9%4 2 0.608E-03
47 Y -95 2 0.110E-02
48 Zr- 93 2 0.231E-13
49 Zr- 95 2 0.123E-06
50 Zr- 97 2 0.115E-04
51 Nb- 94m 2 0.185E-02
52 Nb- 94 2 0.110E-11
53 Nb- 95m 2 0.222E-05
54 Nb- 95 2 0.228E-06
55 Nb- 96 2 0.823E-05
56 Nb- 97m 2 0.128E-01
57 Nb- 97 2 0.157E-03
58 Nb- 98 2 0.227E-03
59 Mo- 99 2 0.289E-05
60 Mo-101 2 0.791E-03
61 Mo-102 2 0.104E-02
62 Tc- 99m 2 0.320E-04
63 Tc- 99 2 0.103E-12
64 Tc-101 2 0.814E-03
65 Tc-102m 2 0.269E-02
66 Tc-102 2 | 0.131E+00
67 Tc-104 2 0.642E-03
68 Ru-103 2 0.203E-06
69 Ru-105 2 0.434E-04
70 Ru-106 2 0.219E-07
71 Rh-103m | 2 0.206E-03
72 Rh-105m | 2 0.182E-01
73 Rh-105 2 0.542E-05
74 Rh-106m | 2 0.883E-04
75 Rh-106 2 0.232E-01
76 Rh-107 2 0.532E-03
77 Pd-107m 2 0.325E-01
78 Pd-107 2 0.338E-14
79 Pd-109 2 0.143E-04
80 Pd-111m 2 0.350E-04
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Identification | Name Type Decay
number rate
81 Pd-111 2 0.525E-03
82 Pd-112 2 0.958E-05
83 Ag-109m | 2 0.175E-01
84 Ag-110m | 2 0.297E-07
85 Ag-111lm | 2 0.937E-02
86 Ag-111 2 0.107E-05
87 Ag-112 2 0.615E-04
88 Ag-113m | 2 0.105E-01
89 Ag-113 2 0.363E-04
90 Ag-115m | 2 0.408E-01
91 Ag-115 2 0.550E-03
92 Cd-111m 2 0.237E-03
93 Cd-113m 2 0.151E-08
94 Cd-113 2 0.244E-23
95 Cd-115m 2 0.180E-06
96 Cd-115 2 0.360E-05
97 Cd-117m 2 0.566E-04
98 Cd-117 2 0.741E-04
99 Cd-118 2 0.230E-03
100 In-113m 2 0.116E-03
101 In-115m 2 0.428E-04
102 In-115 2 0.431E-23
103 In-116m 2 0.213E-03
104 In-116 2 0.488E-01
105 In-117m 2 0.993E-04
106 In-117 2 0.263E-03
107 In-118m 2 0.263E-02
108 In-118 2 | 0.139E+00
109 In-119m 2 0.642E-03
110 In-119 2 0.462E-02
111 Sn-117m 2 0.573E-06
112 Sn-119m 2 0.328E-07
113 Sn-121m 2 0.440E-09
114 Sn-121 2 0.718E-05
115 Sn-123m 2 0.289E-03
116 Sn-123 2 0.622E-07
117 Sn-125 2 0.831E-06
118 Sn-126 2 0.220E-12
119 Sn-127 2 0.908E-04
120 Sn-128 2 0.196E-03
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Identification | Name Type Decay
number rate
121 Sn-130 2 0.312E-02
122 Sb-124m 2 0.569E-03
123 Sb-124 2 0.133E-06
124 Sb-125 2 0.805E-08
125 Sb-126m 2 0.608E-03
126 Sb-126 2 0.647E-06
127 Sb-127 2 0.211E-05
128 Sb-128m 2 0.111E-02
129 Sb-128 2 0.214E-04
130 Sb-129 2 0.444E-04
131 Sb-130m 2 0.175E-02
132 Sb-130 2 0.312E-03
133 Sb-131 2 0.502E-03
134 Te-125m 2 0.138E-06
135 Te-127m 2 0.736E-07
136 Te-127 2 0.205E-04
137 Te-129m 2 0.240E-06
138 Te-129 2 0.165E-03
139 Te-131m 2 0.642E-05
140 Te-131 2 0.462E-03
141 Te-132 2 0.247E-05
142 Te-133m 2 0.209E-03
143 Te-133 2 0.924E-03
144 Te-134 2 0.275E-03
145 1-129 1 0.138E-14
146 [-130m 1 0.130E-02
147 1-130 1 0.155E-04
148 I-131 1 0.994E-06
149 [-132 1 0.836E-04
150 [-133m 1 0.770E-01
151 1-133 1 0.921E-05
152 [-134m 1 0.321E-02
153 1-134 1 0.222E-03
154 I-135 1 0.288E-04
155 Xe-129m | O 0.100E-05
156 Xe-13Im | O 0.680E-06
157 Xe-133m | O 0.355E-05
158 Xe-133 0 0.152E-05
159 Xe-134m | 0 | 0.239E+01
160 Xe-135m | O 0.743E-03
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Identification | Name Type Decay
number rate
161 Xe-135 0 | 0.210E-04
162 Xe-137 0 | 0.296E-02
163 Xe-138 0 | 0.815E-03
164 Cs-134m 2 | 0.664E-04
165 Cs-134 2 | 0.107E-07
166 Cs-135m 2 | 0.218E-03
167 Cs-135 2 | 0.956E-14
168 Cs-136 2 | 0.617E-06
169 Cs-137 2 | 0.729E-09
170 Cs-138 2 | 0.359E-03
171 Ba-135m 2 | 0.671E-05
172 Ba-137m 2 | 0.453E-02
173 Ba-139 2 | 0.139E-03
174 Ba-140 2 | 0.627E-06
175 La-140 2 | 0.456E-05
176 La-141 2 | 0.498E-04
177 La-142 2 | 0.125E-03
178 La-143 2 | 0.825E-03
179 Ce-141 2 | 0.243E-06
180 Ce-142 2 | 0.440E-24
181 Ce-143 2 | 0.584E-05
182 Ce-144 2 | 0.282E-07
183 Ce-146 2 | 0.814E-03
184 Pr-142m 2 | 0.791E-03
185 Pr-142 2 | 0.101E-04
186 Pr-143 2 | 0.591E-06
187 Pr-144m 2 | 0.161E-02
188 Pr-144 2 | 0.669E-03
189 Pr-145 2 | 0.322E-04
190 Pr-146 2 | 0.477E-03
191 Pr-147 2 | 0.963E-03
192 Nd-144 2 | 0.105E-22
193 Nd-147 2 | 0.730E-06
194 Nd-149 2 | 0.111E-03
195 Nd-151 2 | 0.932E-03
196 Nd-152 2 | 0.101E-02
197 Pm-147 2 | 0.838E-08
198 Pm-148m | 2 | 0.194E-06
199 Pm-148 2 | 0.149E-05
200 Pm-149 2 | 0.363E-05
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Identification | Name Type Decay
number rate
201 Pm-150 2 0.718E-04
202 Pm-151 2 0.678E-05
203 Pm-152m | 2 0.642E-03
204 Pm-152 2 0.282E-02
205 Sm-147 2 0.205E-18
206 Sm-148 2 0.275E-23
207 Sm-149 2 0.220E-23
208 Sm-151 2 0.236E-09
209 Sm-153 2 0.414E-05
210 Sm-155 2 0.520E-03
211 Sm-156 2 0.205E-04
212 Eu-154 2 0.256E-08
213 Eu-155 2 0.458E-08
214 Eu-156 2 0.528E-06
215 Eu-157 2 0.127E-04
216 Eu-158 2 0.252E-03
217 Eu-159 2 0.638E-03
218 Gd-159 2 0.104E-04
219 Gd-162 2 0.116E-02
220 Tb-160 2 0.111E-06
221 Tb-161 2 0.116E-05
222 Tb-162m 2 0.863E-04
223 Tb-162 2 0.155E-02
224 Tb-163 2 0.592E-03
225 Dy-165 2 0.819E-04
226 Hg-206 2 0.144E-02
227 T1-206 2 0.276E-02
228 T1-207 2 0.241E-02
229 T1-208 2 0.373E-02
230 T1-209 2 0.525E-02
231 T1-210 2 0.889E-02
232 Pb-207m 2 | 0.866E+00
233 Pb-209 2 0.583E-04
234 Pb-210 2 0.105E-08
235 Pb-211 2 0.320E-03
236 Pb-212 2 0.181E-04
237 Pb-213 2 0.116E-02
238 Pb-214 2 0.431E-03
239 Bi-209 2 0.110E-25
240 Bi-210 2 0.160E-05
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Identification | Name | Type Decay
number rate
241 Bi-211 2 0.537E-02
242 Bi-212 2 0.191E-03
243 Bi-213 2 0.246E-03
244 Bi-214 2 0.586E-03
245 Bi-215 2 0.165E-02
246 Po-210 2 0.580E-07
247 Po-211 2 | 0.133E+01
248 Po-212 2 | 0.228E+07
249 Po-213 2 | 0.165E+06
250 Po-214 2 | 0.423E+04
251 Po-215 2 | 0.389E+03
252 Po-216 2 | 0.462E+01
253 Po-217 2 0.693E-01
254 Po-218 2 0.379E-02
255 At-215 2 | 0.693E+04
256 At-216 2 | 0.231E+04
257 At-217 2 | 0.217E+02
258 At-218 2 | 0.347E+00
259 At-219 2 0.128E-01
260 Rn-218 | 2 | 0.198E+02
261 Rn-219 | 2 | 0.173E+00
262 Rn-220 | 2 0.126E-01
263 Rn-221 2 0.462E-03
264 Rn-222 | 2 0.210E-05
265 Rn-223 2 0.269E-03
266 Fr-221 2 0.241E-02
267 Fr-222 2 0.781E-03
268 Fr-223 2 0.525E-03
269 Ra-222 2 0.182E-01
270 Ra-223 0 0.702E-06
271 Ra-224 0 0.220E-05
272 Ra-225 0 0.542E-06
273 Ra-226 0 0.137E-10
274 Ra-227 0 0.280E-03
275 Ra-228 0 0.328E-08
276 Ra-229 0 | 0.693E+12
277 Ac-225 2 0.802E-06
278 Ac-226 | 2 0.664E-05
279 Ac-227 2 0.102E-08
280 Ac-228 | 2 0.314E-04
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Identification | Name Type Decay
number rate
281 Ac-229 2 | 0.175E-03
282 Th-226 2 | 0.374E-03
283 Th-227 2 | 0.441E-06
284 Th-228 2 | 0.115E-07
285 Th-229 2 | 0.299E-11
286 Th-230 2 | 0.275E-12
287 Th-231 2 | 0.755E-05
288 Th-232 2 | 0.156E-17
289 Th-233 2 | 0.520E-03
290 Th-234 2 | 0.333E-06
291 Pa-230 2 | 0.453E-06
292 Pa-231 2 | 0.676E-12
293 Pa-232 2 | 0.612E-05
294 Pa-233 2 | 0.297E-06
295 Pa-234m 2 | 0.987E-02
296 Pa-234 2 | 0.285E-04
297 U -230 2 | 0.386E-06
298 U -231 2 | 0.187E-05
299 U -232 2 | 0.305E-09
300 U -233 2 | 0.136E-12
301 U -234 2 | 0.889E-13
302 U -235 2 | 0.309E-16
303 U -236 2 | 0.919E-15
304 U -237 2 | 0.119E-05
305 U -238 2 | 0.487E-17
306 U -239 2 | 0.492E-03
307 U -240 2 | 0.134E-04
308 Np-235 2 | 0.196E-07
309 Np-236m | 2 | 0.170E-15
310 Np-236 2 | 0.875E-05
311 Np-237 2 | 0.103E-13
312 Np-238 2 | 0.382E-05
313 Np-239 2 | 0.341E-05
314 Np-240m | 2 | 0.158E-02
315 Np-240 2 | 0.183E-03
316 Pu-235 2 | 0.444E-03
317 Pu-236 2 | 0.771E-08
318 Pu-237 2 | 0.176E-06
319 Pu-238 2 | 0.255E-09
320 Pu-239 2 | 0.900E-12
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Identification | Name Type Decay
number rate
321 Pu-240 2 0.334E-11
322 Pu-241 2 0.166E-08
323 Pu-242 2 0.580E-13
324 Pu-243 2 0.387E-04
325 Pu-244 2 0.275E-15
326 Pu-245 2 0.193E-04
327 Am-240 2 0.378E-05
328 Am-241 2 0.480E-10
329 Am-242 2 | 0.495E+02
330 Am-242m | 2 0.145E-09
331 Am-242 2 0.120E-04
332 Am-243 2 0.276E-11
333 Am-244m | 2 0.444E-03
334 Am-244 2 0.191E-04
335 Am-245 2 0.917E-04
336 Cm-241 2 0.229E-06
337 Cm-242 2 0.492E-07
338 Cm-243 2 0.686E-09
339 Cm-244 2 0.125E-08
340 Cm-245 2 0.236E-11
341 Cm-246 2 0.399E-11
342 Cm-247 2 0.137E-14
343 Cm-248 2 0.467E-13
344 Cm-249 2 0.181E-03
345 Cm-250 2 0.318E-11
346 Bk-249 2 0.255E-07
347 Bk-250 2 0.598E-04
348 Cf-249 2 0.610E-10
349 Cf-250 2 0.169E-08
350 Cf-251 2 0.275E-10
351 Cf-252 2 0.829E-08
352 Cf-253 2 0.456E-06
353 Cf-254 2 0.133E-06
354 Es-253 2 0.392E-06
355 Es-254m 2 0.491E-05
356 Es-254 2 0.291E-07
357 Es-255 2 0.209E-06
358 C-11 0 0.567E-03
359 N-13 0 0.116E-02
360 O-15 0 0.567E-02
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Identification | Name | Type Decay
number rate
361 F-18 0 | 0.115E-03
545 1-129¢ 1 0.138E-14
645 1-129%0 1 0.138E-14
745 [-129a 1 0.138E-14
547 1-130e 1 0.155E-04
647 1-1300 1 0.155E-04
747 I-130a 1 0.155E-04
548 [-131e 1 0.994E-06
648 I-1310 1 0.994E-06
748 [-131a 1 0.994E-06
549 [-132¢e 1 0.836E-04
649 I-1320 1 0.836E-04
749 [-132a 1 0.836E-04
551 [-133e 1 0.921E-05
651 I-1330 1 0.921E-05
751 [-133a 1 0.921E-05
553 [-134e 1 0.222E-03
653 I-1340 1 0.222E-03
753 [-134a 1 0.222E-03
554 [-135e 1 0.288E-04
654 I-1350 1 0.288E-04
754 [-135a 1 0.288E-04
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