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Summary and purpose of document

This document provides a description and discussion of cases to define new Atmospheric Transport and Dispersion Modelling (ATDM) guidance and products designed to help Meteorological Watch Offices (MWOs) issuing a radioactive cloud SIGMET (R-SIGMET). The main limitations of quantitative products and a pragmatic approach for guidance are presented in the Annex 1 and Annex 2 and summarised in the main text. 
Action Proposed  

The Meeting is invited to 

1) Evaluate the merits of what is proposed for the guidance

2) Consider and provide advice on the scientific and practical challenges of the products presented in the paper in Annex 1 and 2
3) Determine how to proceed with the implementation of the products hereby described

Reference:
Washington, 2013: Meeting of the CBS Expert Teams on Emergency Response Activities (ET-ERA), College Park, MD, U.S.A. 21-25 October, 2013.
INTRODUCTION

The paper “Radioactive Cloud Forecast Products, Services and Guidance for Aviation” submitted by RSMC Montreal and NMC Vienna to the WMO CBS Expert Team on Emergency Response Activities (ET-ERA) addresses  Action 16 resulting from the Meeting of the CBS ET-ERA, College Park, MD, USA, October 2013: 
“Based upon a realistic source term for a major event (Chernobyl or Fukushima), and to assist in the development of guidance on radioactive clouds for aviation interests, examine the horizontal and vertical extent of the radioactive plume for a few cases.”
After the Fukushima Daiichi Nuclear Power Plant accident in March 2011, the need for guidance designed specifically for aviation purposes was identified. The current operational RSMC products for nuclear emergencies are solely focused on the near surface level and therefore cannot provide assessment on potential impact for the areas aloft, neither at aircraft cruise altitude nor after take-off and before landing. An investigation of the potential plume extent in realistic scenarios is needed to define the guidance products. 
This document summarises the results presented in Annex 1 and 2, whereby selected scenarios have been defined to discuss the a) practical aspects of providing radiation exposure guidance for aviation, b) the main limitations and constraints of providing such products c) the extent of the radioactive cloud and the influence aloft for the selected scenarios and b) the basic recommendations to generate guidance products considering the problematic issues involved. 
DISCUSSION
Selected scenarios
Default nuclear power plant accident scenarios are limited and may differ significantly from the actual emissions. This impacts the accuracy of concentration forecasts and their derived products, namely dose or dose rates. Although improved information on the source term may be available at later stages of the accident scenario, it is clear that initially any information the guidance could be based on will be limited and subject to significant uncertainty. In the absence of realistic initial information, the guidance can be based on worst-case estimates. For this paper, a selection of realistic modelling scenarios was required. These scenarios have been based on a subset of 3 or 4 radioisotopes:
1. An aerosol with long half-life (30 years), Cs-137

2. A non-inert gas with short half-life (8 days), I-131
3. An aerosol with a short half-life (8 days), I-131

4. An inert Noble gas (half-life 5.25 days), Xe-133

Although detailed estimates of the source terms for the major nuclear accidents of Fukushima (Stohl et al., 2012, Terada et al., 2012) and Chernobyl (Güntay et al., 1996) are available, they do not include all the released radionuclides or information on emission rate and geometry. The selection of the representative radionuclides above provides the relevant species to the atmospheric transport calculations in order to account for the loss processes that both gas and aerosol-bound radionuclides would undergo. The addition of a noble gas species, Xe-133, also allows for a better estimate of the dose rate from the ambient concentration of the radionuclides. 
The release fraction varies from reactor to reactor. An initial general estimate for a containment failure accident with pre-defined gross activities of Cs-137, I-131 particle, Xe-133 and I-131 gas (1017, 1018, 1019 and 1018 Bq, respectively) was done taking approximately 10% of the Chernobyl emissions and following the International Atomic Energy Agency (reference: IAEA EMERCON message ‘’Provisional INES Level 7 rating for the accident at Fukushima Daiichi’’, dated 12 April 2011 at 04:30 UTC) estimates for the Fukushima Daiichi emissions. Tests with smaller emissions were also performed.
Dose rate calculations

The calculation of dose rates has proven to be problematic for the following reasons:
· The exact mixture of radionuclides is not known at early  stages of the accident. It may remain unknown even at later stages. This affects the estimates of the concentration of the radionuclides and the doses calculated from them.
· The complexities of the geometry, ventilation and filtering systems and materials of an aircraft cannot easily be considered in the calculation of the dose rates due to all the pathways involved. 
· The tabulated dose coefficients are obtained under assumptions that may not hold. Nevertheless, producing the dose rate calculations without using these pre-defined coefficients would tie up significant resources preventing its operational implementation.

Therefore, apart from the assumptions in the scenarios, a gross simplification is needed. It is presumed that the exposed individual is affected by the same isotope concentration as in the outside air, without any shielding or filtering. In addition, only inhalation and cloud-shine pathways will be considered in the dose rate calculations using the widely used dose coefficients from ICRP and Health Canada (1999).  Details on the calculations of the dose rates from ATDM calculations can be found in the Annexes at the end of this document.
Discussion of the test case results 
In the case studies performed by RSMC Montreal and NMC Vienna (described in detail in the Annexes 1 and 2), the vertical extent of the radioactive plumes is very limited due to the low estimated maximum emission height. Even in the cases with greater emission heights – with tops from 1000 to 6000 m above ground level (a.g.l.), representing potential fires and explosions involved in the accident evolution, the column does not penetrate high into the atmosphere and does not lead to significant increases in the dose rates at the aircraft cruising altitudes. High winds or warm conveyer belts could facilitate the transport of the airborne radionuclides aloft, leading to larger affected areas, both in the vertical and the horizontal direction.  Convectively unstable atmospheric conditions, with strong vertical currents near the accident site, could potentially draw radioactive material to much higher levels, where generally stronger horizontal winds could then spread the plume over a greater area. If these updrafts are not represented by the driving meteorological data, a workaround can be done by increasing manually the height of the emission. If the release is redistributed uniformly into a much higher column, this nevertheless results in an overall dilution, ultimately leading to proportionally lower dose rates at each flight level.  
In the vertically stable atmosphere, high-pressure or subsidence meteorological conditions would act as a constraint to the vertical transport and therefore lead to increased concentrations and doses at lower levels.
CoNCLUSIONS AND RECOMMENDATIONS

In response to Action 16 of the ET-ERA Meeting in October 2013, RSMC Montreal and NMC Vienna investigated several atmospheric transport and dispersion model simulations of major nuclear accidents locations and with different emission and meteorological conditions. Realistic emission scenarios were defined for a sub-set of radionuclides and applied to the Fukushima Dai-chi and Chernobyl locations. 
Gross assumptions in the dose calculation procedures, including the expected lack of information in early stage of nuclear accidents (undefined radionuclide mixture, total activities, emission rates and heights) make quantitative forecast dose rate products problematic. We therefore consider that including such information on guidance to non-expert end users could be misleading. A qualitative approach, presenting the time evolution of the plume and the areas (layers or model levels) with potential elevated dose rates, is more advisable. Several examples of such guidance products are shown in the Annex I.  In addition, a potential usable product could include, when appropriate, a statement that there is no plume above a certain level, e.g. NO PLUME ABOVE 6000 METRES. In the absence of accident information, the advice provided should be based on worst-case estimates. If a certain flight level is established as safe in the worst accident scenario case, it will be safe for all other cases as well.
As additional future capability, it is recommended that RSMCs provide ATDM model output at flight levels in addition to their standard output at surface level. In doing so, aviation could directly benefit from improvements in RSMC products. Such improvements could be 

· Earlier access to realistic accident information, including improved release estimates of key radionuclides

· New computational approaches, allowing RSMCs to deal with time-varying emission rates, as described by the WMO task team performing an Evaluation of Meteorological Analyses for the Radionuclide Dispersion and Deposition from the  Fukushima Daiichi Nuclear Power Plant Accident (see also Draxler at al. 2012)

· Access to higher-resolution meteorological input data
References:

Draxler, R. R., and G. D. Rolph (2012): Evaluation of the Transfer Coefficient Matrix (TCM) approach to model the atmospheric radionuclide air concentrations from Fukushima. J. Geophys. Res., 117, D05107, doi:10.1029/2011JD017205.
Güntay, S., Powers, D. A., Devell, L, (1996): The Chernobyl Reactor Accident Source Term: Development of a Consensus View. One decade after Chernobyl: Summing up the consequences of the accident. IAEA, accessed 2015-10-03. http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/29/013/29013389.pdf.
Stohl, A., Seibert, P., Wotawa, G., Arnold, D., Burkhart, J. F., Eckhardt, S., Tapia, C., Vargas, A., Yasunari, T. J.(2012): Xenon-133 and caesium-137 releases into the atmosphere from the Fukushima Dai-ichi nuclear power plant: determination of the source term, atmospheric dispersion, and deposition. Atmos. Chem. Phys., 12, 2313-2343. www.atmos-chem-phys.net/12/2313/2012/doi:10.5194/acp-12-2313-2012.
Terada, H., Katata, G., Chino, M., Nagai, H.(2012): Atmospheric discharge and dispersion of radionuclides during the Fukushima Dai-ichi Nuclear Power Plant accident. Part II: verification of the source term and analysis of regional-scale atmospheric dispersion. Journal of Environmental Radioactivity, 112 (October 2012), 141-154.

ANNEX 1
Radioactive Cloud Forecast Guidance for Aviation
Response to WMO-CBS-ERA Action 16 of October 2013
Delia Arnold, Gerhard Wotawa, Christian Maurer
NMC Vienna
Summary
NMC Vienna has further developed the atmospheric transport tool used in support to aviation for volcanic eruptions, to include in the atmospheric transport and dispersion model (ATDM) simulations the possibility of performing forecasts of the dispersion of airborne radionuclides. In addition to producing concentration outputs and arrival times at the ground level, dose estimates can be calculated for selected flight levels.  The doses are calculated with a very simplified method and for a sub-set of radionuclides and, therefore, shall be used for guidance in a qualitative way to demonstrate the areas with a relative large increase of the dose with respect to the surroundings or the background. The browsable output products follow the format already used in the volcanic hazards framework.
Atmospheric Transport Modelling and Dispersion
The atmospheric transport and dispersion model (ATDM) used at NMC Vienna (ZAMG), is the Lagrangian particle dispersion model FLEXPART (Stohl et al. 2005, www.flexpart.eu). FLEXPART is used at ZAMG for many of its atmospheric transport modelling applications, ranging from emergency response systems to research purposes, specifically applied to nuclear releases (e.g., Stohl et al., 2012).  FLEXPART is an off-line model able to use meteorological data (analyses or forecasts) from the ECMWF and NCEP's GFS. FLEXPART can run on a global or a regional domain and may use up to seven nested meteorological input data sets with increasing horizontal resolution. Other versions of FLEXPART capable of being driven by mesoscale meteorological models such as COSMO or WRF (Biroude et al., 2013) have been developed as offshoots. They may differ significantly with respect to the grid systems and the parameterization of turbulence and convection.

FLEXPART is based on tracking the trajectories of hundreds of thousands of so-called “computational particles” within the atmosphere following the wind flows and undergoing turbulent and mesoscale motions. FLEXPART can be run in a pure random-walk mode or solving a Langevin equation fully considering turbulent time scales. The latter is slower but more accurate and better for regional and local applications. For details on the parameterizations and options, the reader is referred to Stohl et al., 2005. FLEXPART output can be produced on a regular latitude-longitude grid with the option of one horizontally nested output grid.  For ZAMG applications, FLEXPART produces output in the form of averaged concentrations at selected levels, accumulated deposition or residence times, if backtracking is done. Post-processing tools produce multilayer integrated concentrations, arrival times, doses to radionuclides, integrated maximum concentrations or total columns. 
FLEXPART has a detailed representation of dry deposition and gravitational settling (which may be activated or not). The wet deposition scheme differentiates between in-cloud and below-cloud scavenging. This differentiation is important since in-cloud scavenging is much more efficient and occurs in a larger volume than the below-cloud scavenging. The current wet deposition scheme assumes clouds are present where the relative humidity exceeds 80% (see http://transport.nilu.no/flexpart for further details). Wet deposition is of large importance in radionuclide applications since it will largely define, together with the dry deposition, the areas with larger and long-term radiological impact. 
In FLEXPART the deposition processes are expressed by a loss of mass following an exponential
m(t + ∆t) = m(t) exp(−Λ∆t)

where Λ is the scavenging coefficient. This coefficient has a different formulation whether it is defined for below-cloud scavenging or in-cloud scavenging. It also depends on the physical form of the species, i.e. gases or aerosols. For below-cloud scavenging, the scavenging coefficient, which will depend on the precipitation intensity, I, is calculated following McMahon and Denison (1979) with 

Λ = A·IB
The coefficients A and B are defined by the user. 

The in-cloud scavenging follows Hertel et al. (1995) and it has no user-defined parameters. In this case the scavenging coefficient is

Λ = Si I Hi˗¹,

where Λ is the scavenging coefficient in s ˗¹, I the precipitation intensity and Si the factor that is different for gases and particles. For particles,  

Si = 0.9 cl ˗¹,
where the cloud liquid content, cl, is 2·10-7 I0.36.  For gases, 

Si = 1 cleff ˗¹,

with cleff being the effective cloud water content.
FLEXPART has the option to include radioactive decay (or any other reaction with a constant rate coefficient) by reducing the mass of a species during time step by the factor exp (−∆t/), where the decay constant  =T/ln(2) is determined from the half-life T of the species. Presently, decay chains are not implemented.
Table 1: Basic description of the radionuclides used in the atmospheric transport model calculations and posterior dose calculations

	
	Characteristics
	
	
	
	

	Radioisotope
	Radioac. Decay
	Wet/Dry Deposition
	 Wet Depo A
	Wet Depo B
	Density (kg/m3)
	Diameter (m)


	Henry constant
	Dry Depo (gases)

	Cs-137 particle
	No
	Yes
	1.0E-4
	0.8
	2.5E3
	6.0E-7
	-
	-

	I-131 particle
	Yes
	Yes
	1.0E-4
	0.8
	2.5E3
	6.0E-7
	-
	-

	I-131 gas
	Yes
	Yes
	8.0E-5
	0.62
	-
	-
	1.0E5
	2.7

	Xe-133 NG
	Yes
	No
	-
	-
	-
	-
	-
	-


FLEXPART allows for different emission geometries and variations on the emission times.  For emergency applications, such as volcanic eruptions or accidental releases of hazardous material into the atmosphere, accurate information on the source term is very limited. Not only the emission strength (in this case Bq/s) is not easily known, but also the radionuclide mixture and the emission height, which may vary from low level emissions with no containment failure to higher ones, when explosions or fires are involved.  This lack of information on the emission is one of the largest sources of uncertainty in early forecasts of concentrations or any derived product of such events. Usually the calculations are redone whenever new information on both the source term and the meteorology are available. Nevertheless, this is unlikely to happen at early stages of the accident.
Dose calculations 
Radionuclides can be incorporated into human bodies following 4 different pathways: external exposure by immersion within a radioactive cloud (cloud-shine), external exposure from a contaminated surface (ground-shine), internal exposure through breathing (inhalation) and internal exposure by incorporating radionuclides through ingested water or food (ingestion).  The ingestion pathway is not going to be considered. Cloud-shine, ground-shine and inhalation pathways are considered (see Table 2) but under some restrictive and important assumptions.  
Table 2: Possible exposure pathways for the selected radionuclides. The pathways ultimately used are the ones with *
	
	Pathways

	Radioisotope
	Inhalation*
	Cloud shine*
	Ground shine

	Cs-137
	Yes
	Yes
	Yes

	I-131 particle
	Yes
	Yes
	Yes

	I-131 gas
	Yes
	Yes
	Yes

	Xe-133
	No
	Yes
	No


The products for radioactive accidents should be related to the effects the radioactive substances produce in human bodies. This requires the calculation of the radiation and tissue weighted effective doses or effective dose rates based on activity concentrations or depositions. In order to perform these calculations, dose coefficients factors are needed.  For our calculations we use ICRP (1996) for internal exposure and Health Canada (1999) for external exposure since the derived coefficients include, whenever possible, potential equilibriums in the decay chains.  These dose coefficients are not a single set of values but depend on different factors. For inhalation, the coefficients depend on the respiration rate (adult and children, physical activity), the absorption type (fast, moderate, slow or very fast) and the particle diameter.  The dose coefficients for cloud-shine and ground-shine are also calculated under some important assumptions, namely the semi-infinite cloud approximation and the infinite plane approximation.  The first one, for cloud shine assumes that the individual is standing on a flat surface immersed in a semi-infinite volume of air with uniform activity concentration of mono-energetic photons. The second, for ground shine, assumes that the individual is standing on an infinite plane which is an isotropic source of mono-energetic photons located at the planar surface. Needless is to say, these assumptions do not hold for aviation applications. Furthermore, detailed calculations of the doses would not only be time consuming but aircraft dependent. 
The errors introduced by these assumptions become evident if we consider the calculation of the dose rate for people inside an aircraft that encounters a radioactive cloud.  Among many factors, the different ventilation and filtering systems, which depend on each aircraft, will affect the atmosphere inside the cabin with respect to the exterior conditions. Concentrations of gases and noble gases may increase whereas aerosols may decrease. Aerosols may be accumulated in filters, generating therefore hotspots. Inside the aircraft, different materials, flows and geometries will generate non uniform deposition patterns and therefore the exposure due to ground-shine cannot be easily calculated either. Radionuclides will deposit onto the outer surface of the aircraft, leading to some additional doses but shielded by the aircraft structure. Finally, the aircraft itself may behave partly as a shield for external exposure from the surrounding ambient activity concentrations. 
Given the complexity of a realistic calculation of the exposure of the aircraft passengers and crew, assumptions are a must to perform timely forecasts useful for decision support. The main assumptions to simplify calculations are to a) consider the individual exposed immersed in the external air, without any aircraft interface, shielding or accumulation effect and b) that the aforementioned dose coefficients, for the semi-infinite cloud, apply.  

In agreement with RSMC Montreal, and given the aforementioned assumptions and the expected available information at early stages of an accident, we consider that products depicting numerical doses should not be provided as guidance. The exception would be when the “no-fly zone” is defined only as that with non-zero dose rates, or in the unlikely case the emission strength, height and radionuclide mixture ratio is accurately known.  The latter case would, in any case, suffer from the unavoidable uncertainties due to meteorological data and model parameterizations. These should be addressed differently, for instance, by producing ensemble forecasts. 
Table 3: Dose coefficients in Sv/Bq and Sv m3/Bq s for inhalation and cloud-shine pathways for the considered radionuclides. Dose coefficients for I-131 are in the current version taken as the same as for iodine particle.  

	
	            Dose coefficients adults/children (absorption type ICRP72)

	Radioisotope
	Inhalation
	Cloud shine

	Cs-137
	4.60E-9 / 8.80E-9 (fast)
	2.55E-14 / 3.83E-14

	I-131 
	7.40E-9 / 7.20E-9 (fast)
	1.69E-14 / 2.54E-14

	Xe-133
	-
	1.33E-15 / 2.00E-15


A note on background radiation
The population is constantly exposed to radiation from natural and artificial sources. Naturally-occurring background radiation, due to the radioactive decay of the radionuclides existing in soils at different concentrations, ranges from 1 to 10 mSv/year, often well above the International Commission on Radiological Protection (ICRP) recommended dose limit for general population of 1mSv/year, roughly 0.1µSv/h.  This limit is widely used in regulatory activities as the maximum dose non-occupational individuals should receive. Any activities that include potential exposure should be kept as low as reasonably achievable (ALARA criteria) below this value.

Cosmic radiation is also an important source of exposure, especially for aircraft crew and passengers. Trans-Atlantic flights may lead to dose rates up to 4 µSv/h, with annual average doses close to 5 mSv.   
Given these considerations, and without entering the realm of medical physics and radiotherapy, it is clear that accurate quantitative products should be accompanied by an extensive explanatory note on the increase of the dose rate due to exposure to products of the nuclear accident with respect to the dose due to the background.  
Qualitative products for guidance  
Base scenario
As detailed in the former sections, an accurate numerical dose rate estimate is not likely to be available or even possible for fast emergency response. Therefore, a qualitative option needs to be defined with the information expected to be available at the time of an event and providing relative information about areas that will more likely undergo increases of the dose rates. Thus, pre-defined (but modifiable) scenarios are defined for a sub-set of selected radionuclides, which are treated as a proxy for a more complicated mixture of radionuclides.  The selected radionuclides are: 
· Aerosol-bound Cs-137, with a half-life of 30 years (for the application time scales no decay is considered).
· I-131 molecular gas, with a half-life of 8 days.
· I-131 aerosol-bound, also with a half-life of 8 days.
· Xe-133, which is a noble gas and therefore does not undergo deposition processes. Its half life is 5.25 hours. 
They include long and short-lived aerosols, a molecular gas and also a noble gas. The individual radionuclides are significant in terms of contribution to the doses. With this mixture of radionuclides, the estimated total effective dose rates can be calculated per model or flight level in the following way:
DR(Cs-137+I-131p+I-131g+Xe-133) = DR(inhalation) + DR(cloud-shine) =
 ∑ radionuclide i {dc_inhi * inh_rate*Ci}+ ∑ radionuclide i {dc_cloudi *Ci},
giving output of uSv/h. The inhalation rates taken from ICRP 1995 are  2.6E-4 m3/s and 3.3E-5 m3/s for adults and children respectively. 
The actual source terms (release heights and fractions) depend on the accident type and the core inventory of the nuclear power plant under evaluation. Two default scenarios are pre-defined in ZAMG’s system:
1. Containment failure, total activity released: 10E17, 10E18, 10E19 and 10E18 Bq of Cs-137, I-131 particle, Xe-133 and I-131 gas, release height 0-200 m a.g.l.
2. Non-containment failure, total activity released: 10E13, 10E14, 10E19 and 10E14 Bq of Cs-137, I-131 particle, Xe-133 and I-131 gas, release height 0-30 m a.g.l.
Both have variable emission time length defined by the modeller. In addition, ZAMG’s system incorporates the possibility to define multiple releases times and heights and concentrations of the radionuclides to produce more accurate release scenarios whenever new information is available.

Thresholds

The dose rate contour values were set at 1E-7, 1E-3 and 1 µSv h-1 but they can be modified according to potential modifications in the agreed thresholds, including also a variation in the number of contour levels.  The three values do not appear quantitatively but labeled as “minimal”, “low” and “high” dose rate increases. 
Examples:

All the simulations include browsable results with:

· Dose rates at all flight levels from 50 to 650 in intervals of 50 feet

· Arrival times and integrated concentrations for all flight levels at 24, 48 and 72 hours after the event for each of the radionuclides independently

· Ground deposition for each of the depositing species

· Integrated surface concentrations, arrival times and doses (without ground shine) for the lowest 500 m a.g.l. 

1. Chernobyl example
Two simulations were run for a hypothetical release at the closed Chernobyl nuclear power plant using ECMWF input. The simulation period was fixed to 20151105 12 UTC – 20151108 12 UTC (see Figures 1 and 3). As can be easily seen from the corresponding surface pressure charts high surface pressure was prevailing during the hypothetical release, hindering upward transport of the emitted radionuclides. As a consequence relevant dose rate increases cannot be found above FL100 regardless of the injection height (1000 and 200 m a. g. l., see Figures 2 and 4)
1.1. Chernobyl 1000 m a.g.l. emission

	Meteorology: ecmwfData_1.0_L137

Model simulation details:

Nuclear Power Plant : CHERNOBYL

Location: Latitude: 51.3894 Longitude: 30.1062

Altitude/Nuclear Power Plant elevation: Surface

Start of first release: 20151105 120000

End of last release: 20151108 120000

1. release

Plume height (m a. g. l.): 1000 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

Cs-137  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+11 kg/s

Total Cs-137 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+17 kg

2. release

Plume height (m a. g. l.): 1000 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

I-131  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+12 kg/s

Total I-131 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+18 kg

3. release

Plume height (m a. g. l.): 1000 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

Xe-133  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+13 kg/s

Total Xe-133 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+19 kg

4. release

Plume height (m a. g. l.): 1000 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

I2-131  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+12 kg/s

Total I2-131 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+18 kg




Figure 1: Simulation specifications for a hypothetical Chernobyl 1000 m a. g. l. emission.
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Figure 2: Total dose rate increases for adults for surface, FL050, FL100 and FL150 for a hypothetical Chernobyl 1000 m a. g. l. emission.
1.2 Chernobyl default containment failure scenario, 200 m a.g.l. release height

	Meteorology: ecmwfData_1.0_L137

Model simulation details:

Nuclear Power Plant : CHERNOBYL

Location: Latitude: 51.3894 Longitude: 30.1062

Altitude/Nuclear Power Plant elevation: Surface

Start of first release: 20151105 120000

End of last release: 20151108 120000

1. release

Plume height (m a. g. l.): 200 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

Cs-137  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+11 kg/s

Total Cs-137 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+17 kg

2. release

Plume height (m a. g. l.): 200 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

I-131  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+12 kg/s

Total I-131 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+18 kg

3. release

Plume height (m a. g. l.): 200 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

Xe-133  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+13 kg/s

Total Xe-133 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+19 kg

4. release

Plume height (m a. g. l.): 200 during 2015-11-05 12:00:00 to 2015-11-08 12:00:00

I2-131  emission rate: between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 3.86e+12 kg/s

Total I2-131 mass released between 2015-11-05 12:00:00 and 2015-11-08 12:00:00: 1e+18 kg


Figure 3: Simulation specifications for a hypothetical Chernobyl 200 m a. g. l. (default) emission. 
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Figure 4:  Total dose rate increases for adults for FL050 and FL100 as well as arrival times and integrated concentration for Cs-137 for a hypothetical Chernobyl 200 m a. g. l. (default) emission. 
2. Fukushima example

3.1 containment failure scenario for autumn with 200 (default), 1000 and 3000 m a. g. l. emission.
Three simulations were run for a hypothetical release at the now-closed Fukushima Daiichi nuclear power plant using again ECMWF input. The simulation period was fixed to 20151108 12 UTC – 20151111 12 UTC. Here the corresponding surface pressure charts reveal the passage of a low pressure system during the hypothetical release, favouring upward transport of the emitted radionuclides. As a consequence relevant dose rate increases can be found up to FL300 regardless of the injection height (200, 1000 and 3000 m a. g. l., see Figure 5).

In the following plots (Figure 5) are shown for the uppermost flight levels with relevant total dose rate increases for a 200, 1000 and 3000 m a. g. l. emission. Thus, airplanes would be affected also at cruising altitude and not only during take-off and landing.
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Figure 5: Total dose rate increases for adults for FL300 for a hypothetical Fukushima 200, 1000 and 3000 m a. g. l. emission (left to right).

3.2 containment failure scenario for summer with a  3000 m a. g. l. emission

Equivalent simulations were done for summer using NCEP input in order to estimate the maximum effects a accidental release could have in the convective season. Assuming an explosive source relevant dose rate increases could be found up to FL400 (Figure 6).
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Figure 6: Total dose rate increases for adults for FL300 and FL400 for a hypothetical Fukushima 3000 m a. g. l. emission.

As expected a significant increase of dose rates at high flight levels (at least up to FL400) can occur under favourable synoptic situations even given the usually low heights of the emissions. If the airborne radionuclides are affected by strong updrafts under very convective situations, both the horizontal and vertical extents of the affected areas would become larger. Warm conveyor belts may as well increase the horizontal spread and vertical extent of the released material. 
Conclusion

In response to Action 16 of the ET-ERA Meeting in October 2013, RSMC ZAMG investigated the generation of radioactive cloud forecasts with limited information on the source term basing the products for guidance on dose rates and accepting constraining assumptions on the dose calculations.  Some base scenarios and products have been established and implemented in the quasi-operational forecast tool.  From the discussions to generate this guidance and products, several items can be extracted:
· Given the variation of the results with different source terms, which are usually largely undefined at early stages of the accident, numerical guidance products may be unreliable and a qualitative approach might be taken whenever information on the source is not available.
· Similarly, the exact mixture of radionuclides in an event is not likely to be known in a timely manner. A proxy of radionuclides that includes different physical forms, and therefore different atmospheric processes and dose contributions may be used to describe, in a relative manner, more complex mixtures. 
· Simplifications in the dose calculations are needed for operational approaches due to the associated uncertainties and the multiple factors (including aircraft dependence) that influence them.

· Collaboration with nuclear power plant operators or nuclear safety organizations may be desired to obtain information on the emissions as fast as possible. 
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ANNEX 2
Radioactive Cloud Forecast Guidance for Aviation
RSMC Montreal
Report prepared by Nils Ek

Submitted in response to WMO-CBS-ET-ERA Action 16 of October 2013:
 “Based upon a realistic source term for a major event (Chernobyl or Fukushima), and to assist in the development of guidance on radioactive clouds for aviation interests, examine the horizontal and vertical extent of the radioactive plume for a few cases.”
Summary
RSMC Montreal performed several atmospheric transport and dispersion model (ATDM) simulations, with Fukushima and Chernobyl as the emission sites, and with simple but realistic configurations of a major accidental nuclear emission. During real emergencies the lack of real-time emission information results in ATDM outputs with a high level of uncertainty.  Dose rates may be computed from ATDM output after making simplifying assumptions about the exposure of aircraft and occupants, which adds uncertainty to the dose rate values. The style of graphical outputs is loosely based upon the format used for volcanic ash model outputs, with adjusted vertical levels to take into account the lower vertical extent of radioactive plumes.
Atmospheric Transport and Dispersion Model
The global operational atmospheric transport and dispersion model (ATDM) used at RSMC Montreal, called MLDP0 (more recently MLDPn), calculates its outputs on a grid which typically has a horizontal resolution on the order of tens of kilometers. Its vertical resolution is on the order of 10-100 m near the ground, changing to approximately 1000m vertical resolution in the upper troposphere. MLDP0 is run with meteorological fields - winds and humidity – output by the global operational numerical weather prediction (NWP) model running at the Canadian Meteorological Centre (CMC). MLDP0 is a Lagrangian particle model that simulates the evolution of a pollutant in the atmosphere by means of a large number of tracer parcels that follow the wind. The source geometry used for this report is a cylindrical column from which the tracer particles are emitted uniformly . More information on this ATDM system can be found in D’Amours et al. (2015).
MLDP0 outputs air concentrations and ground depositions as time averages which are also spatially averaged over model grid cells. This entails that modelled concentrations and depositions may not capture the sharp gradients and maximum concentrations in a real plume which can be narrower and more intense than can be computed with the model’s spatial and temporal discretization.
The modelled values of air concentration and ground deposition are highly dependent on the emission rate and geometry that are supplied to the model. This source term comprises the principal source of model uncertainty during emergencies. When an incident requiring modeling support occurs, an accurate source term cannot be immediately entered into the ATDM, because the information is not available to the modeler in real time, but typically only many hours or days after the accident. In principle it is possible to run default, or worst-case emission scenarios based upon reactor configuration, inventories, and estimated accident characteristics. However, current default scenarios are not well-developed and may differ significantly from the actual emission. The relative error or uncertainty in the source term is directly transferred to the uncertainty in the model outputs. This means that in the hours immediately following a nuclear emission, modelled values of air concentration, and, consequently, dose rates, will have a high level of uncertainty.
Dose Rates
For the purposes of this report three pathways by which a person can receive a radiation dose are initially considered.
1. Inhalation of radioactive isotopes that subsequently remain in the body for some time;
2. Irradiation from nearby isotopes:
a)  in the surrounding air (cloud shine) 
b)  on nearby surfaces (ground shine).
Health Canada (2008) specifies a dose limit for the public (i.e. individuals who are not working in a nuclear-regulated field) at 1 mSv/year. This is the same as the European regulatory limit, and would be equivalent to a constant 0.114 μSv/hour. By comparison, dose rates from cosmic radiation at commercial airline cruise altitudes range 1-50 μSv/hour.
Calculating Dose Rate from Atmospheric Transport Model Output 
MLDP0 calculates air concentration and ground deposition, but not dose rates.  In a formulaic approach, the modelled air concentrations and ground deposition can be multiplied by tabulated conversion factors for specific isotopes to estimate effective dose rates for inhalation, cloud shine, and ground shine (Health Canada, 1999). Inhalation factors are adjusted to take into account the average time that a particular isotope is expected to remain within the body. There are different conversion factors - grouped by age - that roughly account for physiological differences such as respiration rates. 
The correct application of the conversion factors for cloud and ground shine must assume the individual is standing on a flat surface, embedded within a uniform, semi- infinite contaminated cloud. For ground shine, the person is assumed to be standing on an infinite contaminated plane surface. The errors introduced by these assumptions become evident if we consider the calculation of dose rate for people inside an aircraft that encounters a radioactive cloud. 
1. Isotope concentrations within the cabin will likely differ significantly from those outside the aircraft, due to ventilation and filtration systems, which in turn vary between aircraft. There is no methodology in place for an atmospheric dispersion modeller to compute with confidence the concentration inside an aircraft from the outside air concentration.
2. Some isotopes may be deposited on surfaces throughout the different systems of the aircraft. Depending upon a host of factors, including the aircraft’s design and air-speed, this deposition would result in a very complex pattern of ground shine. Calculating this in real time would be a monumental task even under laboratory conditions and must be considered intractable. The cumulative dose from ground shine due to deposition could be even more significant for ground crew working in and around the aircraft after the flight. Again, the calculation of this is beyond the capability of the atmospheric dispersion modeller.
The operational modeller faced with computing dose rate for people inside an aircraft can either forego the calculation, or make a number of gross simplifications. The exposed individual will have to be assumed to be immersed in the same isotope concentration as in the outside air, without any shielding or filtering. This enables a formulaic estimation of the effective dose rate from inhalation. Estimation of effective dose rate due to cloud shine would require that we relax the semi-infinite cloud assumption. Ground shine from radionuclides deposited on aircraft surfaces would be different for each aircraft. MLDP0 has no means of computing deposition on objects above the ground, anyway, and so the only viable approach is to leave it out of the calculations altogether.
In a real emergency, the source term is poorly known, which introduces a very large uncertainty in the model output and derived dose rates. Years of modelling experience at RSMC Montreal has shown that relatively small changes in the source term can change ATDM concentration values by an order of magnitude or more. The same magnitude of error would carry directly into computed dose rates. Even with perfectly accurate ATDM output, the derived dose rates would be error-prone because of the necessary simplifications outlined above. 
Going beyond the strict mandate assigned by Action 16, we will state outright our opinion that numerical dose rate values - calculated from air concentrations output by ATDMs that are run with information likely to be available during a real emergency - would be unreliable as guidance, except if employed in a “zero-tolerance” approach to avoid altogether encountering the radioactive cloud. 
Preparing Realistic Guidance
Displaying numerical dose rates on the guidance invites misinterpretation by end users. This is the principal argument for not displaying dose rate values at all. To include numerical values, and then add a caution or proviso advising users not to rely too much on those values, seems counterproductive. There is also the inherent operational modelling phenomenon of dose rate values changing drastically from one simulation to the next, which can occur if the source term entered into the ATDM is modified as new information becomes available.

We do not exclude the potential for useful, non-misleading, and scientifically valid guidance for aviation interests. However, the current modelling tools, and the information that is likely to be available during an emergency, limit the reliable information that the guidance can contain.
Nevertheless, for the purposes of this report, dose rates are calculated in order to depict the horizontal and vertical extent of the plume and to demonstrate the range of values to be expected in a realistic modelling scenario. Ultimately, any guidance products for end users who are not expert modellers, should be limited to qualitative dose rate information, until such time that higher confidence in the emergency model guidance can be achieved.
In order to model a reasonably realistic plume, the approach taken for this study has been to employ 3 radioisotopes: 
An aerosol with long half-life (30 years), Cs-137
A non-inert gas with short half-life (8 days), I-131
An inert noble gas (half-life 5.25 days), Xe-133
Realistic, detailed estimates of emission rates are available for accidents, e.g. the accident at the 2011 Fukushima Nuclear Power Plant (Stohl et al 2012, Terada et al, 2012), and the 1986 Chernobyl accident (Güntay et al 1996). The simple combination of these three isotopes enables the ATDM to simulate the combined removal processes that could affect a plume over the first couple of days, and it enables a formulaic calculation – with relaxed assumptions - of effective dose rate from the air concentration output by the ATDM. It is to be noted that the version of MLDP0 used for this report did not calculate decay chains, so that the contributions from isotope progeny are not considered.
	
	Relevant Removal Process?
	Potential to Contribute to Dose Rate?

	Radioisotope
	Radioactive Decay
	Wet/Dry Scavenging
	Inhalation
	Cloud shine
	Ground shine

	Cs-137
	No
	Yes
	Yes
	Yes
	Yes

	I-131
	Yes
	Yes
	Yes
	Yes
	Yes

	Xe-133
	Yes
	No
	No
	Yes
	No


Using the dose conversion factors from Health Canada (1999), the combined Adult dose rate DR is calculated as a linear combination of contributions of the three isotopes:
DR(Cs-137+I-131+Xe-133) = 4.374×10-3×C(Cs-137) + 6.889×10-3×C(I-131) + 5.004×10-6×C(Xe-133)
where the concentrations C have units of Bq m-3 and the dose rate DR is in μSv h-1.
The contribution of each isotope is the product of its concentration C(i) multiplied by its respective combined conversion factor (adult values) for inhalation plus cloud shine. Ground shine is omitted for the reasons discussed in the previous section. As an example, the combined adult dose rate conversion factor due to inhalation and cloud shine for Cs-137 is computed as follows.
From Table 1 of Health Canada (1999), we use the adult breathing rate: 

22.2 m3 d-1
which is equivalent to 2.57×10-4m3 s-1
We multiply this breathing rate by the adult inhalation conversion factor for Cs-137 taken from Table 2 of Health Canada (1999)

4.6×10-9Sv Bq-1
to obtain  
(1)
1.1819×10-12  Sv s-1 (Bq m-3)-1
Again from Table 2 of Health Canada (1999), we use the adult conversion factor for cloud shine:
(2)
2.55×10-14 Sv s-1 (Bq m-3)-1
Adding (1) and (2) we obtain the combined adult dose rate conversion factor due to inhalation and cloud shine for Cs-137:
(3)
1.207×10-12 Sv s-1 (Bq m-3)-1
This is then converted to more convenient units by multiplying by 3600 s/h × 10-6 μSv/Sv :
(4)
4.347×10-3  μSv h-1 (Bq m-3)-1
Similar calculations were done for the dose rates for the other isotopes and for the One-year-old Child, using the appropriate tabulated factors from Table 1 of Health Canada (1999)

For this report, values of DR were computed for the following layers:

SFC-1500m, 1500m-3000m, 3000m-4500m, 4500m-6000m, 6000m-7500m, 7500m-9000m, 9000m-10500m, 10500m-12000m.

The dose rate contour values were set at 0.1, 0.3, 1, 3, 10, and 30 μSv h-1. 
Simulations and examples of guidance products
The following examples incorporate the points presented in the preceding sections. Details such as the number of layers, time interval between outputs, etc., could be adapted as required.

MLDP0 was run using several hypothetical 72-hour emissions from points corresponding to the locations of Fukushima Dai-Ichi and Chernobyl nuclear power stations. Results from the following 72-hour simulations are presented.

	Station
	Emission start time

	Chernobyl
	2014-11-12, 12 UTC

	Chernobyl
	2015-07-31, 0600 UTC

	Fukushima
	2014-10-18, 1200 UTC

	Fukushima
	2015-09-15, 1200 UTC


Emission and modelling details are attached within the output images.

In all the simulations, the vertical extent of the modelled radioactive plume is fairly limited, when compared to that of volcanic plumes, for example. This is because under typical meteorological conditions, the column from a non-explosive emission does not penetrate as high into the atmosphere as does a moderate volcanic eruption. The only common mechanism that moves radioactive pollutants to high levels is vertical wind currents. Only one of the RSMC Montreal simulations reported here resulted in a plume higher than 6000m, and even in that case the concentrations above 6000m were so low that the resulting dose rates were below the threshold of 0.1 μSv h-1. In contrast, for the summertime Chernobyl simulation, subsidence associated with a strengthening high pressure cell over the area confined the plume to under 3000m, and resulted in much higher air concentrations and dose rates. 

The opposite would be expected if there were a very convectively unstable atmosphere. In such a situation strong vertical air currents (updrafts) near the accident site could draw radioactive material to much higher levels, where generally stronger horizontal winds could potentially spread the plume over a greater area. These strong updrafts are not present in the global NWP wind fields employed by the ATDM, so that if a model operator decided that strong updrafts were indeed present, he/she could compensate by extending the initial height of the emission column. This, however, would dilute the emission right from the start, and although the plume would have a greater vertical and horizontal extent, the concentrations and dose rates would be proportionately lower.

Thus, the inclusion of higher flight levels might on occasion be necessary, and could be included in the output when the modelled plume extends to those levels. Based on future feedback, some indication could be given on the guidance that there is no plume above a certain level, e.g. NO PLUME ABOVE 6000 METRES.
This document presents a sample image from each of the four simulations. A full set of images (3-hour intervals over a 72-hour period) for the four cases can be viewed at the following web addresses:

http://eer.cmc.ec.gc.ca/people/Nils/E7eUfzzwKpcnC1sYLg6/15_Chernobyl/MLDP0.3.20141112.1340/
http://eer.cmc.ec.gc.ca/people/Nils/E7eUfzzwKpcnC1sYLg6/15_Chernobyl/MLDPn.0.20150731.0600/
http://eer.cmc.ec.gc.ca/people/Nils/E7eUfzzwKpcnC1sYLg6/13_Fukushima/MLDP0.3c.20141018.1200/
http://eer.cmc.ec.gc.ca/people/Nils/E7eUfzzwKpcnC1sYLg6/13_Fukushima/MLDPn.2.20150915.1200/
Each of these links has subdirectories "Adult" and "Child1yr", which contain .png image files. The file anim.html in each subdirectory enables animation of the sequence of images.
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Figure 1Example of guidance based on a simulation of atmospheric transport of a hypothetical emission of three isotopes at Chernobyl, Ukraine. Meteorological fields used were from a CMC global forecast beginning 2014-11-12 12 UTC. Combined inhalation and cloud shine dose rate for adults, due to this radioactive emission and subsequent atmospheric transport, valid at 2014-11-15 1200 UTC, are presented in the four main panels that correspond to four layers in the atmosphere. Results for 1-year-old child are similar and are available at the web address provided in the text. The smaller panel at lower right depicts the complete plume of all the Lagrangian particles, with a color scale indicating plume height.
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Figure 2. As Figure 1, for a hypothetical 72-hour emission beginning 2015-07-31 0600 UTC. The meteorological fields were from the CMC operational global forecast covering the simulation period. This scenario demonstrates the effect of a high pressure system that confines pollutants to lower levels in the atmosphere, even though the emission column was extended to 3 km height. Note that the range of contour values for dose rates was extended to 1000 μSv h-1. 
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Figure 3. Example of guidance based on a simulation of atmospheric transport of a hypothetical emission of three isotopes at Fukushima, Japan. Meteorological fields used were from a CMC global forecast beginning 2014-10-18 12 UTC. Combined inhalation and cloud shine dose rate for adults, due to this radioactive emission and subsequent atmospheric transport, are presented in the four main panels that correspond to four layers in the atmosphere. This example is valid 2015-10-21 1200 UTC, 72 hours after the start of the emission. Results for 1-year-old child are similar and are not presented here but can be accessed at the web address provided. The smaller panel at lower right depicts the complete plume, with a color scale indicating plume height.
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Figure 4. As Figure 3, for a hypothetical 72-hour emission beginning 2015-09-15 1200 UTC. The meteorological fields were from the CMC operational global forecast covering the simulation period. The wind flow for this simulation was somewhat weaker than that during the simulation for Figure 3.

Conclusion
In response to Action 16 of the ET-ERA Meeting in October 2013, RSMC Montreal investigated several atmospheric transport and dispersion model (ATDM) simulations of major nuclear accidents. Realistic hypothetical emissions were applied at Fukushima and Chernobyl. Automatic calculation of dose rate values from atmospheric transport and dispersion model output was determined to be problematic and prone to large error.  Including such information on guidance could therefore be misleading. Alternatively, guidance could depict the time evolution of the entire plume, with an appropriate threshold, over a number of layers, to indicate areas with an elevated dose rate.  Refinements could be made depending on the feedback and decisions of the potential end users.
Possibly at some point in the future, with closer collaboration between nuclear power operators, regulatory agencies, and atmospheric modelling centres, better emission data will be available in real time to reduce the uncertainty of ATDM simulations performed in support of emergency response, to the point where numerical values of dose rate can be used at a higher confidence level.
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