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ABSTRACT

Radiological Dispersive Devices (RDD) are often portrayed as weapons used by radical (asymmetric) forces, 
however they can also be used in a regular war. In this study, a hypothetical scenario where an asymmetric force 
contaminates the battlefield, by detonating an RDD prior to the soldier’s arrival without being detected, is simulated. 
The software HotSpot was used due to its speed and conservative results which can help inform the decisions 
made by the commanding officers. HotSpot performs a Gaussian simulation of the radioactive dispersion in the 
environment. The plumes that arise from the explosion are considered to be affected by the atmospheric conditions. 
In this study, those conditions are represented by the Pasquill-Gifford stability classes. The results of the simulation 
show that remaining stationary, if the contaminated area size is not affected by the PG class variation, may increase 
the radiological risk. It is better to move the soldiers around in order to avoid additional exposure, however that 
may also be a challenge for various reasons including changes in the shape of the contaminated area. Nevertheless, 
the variations in local PG classes gain importance as the distance from the release point increases. 
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1. InTROduCTIOn
Scenarios involving radioactive contamination have been 

gaining attention in the scientific media during recent years1-4. 
In the field of military operations, radiological and nuclear 
events are not limited by technological accidents. Threats can 
be deliberate and intentionality becomes a context variable. 
Technological threats in combat scenarios are not expected to 
be unique or limited to contamination by radioactive elements. 
Actions involving chemical and biological agents can be 
expected, thus setting up a scenario for chemical, biological, 
radiological and nuclear (CBRN) defence actions.

By performing computer simulations this study presents 
the possibility of facing a non-conventional combat situation, 
or fourth generation warfare5. The fourth-generation warfare is 
marked by the presence of non-conventional forces that can use 
improvised mechanisms like a radiological dispersive device 
(RDD), also known as a dirty bomb, against regular troops. 
This might produce a new combat environment, and perhaps 
a new paradigm in decision-making in the field of military 
sciences.

The simulations enable the creation of a scenario where 
the information, generated in a conservative way, can support 
decision making in real time. The software HotSpot Health 
Physics version 3.1.213 was used to simulate an attack against 

regular troops operating on the ground by triggering an RDD. 
This fast computer simulation can be valuable for assessing 
threats and the potential consequences from the event. This 
data can be of value for defining a response strategy, and for 
supporting decision making in regards to the radiological 
protection of the troops. For some time RDDs were restricted 
to the field of radiological terrorism. However, there are enough 
arguments to believe that it can be used in the context of regular 
military operations by opponents in non-conventional actions.

In a recent related work, Bulhosa and colleagues 
investigated the development of a simulated radiological event 
involving the environmental release of Cs-1376. The work 
shows that the effects of the Pasquill-Gifford atmospheric 
stability classes on the total effective dose equivalent (TEDE) 
is decisive to model both the consequences and the cancer 
risk. These results corroborate the central idea of this study 
which is to reduce risks by applying simulations with the 
aim of establishing effective support for the initial decision. 
Nevertheless, the difference in this study compared to that 
developed by Bulhosa and collaborators is a potential fight. 
The information generated in the simulations is of value not 
only for reducing risk but also to be a theoretical basis for 
elaborating countermeasures plans.

The findings discussed in this paper can inform decisions 
and ultimately serve as a warning for a new potential element of 
land combat, dirty bombs or RDDs. Additionally a discussion Received : 30 August 2020, Revised : 01 February 2021 
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on the need to update the safety equipment in operations can be 
expected to include radiation detectors at the platoon level, and 
training to apply computer simulation techniques in real time 
and in real combat missions.

2. MATERIAL And METhOdS
The land-based environment simulation considers a 

hypothetical situation where a radiological dispersal device 
(RDD) is activated producing a contaminated plume carrying 
radioactive material. The plumes from the explosion may be 
significantly affected by local atmospheric stability conditions. 
In this study such stability conditions are represented by the 
Pasquill-Gifford stability classes (PG classes)7. Although 
the environmental radiation dose rate is of fundamental 
importance, the study considered the integrated radiation 
dose after 4 days (TEDE)8,9as the key parameter to assess the 
radiological threat.

In the initial assessment and response phase data is usually 
very scarce, and responders may have to rely on less realistic 
estimates for airborne releases. The deadlines involved in 
decision making are short and preparation is critical in an 
environment of insufficient data. The main protective actions 
for the initial phase are evacuation and shelter on site10. These 
actions are interesting for cases where doses, in the whole 
body, are expected to exceed 10 to 50 mSv in four days10. 
In this study the period of 4 days refers to the conservative 
estimates of the evolution of contamination taken after the 
environmental release.

Regarding the risk to human health arising from the 
exposure to ionising radiation, this study also considers it a good 
approximation that radiological risk is proportional to TEDE. 
This choice is supported by benchmarking epidemiological 
models indicating this variable as fundamental in the assessment 
of radiological risk11,12.

In general, health effects due to exposure to ionising 
radiation are classified as stochastic or deterministic. Stochastic 
effects occur at random and the probability of the effect 
occurring (not its severity) is considered a linear dose function 
without a limit. Stochastic effects can result from damage to 
a single cell leading to future results that include hereditary 
and carcinogenic effects. The deterministic effects result from 
the collective injury of a substantial number of cells in the 
affected tissues. In this case the severity of the tissue damage 
is a function of the dose. The limits of radiological protection 
are generally defined in order to prevent the occurrence of 
deterministic effects, in addition to trying to limit the chances 
of occurrence of stochastic effects13.

usually the interest for deterministic effects in extreme 
conditions like the one treated in this study falls on consequences 
such as the acute radiation syndrome (ARS)14. Although the 
limits for the development of ARS are still considered with 
some uncertainty, in this work the value of TEDE with a limit 
of 700 mSv is considered sufficient to trigger serious biological 
processes in a few hours15. The first biological effects of high-
level acute doses appear within minutes to weeks depending 
on the dose received, and the fraction of the total body exposed 
to radiation13.

The TEDE was defined as the radiation producing the 

equivalent dose by both external and internal exposure. 
This radiation dose concept (TEDE) includes all applicable 
radiological exposure pathways13. The TEDE measure uses the 
international system unit (SI) for a radiation dose equivalent 
of 1 joule per kilogram, the sievert (Sv) and its sub-multiples 
along with the text. Although it is a part of TEDE, in this 
study ground shine is examined separately. The reason for 
that is because it remains the main source of exposure after 
the passage of the contamination plume. The source-term used 
in the simulations is Cs-137, and the reason for that is due 
to the usage of Cs-137 as a source material inside the blood/
tissue irradiators (IAEA)11. TEDE is taken by Hotspot as the 
total effective dose equivalent, being calculated as13 shown in 
equation 1.

TEDE = CEDE (inhalation) + EDE (submersion)        (1)
where EDE is equivalent to the effective dose by 

submersion in the cloud (external), and CEDE is equivalent to 
the effective dose compromised by inhalation (internal).

The contamination routes consider only dry deposition 
of the plume and consequent soil contamination. The 
contaminated plumes evolution was calculated according to 
Gaussian modelling. The application of this model, although 
less rigorous in relation to the uncertainties associated with the 
results, gathers sufficient information in order to offer support 
to decision-makers. HotSpot is an advantageous tool for field 
work in situations requiring fast processing, and on demand 
information availability13.

The Gaussian model is suitable for estimating the 
atmospheric concentration of an aerosol at any point in space, 
and it may be found in previous works from our group2-4. In this 
study it is considered that the troops under radiological threat 
have the means to identify both the presence of radiation and 
the radioactive element in the environment by means of simple 
identifiers detectors. The Gaussian model used by HotSpot is 
given by the governing equation 2.
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where C is the concentration (Bq-s)/(m3), Q is the activity 
of the radiation source (Bq), H is the effective release height 
(m), λ is the physical radioactive decay factor (s–1), coordinates 
x, y and z are related of the downwind, crosswind and vertical 
distance (m) respectively, σy and σz are the standard deviations 
of the concentration distribution in both the horizontal and 
vertical direction (m), u is the mean wind velocity at the 
effective release height (m/s), and Df(x) is the plume depletion 
factor13.

On a time-scale basis the study was limited to calculations 
within the first 100 hours since the initial event. overall the 
radiological exposure window lasts approximately 4 days 
assuming that 100% of the time is spent inside the plume. 
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HotSpot takes the wind speed local PG class, ranging from a 
to f where PG class a is assumed as extremely unstable and 
class F as moderately stable, into consideration7,13,16. HotSpot’s 
developer recommends limiting the range of the modelling 
to 10 km. According to the developer, for greater distances 
there may be mathematical fluctuations that imply additional 
increments to the associated uncertainties.

HotSpot offers a choice between two types of terrain, those 
being city or standard (rural). The standard mode was chosen 
because the simulation takes place outdoors and outside the 
urban area. This option offers the most conservative estimates 
thus maximising resources management. Possible effects of 
the soil surface roughness are conservatively incorporated 
into the simulation. Also, from a conservative perspective, 
the airborne fraction (ARF) of the source-term which is the 
fraction of material at risk that is aerosolised and released into 
the atmosphere was considered totally aerosolised without 
associated ballistic terms13. Additionally HotSpot considers that 
small particles and gases or vapors are deposited on surfaces 
because of turbulent diffusion and Brownian motion. It is also 
considered that chemical reactions, impaction, biological, 
chemical, and physical processes combine to keep the material 
released at ground level, this process is called dry deposition. 
The algorithm defines the effective deposition speed as the ratio 
between the observed deposition flow and the air concentration 
estimated near the soil surface13.

The main results under evaluation are: (a) Arrival Time, 
(b) Area of the zone of interest (inner, middle, outer), (c) TEDE, 
(d) ground shine, (e) ground deposition and (f) Exceeding 
distance. all results are calculated for all PG classes. The main 
input data for HotSpot can be found in Table 1. This study does 
not consider mechanical effects caused by the explosion of 
the RDD. Also contaminating the environment without being 
detected is considered to be a strategy of the non-conventional 
opposing force, hence we considered that the RDD was 
triggered before the arrival of the troops.

The amount of explosives was determined at 25 pounds 
based on two premises: ease of transport and low damage to 
the local physical structure. The receptor height is the height 
above the ground at which the TEDE is estimated. The default 
value adopted by HotSpot is 1.5 meters, the body region close 
to the chest in an average man of 1.7 meters. The actual height 
of the plume may not be the physical height considered for 
dose estimates. The rise of the plume results in an increase 
in the release height. For a conservative estimate, release at 
ground level must be considered13. The source term considered 
is a typical component of blood irradiators in hospital facilities. 
The activity used (4.44E+14 Bq) considered an average value 
for this type of application11, and therefore, easier to acquire in 
the formal market.

The equations for the standard deviation of the Gaussian 
concentration distribution in the direction of the ordinate (y) axis 
are representative of the observation of plume characteristics 
over an observation period, known as the sampling time. Due 
to the explosion the release of radioactive material into the 
environment is expected to be an instantaneous phenomenon. 
Nonetheless, HotSpot assumes the sampling time as 10 minutes 
by default. The concentrations of radioactive material released 

downwind decrease with increasing sampling time due to the 
spread of the plume as it progresses spatially.

 Material at Risk (MAR) is the total amount of the 
radionuclide involved in the release scenario. Damage Ratio 
(DR), is the fraction of MAR that is really impacted in the 
release scenario. The Leak path Factor (LPF) is the fraction 
of the Material at Risk that goes through some containment or 
filtration mechanism. airborne fraction (aRf) is defined as 
the fraction of the MAR that is aerosolised and released into 
the atmosphere in dimensions that do not have any ballistic 
effects. The respirable fraction (Rf) is the fraction of the aerosol 
material that is respirable (aerodynamic Diameter (aD) ≤ 10 
microns)13.

The radioactive plume can be projected onto the ground 
and the dimensions of the affected areas were estimated by 
HotSpot for each PG class. These contaminated areas are 
named according to both the isodoses they represent and their 
position in relation to the plume15,17: (a) inner (maximum < D 
< 700 mSv, at this level deterministic effects are expected); (b) 
middle (700 mSv < D < 100 mSv – at this level emergency 
situation is defined) and (c) outer (100 mSv < D < 10 mSv - at 
this level sheltering procedures may occur). A summary of the 
method applied to the simulation can be found in Fig. 1

a simple way to highlight the importance of the PG 
classes’ influence on selected results is to evaluate the standard 
deviation (SD) of these results within their groups. This 
procedure was applied to the TEDE evaluation (Fig. 3a) and 
to the Exceeding distance (Fig. 4b) in order to qualify the 
importance of the PG classes in each one. The Exceeding 
distance is the distance from the release point to the isodose 
limit of any of the zones of interest (inner, middle, and outer). 
Therefore the higher the standard deviation for a considered 
group is, the higher the PG classes interchanging significance 
becomes. The mathematical formula used to calculate the SD 
is well known as presented by equation 3.

2( )x xSTD
n
−

= ∑                           (3)

where x is the variable value and each PG class, x  is the 
mean of all values in the data set and n is the number of values 
in the data set.

Table 1. hotSpot main input simulation data

Variable (input) Value
High Explosive 25.0 Pounds of TNT
Stability Class A to F
Receptor Height 1.5 m
Sample Time 10 min

Distance Coordinates All distances are on the plume 
centerline

Source-Term Cs-137 D 30.0y
Material-at-Risk (MAR) 4.44E+14 Bq (blood/tissue irradiators)
Damage Ratio (DR)

1.00 (conservative default)
Airborne Fraction (ARF)
Respirable Fraction (RF) 0.20 (conservative default)
Leakpath Factor (LPF) 1.00 (conservative default)

Wind Speed (h=10 m) 3.0 m/s (all PG classes register this 
value)
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3. RESuLTS
Figure 2 to 4 show the main variables under evaluation 

which are: (a) arrival time, (b) area of the zone of interest, 
(c) TEDE, (d) ground shine, (e) ground deposition and (f) 
exceeding distance.

Figure 2 shows results for the time of arrival of the plume 
as a function of the distance to the release point (2a) and the 
expected size of the area (2b) for each zone of interest (inner, 
middle, and outer) for each PG class.

Figure 3 presents results for TEDE (3a) and ground 
shine (3b) as a function of the distance to the release point, 
both for each PG class. Wherever TEDE is above 100 mSv 
are highlighted in Fig. 3(a) (0.1, 0.5 and 1 km).

Figure 4 shows results for ground deposition (4a) 
as a function of the distance to the release point and the 
exceeding distance (4b) for each zone of interest (inner, 
middle, and outer), both for each PG class.

4. dISCuSSIOn
This study simulates an off-site military operation 

environment. The simulations outputs essentially play 
the key role of supporting decision strategies towards risk 
reduction.

An important factor in decision-making is the 
timeframe and its intervening variables. Figure 2(a) shows 
a set of results that suggests a dependence between the 
arrival time and the PG classes. Notably up to 2 km from 
the release point there is no influence of PG classes on 
arrival time. However, from 2 km onwards an increase of 
the influence of the PG classes is predictable.

Figure 3(a) shows that for the 10 km location, a 
comparison between the results generated considering classes 
a and f produces differences of approximately 30 min in the 
arrival of the contamination plume. This might have an impact 
on the actions taken in order to achieve a safer environment. 
In contrast the estimated areas for each zone of interest do not 
show significant variations following the PG classes’ changes 
(fig. 2b). These findings may lead to an unrealistic sense 

Figure 1. Summary of  the  method appl ied to  the  scenario 
simulation.

Figure 2. Arrival time (2a) and the expected area of each zone of interest inside the main plume (2b).

Figure 3. TEdE (3a) and ground shine (3b) are presented as a function of the distance to the release point for each PG class.
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of advantage. Remaining stationary due to the fact that the 
affected areas are not modified by variations in the PG classes 
may increase the radiological risk. It is crucial to notice that 
local PG classes’ changes can have an effect on the plume 
shapes even if the plume’s area remains the same. also for each 
PG class the dose rate becomes inversely proportional to the 
distance from the release point thus showing what direction to 
move first. In fact variations in the local PG classes occurring 
simultaneously with the troop’s movement can lead to bias in 
the decision-making. These biases hinder the definition of both 
the moment of displacement and the safest direction to follow.

Variations in the shape of the contaminated plumes are 
expected, including narrowing and stretching according to the 
estimated values for the exceeding distance (Fig. 4). Moving 
soldiers around may be an alternative to be considered in order 
to avoid additional radiological exposure as a result of the PG 
classes’ changes. The movement of the troops may be an issue 
since the resources are limited in the field and the soldiers may 
be under additional stress. The difficulty to understand and 
even perceive the non-conventional context can lead to delays 
in decision making. Once there are signs of an RDD, these 
delays can be compensated by applying field modelling.

The central concept of TEDE is sensitive to variations in 
PG classes as shown in fig. 3(a). Regardless of the PG class, 
up to 0.5 km the TEDE values are always higher than the limit 
considered for radiological emergencies (100 mSv). Moving a 
little further, at the 1 km location, only classes D, E and F raise 
the TEDE to levels above 100 mSv. For this location (1 km) an 
important concern is the PG class change which may impact 
the decision of moving towards low exposure sites nearby. 
Locations between 1 and 10 km are always under 100 mSv, 
and the PG classes that mostly increase radiological risk are 
E and F (Fig. 3a). Figure 3(b) shows the ground shine levels 
deriving from the ground deposition (Fig. 4a) which in turn is 
a fundamental parcel of TEDE (eq. 2).

Figure 4(b) shows the exceeding distance, and represents 
how much the major axis of the ellipse can vary due to changes 
in the PG classes. It is crucial information that can influence 
decisions by changing the perception of safety (Fig. 2b). The 
standard deviation (SD) results confirm that the PG classes’ 
variations impact the length of the zones of interest (inner, 

middle, outer). Low values of SD in the inner zone suggest that 
little or no influence is exerted on a location near the release 
point. on the other hand, by comparing PG classes a and f 
in the outer zone a variation of around 300% can be found. 
Changing the elongation of the plumes in combination with 
an unchanged plume area may cause bias in the decision and 
influence the troop’s displacements.

5. COnCLuSIOnS
The findings of this study although taken as a first-order 

response to an RDD event in the field show the importance 
of using HotSpot codes along with environmental data for 
providing valuable information for supporting decision. The 
method introduced in this work may count on HotSpot both as 
a field and/or remote tool giving results to support decision-
making in a radioactive scenario. The findings also provide 
information on how to move the troops to lower radiological 
risk sites. Complementary studies are necessary for a more 
complete assessment of the scenario and may be performed 
by adding more advanced technologies. Such improvements 
come from the use of a radiation detection system along with 
computational resources. Also radioepidemiological models 
may enhance the results and ultimately the decision process. 
However, advanced studies like the one previously mentioned 
fall outside the scope of this work which addresses simple, 
fast, portable, and scientifically valuable solutions to support 
immediate decision-making in the field.

REFEREnCES
1. Di Giovanni Dl, E.; Marchi, f.; latini, G.; carestia, 

M.; Malizia, a.; Gelfusa, M.; fiorito, R.; D’amico, f.; 
Cenciarelli, O.; et al. Two realistic scenarios of intentional 
release of radionuclides (Cs-137, Sr-90) - The use of the 
HotSpot code to forecast contamination extent. WSEAS 
Trans Environ Dev., 2014, 10, 106-122

2. Rother, F.C.; Rebello, W.F.; Healy, M.J.; Silva, M.M.; 
Cabral, P.A.; Vital, H.C. & Andrade, E.R. Radiological 
Risk Assessment by Convergence Methodology Model in 
RDD Scenarios. Risk analysis: An official publication of 
the Society for Risk Analysis., 2016, 36(11), 2039-2046. 

 doi: 10.1111/risa.12557

Figure 4. Ground deposition is presented as a function of the distance to the release point (4a), and exceeding distance (4b) is 
presented for each zone of interest. Both ground deposition and exceeding distance depend on PG classes.



SILVA, et al.: RaDIoloGIcal coNSEquENcES MoDEllING foR a laND-BaSED oPERaTIoN ENvIRoNMENT

475

3. Alves, I.S.; Castro, M.S.C.; Stenders, RM; Silva, 
R.W.; Brum, T.; Silva, A.X. & Andrade, E.R. The 
vertical radiation dose profile and decision-making in a 
simulated urban event. J Environ Radioact., 2019, 208-
209:106034. 

 doi: 10.1016/j.jenvrad.2019.106034
4. Andrade, E.R.; Reis, A.L.Q.; Alves, D.F.; Alves I.S.; 

Andrade, E.; Stenders RM, Federico CA. & Silva, A.X. 
urban critical infrastructure disruption after a radiological 
dispersive device event. J Environ Radioact., 2020, 222, 
106358. 

 doi: 10.1016/j.jenvrad.2020.106358
5. Simons, G. fourth Generation Warfare and The clash of 

Civilizations. Journal of Islamic Studies, 2010 10(04), 
21. 

 doi: 10.1093/jis/etq042
6. Bulhosa, V.M.; Funcke, R.P.N.; Brum, T.; Sanchez, 

J.S.; Lima, Z.R.; Vital, H.C.; Prah, M. & Andrade, E.R. 
Solid cancer risk dependence on the Pasquill-Gifford 
atmospheric stability classes in a radiological event. 
Radiation and Environmental Biophysics, 2020, 59(2), 
337-342. 

 doi: 10.1007/s00411-020-00840-3
7. Pasquill, F. The estimation of the dispersion of windborne 

material. Meteorological Magazine., 1961, 90, 33-491. 
8. DOE. Estimating Radiation Risk from Total Effective 

Dose Equivalent (TEDE) - ISCORS Technical Report No. 
1.  2003. Air, Water & Radiation Info Brief. DOE/EH-
412/0015/0802 rev.1

9. fisher, D.R. & fahey, f.H. appropriate use of Effective 
Dose in Radiation Protection and Risk Assessment. Health 
Physics, 2017, 113(2), 102-109. 

 doi: 10.1097/HP.0000000000000674
10. EPA. Protective Action Guides and Planning Guidance 

for Radiological Incidents, 2017. www.epa.gov/radiation/
protective-action-guides-pags

11. IAEA. Categorization of Radioactive Sources. IAEA 
Safety Standards Series No Rs-G-19. vienna: International 
Atomic Energy Agency; 2005.

12. NRC. Health risks from exposure to low levels of ionizing 
radiation: BEIR VII Phase 2. 10.17226/11340National 
Academies Press; 2006

13. Homann, S.G. HotSpot Health Physics codes version 3.0 
user’s Guide.  2019. 

14. Grammaticos, P.; Giannoula, E. & fountos, G.P. acute 
radiation syndrome and chronic radiation syndrome. Hell. 

J. Nucl. Med., 2013, 16(1), 56-9.
15. Thaul, S. OMH, ed. Potential Radiation Exposure in 

Military Operations: Protecting the Soldier Before, 
During, and after. National academies Press (uS); 1999. 
Institute of Medicine (uS) committee on Battlefield 
Radiation Exposure Criteria.

16. Hunter, C.H. A Recommended Pasquill-Gifford Stability 
classification Method for Safety Basis atmospheric 
Dispersion Modeling at SRS. 

 doi: 10.2172/1037732 2012
17. ICRP. The 2007 Recommendations of the International 

Commission on Radiological Protection. ICRP publication 
103. Annals of the ICRP., 2007, 37(2-4), 1-332. 

 doi: 10.1016/j.icrp.2007.10.003

COnTRIBuTORS

Mr Rodrigo Werner da Silva, Graduated in civil Engineering, 
and is an officer from the military firefighter’s corps of the state 
of Rio de Janeiro with specialisation in operational management 
in organisations, and Masters in Nuclear Engineering. Currently 
directs the Civil Defense Scientific and Technological Institute 
of Rio de Janeiro, Brazil.
He contributed in conceptualising the design.

Mr André Luiz Q. Reis, works in the field of Environmental 
Risks. Currently developing research aimed at responding to 
radiological and nuclear emergencies.
He is responsible for supervising the simulations and the 
results consistency.

Mr Ricardo M. Stenders, is an undergraduate student of 
Economy and Engineering. He is doing research aimed at 
responding to radiological and nuclear emergencies in urban 
environments.
He is responsible for checking the graphical information and 
language editing.

Mr Edson R. Andrade, is a PhD in Toxicological Biochemistry 
(Radiobiology) and working as a professor at the Nuclear 
Engineering Graduate Program at the Military Institute of 
Engineering (IME). He is also a visiting professor at the Federal 
university of Paraiba (ufPB - Brazil) focused on studies on 
potential environmental impacts and consequences resulting 
from technological accidents.
He is responsible for conceptualising the design and supervised 
the project


