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DISPERSION MODEL FOR LOW WIND AND ATMOSPHERIC CALM
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Abstract. A dispersion model is developed for low wind and atmospheric calm.
The model takes into account both turbulent diffusion and advection along the wind
direction in the case of low wind. It provides one option for calculating the concentration in low wind and two options for calm conditions, implements an algorithm for
calculating the building effect, and uses the Briggs plume rise equations. The effect of
wet deposition and radioactive decay is also considered.
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1. INTRODUCTION

The dispersion of pollutants in the atmosphere is mainly determined, on the
one hand, by the mean flow of the atmospheric fluid that carries the pollutants along
the dominant direction of the wind and, on the other hand, by the turbulent speed
fluctuations that disperse the pollutants in all directions.
In the case of moderate or strong wind, the continuously emitted pollutants are
forming a plume (pollutant cloud) along the wind direction, having the origin in the
source. In this situation, the downwind advection dominates over diffusion, and the
lateral and vertical distributions of the pollutant concentrations are of Gaussian type.
Low wind and calm are the atmospheric states most critical for the dispersion of
pollutants because they are leading to the highest concentration values at the ground
level. Low wind is the state in which wind speed is less than 2 m/s and the calm
condition is the state of the atmosphere in which the wind speed is below device
detection limit. In this paper, the wind speed in atmospheric calm was considered
equal to zero. In low wind conditions, diffusion along the wind direction can have
an important role in determining the concentration distribution and, in addition, pollutants cannot form a cone-shaped plume along the wind direction [1]. Thus, in case
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of low wind, the assumption that advection dominates over diffusion along the wind
direction is no longer valid, the two physical processes having comparable contributions to the resulting concentration field. Low wind conditions frequently occur in all
regions of the globe. Low wind speeds, coupled with thermal inversion conditions,
are expected to occur in 30–40% of the time in most locations [2, 3].
There are dispersion models which estimate the atmospheric dispersion of radionuclides at different spatial scales, from the local scale [4, 5], at the regional scale
[6] and the global one [7, 8], making use of different physical assumptions. Typical
Gaussian models have a limitation of principle, namely, the concentration expression is obtained without taking into account the diffusion process along the wind
direction, which at low speeds of the wind (below 2 m/s), becomes comparable or
more important than the advection. This limitation determines an overestimation of
pollutant concentration by the Gaussian models when they are applied in situations
characterized by low wind.
The steady-state dispersion models based on the Gaussian approximation, e.g.,
OML [9, 10], ADMS [11, 12], and AERMOD [13], do not contain algorithms for
calculating pollutant concentrations for low wind and atmospheric calm; for example, in OML, for calm conditions, one considers the wind speed value to be equal
to 0.5 m/s and a wind direction resulted from interpolation between the directions
specific to the ends of the interval where there is calm state. ADMS as well does not
consider atmospheric conditions with wind speeds less than 0.75 m/s.
To address these limitations, a special dispersion model, ConDefa (Condit, ii
Defavorabile: unfavourable conditions, in Romanian) was developed that enables
the estimation of the air concentrations of radioactive and stable pollutants, in low
wind conditions (speed < 2 m/s) and atmospheric calm.
The evaluation of the ConDefa model is presented in the companion paper.
2. DESCRIPTION OF THE DISPERSION MODEL CONDEFA

ConDefa is a local scale dispersion model, with a GUI (Graphical User Interface), developed to estimate the concentrations of radioactive and stable pollutants
in the atmosphere under low wind and calm conditions, for constant emission rates.
The calculation options are identified with the following labels: LW for low wind,
and ACn for atmospheric calm, option n, respectively.
2.1. CASE OF LOW WIND

For dispersion modelling in the case of low wind, the model employs a nonGaussian distribution of the pollutant concentration field. The corresponding option
for dispersion calculation is called diffusion coefficients (LW).
(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG

3

Dispersion model for low wind and atmospheric calm – Part I: Description

Article no. 712

Diffusion coefficients (LW)
This option uses the solution of the advection-diffusion equation describing the
concentration, C, for a continuous source of strength q, located at a point (0, 0, H),
for a spatially homogeneous wind field and constant eddy diffusivities, obtained by
the method of integral transforms [2]:
qeU x/2Kx
C(x, y, z, H) =
4π(Kx Ky Kz )1/2
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U is the mean wind speed and Ki (i = x, y, z) are the constant eddy diffusivity along
the coordinate axes with Ox-axis oriented along the mean wind. The diffusion coefficients are dependent on the atmospheric stability class which is determined by two
schemes based on the vertical temperature gradient and wind speed. Thus, in the case
of Kz , an average value of the coefficient was calculated for the mixing layer specific
to each stability class [14–17]. The model assumes homogeneous turbulence in the
horizontal plane, so Kx = Ky (= αKzm ), where 1 6 α 6 αm and Kzm is the average
value of Kz for the mixing layer, obtained by supposing linear dependence up to the
height of 100 m [14, 15] and a constant value up to the mixing height. The quantity
αm corresponds to the highest value of Kx and Ky and is set to 100 m2 s−1 [18].


2.2. CASE OF ATMOSPHERIC CALM

From a physical point of view, calm refers to the dynamical processes specific
to stagnant weather conditions in which there still exists turbulence and diffusion different from the molecular one. In order to calculate the concentration in atmospheric
calm, the ConDefa model provides two options: variable Kz (AC1) and the NRC
model (AC2).
2.2.1. Variable Kz (AC1)
The calculation algorithm of pollutant concentration is based on a system of
equations resulting from the numerical discretization of the diffusion equation with a
source term of delta-function type, a height dependent vertical diffusion coefficient,
and a removal term quantifying the wet deposition and radioactive decay. The asso(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG
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ciated equation system is solved by a calculation algorithm in 7 points by making use
of the successive relaxation method with an iterative scheme [19]:
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Kzm = Kz (zm ),
Q = −qδmms δjjs δiis

1 if l = ls ,
δlls =
0 if l 6= ls .
Q is the pollutant source per unit volume, δ is the Kronecker symbol, λ is the radioactive decay constant, and ω is the wet deposition coefficient. The grid in the modelling
area is defined by the following structure of points: xi+1 = xi + ∆x, yj+1 = yj + ∆y,
zm+1 = zm + ∆z. The method does not generate non-physical (negative) values for
concentrations, including in their asymptotic variation domain [20, 21].
2.2.2. NRC model (AC2)
The method is based on the simplified scheme used by the NRC (The US Nuclear Regulatory Commission). In this option the concentration depends only on the
stack height and the plume-rise; the parameters that describe the turbulence intensity (the square root of the mean square fluctuations of the wind speed components
in the three directions) are considered constant and independent of atmospheric sta(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG
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bility [22]. According to this model the pollutant concentration is computed by the
formula:
C(x, y, z, H) =

qσu
2/3
(2π) σv σw r2

(3)

where


σu 2
r =x +
(H − zr )2 ,
σw
x is the distance from the stack to the receiver point considered to be on the plume
center line (y = 0) in the orthogonal plane on the stack axis, located at the receiver
height, zr (z = H − zr ), and σu , σv , and σw are the mean square fluctuations of the
wind speed on the Ox , Oy and Oz directions. The height, H, is the sum between
the physical height of the stack and the plume rise of the pollutant cloud (plume).
In this approach, the parameters σu , σv , σw do not depend on stability and they are
independent of height, and have the values σu = σv = 0.4 m/s, σw = 0.04 m/s.
2

2



2.3. INPUT DATA

The input data required by the model are the following:
• grid parameters (number of grid points, the grid spacing [m]);
• meteorology: temperature gradient [◦ C/100 m], air temperature [◦ C], exponent
for height dependence of Kz , wind speed [m/s], wind direction [degrees], height
at which anemometer is located [m], coefficient for calculating Kx and Ky as
function of Kz , the mixing height [m], schemes for determining the stability of
the atmosphere [2, 23] based on vertical temperature gradient and wind speed,
washout coefficient [1/s];
• pollutant source characteristics: emission rate [g/s or Bq/s], stack height [m],
stack diameter [m], gas exit speed [m/s], gas temperature [◦ C] and radioactive
constant [1/s];
• data for building effect calculation: building area [m2 ] normal to the wind speed
and roughness length [m];
• model output options: the height of receptors [m] and output file names.
The ConDefa GUI used to facilitate data input is shown in Figure 1.
The classification of atmospheric stability conditions employed is the Pasquill
scheme: unstable atmosphere (classes A, B, C), neutral atmosphere (Class D) and
stable atmosphere (classes E, F, G). As indicator of atmospheric stability, vertical
temperature gradient of air is used [24].
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Fig. 1 – The ConDefa GUI.

For the plume rise calculation using Brigg’s equations, the following physical
data are needed: vertical exit velocity and temperature of the stack effluent, stack
diameter and the meteorological data: wind speed at the anemometer height, vertical
temperature gradient, and air temperature [22].
The option for building effect is not available for calm and low wind with the
diffusion coefficient option; under conditions of atmospheric calm, the diffusion on
the horizontal plane being homogeneous, the building influence is negligible [25, 26].
In other cases, the building effect will be calculate by making use of Ramsdell’s
procedure [25–27].
Simulation of the entrainment processes of radionuclides in the atmosphere
through precipitation (wet deposition) and the loss through radioactive decay is performed by considering an exponential decrease of the source intensity. Washout
coefficient values depend on the intensity and the type of precipitation (rain or snow)
[22].
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2.4. RESULTS

In this section there are presented examples of model output for low wind conditions in Figure 2, and for atmospheric calm in Figure 3. The runs were done for a
point source with an emission rate of 1 Bq/s, gas exit speed of 5 m/s, stack height of
50 m, stack diameter of 2 m, and effluent temperature of 50◦ C. Ambient temperature
was assumed to be 20◦ C, and the wind speed for the low wind case was 0.8 m/s.

Fig. 2 – Ground level concentration field (decimal logarithm) for low wind conditions. Input
parameters are described in the Results section.

Fig. 3 – Ground level concentration field (decimal logarithm) for atmospheric calm. Input parameters
are described in the Results section.

In case of low wind, the calculation of the pollutant concentration was per(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG
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formed for the stability class E (stable atmosphere) determined by the vertical temperature gradient equals to 1◦ C [24] and a vertical diffusion coefficient specific to
this class, equals to 5 m2 /s, at the height of 100 m [16]. As far as atmospheric calm
is concerned, the calculation has been made for the stability class was D (neutral
atmosphere), characterized by the vertical temperature gradient equals to -1◦ C [24]
and a vertical diffusion coefficient equals to 15 m2 /s , at the height of 100 m [16].
As one may be seen from Figure 3, in case of atmospheric calm there is a uniform
distribution of the concentration field and a build-up of this one around the source
due to unfavourable dispersion conditions. The concentration distribution in the Figure 2 shows that in case of low wind this distribution is symmetric around the wind
direction (in this case being 90 degrees).
3. CONCLUSIONS

In this paper, a dispersion model for low wind and calm conditions has been
presented. The low wind and calm conditions are the most unfavourable for dispersion of pollutants in the atmosphere and are associated with high pollution episodes
characterized by pollutant concentration values exceeding by far the limits imposed
by regulations in order to protect the population and vegetation. Therefore, such a
dispersion model can become a valuable management tool for facilities releasing in
the atmosphere radioactive or stable pollutants that may have a negative impact on
human health and the environment. The evaluation of the model is presented in the
companion paper.
REFERENCES
1. S. P. Arya, J. Appl. Met. 34, 1112–1122 (1995).
2. M. Sharan, A. K. Yadav, M. P. Sing, Atmos. Environ. 29, 2051–2059, DOI:10.1016/13522310(94)00327-H (1995).
3. M. Sharan, M. P. Singh, A. K. Yadav, Atmos. Environ. 30, 1137–1145, DOI:10.1016/13522310(95)00368-1 (1996).
4. R. Paine, O. Samani, M. Kaplan, E. Knipping, N. Kumar, Journal of the Air & Waste Management
Association 65(11), 1341–1353, DOI:10.1080/10962247.2015.1085924 (2015).
5. M. R. Theobald, A. Sanz-Cobena, A. Vallejo, M. A. Sutton, Atmospheric Environment 102, 167 –
175, DOI:10.1016/j.atmosenv.2014.11.056 (2015).
6. G.-S. Choi, J.-M. Lim, K.-S. S. Lim, K.-H. Kim, J.-H. Lee, Nuclear Engineering and Technology
50(1), 68 – 79, DOI:10.1016/j.net.2017.10.002 (2018).
7. A. Leelossy, I. Lagzi, A. Kovacs, R. Meszaros, Journal of Environmental Radioactivity 182, 20 –
33, DOI:10.1016/j.jenvrad.2017.11.009 (2018).
8. M. Stefanello, G. Degrazia, L. Mortarini, L. Buligon, S. Maldaner, et al., Physica A: Statistical
Mechanics and its Applications 492, 1007 – 1015, DOI:10.1016/j.physa.2017.11.031 (2018).
9. R. Berkowicz, H. R. Olesen, U. Torp, in Air Pollution Modeling and Its Application V (C. Wis-

(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG

9

10.
11.

12.
13.

14.
15.
16.
17.

18.
19.
20.

21.

22.

23.

24.
25.
26.
27.

Dispersion model for low wind and atmospheric calm – Part I: Description

Article no. 712

pelaere, F. A. Schiermeier, N. V. Gillani, eds.), pp. 453–481 (Springer US, Boston, MA, 1986),
DOI:10.1007/978-1-4757-9125-93 0.
H. R. Olesen, R. B. Berkowicz, P. Løfstrøm, OML: Review of model formulation, Tech. Rep. 609,
National Environmental Research Institute (2007), http://www.dmu.dk/Pub/FR609.pdf.
D. J. Carruthers, R. J. Holroyd, J. C. R. Hunt, W. S. Weng, A. G. Robins, D. D. Apsley, D. J. Thomson, F. B. Smith, J. Wind Eng. Ind. Aerodyn. 52, 139–153, DOI:10.1016/0167-6105(94)90044-2
(1994).
C. A. McHugh, D. J. Carruthers, H. A. Edmunds, Int. J. Environ. Pollut. 8, 666–675,
DOI:10.1504/IJEP.1997.028218 (1997).
A. J. Cimorelli, S. G. Perry, A. Venkatram, J. C. Weil, R. J. Paine, R. B. Wilson, R. F. Lee, W. D.
Peters, R. W. Brode, J. O. Paumier, AERMOD: Description of Model Formulation, Tech. Rep. EPA454/R-03-004, US EPA (2004), https://www3.epa.gov/scram001/7thconf/aermod/aermod_
mfd.pdf.
K. W. Ragland, R. L. Dennis, Atmos. Environ. 9, 175–189, DOI:10.1016/0004-6981(75)90066-9
(1975).
G. Tangermann, Atmos. Environ. 12, 1365–1369, DOI:10.1016/0004-6981(78)90077-X (1978).
R. R. Draxler, Atmos. Environ. 14, 597–601, DOI:10.1016/0004-6981(80)90092-X (1980).
H.-J. Panitz, Accident consequence assessments with different atmospheric dispersion models. A
benchmark study, Tech. Rep. KfK 4445, Kernforschungszentrum Karlsruhe, Institut für Neutronenphysik und Reaktortechnik (1989), http://digbib.ubka.uni-karlsruhe.de/volltexte/
270028148.
International Atomic Energy Agency, Atmospheric Dispersion Models for Application in Relation
to Radionuclide Releases - A Review (IAEA, Vienna, 1986), IAEA-TECDOC-379.
V. Cuculeanu, Rev. Roum. Phys. 37, 93–98 (1992).
K. D. Lathrop, DTF-IV: a FORTRAN-IV program for solving the multigroup transport equation
with anisotropic scattering, Tech. Rep. LA-3373, Los Alamos Scientific Laboratory of the University of California (1965).
W. W. Engle Jr., A User’s Manual for ANISN: A One-Dimensional Discrete Ordinates Transport
Code with Anisotropic Scattering, Tech. Rep. K-1693, Union Carbide Corp., Nuclear Division
(1967).
A. L. Sjoreen, J. V. Ramsdell Jr., T. J. McKenna, S. A. McGuire, C. Fosmire, G. F. Athey,
RASCAL 3.0: Description of Models and Methods, Tech. Rep. NUREG-1741, US Nuclear Regulatory Commission (2001), http://www.nrc.gov/reading-rm/doc-collections/nuregs/
staff/sr1741/.
CEC (ed.), Proceedings of Second international workshop on real-time computing of the environmental consequences of an accidental release to the atmosphere from a nuclear installation,
EUR 12320 EN/1 (Commission of the European Communities, 1989), 16 to 19 May 1989, Luxembourg (1989).
P. Zannetti, Air Pollution Modeling: Theories, Computational Methods and Available Software
(Springer US, 1990), DOI:10.1007/978-1-4757-4465-1.
J. V. Ramsdell Jr., Atmos. Environ. 24, 377–388, DOI:10.1016/0957-1272(90)90045-V (1990).
J. V. Ramsdell Jr., C. J. Fosmire, Atmos. Environ. 32, 1663–1677, DOI:10.1016/S13522310(97)00450-0 (1998).
CSA, Guidelines for Calculating Radiation Doses to Public from a Release of Airborne Radioactive Material under Hypotetical Accident Conditions in Nuclear Reactors, Tech. Rep.
CAN/CSA-N288.2-M91, Canadian Standards Association (1991), http://www.iaea.org/inis/
collection/NCLCollectionStore/_Public/24/006/24006165.pdf.

(c) 2019 RRP 71(0) 712 - v.2.0*2019.8.22 —ATG

