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Abstract  We performed numerical simulations of a 20 kT heavy explosion to predict the 
rise and diffusion of mushroom cloud after the atmospheric pressure is recovered around the
burst point. We proposed a new formulation of governing equations based on the anelastic
approximation and density weighted variables to implement the atmospheric stratification by 
employing potential temperature to account for the effect of atmospheric pressure variation in
altitude. To validate the simulation results, we chose similar explosive yield cases performed at
the Nevada sites to compare the mushroom cloud height and diameter. Parametric studies 
were performed by varying the grid size and global subgrid-scale coefficients, SC , to find the 
appropriate value that guarantees reliability of simulation results. Based on the optimal simula-
tion results, the cooling process of mushroom cloud and the suppressed ascending air currents
around tropopause were investigated.  

 
1. Introduction   

Mushroom-shaped cloud is generally observed in a high-energy explosion such as an acci-
dent in a chemical factory, power plant explosion and volcanic eruption. Generally, explosion 
damages the environment in the form of shock wave, thermal radiation, and dispersion of ex-
plosive debris. At the initial stage of explosion, the shock wave and thermal radiation directly 
hits and burns the nearby objects. After a few seconds, the mushroom cloud is generated due 
to buoyancy accompanied by dust and debris around the burst point. Unlike the other damages, 
the accompanied dusts travel a wide area and last for a long time. In addition, it can be fatal to 
people’s health in case of any accident in a plant handling chemical, biological, or radioactive 
matter. Therefore, study of the generation and development of mushroom cloud would be help-
ful in predicting the damage from the falling harmful substances. 

In general, studies related to high-energy explosions are rare or not open to the public. At the 
beginning of an explosion, blast wave propagation yields wide variations in density and pres-
sure around the burst point. As density and pressure variation dominantly affect the initial 
phase of the explosion, it is required to use a full compressible formulation for simulation. As 
the early stage of explosions originates from spherical low-density hot gases, axisymmetric 
modeling is sufficient for investigating the effect of blast wave propagation and generation of a 
fireball [1]. Kanarska et al. [2] simulated flows after a few seconds of the explosion by using 
adaptive mesh refinement (AMR) Eulerian compressible solver [3] for calculating the com-
pressibility dominant stage. Because the pressure around the fireball recovers the surrounding 
atmospheric pressure within a few seconds [1, 2], the buoyancy dominant stage can be simu-
lated using the incompressible algorithm of Bell et al. [4], which employs projection methods 
based hierarchical AMR algorithm to improve the accuracy of cloud rising phenomena.  

However, simulation of mushroom cloud based on the Euler equation has limited capability 
because it does not consider the effect of subgrid-scale (SGS) turbulence. Kim et al. [5] investi-
gated the explosion case of Little Boy dropped in Hiroshima in 1945 by utilizing the FLUENT   
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solver. They validated the radius of pressure propagation with 
the Ref. [6] and investigated the generation process of the 
mushroom cloud in ambient air without the background stratifi-
cation. 

Present study investigates the rising of mushroom clouds us-
ing large-eddy simulation (LES) with Vreman [7] SGS model 
and verifies the validity of the proposed governing equations. 
Atmospheric stratification is considered in the governing equa-
tions to reflect the density, pressure, and temperature varia-
tions in altitude. We use the simulation data at 5 seconds after 
the 20 kT explosion using compressible solver from Song et al. 
[1] as the initial condition. Parametric studies for computational 
grid size and specific ranges of global SGS coefficients are 
tested to find the proper value by validating the simulation re-
sults with the test data from the Defense Nuclear Agency [8]. 
Furthermore, the cooling process of the mushroom cloud and 
suppressed rising air currents are investigated based on the 
optimal simulation results.  

 
2. Numerical methods  

The filtered governing equations are derived from three-
dimensional fully compressible Navier-Stokes equation. As we 
are interested in the high Reynolds number phenomena, the 
molecular viscosity is neglected [1, 9]. As a result, the continu-
ity and momentum equations transform as 

 

0,∂ ∂+ =
∂ ∂ j

j

u
t x
ρ ρ  (1) 

2 ,∂ ∂ ∂+ = − −
∂ ∂ ∂i i j i

j i

Pu u u g
t x x

ρ ρ ρ δ  (2) 

 
where iu  is velocity components in i -direction, ρ  is density, 
g  is gravitational acceleration, and P  is pressure. The vari-
ables, ( )1x x  and ( )3x z  denote the horizontal coordinates, 
and ( )2x y  denotes the vertical coordinate. Statistically, 1x  
and 3x  are indistinguishable. To implement the background 
stratification, the density and temperature are decomposed as 

 
( )2 ,′= +b xρ ρ ρ  (3) 

( )2 ,= + ′bT T x T  (4) 

 
where subscript b  refers to vertically structured background 
atmospheric variables, and ′ρ  and ′T  are density and tem-
perature fluctuations, respectively. Under the assumption of 

( )2 ′b xρ ρ  in the atmosphere, ρ  is approximated as 
( )2b xρ  by using the anelastic approximation except in the 

gravitational force term [10]. The atmospheric density ( )2b xρ  
is provided from the data for US standard atmosphere, 1976 
(NOAA). The standard atmospheric data are shown in Fig. 1. 
The anelastic approximation yields 
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In the case of stationary fluid, for =i 2, the atmospheric 

pressure gradient balances the gravitational force, ( )2 /−∂ bP x  
( )2 2ρ∂ = bx x g . In the right hand side of Eq. (6), the term, 

( )2 2− b ix gρ δ  is absorbed into the pressure gradient and the 
right hand side transforms into ( )( )2 2/−∂ ∂ + −D i b iP x x gρ ρ δ , 
where ( )2= −D bP P P x . We use the ideal gas equation to 
model the density, ( )( )2 /= +D bP P x RTρ , and ignore DP  in 
modeling the buoyancy force because the magnitude of pres-
sure fluctuation is relatively smaller than that of the hydrostatic 
one ( ( )2 )b DP x P . R  is the gas constant of air. Conse-
quently, the momentum equation becomes 
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The next step involves filtering of variables for large-eddy 

simulation. The continuity and momentum equation are implic-
itly filtered in grid resolution by adding the residual stress term, 

= −ij i j i ju u u uτ , as shown below. Overlined quantity denotes 
filtered quantity. As the vertical scale of the background atmos-
pheric variables is much larger than the filter size, the back-
ground density, pressure, and temperature are not filtered. 
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Fig. 1. Profiles of atmospheric properties based on US standard atmos-
phere data, 1976 (NOAA). 
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Here, ijτ  is modeled using linear eddy viscosity as follows 
 

2 ,= −ij T ijSτ ν  (10) 
 

where Tν  is eddy viscosity. The filtered strain rate tensor is 
given by 

 

.
∂∂= +

∂ ∂
ji

ij
j i

uuS
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 (11) 

 
The dynamic Smagorinsky model [11] requires explicit filter-

ing, ensemble averaging, and clipping process to prevent neg-
ative value of the eddy viscosity. These additional procedures 
increase the computational cost and can cause nontrivial effect 
to developing complex flows. We modeled the eddy viscosity 
Tν  using Vreman SGS model [7] composed of first-order de-

rivatives of the velocity field with Smagorinsky coefficient SC  
[12], which is easy to implement and performs as good as a 
standard dynamic model for inhomogeneous flows, 
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where Δ

mx
 denotes the mx -directional computational grid. 

After accounting for the same in Eq. (9), the governing equa-
tion is obtained with modeled residual stress as 
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  (16) 

 
As the atmospheric density variations in the vertical direction 

yield stratification effect, it needs to be taken into consideration 
in solving the equation. To this end, the background-density 
weighted velocity is introduced, 

 
( )2 0/ ,=i b iu x uρ ρ  (17) 

 
where 0ρ  is ground air density. Then the continuity and Na-
vier-Stokes equations are finally transformed to 
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The atmospheric variables change in altitude as shown in Fig. 

1, the rarefied high-altitude air shows much lower pressure and 
density than the ground values. Temperature profile shows 
inversion in low altitude, but potential temperature profile 
clearly shows that the atmosphere is stably stratified. To derive 
the thermal energy equation in this stratified situation, we intro-
duce potential temperature, θ , defined as follows. 

 
/
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PR c
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where pc  is the specific heat capacity of air at a constant 
pressure. Beginning with the isentropic assumption, 
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We could see that the potential temperature is advectively 

conserved, suggesting 
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or, using the density-weighted variables, 
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Here, /∂ ∂j ju x  can be put to zero due to continuity equation 

from Eq. (5). Then, the modified Eq. (23) is given by 
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where 2u  is the vertical velocity in y -direction. The govern-
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ing equation is then implicitly filtered in grid resolution to yield 
the residual flux term, = −j j jq u uθ θ . 
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Here, jq  is modeled by linear eddy diffusivity as follows 
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x
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where Tα  is the eddy diffusivity, which is defined as 

 

,= T
T
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where TPr  is the turbulent Prandtl number, which is set to 1.0 
in the current study. The filtered governing equation with the 
modeled residual term is given by 
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Further, we substitute the velocity variables into the density-

weighted variables. Then the final form of the energy equation 
obtained is given by  
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The governing equations are solved using a third-order hy-

brid Runge-Kutta time integration scheme [13] and the second-
order central difference spatial discretization scheme with flux 

correction method. Conventional flux correction method im-
proves stability and accuracy of the central difference scheme 
to solve a scalar transport equation [14]. Especially, the 
bounded QUICK (BQUICK) scheme [15] corrects variables 
found in an unexpected range by using a one-dimensional 
upwind scheme. However, BQUICK scheme is not appropriate 
for replacing faulty data in the current simulation, because it 
does not consider the size of the grid and the magnitude of 
velocity. Since temperature sharply varies with the grid in the 
present simulation, we need to take the grid size and the veloc-
ity magnitude into consideration. 

Therefore, interpolative BQUICK (IBQUICK) scheme is pro-
posed for the estimation of the scalar value. The modified 
method works when the updated variable violates the physical 
boundedness of the scalar. In the correction process, the next 
step data in the subsequent step, 1,+nθ  is replaced by the 
present data at the updated position. Since the position usually 
does not coincide with the grid points, we interpolate the scalar 
variable at the expected position. The detailed algorithm is 
explained in Fig. 2.  

Flow driven by buoyancy force is critically affected by tem-
perature of the flow field. To obtain accurate simulation results, 
we need to use as accurate an initial temperature data as pos-
sible. Heavy explosion shows unpredictable temperature distri-
bution within a fireball. Therefore, for the initial condition, we 
used the simulation data from Song et al. [1], which was esti-
mated using compressible Navier-Stokes solver. Based on 
Song’s data, we extracted the temperature and the velocity 
fields after 5 seconds of the 20 kT heavy explosion when the 
pressure field almost recovers the atmospheric pressure. Fig. 3 
shows the temperature contour within the fireball. As this field 
is structured as a two-dimensional axisymmetric data, we ro-
tated the data in the cylindrical coordinates and converted it 
into Cartesian coordinates to use it as an initial condition. We 
verified that Song et al. [1]’s initial condition contains 20 kT 
energy amount. Additionally, we confirmed that the energy 
amount at 5 seconds after explosion in Song et al. [1]’s simula-
tion result is properly reflected in the present initial condition. 
Further, mean-zero random fluctuations were added to the 
initial field to break symmetricity of the flow field. At the bottom 
of the domain, no-slip boundary condition was imposed while 
the slip boundary condition was specified at the top. Horizon-
tally, the periodic boundary condition was imposed using the 
FFTW library [16]. Computational grid was uniformly distributed 
in all directions. As the maximum height of the mushroom 
cloud is predicted to be around 10 km within the first 4 minutes, 
we set the vertical domain size and the horizontal domain size 
as 20 km and 10 km, respectively. 

 
3. Reference considered for validation 

We referred to the explosion test data from Defense Nuclear 
Agency [8] to validate our simulation results. The test data 
were organized into a variety of explosion cases categorized 
with respect to the operation name, explosive yield, burst 

 
 
Fig. 2. Algorithm of the IBQUICK scheme. 
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height, burst type and placement, etc., which were carried out 
at the Nevada sites. We selected ten test cases that satisfy the 
criteria of 20 kT ± 20 % explosion yield, and five test cases of 
them containing the dimensional data of the mushroom cloud 
were finally chosen. Because all the explosions were tested in 
different initial conditions, the ascension rate and shape of the 
mushroom cloud are non-equivalent. To compare our simula-
tion results with the data, we equalized the site elevation and 
height of the burst to the reference. The interpolated graphs 
are plotted in Figs. 4-6. To validate the present simulation re-
sults, the range of the top, bottom, and diameter of the mush-
room cloud from 5 test data are compared. 

 
4. Results 

The initial data obtained from the simulation by Song et al. 
[1] were converted to the coordinate system of the present 
simulation. Table 1 lists the simulation parameters for grid 
comparison test and Fig. 7 depicts the horizontal distribution of 

the initial temperature field at an altitude of 550 m from the 
ground. 6 points in A1, 8 points in A2, 9 points in A3, and 11 
points in A4 are uniformly distributed in the radial direction 
within the high temperature region ( )≤ ≤0 m 300 m .x  De-
pending on the grid sizes, data insufficiency in steep gradient 
region ( )200 m 250 m≤ ≤x  and underestimated local maxi-
mum temperature are observed. 

To verify the results in detail, we compared the simulation 
data of the top, bottom and diameter of the mushroom cloud 
with the reference at an interval of 30 seconds in Fig. 8. In the 
real situation, bulk of dust and condensed vapor of the air are 
fed into the rising core area along with the turbulent vortex ring 
around the edge, which is recognized as a mushroom cloud. 
As dust particles and the condensation of vapor in the air are 
not considered, the shape of the mushroom cloud is presumed 
based on the potential temperature fluctuation, ( )′ = − b yθ θ θ . 
Comparison of the cloud dimensions for different grid resolu-
tions shown in Fig. 8 clearly shows that as the grid size de-
creases, all cloud dimensions tend to converge. Simulations  

 
 
Fig. 3. Temperature contour of two-dimensional axisymmetric simulation 
after 5 seconds of the 20 kT explosion [1]. 
 

 
 
Fig. 4. Time histories of cloud top height observation data measured ±20 %
around the 20 kT explosion. 

 

 
 
Fig. 5. Time histories of cloud bottom height observation data measured 
±20 % around the 20 kT explosion. 

 

 
 
Fig. 6. Time histories of cloud diameter observation data measured ±20 %
around the 20 kT explosion. 
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with coarse grids (cases A1 and A2) yield underestimated 
cloud bottom height and overestimated cloud diameter. Overall, 
cases A3 and A4 show convergence with good agreement with 
the observed data. Since the grid of case A3 is sufficient as a 
threshold value, it is used as a standard resolution in present 
simulation. 

As the globally constant SGS coefficient can yield excessive 
or weak suppression of turbulence in the entire computational 
domain, an appropriate choice of the value of sC  is required 
for good prediction. In commercial software, the value of sC  
around 0.1 has been frequently used to yield better results for 
various types of flow. Therefore, we tested five different values 
of sC  around 0.1 to find the appropriate value that can yield 
the best validation. Table 2 summarizes the simulation pa-
rameters of SGS coefficient comparison test. In Fig. 9, the 
overall simulation results show a certain trend with variation in 

sC  values. As sC  directly affects the magnitude of diffusion, 
the influence of convection can be emphasized or weakened 
by changing the SGS coefficient. The high temperature gases 
vigorously rise in the core of the explosion because of the 
buoyancy force and the initial fast vertical velocity generated by 
the reflected blast wave from the ground. In this physical phe-
nomenon, the ascending momentum of gases is dominantly 
affected by convective terms of the equation. In Fig. 9, rapid 
rise of high-temperature gases in the core of explosion is form-
ing a vertically sharp head of mushroom cloud under for 

=sC 0.12. Because of the fast-rising air in the central region, 
the shape of the cloud resembles a stratified double mushroom 
cloud. On the other hand, suppressed rising mushroom cloud 
with excessive diffusion is observed for larger values of sC . 
For moderate range of sC , the balanced convection and diffu-
sion shows that the ascending air current gets mingled with the 
turbulent vortex around the edge. 

In Fig. 10, dimensional parameters of the simulated mush-
room cloud are plotted at an interval of 30 seconds. From 
the data, cloud top height shows good agreement with the  

 
 
Fig. 7. Comparison of initial temperature distribution measured at 550 m 
height; red dashed line: Song et al. [1], blue dashed line with triangle sym-
bol: 50.0 m,Δ =x  green dash-dot line with square symbol: 40.0 mΔ =x , 
black solid line with circle symbol: 33.3 mΔ =x , orange dash-dot-dot line 
with diamond symbol: 33.3 mΔ =x . 
 

 
Fig. 8. Cloud: (a) Top height; (b) bottom height; (c) diameter comparison 
data in different grid sizes measured at an interval of 30 seconds; ◇: 

50.0 mΔ =x , □: 40.0 mΔ =x , △: 33.3 mΔ =x , ○: 28.5 mΔ =x , 
error bar: experimental data from defense nuclear agency [8]. 

Table 1. Simulation parameters for grid comparison test. 
 

Case xN  yN  zN  , ,Δ x y z  SC  

A1 201 401 201 50.0 m 

A2 251 501 251 40.0 m 

A3 301 601 301 33.3 m 
A4 351 701 351 28.5 m 

0.12 

 
Table 2. Simulation parameters for SGS coefficient comparison test. 
 

Case xN  yN  zN  , ,Δ x y z  SC  

B1 0.08 
B2 0.10 

B3 0.12 

B4 0.15 
B5 

301 601 301 33.3 m 

0.20 
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Fig. 9. Potential temperature fluctuation contours for different global SGS coefficients at 60, 120, and 180 seconds: (a) =sC 0.08; (b) =sC 0.10; (c) 

=sC 0.12; (d) =sC 0.15; (e) =sC 0.20. 
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reference over =sC 0.12, while overall cloud bottom height is 
underestimated until 90 seconds. As lower region ascends, the 
bottom height for =sC 0.10~0.15 shows good agreement with 
the reference after 120 seconds. Diameter of mushroom cloud 
strongly depends on the variation of SGS coefficient. As men-
tioned above, large SGS coefficient emphasizes the momen-
tum diffusion and relatively weakens the convection, and it 
results in the over predicted value of the cloud diameter for 

=sC 0.20. For =sC 0.08, on the other hand, fast rising air 
current thrusts the ascending high temperature turbulent vortex 
away, thus the cloud diameter is expected to be larger than the 
reference data. From the investigation of cloud dispersion, it is 
recommended to select the value of sC  between 0.10 and 
0.15. As the SGS coefficient of 0.12 shows the highest accu-
racy in top, bottom, and diameter, we choose 0.12 as the ap-
propriate SC  value in this simulation.  

The high-energy explosion initially yields blast waves and 
heat radiation. The propagated blast wave is reflected from the 
ground and distorts the shape of fireball with pressure recover-
ing around the burst point. After this stage, the rising mush-
room cloud is developed due to strong buoyancy force. Based 
on the present simulation, the maximum temperature of the 
initial stage is about 4.0 × 103 K at 5 seconds after the explo-
sion, so the lowest density of the fireball is about 1/15 of that of 
the ambient air.  

The density difference between fluids causes the Rayleigh-
Taylor instability that yields turbulence, and the rising mush-
room cloud is developed with a vortex ring around the edge of 
the fireball. A few minutes after the explosion, the vigorously 
rising mushroom cloud gradually loses its vertical and rotational 
momentum and temperature as shown in Figs. 11 and 12.  

As the rising vortex ring loses its own temperature by ex-
panding itself in the rarified air and sucks the ambient air into 
its center, the temperature difference between the mushroom  

 
Fig. 10. Cloud: (a) Top height; (b) bottom height; (c) diameter comparison 
data in different SGS coefficient measured at an interval of 30 seconds; □: 

=sC 0.08, △: =SC 0.10, ▷: =SC 0.12, ◇: =SC 0.15, ○: =SC 0.20, 
error bar: Test data from Defense Nuclear Agency [8]. 

 

 
Fig. 11. Time evolution of the density-weighted filtered (left) horizontal velocity and (right) vertical velocity with the vector of the mushroom cloud at (a) 120 
seconds; (b) 180 seconds; (c) 240 seconds. 
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Fig. 12. Time evolution of (left) vorticity and (right) potential temperature fluctuations with the vector of the mushroom cloud at (a) 60 seconds; (b) 120 sec-
onds; (c) 180 seconds. 

 

 
 
Fig. 13. Three-dimensional iso-surface contour for =SC 0.12, 10 ,θ ′ = K  and 10− K  at (a) 60 seconds; (b) 120 seconds; (c) 180 seconds; (d) 240 sec-
onds. 
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cloud and the high-altitude atmosphere shows little difference, 
which mitigates the buoyancy force [17]. If the atmospheric 
potential temperature were neutrally or unstably stratified, the 
rising momentum would last longer because it would keep the 
temperature difference even at the high altitudes. Due to the 
atmospheric stratification, the rising high temperature gases 
are naturally suppressed during ascension, especially around 
the tropopause.  

The velocity contours in Fig. 11 show gradually suppressed 
rising mushroom cloud sustaining the Rayleigh-Taylor instabil-
ity until 240 seconds after the explosion. From the vector distri-
bution shown in Figs. 11 and 12, the formation of the Rayleigh-
Taylor instability around the edge of mushroom cloud consis-
tently draws the outer air into the core region. 

As shown in Figs. 12 and 13, the hot gases that rotate in tor-
oidal shape retain their shape for a quite long time, while the 
core region is rapidly cooled by the cold air entrained from the 
outside. Since the atmospheric potential temperature is stably 
stratified, the cold air from bottom region is drawn upwards with 
the afterwinds. Consequently, the overall processes related to 
atmospheric stratification such as expansion of the ascending 
air, and cooling of the mushroom cloud due to turbulent vortex 
ring causes energy loss of the cloud in strong diffusion proc-
esses around the tropopause. 

 
5. Conclusions 

In this study, we proposed a three-dimensional incompressi-
ble flow solver for predicting the motion of a mushroom cloud 
after a 20 kT explosion in the stratified atmosphere. The incom-
pressible filtered governing equations using Vreman SGS 
model [7] were derived from the fully compressible Navier-
Stokes equations and the isentropic approximation. Under the 
assumption of small density and pressure fluctuations, anelastic 
approximation was used and density weighted average trans-
formed the governing equations into an incompressible form. 
The energy equation was derived based on the potential tem-
perature that reflects the pressure ratio of the atmosphere. For 
the accurate simulations of the energy equation, an improved 
flux correction method was suggested to overcome the limita-
tion of the traditional upwinding scheme. The equations were 
discretized by using the 2nd order central difference method in 
space and the hybrid 3rd order Runge-Kutta method in time.  

To validate the simulation results at every 30 seconds, we 
referred to experimental data of 20 kT ± 20 % explosions [8] for 
the shape of the mushroom cloud. Parametric studies for grid, 
and global SGS coefficient were performed to obtain correct 
simulation data. A wide range of the SGS global model con-
stant was tested to find the appropriate value to be between 
0.05 and 0.20. Since the model constant is directly related to 
the magnitude of diffusion, a low value of sC  enforces the role 
of convective momentum and ascending air current. On the 
other hand, large value of sC  enforces the role of diffusive 
momentum; hence, the rising mushroom cloud is vertically 
suppressed and horizontally diffused. Excessive suppression 

or rapid ascent of mushroom clouds yielded over predicted 
diameter and cloud height beyond the range of reference data. 
Based on the numerical verification, =sC 0.12, showed good 
agreement with experimental data. Flow characteristics of the 
mushroom cloud were investigated based on the optimal simu-
lation results. The velocity contours in horizontal and vertical 
directions showed sustainability of toroidal shape until 240 
seconds after the explosion. Vigorously ascending air current 
was suppressed around the tropopause and the cloud started 
to diffuse, simultaneously. As the rotating turbulent vortex drew 
outer cold air into the hot core region, density difference be-
tween the mushroom cloud and the atmosphere gradually de-
creased. This phenomenon induced loss in buoyancy force 
and the eventual cessation of the rise of the mushroom cloud. 
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Nomenclature----------------------------------------------------------------------------------- 

sC     : Smagorinsky SGS coefficient  
pc      : Specific heat capacity  

if      : Body force 
g      : Gravitational acceleration  

xL      : Domain size in x  direction  
xN     : Grid number in x  direction  

P      : Pressure 
bP      : Atmospheric pressure in altitude  
DP      : Hydrodynamic pressure  
0P      : Ground air pressure  
jq      : Residual flux 

R      : Gas constant of air 
s      : Entropy  
T      : Temperature  

bT      : Atmospheric temperature in altitude  
T'    : Temperature fluctuation  

ju      : Velocity in j  direction 
X     : Filtered variable  
X     : Density-weighted variable  

Tα     : Eddy diffusivity  
β      : Thermal expansion coefficient  
θ      : Potential temperature  

bθ      : Atmospheric potential temperature in altitude 
′θ      : Potential temperature fluctuation  
Tν      : Eddy viscosity 
ρ      : Density    

bρ     : Atmospheric density in altitude  
0ρ      : Ground air density  
′ρ      : Density fluctuation  

ijτ      : Residual shear stress  
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