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Background 

• Fire smoke: human health, visibility, air quality, 

regional climate change. 

 

Predicting the smoke 

effects of wild-land fires 

1. Description of the emissions source, include 

both pollutants and heat release. 

2. Determination of plume rise through 

atmosphere’s stability and wind profiles 

3. Movement of the smoke by the ambient wind 

4. Chemical transformations with ambient 

atmosphere 



Plume rise and air quality models & 

schemes 

• Box model: Ventilated Valley Box Model 
(VALBOX) 

• Gaussian plume model: VSMOKE, SASEM 

• Puff model: CALPUFF, HYSPLIT 

• Particle model: FLEXPART, DaySmoke, PB-
Piedmont 

• Eulerian grid model: CMAQ, WRF-Chem 

• Full physics model: Active Tracer High-resolution 
atmospheric model (ATHAM), ALOFT 



Wild-land fire plume rise scheme 

developed by M. Sofiev, T. 

Ermarkova and R. Vankevich (MER) 



Briggs stack plume rise scheme (1) 
• Start from buoyancy flux and momentum flux, combined with dimensional 

analysis, fitting empirical formulas for stack plume rises under different 

conditions. 
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Where Hc is final rise of the plume centerline 

from the stack top, g is acceleration due to 

gravity, vs is stack gas exit velocity, r is stack 

exit radius, ρa is ambient air density, ρP is 

plume density, x* is distance at which the 

atmospheric turbulence begins to dominate 

over the entrainment, U is mean horizontal 

wind speed averaged from the top of the stack 

to the top of the plume. 
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Briggs stack plume rise scheme (2) 
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N is the Brunt-Väisälä frequency, u* is the friction velocity, w* 

is the convection scale velocity, zi is the height of the nearest 

inversion layer above the stack stop 

/ (1 / )s p av gr is the Froude number   

Brunt-Väisälä frequency, or buoyancy frequency, is the angular frequency at which 

a vertically displaced parcel will oscillate within a statically stable environment. 

(http://en.wikipedia.org/wiki/Brunt%E2%80%93V%C3%A4is%C3%A4l%C3%A4

_frequency) 
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Weak point: assume a vertically-homogeneous atmosphere, which can be described via 

some parameters at the top of the stack; require diameter of the buoyant plume at the 

stack top, temperature and velocity of the outgoing gas, gas density, etc. 



MER wild-land fire plume rise scheme 

Assumption: The heat energy of the fire is spent only against 

buoyancy forces. 

Change the criterion for the end of the rise: the plume comes to 

equilibrium with the surrounding air when the energy excess 

pumped into it by the fire is fully spent in the uplift. 

Available data: 

MODIS (Fire Radiative Power) 

FRP 

Operational archives of the 

European Centre for Medium-

Range Weather Forecast 

(ECMWF) 



MER scheme derivation (1) 

** Consider only two processes: the uplift against the atmospheric stratification 

and the plume widening due to entrainment of the surrounding air. 

Let the fire energy E0 be pumped into an air volume V while it is in contact with 

the flames. Then the density of the energy excess e0 in comparison with the 

undisturbed surrounding air will be: 
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w is the initial mean vertical velocity of the plume, τ is the time period during which the volume is 

in contact with flames, Sf is the fire area ( of any shape), Pf is the fire power released into the air. 



The initial energy excess can be expressed in terms of difference of initial 

temperatures of the plume Tp
0 and ambient air Ta

0 

MER scheme derivation (2) 
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Where cp is specific heat capacity at constant pressure of air, ρa is air density. 

If the plume rises adiabatically 
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The change of the energy excess e(z) during the uplift can be written as: 
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The first term characterizes the change of the temperature difference between the plume and 

ambient air, whereas the second term reflects plume widening. 



MER scheme derivation (3) 
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The final height of the plume: ( ) 0pe H 



MER scheme derivation (4) 

Assume all parameters are constant 
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MER scheme derivation (5) 
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1. A has to be taken as a constant 

2. The fire energy Pf spent on the air heating and the FRP observed from space 

are linearly related to the consumed biomass and close to each other. 

3. Injection height will be proportional to FRP to the power of 0.5; but 

additional losses to friction and changing atmospheric and plume parameters 

will result a smaller power γ<0.5 

4. To avoid problems with N2<0 inside the unstable ABL, take its FT value N=Nft 

(z~2Habl) but allow for some part of the ABL passed “freely” by adding a fraction of 

Habl to Hp. In addition, instead of N0
2/N2, use exp(-N2/N0

2), which for small N2 limits 

the Hp growth by replacing N0
2/N2 with 1/(1+N2/N0

2). For large N2 it quickly 

approaches zero, as one would expect for very stable stratification. 



MER scheme derivation (6) 
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Here α is the part of ABL passed freely, β weights the 

contribution of the fire intensity, γ determines the power-law 

dependence on FRP, δ defines the dependence on stability in 

the FT. 

1  0 m  0.5  0 
Determine the constants in this equation was based on the learning subset 

of the Multi-angle Imaging SpectroRadiometer (MISR) fire observations 

(70% of the MISR collection, 1278 fires) 
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Here Δh is the desired accuracy of the prediction (500 m), Nfires is the number of fires in the 

subset, Hobs and Hmdl are the observed and predicted plume top heights of the i-th fire. 



MER scheme derivation (7) 

0.24  170m  0.35  0.6 



Comparison between different schemes 



Contributions of different components 



MER scheme application: wildfire emission heights 

and vertical profiles (1) – evaluation of MER scheme 

Include fires in Africa and Borneo, which extended the previous evaluation towards 

savannah and tropical forests 



Diurnal cycle of fire intensity 

Geo instrument SEVIRI onboard the Meteosat MSG satellite: high temporal 

resolution (about 15 min) 
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Wild land fire emissions 

1. Distribution of the emitted masses is taken uniform inside 
each plume from Hp/3 up to Hp. 

2. Linear relationship between FRP and total emission rate E 
[kg s-1] 

3. The profiles are calculated for total fire emissions. 





  MISR plume height 

 Pixel resolution : 1.1 

km 

 Vertical resolution: 

500m 

 A question is how to 

match MISR to 

MODIS hotspots 



 3D Simulation: ATHAM 

 Location: Chisholm Fire, May 28, 2001, Canada  

 Spread rate: 5.4 km/h; 7x107 MJ in 7 hr 

 Resolution: 100m x 50m in horizontal, 50m in vertical 

 Fire: 250,000 kw s-1  as fire front line. Heat flux is const. 

 Maximum height: 12 km  



1D Plume-Rise Model 

Governing Equations 

Boundary Conditions 

Plume Top Criteria  

Wind effect 

Applications 
 
𝑑𝜋𝑅2𝑤

𝑑𝑧
= 2𝜋𝑅𝑢; 𝑤ℎ𝑒𝑟𝑒 𝑢 = 𝛼𝑤 



Governing Equations 

Simpson and Wiggert, 1969 

Bottom Boundary:  

Momentum, Heat and Water Flux  

w, θ, q 

Cloud Physics:  

Kessler parameterization, 1969 

Ice formation:  
Ogura and Takahashi, 1971 

Autoconversion:Berry, 1967 

 

Water Vapor Condenstion 

Plume Top Criteria: W < 1 m/s 

Fire boundary: 

Morton, Taylor and Turner; 

1955 

Wind Effect 

Freitas et al., 2010 

Buoyancy 

and 

Entrainment  

Radius varies with height 

  Governing Equations 

Freitas et al., 2007 



  Governing Equations 

Freitas et al., 2007 

  Simpson and Wiggert, 1969 



 Bottom Boundary: turbulent gravitational convection 

Morton, Taylor and Turner; 1955 

u 
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𝜌1 𝑖𝑠 𝜌0(0) 

𝜌 𝑖𝑠 𝑖𝑛𝑠𝑖𝑑𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

 𝜌0 𝑖𝑠 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

If outside density is 

uniform, there is an 

analytical solution 



 Bottom Boundary: Two Questions 

𝜌0 − 𝜌

𝜌0
=

𝑇 − 𝑇0

𝑇0
 if 

then 𝑇 =
𝜌0−𝜌

𝜌0
𝑇0+𝑇0 

not 

All heat convert to density deficiency, but how 

about kinetic energy 

Suggestions: 

Keep the w small and recalculate the α and T 



 Bottom Boundary: Plume Top Criteria 

 w = 1 m/s  

 Zero buoyancy 



 Condensation Effect 

 Wind Effect 



 Application 



Conclusions 
• A new methodology for the estimation of plume rise 

height from wild-land fires is proposed and evaluated. 
Two thirds of its predictions deviated from the MISR 
observations by less than 500m. 

• Set up a global fire emission distribution map. 

• The entrainment term in 1D plume-rise model is 
designed for free troposphere not boundary layer. 

• The bottom boundary condition does not conserve the 
energy.  

• The plume top criteria is problematic. 

• The condensation parameterization needs further 
investigation. 
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