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lkj & LFkkuh; Lrj izdh.kZu ds fy, xkSlh;u fiPNd ekWMy ¼Gaussian Plume Model½ dk O;kid 

:i ls iz;ksx fd;k tkrk gSA vuqizLFk iou dh dqy lkanzrk Kkr djus ds fy, xkSlh;u lw= ¼QkWewyk½ dks 
laxfBr fd;k gSA vuqizLFk iou dh dqy lkanzrk dh x.kuk djus ds fy, izdh.kZu izkpyksa dh fHkUu&fHkUu 
iz.kkfy;ksa dk mi;ksx fd;k x;k gSA lrg Lrj esa Å¡pkbZ ds vuqlkj iou xfr dh fHkUurk dk o.kZu djus ds 
fy, ykxfjFehd foaM izksQkby dk mi;ksx fd;k x;k gSA blesa NksM+h tkus okyh izHkkoh Å¡pkbZ dks /;ku  esa 
j[kk x;k gSA fHkUu fHkUu izdh.kZu izkpy iz.kkfy;ksa ds fy, iwokZuqekfur lkanzrkvksa vkSj dksisugsxu ds folj.k 
iz;ksx ls izkIr fd, x, izsf{kr vk¡dM+ksa dh rqyuk djus ds fy, lkaf[;dh; ifjekiksa dk mi;ksx fd;k x;k gSA 

 
ABSTRACT. The Gaussian plume model is the most widely used model for local scale dispersion. The   Gaussian 

formula has been integrated to obtain the crosswind-integrated concentration. Different systems of dispersion parameters 
are used to calculate the crosswind integrated concentration. A logarithmic wind profile is used to describe the variation 
of wind speed with height in the surface layer. The effective release height was taken into consideration. Statistical 
measures are utilized in the comparison between the predicted concentrations for different dispersion parameter systems 
and the observed concentrations data obtained from Copenhagen diffusion experiment. 
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1.  Introduction 
 

The Gaussian plume model (GPM) derived first by 
Sutton (1953), Csanady (1973), Smith (1973) and Turner 
(1970) provides the primary method for calculating 
concentrations of non-reactive air pollutants. The GPM 
has found widespread application in design of stacks and 
environmental impact analysis.  
 

The formulations of the most commonly used 
models in air quality analysis assume wind speed to be 
constant. However, in reality it increases with the vertical 
height (Stull, 1988). A power law profile is generally used 
to describe the variation of wind speed with height in the 
surface layer (Smith, 1957; Pasquill and Smith, 1983; 
Khaled et al., 2005). 
 

In present work, we used a logarithmic wind profile 
to describe the variation of wind speed with height in the 
surface layer (Smith, 1990). 

We performed a statistical analysis concerning the 
agreement of the measured and predicted concentrations 
by using different dispersion schemes.  
 
2. Mathematical description 
 

The Gaussian formula for estimating the 
concentration of pollutant released from a continuous 
point source at some point above the ground is given by 
(WMO, 1982, Lines et al., 1997): 
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Where, 
     

C (g m-3)   =  Concentration of pollutant in air, 
     
Q (g s-1)    =  Rate of emission, 
     
u (m s-1)  =   Downwind speed at the  effective 

release height, 
     
σ y  (m)     =   Lateral dispersion parameter, 
     
σ z  (m)     =   Vertical dispersion parameter, 
     
x (m)        =   Downwind distance from the source,  
    
y (m)        =  Lateral distance from the plume center 

line, 
     
z (m)        =   Height above ground, 
    
H (m)       =  Effective release height above the 

ground. 
 
The crosswind-integrated concentration (Cy) can be 

obtained by integrating both sides of Eqn. (1) with respect 
to y   from -∞ to + ∞, in the form: 
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3. Wind speed profile 

 
A logarithmic wind profile is used to describe the 

variation of wind speed with height in the surface layer 
(Smith, 1990) as: 
 

3.1. In unstable conditions 
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TABLE 1 
 

Relation between Pasquill stability and Monin Obukhove  
length  L (Gifford, 1976) 

 

Pasquill categories  L (m)  

A -2 to -3 

B -4 to -5 

C -12 to -15 

D  ∞  

E 35 to 75 

F 8 to 35 

 
                            
Where,  
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3.2. In stable conditions 
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3.3. In neutral conditions 
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where, is the friction velocity and k is the von 

Karman's constant, often taken to be 0.4, zo is the 
roughness length, expresses the effect of the varying 
ground surface roughness on the wind profile and L is the 
Monin Obukhov scale length, its value is negative in 
unstable conditions. In stable conditions L is positive and 
infinite under neutral conditions.  

*u

  
The values of L for different stability classes have 

been determined according to John and Robert, 1983 
(Table 1). The table presents a relationship between the 
Pasquill stability classes and Monin Obukhov scale 
length. 
 
4. Data used 

 
The data used was obtained from the atmospheric 

diffusion experiments conducted at the northern part of 
Copenhagen, Denmark, under the neutral and unstable 
conditions (Gryning and Lyck, 1984; Gryning et al., 
1987). The tracer sulfur hexafluoride (SF6), an inert gas 
tracer, was released from a tower at a height of 115 m 
without   buoyancy   and   collected  near  ground  level  in  
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TABLE  2 
 

Data used from Copenhagen experiments and the estimated values of L, and u115 at different distances *U

 

Run No. Distance (m) P-G stability u10 (m/s) Obs. conc. (10-4 s/m2) L (m) *u (m/s) u115 (m/s) 

1 1900 A 2.1 6.84 -2.5 0.60 3.06 

1 3700 A 2.1 2.31 -2.5 0.60 3.06 

2 2100 C 4.9 5.38 -13.5 0.98 7.30 

2 4200 C 4.9 2.95 -13.5 0.98 7.30 

3 1900 B 2.4 8.2 -4.5 0.60 3.51 

3 3700 B 2.4 6.22 -4.5 0.60 3.51 

3 5400 B 2.4 4.3 -4.5 0.60 3.51 

4 4000 C 2.5 11.7 -13.5 0.50 3.73 

5 2100 C 3.1 6.72 -13.5 0.62 4.62 

5 4200 C 3.1 5.84 -13.5 0.62 4.62 

5 6100 C 3.1 4.97 -13.5 0.62 4.62 

6 2000 C 7.2 3.96 -13.5 1.45 10.73 

6 4200 C 7.2 2.22 -13.5 1.45 10.73 

6 5900 C 7.2 1.83 -13.5 1.45 10.73 

7 2000 B 4.1 6.7 -4.5 1.02 6.00 

7 4100 B 4.1 3.25 -4.5 1.02 6.00 

7 5300 B 4.1 2.23 -4.5 1.02 6.00 

8 1900 D 4.2 4.16 ∞ 0.60 7.85 

8 3600 D 4.2 2.02 ∞ 0.60 7.85 

8 5300 D 4.2 1.52 ∞ 0.60 7.85 

9 2100 C 5.1 4.58 -13.5 1.02 7.60 

9 4200 C 5.1 3.11 -13.5 1.02 7.60 

9 6000 C 5.1 2.59 -13.5 1.02 7.60 

 
 
 

4.1. The effective stack height crosswind arcs 2 to 6 km from the source. The tracer 
sampling time was 1 hour. The roughness length was      
0.6 m (Sharan and Modani, 2006). 

 

 
The value of 

 

corresponding to different stability 

classes have been estimated applying Eqns. (4-7) in 
addition to the wind speed measurements at a height         
(z = 10 m). Consequently, the values of the wind speed at 
the release height (115 m) was estimated.     

*u

The effective stack height is generally presented in 
the form (IAEA Safety Guide, 1983): 
 

H hs h                                                              (8) 

                                                                                                                           
where,  hs   is the physical stack height   and  Δh  is 

the plume rise given by: 
  

 
 

3 o
i

s

w
h

u h
 The data used at different distances [wind speed at 

10 m height (u10), the atmospheric stability classes and the 
observed concentrations during the experiment] and the 
estimated values of L, 

 

and wind speed at the release 

height u115 are presented in Table 2. 
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where,  
 
wo is the exit velocity  (m/s). It is taken to be (4 m/s), 



 
 
648                            MAUSAM, 64, 4 (October 2013) 

TABLE 3 
 

Coefficients of the Pasquill-Gifford system for all stability classes (Vogt, 1977) 
 

  Stability Categories    
Coefficients 

A B C D E F 

a1 -0.0234 -0.0147 -0.0117 -0.0059 -0.0059 -0.0029 

a2 0.3500 0.2480 0.1750 0.1080 0.0880 0.0540 

b1 0.8800 -0.9850 -1.1860 -1.3500 -2.8800 -3.8000 

b2 0.1520 0.8200 0.8500 0.7930 1.2550 1.4190 

b3 0.1475 0.0168 0.0045 0.0022 -0.0420 -0.0550 

 
 
 

TABLE 4 
 

Values of the dispersion parameters corresponding to Pasquill stability 

 
  Values of the parameters   

Atmospheric stability 
r (m/km) s (m/km) a (km) p q 

A 250 102 0.927 0.189 -1.918 

B 202 96.2 0.37 0.162 -0.101 

C 134 72.2 0.283 0.134 0.102 

D 78.7 47.5 0.707 0.135 0.465 

E 56.6 33.5 1.07 0.137 0.624 

F 37 22 1.17 0.134 0.70 

 
 

 
 
Di       is the internal stack diameter (m). It is taken 

to be (1m), 
 
u(hs)  is the wind speed (m/s) at the stack height. 

 
4.2. Diffusion parameters 

 
Since the Gaussian plume model has been expressed 

in terms of diffusion parameters, σy and σz, the subjective 
aspect of using this model is the selection of appropriate 
horizontal and vertical diffusion parameters. The 
following are some of the most important systems of 
diffusion parameters; we used to calculate the 
concentration of pollutant. 
 

4.2.1. Pasquill-Gifford system 
 

Pasquill (1961) suggested values of σy and σz as 
functions of distance for use with his suggested stability 
categories.  Gifford (1961) suggested modified values of 
σy and σz for use with the original Pasquill stability 
categories. The combination of Pasquill and Gifford 

parameters is called P-G scheme. In this scheme σy and σz 
are obtained from graphs as a function of downwind 
distance, x, for each stability class. These curves can be 
approximated by the following equations (John and 
Robert, 1983): 
 

   1 2σ a ln ay x x  x                                         (10) 

 

   2
1 2 3σ exp b b ln b ln

1
2.15z x x   x             (11)  

 
where the constants   a1,  a2 ,  b1,  b2, and b3  depend 

on the atmospheric stability and their values are presented 
in Table 3. 
 
 

4.2.2. Standard scheme 
 

In this scheme, the crosswind dispersion parameter 
σy (x) and the vertical dispersion parameter σz (x)              
for  various  stability classes can be analytically expressed  
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TABLE 5 
 

Formulas recommended by Briggs (1973) for σy (x) and  
σz (x); 102 < x < 104m 

 

Atmospheric stability σy (x) (m) σz (x) (m) 

A   and   B 0.32x (1 + 0.0004x)-1/2 0.24x (1 + 0.001x)-1/2 

C 0.22x (1 + 0.0004x)-1/2 0.20x 

C 0.16x (1 + 0.0004x)-1/2 0.14x (1 + 0.0003x)-1/2

E   and    F 0.11x (1 + 0.0004x)-1/2 0.08x (1 + 0.00015x)-1/2

 
 
based on Pasquill-Gifford (P-G) curves as follows (Green 
et al., 1980):  
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where r, s, a, p and q are constants which depend on 

the atmospheric stability. Their values are given in           
Table 4 (Green et al., 1980). 
 

4.2.3. Briggs system 
 

Briggs (1973) developed the set of analytical 
formulas for σy and σz  in urban conditions given in         
Table 5. These are valid only for downwind distances x, 
between 0.1 and 10 km and are intended for use in 
estimating ground level concentrations. 

  

 
4.2.4.   Irwin method 

 
The standard deviations of plume concentration 

distribution in the horizontal and vertical directions, σy 
and σz  respectively have been proposed by Irwin (1983) as 
follows: 

 

( )y x t fv y  
                                                    

(14) 

 

and 
 

( )x t fz w   z                                                     (15) 
 

where,  t = x/u115   is the travel time of the pollutant 
(sec)   and    fy  and  fz  are non-dimensional function of 
travel time and given by Irwin  (1983) as : 
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TABLE 6 
 

Values of the standard deviation of the horizontal and vertical wind 
directions for different atmospheric stability 

 
Stability A B C D E F 

σϕ 25 20 15 10 5 2.5 

σθ 10 8 6.5 5.5 2.5 1 

 
 
 
 

1fz  , for unstable condition and                        (17) 
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50
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, for stable condition.                (18)  

 
The standard deviations σv  and  σw of the wind speed 

in the lateral and vertical directions  for small angles are 
given as:  
  

115( )x uv                                                     (19) 

  

115( )x uw                                                     (20) 

 
where  σθ  and  σϕ are the standard deviations  of the 

wind direction in the horizontal and vertical  respectively. 
Therefore, Eqns. (14) and (15) can be rewritten as (Khaled 
et al., 2003): 
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and 
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for unstable condition,                  (22) 
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for stable condition                                                

 
The specifications of  σθ and  σϕ can be found in 

Gifford (1976) and  Hanna et al. (1982). Based on 
Pasquill stability classes from A to F, they are given in 
Table 6. 
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TABLE 7 
 

Coefficients of different systems of diffusion parameters for all stability classes (Vogt,  1977) 
 

System  A B C D E F 

Klug py 0.4690 0.3060 0.2300 0.2190 0.2370 0.2730 

 qy 0.9030 0.8850 0.8550 0.7640 0.6910 0.5940 

 pz 0.0170 0.0720 0.0760 0.1400 0.2170 0.2620 

 qz 0.3800 1.0210 0.8790 0.7270 0.6100 0.5000 

Jülich (100 m) py 0.2294 0.2270 0.2236 0.2217 1.6910 5.3820 

 qy 1.0032 0.9704 0.9380 0.9048 0.6211 0.5778 

 pz 0.0965 0.1551 0.2474 0.3980 0.1616 0.3960 

 qz 1.1581 1.0236 0.8900 0.7552 0.8094 0.6183 

   B2 B1 C  D 

Brookhaven py  0.4000 0.3600 0.3200  0.3100 

 qy  0.9100 0.8600 0.7800  0.7100 

 pz  0.4110 0.3260 0.2230  0.0620 

 qz  0.9070 0.8590 0.7760  0.7090 

 
 

TABLE 8 
 

Observed diffusion parameters, release height and applicable downwind distances 
 

S. No. System of diffusion parameters Release height of pollutant Applicable distance of diffusion parameters (km)

1. P.G. System Near ground level 0.1-100 km 

2. Standard Scheme - - 

3. Briggs System Ranges between the surface and 100 m 0.1-10 km 

4. Irwin Method - - 

5. Klug System Ground level 2-3 km 

6. Julich System 50-100 m upto 11 km 

7. Brookhaven System 108 m upto 60 km 

 

 
 

4.2.5.   Power law method and 
  

4.2.5.1.  Klug system ( ) qz
z zx p x                                                     (25) 

 
 Klug (1969) specified a system of diffusion 

parameters that is applicable for short-term ground-level 
release over terrain with a low surface roughness (John 
and Robert, 1983).  Klug does not exceed source distances 
of 2 or 3 km.  In this range the diffusion parameters can be 
described by power law functions as: 

where x is the source distance and the  coefficients  p 
and q  are specified in Table 7. 
 

4.2.5.2. Jülich system  
  

The tracer experiments carried out in the vicinity of 
the Jülich Nuclear Research Center at emission heights of 
50  and  100 m  and  during emission periods of 1 hr (John  

 

( ) qy
y yx p x                                                     (24) 
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TABLE 9 
 

Observed and calculated normalized crosswind integrated concentrations Cy/Q (10-4 sm-2) at ground surface in  
diffusion experiment in northern part of Copenhagen 

 
  Calculated concentration   

Distance (m) Obs. Conc. 
Briggs Irwin Standard P.G. Klug Julich Brookhaven 

1900 6.84 3.32 0.14 1.58 0.16 4.48 4.23 6.43 

3700 2.31 1.35 0.07 0.32 0.03 1.82 1.98 3.63 

2100 5.38 2.50 0.08 5.67 5.67 3.15 4.26 4.14 

4200 2.95 1.29 0.04 4.19 4.13 5.68 2.53 2.49 

1900 8.2 2.89 0.15 8.94 8.90 10.78 6.09 5.60 

3700 6.22 1.18 0.08 4.84 4.82 6.69 3.21 3.16 

5400 4.3 0.69 0.05 3.26 3.24 4.72 2.20 2.26 

4000 11.7 2.65 0.08 8.46 8.34 10.95 5.16 5.07 

2100 6.72 3.95 0.13 8.90 8.89 4.85 6.72 6.53 

4200 5.84 2.04 0.06 6.62 6.52 8.91 4.00 3.94 

6100 4.97 1.41 0.04 5.04 4.91 8.21 2.92 2.91 

2000 3.96 1.78 0.06 3.88 3.88 1.96 3.00 2.91 

4200 2.22 0.88 0.03 2.86 2.81 3.88 1.72 1.70 

5900 1.83 0.63 0.02 2.23 2.18 3.61 1.30 1.29 

2000 6.7 1.58 0.08 5.04 5.02 6.19 3.41 3.15 

4100 3.25 0.60 0.04 2.55 2.54 3.58 1.70 1.69 

5300 2.23 0.42 0.03 1.95 1.94 2.82 1.31 1.35 

1900 4.16 4.12 0.29 1.25 1.89 0.08 5.29 4.28 

3600 2.02 2.75 0.19 3.96 4.97 1.82 4.39 5.25 

5300 1.52 2.14 0.15 4.99 5.26 3.76 3.55 4.68 

2100 4.58 2.41 0.08 5.45 5.45 3.04 4.09 3.98 

4200 3.11 1.24 0.04 4.03 3.97 5.46 2.43 2.39 

6000 2.59 0.87 0.03 3.11 3.03 5.05 1.80 1.79 

 
 

 
 
and Robert, 1983). The experiments carried out up to 
source distance of 11 km.  The diffusion parameters are 
described by power law functions, the coefficients of 
Jülich system at emission height 100 m are listed in         
Table 7. 

         

 
 

4.2.5.3. Brookhaven system 
  

The tracer experiments at Brookhaven were carried 
out under conditions typical for the release of pollutants 
from industrial plants (the tracer was released at a height 
of  108 m with emission periods of  1 hr and its dispersion 
was measured over terrain of medium roughness). The 

diffusion parameters are described by power law 
functions, the coefficients of Brookhaven system (John 
and Robert, 1983) are listed in Table 7. 

The system of diffusion parameters, release height of 
pollutant and the applicable distance of diffusion 
parameters are shown in Table 8. 
 

The normalized crosswind-integrated concentrations 
Cy/Q (10-4 sm-2) of SF6 were calculated by using the 
different sigma schemes and the results are presented in 
Table 9. The comparisons of the observed and            
predicted concentrations are represented graphically as in 
Figs. (1 & 2). 
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Fig. 1. Comparison of the observed and predicted normalized crosswind integrated concentrations of SF6 via download distance 
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Fig. 2.  Comparison between normalized integrated concentration and observed concentration 
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5. Statistical analysis of the observed and predicted 
concentration  

  
Willmott (1981) discussed the application of various 

statistical parameters, which are utilized in the comparison 
of predicted and observed data sets. These statistical 
measures are defined using the following notation.  Let Cp 
denote the predicted concentration and Co be the 
corresponding observed concentration. The most 
commonly used statistical measures for model evaluation 
were chosen for the present analysis (Fariba and Hanadi, 
2004): 
 
 
(i) Normalized mean square error (NMSE): It is an 
estimator of the overall deviations between predicted and 
observed concentrations. Smaller values of NMSE 
indicate a better model performance. It is defined as: 
     

2( )
NMSE o p

o p

C C

C C


                                            (26) 

     
The model is considered acceptable  
when NMSE ≤ 0.5                                                                                                                                                                                       

 
(ii) Fractional bias (FB):  It provides information on the 
tendency of the model to overestimate or underestimate 
the observed concentrations.  The values of  FB  lie 
between  -2  and  +2  and  it has a value of zero  for an 
ideal model. It is expressed as: 
 

(
FB

0.5( )

o p

o p

C C

C C


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

)
                                              (27) 

 
The model is assumed acceptable when  
-0.5 ≤ FB ≤ 0.5                                                                                                                     

 
(iii) Correlation coefficient (R): It describes the degree of 
association between predicted and observed 
concentrations and is given by: 
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σ σ

 


)p
                                    (28)     

 
where σo and σp  are the standard deviations of   Co   

and  Cp respectively.  The over bars denote the mean 
values. 
  

The square of correlation coefficient is called 
coefficient of determination R2. Its value lies between 0 
and 1 and for good model performance it should be close 
to unity. 

TABLE 10 
 

Statistical measures evaluating the model performance 
 

Models R NMSE FB FAC2 

Briggs method 0.48 1.37 0.83 0.48 

Irwin method 0.18 66.00 1.93 0.02 

Standard method 0.68 0.18 0.04 1.08 

P-G method 0.61 0.24 0.05 1.09 

Klug system 0.70 0.19 -0.07 1.20 

Julich (100 m) 0.67 0.30 0.29 0.85 

Brookhaven 0.56 0.32 0.25 0.93 

 
 
 
(iv) Fraction within a factor of two  (FAC2) is defined as:  
  

FAC2 = fraction of the data for which  
 
         0.5 ≤ (Cp/Co) ≤ 2                                                   (29)                         
 

The model is accepted if 
FAC2 ≥ 0.8 

 
These statistical measures were computed for each of 

the schemes predictions of normalized concentration 
(Cy/Q) values and comparing them with the corresponding 
observed values. The results are presented in Table 10.  
 
6. Conclusions 
 

Gaussian plume model is the most widely used 
model for local scale dispersion. The   Gaussian formula 
has been integrated to obtain the crosswind integrated 
concentration. Since the Gaussian plume model has been 
expressed in terms of diffusion parameters σy and σz, the 
subjective aspect of using this model is the selection of 
appropriate horizontal and vertical diffusion parameters. 
Some of the most important systems of dispersion 
parameters were used to calculate the concentration of 
pollutant to determine the accurate system. 

 
The data used was obtained from the atmospheric 

diffusion experiments conducted at the northern part of 
Copenhagen, Denmark, under the neutral and unstable 
conditions (Gryning and Lyck, 1984; Gryning et al., 
1987). The tracer sulfur hexafluoride (SF6), an inert gas 
tracer, was released from a tower at a height of 115 m 
without buoyancy and collected near ground level in 
crosswind arcs 2 to 6 km from the source. The roughness 
length was 0.6 m. 

 
The concentration of pollutant has been estimated by 

using each system of diffusion parameters at a release 
height (115 m) of Copenhagen experiment. 
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Table 9 shows that the concentrations computed by 
the  schemes;  Standard, P-G, Klug, Jülich (100 m), and 
Brookhaven (108 m) are in good agreement with those 
observed, while the computed  concentrations using the  
schemes Briggs and Irwin do not agree with the observed 
values. 
 

The statistical measures (FB, NMSE, R, FAC2) were 
computed for each of the schemes predictions of 
normalized concentration (Cy/Q) values and comparing 
them with the corresponding observed values.  
 

From the statistical measures used for model 
performance Eqns. (26 to 29) and the estimated values of 
these statistics Table 10 we found that the models; 
Standard, P-G, Klug, Jülich (100 m), and Brookhaven are 
acceptable models while the models; Briggs and Irwin are 
not acceptable. The model Irwin gives the poorest 
performance. Klug model gives better performance.  
Standard, Jülich and P-G models give very good 
performance. Brookhaven gives best performance. 
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