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Abstract  Two parameterizations for wind and eddy diffusivity profiles in the planetary boundary layer (PBL) based on 
a similarity theory are applied in the operational dispersion model VHDM (Virtual Height Dispersion Model). One is the 
well known Pleim and Chang parameterization, while the other one is more physically consistent and was applied to an 
analytical model (as VHDM is) for the first time. The formulations are compared using the data from the Copenhagen 
experiment and statistical evaluation applying widely used indices showing that the PBL parameterizations are well suited 
for application in air pollution modelling over the whole unstable atmospheric stability regime.  

Keywords  Turbulence parameterization, Planetary boundary layer, Eddy diffusivities, Air pollution modelling  

 

1. Introduction 
Eulerian approach for modelling the statistical properties 

of contaminants concentrations in a turbulent flow as the 
Planetary Boundary Layer (PBL) is widely used in the field 
of air pollution studies. In these models the main scheme 
for closing the advection-diffusion equation is to relate 
concentration turbulent fluxes to the gradient of the mean 
concentration by eddy diffusivities (K-theory). The 
simplicity of the K-theory of turbulent diffusion has led to 
the widespread use of this theory as mathematical basis for 
simulating air pollution. But K-closure has its own limits: it 
works well when the dimension of the dispersed material is 
much larger than the size of turbulent eddies involved in the 
diffusion process, i.e. for ground-level releases and for large 
travel times. Despite these well known limits, the K-closure 
is largely used in several atmospheric conditions because it 
describes the diffusive transport in an Eulerian framework 
where almost all measurements are Eulerian in character, it 
produces results that agree with experimental data as well 
as any more complex model, and it is not computationally 
expensive as higher order closures are.  

The reliability of the K-approach strongly depends on the 
way the wind and eddy diffusivity are determined on the 
basis of the turbulence structure of the PBL and on the 
model ability to reproduce experimental diffusion data [1]. 

The aim of this paper is to evaluate, applying 
Copenhagen data set, the performances of the dispersion  
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model VHDM (Virtual Height Dispersion Model), which is 
an operative model for evaluating ground-level 
concentration from elevated sources [2, 3], with two PBL 
parameterization, in order to know limits and possibilities 
of both parameterizations in view of their applications in air 
pollutions studies. 

That is, a well known PBL parameterization proposed by 
Pleim and Chang [4], already applied in many air pollution 
studies. 

The second one is the PBL parameterisation developed 
by Yordanov [5-7] which calculates the wind and eddy 
diffusivity profiles in the PBL under different stability 
conditions, based more on similarity theory and results to be 
more physically consistent of Pleim and Chang 
parameterization and, moreover, it has never been applied 
in analytical air pollution models (as VHDM is). 

In this paper eddy diffusivity and wind profiles in PBL 
are obtained from the surface turbulent fluxes defined by 
the Monin-Obukhov length scale (L) and the friction 
velocity (u*), which are taken from the experimental data 
applying the parameterization developed in [8, 9].  

2. Yordan Parameterization 
The simple two-layer model described in [5] is used to 

produce the vertical profiles of the wind and the vertical 
turbulent exchange coefficient. The PBL model YORDAN 
was compared with a number of experimental data sets and 
demonstrates good coincidence as shown by [7, 10]. The 
PBL model consists of a Surface Layer (SL) with height  h*  
and an Ekman layer above it.  

In the SL, *z h≤ , the wind profile is determined as:  
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where 1
*( )u fLµ κ −=  is the internal stratification parameter, κ =0.4 is the von Karman constant, /z Lζ =   is the 

non-dimensional height, 0 0 /z Lζ =  is the non-dimensional roughness, and f is the Coriolis parameter ( 4 110f s− −= ). 

For the non-dimensional SL height ( )h µ  the following relations are used: 
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For the non-dimensional turbulent exchange coefficient  mK  we have: 
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For the dimensional turbulent exchange coefficient for 

momentum we use the relation: 
2 2

*( / )z mk u f Kκ=                 (3b) 

Here, we use the following relations: * /h h H=  is the 

non-dimensional SL height, * /H u fκ=  is the height 

scale, /Z z H=  is the non-dimensional height and 

0 0 /Z z H=  is the non-dimensional roughness. We can 

notice that * */h h f uκ=  and from it we obtain for the 

dimensional SL height the relation: * * /h h u fκ= .  
In the Ekman layer (Z>h*), the turbulent exchange 

coefficient is assumed not to change with height and to be 
equal to mhK : 
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Here the dimensional turbulent exchange coefficient for 
momentum is the obtained by the relation: 

2 2
*( / )z zh mhk k u f Kκ= =              (4b) 

The velocity components u and v at height z are calculated 
from the relations: 

*cosg
uu v Pα
κ

= +  and *sing
uv v Qα
κ

= +    (5) 

Where α is the cross-isobaric angle, ,g gu v  are the 
geostrophic wind velocities components, and the 
non-dimensional velocity defects P and Q are given by the 
following expressions: 

in SL: 
at µ ≥ 0 
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and for the velocity defect in vertical direction we have: 
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In Eq. (6) and Eq. (7) 1 2( ) / (2 )mhZ h Kψ = − , and the 
x-axis is directed along the surface wind. Replacing the 
expressions from Eq. (6) and (7) in Eq. (5) we can find the 
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velocity profiles given by the expresion for the mean wind: 

2 2( )u z u u v= = + .               (8) 

In the present paper the PBL model Yordan is used 
starting from the experimental data for L and u* and 
applying the approach “bottom-up” described by [8]. 

3. Parameterization of Pleim and Chang 
Following [4] during stable and neutral conditions at 
/ 10iz L ≥ − : 

2
* (1 / ) /z i hk u z z zκ ϕ= −             (9) 

Where: 
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L
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During convective conditions at / 10iz L ≤ −  the 
friction velocity was replaced by the convective velocity 

scale *w  defined as 
1/3
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kL
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 and the following 

relation is used: 
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The wind velocity profile used has been parameterised as 
follow: 

For an unstable PBL (L<0) 
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mΨ  is a stability function given by: 
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with 1/4(1 16 / )A z L= − .  
For a stable PBL (L>0) we use the relations: 
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4. VHDM Air Pollution Model 
The virtual height dispersion model (VHDM) is an 

operative short range model for evaluating ground level 
concentration from industrial sites. It approximates the 
cross-wind integrated ground level concentration Cy(x,0) by 

means of a Fickian- type formula in which the real source is 
replaced by a virtual source placed at the geometric average 
of the two virtual source heights sµ  and sς  function of 
the wind speed and eddy diffusivity profile: 
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where Q is the source strength, su  and sk  are the wind 
speed and the eddy diffusivity at the source height 
respectively, sµ  and Sζ  are two virtual source heights 
expressed by simple functions of the vertical profiles of wind 
and turbulent diffusivity defined as: 
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where Hs is the effective release height. 
The model accepts both experimental and theoretical 

profiles for the eddy diffusivity ( )zk z  and wind velocity 

( )u z , provided the integrals in Equation (17) exist.  
In [11] it is shown that the ground level concentrations 

admit  lower and  upper bounds that represent solutions at 
the ground level of two diffusion equations of Fickian-type 
with the two virtual sources sµ  and Sζ  respectively. 
Moreover, for a general profile of the wind and eddy 
diffusivity we expect Sζ < Hs < sµ . This fact explains the 
physical meaning of the two bounds and the relative 
importance of the ( )u z  and ( )zk z  profiles in 
determining the solution of the advection diffusion equations 
at ground level. On the basis of the above considerations, we 
used the interpolation between the two bounds (lower and 
upper bound), and selected the above Gaussian formula, 
since the predicted maximum position ( mx ): 
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is exactly the same as that predicted by the solution of the 
advection-diffusion equation, which admits power law 
profiles of wind and eddy coefficients [12].  

5. Comparison with Experimental Data 
We evaluated the performance of the PBL 

parameterization, applying the VHDM air pollution model to 
the Copenhagen data set [13, 14]. The Copenhagen data set is 
composed of tracer SF6 data from dispersion experiments 
carried out in northern Copenhagen. The tracer was released 
without buoyancy from a tower at a height of 115 m and was 
collected at ground-level positions in up to three crosswind 
arcs of tracer sampling units. The sampling units were 
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positioned 2-6 km far from the point of release. We used the 
values of the crosswind-integrated concentrations (Cy) 
normalised with the tracer release rate from [15]. The 
releases typically started up before the sampling and stopped 
at the end of the sampling period, which is a total sampling 
time of 1 hour and for the experiments considered it was 
around 12 o’clock. The site was mainly residential with a 
roughness length of 0.6 m. 

The meteorological measurements performed during the 
experiments included standard measurements along a tower 
at the point of release. The meteorological conditions during 
the dispersion experiments, ranged from moderately unstable 
to convective.  

Table 1 summarises the meteorological data during the 
Copenhagen experiment used as input data for the PBL 
models simulations. us is the wind speed at the source height, 
w* is the convective velocity scale and c iz Lµ =  is the 

internal stratification parameter for convective condition.  

Table 1.  The meteorological data observed during the Copenhagen 
experiment used in the simulations 

Run us 
m/s 

u* 

m/s 

L 
m 

w* 

m/s 

zi 
m µc=zi/L 

1 3.4 0.36 -37 1.7 1980 -53.5 

2 10.6 0.73 -292 1.8 1920 -6.6 

3 5.0 0.38 -71 1.3 1120 -15.8 

4 4.6 0.38 -133 0.7 390 -2.9 

5 6.7 0.45 -444 0.7 820 -1.8 

6 13.2 1.05 -432 2.0 1300 -3.0 

7 7.6 0.64 -104 2.2 1850 -17.8 

8 9.4 0.69 -56 2.2 810 -14.5 

9 10.5 0.75 -289 1.9 2090 -7.2 

 

 

Figure 1.  Comparison of ground level observed data with the cross-wind integrated concentration predicted by the models in function of the distance from 
the source for the PBL parametrizations presented (Model I: YORDAN, Model II: Pleim and Chang) 
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In Figure 1 the observed and computed ground level 
concentrations as a function of the source distance are 
presented for each Copenhagen experiment according the 
two PBL models. Model I refers to the PBL model 
YORDAN, where the mean wind is calculated according Eqs. 
(1) (5) and (8), the eddy diffusivity using Eqs. (3) and (4). 
Model II refers to Eqs. (12) and (14) for the wind profiles if  
z ≤ h/10, on the contrary u(z) = u(h/10). For the eddy 
diffusivity Eqs. (16) and (18) are used. The surface 
cross-wind integrated concentrations are calculated with the 
model VHDM according Eq. (9), where the virtual height 

sµ  and Sζ  are calculated from Eq. (10) for Model I and 
Model II with the corresponding wind and eddy diffusivity 
profiles.  

The main difference between the models results with the 
two parameterizations are close to the source, where Model 
II gives higher concentration values. There are no big 
differences at longer distances from the source where the 
measurements are taken. So at least in the range of 
meaurements the performances of the two models are quite 
similar.  

Figure 2 shows the observed and predicted scatter diagram 
of ground-level crosswind integrated concentrations using 
VHDM model with the two wind and eddy diffusivity 
profiles described above as Model I and Model II. 

An evaluation of the performances, using a statistical 
evaluation procedure (BOOTSTRAP resembling procedure) 
described by [16] is presented in Table 2.  

Statistical indices defined in the following way were 
utilized: 

NMSE (normalized mean square)                       

= 2( ) /o p o pC C C C− ; 

COR (correlation) = ( )( ) /o o p p o pC C C C σ σ− − ; 

FA2 = 0.5 2o pC C≤ ≤ ;  

FB (fractional bias) = ( ) / (0.5( ))o p o pC C C C− + ; 

where the subscripts o and p refer respectively to observed 
and predicted quantities, and the overbar indicates an 
average. 

Analysing the statistical indices in Table 2 it is possible to 
notice that the models simulate satisfactory the observed 
concentrations, with NMSE, FB and FS values relatively 
near to zero and COR and FA2 relatively near to 1. 

Moreover, in order to compare the performance of the 
proposed model with that of other models, we report in Table 
3 the results obtained with the same data set by other models: 
HPDM [17], IFDM [18], INPUFF [19], OML [20], ADMS 
[21]. The latter results were obtained as part of a model 
validation exercise during The Workshop on Operational 
Short-range Atmospheric Dispersion Models for 
Environmental Impact Assessment in Europe [22].  

Analysing the data presented in Table 3 it can be seen that 
the results obtained with the two proposed PBL model are 

comparable to those found from the other state of art models.  

 

Figure 2.  Scatter plot of observed crosswind-integrated versus predicted 
ones normalized with the emission source rate. Points between dashed lines 
are in a factor of two. (Model I: YORDAN, Model II: Pleim and Chang) 

Table 2.  Statistical indices evaluating the performances of the two PBL 
models (Model I: YORDAN, Model II: Pleim and Chang) 

Model NMSE COR FA2 FB 

Model I 0.19 0.64 0.96 -0.026 

Model II 0.14 0.79 0.91 -0.03 

Table 3.  Statistical indices for cross-wind integrated concentrations. 
Comparison with other operative models 

Model NMSE COR FA2 FB 

HPDM 0.16 0.78 1.00 0.16 

IFDM 0.16 0.68 0.96 0.012 

INPUFF 0.46 0.36 0.70 0.28 

OML 0.52 0.89 0.56 0.57 

ADMS 0.34 0.86 0.78 0.41 

6. Conclusions 
Atmospheric-dispersion modelling usually takes account 

of atmospheric turbulence in a simple way based on surface 
measurements, and where the dispersion from a source is 
estimated by assuming simple formulae for concentration 
distribution, in which the dispersion parameters depend 
simply on downwind distance and the meteorological state of 
boundary layer. Experimental work and modelling efforts 
have attempted to parameterize the surface fluxes of 
momentum, heat and moisture in terms of routinely 
measured meteorological parameters. These modelling 
techniques contain algorithms for calculating the main 
factors that determine air pollution diffusion in terms the 
Monin-Obukhov length scale.  
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In this paper two turbulent parameterization have been 
included in an operative model, and evaluated against the 
Copenhagen data seta. 

A comparison of the concentrations measured and 
calculated was made and the analysis of results and the 
application of statistical indices show that VHDM model 
which included the eddy diffusivity parameterisation 
proposed, produces a good fit for the experimental ground 
level concentration data. 

The PBL parameterizations permit that the model can be 
applied routinely because as input simple ground-level 
meteorological data can be acquired by an automatic 
network. 

These remarks lead to the preliminary conclusion that the 
proposed approach could be used in an operative model of 
pollutant dispersion into the atmosphere, as a tool for the 
evaluation and management of air quality. 

 

REFERENCES  
[1] C. Mangia, D. M. Moreira, I. Schipa, G.A. Degrazia, T. 

Tirabassi and U. Rizza. Evaluation of a new eddy diffusivity 
parameterisation from turbulent Eulerian spectra in different 
stability conditions, Atmos. Environ., vol.36, pp. 67-76,2002 

[2] T. irabassi and U- Rizza, U. Applied dispersion modelling for 
ground-level concentrations from elevated sources, Atmos. 
Environ., vol. 28, pp. 611-615, 1994. 

[3] C. Mangia U., Rizza and T. Tirabassi Sensivity analysis of an 
operational advanced Gaussian model to different turbulent 
regimes. Nuovo Cimento, vol. 21C, pp. 161-170, 1998. 

[4] J. Pleim and J.S-Chang. A Non-Local Closure Model for 
Vertical Mixing in the Convective Boundary Layer. Atmos. 
Environ. Vol. 26, pp. 965–981, 1992. 

[5] D. Yordanov D., Syrakov, and G. Djolov. A Barotropic 
Planetary Boundary Layer, Boundary Layer Meteorology vol. 
25, pp. 1-13, 1983. 

[6] D. Yordanov, D. Syrakov, M. Kolarova, On the 
Parameterization of the Planetary Boundary Layer of the 
Atmosphere, The Determination of the Mixing Height 
-Current Progress and Problems. EURASAP Workshop Proc., 
1-3 Oct. 1997. 

[7] D. Yordanov, D. Syrakov, G. Djolov. Baroclinic PBL model: 
neutral and stable stratification condition, Bulg. Geophys. J., 
vol. 14, No1-2, pp. 5-25, 1998.  

[8] D. Yordanov. D.E. Syrakov, M.P. Kolarova M. P. 
Parameterization of PBL from the surface wind and stability 
class data, Proc. of NATO ARW on Air Pollution Processes 
in Regional Scale, Halkidiki, Greece, 13-15 June 2002, 
NATO Science Series, D. Melas and D. Syrakov (eds.), 
Kluwer Acad. Publ., Netherlands, Vol. 30, pp. 347-364, 2003.  

[9] D. Yordanov, M.P. Kolarova, D. Syrakov, D. The ABL 

models YORDAN and YORCON–top-down and bottom-up 
approach for air pollution applications, Proc. of NATO ARW 
“Advances in Air Pollution Modeling for Environmental 
Security”, 8–12 May 2004, Borovetz, Bulgaria, 2004. 

[10] G.D. Djolov, D:L: Yordanov and D.E. Syrakov. Baroclinic 
PBL model for neutral and stable stratification conditions, 
Boundary Layer Meteorology, vol. 111, pp. 467-490,2004. 

[11] R. Lupini and T. Tirabassi T. A simple analytic 
approximation of ground level concentration for elevated line 
sources. J. Appl. Meteor., vol. 20, pp. 565 570, 1981. 

[12] T. Tirabassi. Analytical air pollution advection and diffusion 
models. Water, Air and Soil Poll., vol. 47, pp. 19 24, 1989. 

[13] S.E. Gryning and E. Lyck. Atmospheric dispersion from 
elevated sources in an urban area: Comparison between tracer 
experiments and model calculations. J. Climate Appl. Meteor., 
vol. 23, pp.651-660, 2004. 

[14] S.E. Gryning and E. Lyck. RISO-R-1054 (rev.1) (En). The 
Copenhagen Tracer Experiment: Reporting of measurements, 
RISOE National Laboratory, Roskilde, 2002. 

[15] S.E. Gryning, A.A.M. Holtslag, J.S. Irwin and B. Siversten. 
Applied dispersion modelling based on meteorological 
scaling parameters. Atmos. Environ., vol. 21, pp. 79 89, 1987. 

[16] J.C. Chan and S.R. Hanna. Air quality model performance 
evaluation. Meteorol. Atmos. Phys. vol. 87, pp.167–196, 
2004. 

[17] S. R.  Hanna a and R. J. Paine. Hybrid plume dispersion 
model (HPDM) development and valuation. J. Appl. Meteor. 
and Climatology, vol. 28, pp.206-224, 1989.  

[18] G. Cosemans, J. Kretzschmar and G. Maes The Belgian 
emission frequency distribution model IFDM. Proc. of the 
DCAR Workshop on objectives for next generation of 
practical short-range atmospheric dispersion models (ed. 
Olesen H. and Mikkelsen T), Riso, Denmark, 6-8 May 1992, 
pp. 149-150, 1992. 

[19] I. Sandu Assessment of the atmospheric pollution degree by 
means of the pollutant dispersion models. Hidrotechnica, vol. 
34, pp. 8-16, 1989. 

[20] R.R. Berkowicz, H.R. Olesen and U. Torp. The Danish 
Gaussian air pollution model (OML): description, test and 
sensivity analysis in view of regulatory applications. Proc. 
NATO-CCMS 16th Int. Meeting on Air Poll. Modelling and 
Its Applications, (C. De Wispelaere, F.A. Schiermeier and 
N.V: Gillani Eds.), Plenum Press, N. Y., pp.453-481, 1986. 

[21] D.J. Carruthers, R.J. Holroyd, J.C.R. Hunt, W.S. Weng, A.G. 
Robins, D.D. Apsley, F.B. Smith, D.J. Thomson and B. 
Hudson. UK atmospheric dispersion modelling system, In Air 
Pollution Modeling and its Application IX (ed. van Dop H. 
and Kallos G.) pp.15-28, Proc. of the 19th NATO/CCMS 
Intern. Techn. Meeting on Air Pollution Modeling and its 
Application, Creta, Greece, Sept. 29 - Oct. 4, 1991. Plenum 
Press, New York, 1992. 

[22] H.R. Olesen, H.R. Datasets and protocol for model validation. 
Int. J. Environment and Pollution, vol. 5, pp. 693-701, 1995. 

 

 


	1. Introduction
	2. Yordan Parameterization
	3. Parameterization of Pleim and Chang
	4. VHDM Air Pollution Model
	5. Comparison with Experimental Data
	6. Conclusions

