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The aim of this paper is to compare the modified Gaussian plume mode]
and K-model for continuous emission sources in weakly orographically deve-
loped regions. Parametrization of input variables is based on the physical
methods using similarity theory.

The results show that, when strong winds and stable atmosphere are
present, ground level concentrations take similar values. In contrary, when
weak winds and unstable atmosphere are present, K-model overestimates
values given by Gaussian model due to exclusion of plume rise in the process
of diffusion parametrization.

Efikasnost modificiranog Gaussovskog i K-modela
transporta i difuzije u jednakim atmosferskim
uvjetima

U ovom radu usporedeni su modificirani Gaussovski i K-model transpor-
ta i difuzije za kontinuirani izvor emisije u orografski slabo razvijenom po-
druéju, Parametrizacija ulaznih veli¢ina se zasniva na fizici procesa uz upo-
rabu teorije sliénosti.

Rezultati pokazuju sli¢nost vrijednosti prizemnih koncentracija pri po-
javljivanju jaéih vjetrova i stabilne atmosfere. No, pri pojavljivanju slabijih
vjetrova i labilnije atmosfere, K-model precjenjuje vrijednosti u usporedbi s
Gaussovskim modelom &to je uzrokovano neukljuéivanjem dizanja perjanice
prilikom parametrizacije procesa difuzije.

Introduction

Planetary boundary layer, as a part of atmosphere with very strong fric-
tion influence, is very hard to model. In past, several groups of models have
been developed, but nowadays three basic groups of models are used:

1) models which use numerical integration of differential equations (K-
transport and diffusion models),
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2) models which use statistical methods for description of movements of
large number of individual particles (Monte Carlo models),

3) models which use analytic solutions of differential equations (Gaussian
models).

K-models are based on the law of conservation of mass, and it often needs
respectable computer time for numerical integration (Nanni and Tagliazucca,
1982). Their advantage is time dependency, while Gaussian models are sta-
tionary. The advantage of Gaussian models is that they require very little
computer time because of their analyticity, but the approximations are so
rough that they can produce nonrealistic field of ground level concentrations
of pollutants. The greatest problem is how to model the diffusion processes,
which are very variable in time and space.

In this paper a comparison has been made of the ground level concentra-
tions calculated by K-model (Nanni and Tagliazucca, 1982; Vilibi¢, 1994) and
by the modified Gaussian plume model for continuous sources (Vilibié, 1994).
They both assume time independence, although K-model is basically time
dependent. Input data consist of five sets of values for different weather
conditions — from stable through neutral to unstable. In the work of Vilibi¢
(1994) numerical methods for preparing the stability nomograms (Smith,
1979; Vogt et al., 1971) have been converted for the computer use. Further
parametrizations necessary for describing processes in both models in the
planetary boundary layer are made using the similarity theory (Panofsky and
Dutton, 1984; Smith, 1979).

Gaussian plume model

Guassian plume model has got the name from the shape of equation which
describes the field of ground level concentrations:

Q e—yz;’26j [ -z - hc)2f20'f . -(z+ he)gf'Zcf :[
cC=—"—"" e e
2nuoc,o,

(D

Q — source strength (kg/s)

z — the height above the ground (m)

¥y — the distance from the plume axis (m)

he — effective plume height (m)

u -~ wind speed at height £, (m/s)

G,, 0, — dispersion parameters (dependent upon the distance x from the
source and upon the turbulence intensity) (m)

c — ground level concentration (kg/m?)
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This equation is an analytic solution of the K-model differential equation

with the following approximations (Sinik, 1981):

1) stationary wind field

2) homogeneous wind field

3) no chemical reactions and no deposition

4) no ground absorption

5) interval of at least 10 minutes, to avoid instantaneous peaks

6) wind speed in x-axis different from zero, so the diffusion in the x-axis may
be neglected.

For parametrization of the wind speed the exponential law is used (Weil
and Brower, 1984), dispersion parameters are described by the Briggs curves
(Gifford, 1978) which have been modified using the urban factor (Vilibié,
1994), and the effective height is calculated from other sets of Briggs equa-
tions (Briggs, 1978; Weil and Brower, 1984). For all parametrizations the use
of similarity theory (Panofsky and Dutton, 1984) and the parametrization of
radiation are also necessary (Penzar and Penzar, 1991).

In the paper by Vilibi¢ (1994) the basic equation (1) has been improved by
the inclusion of horizontal plume turning in the model. In the case with the
mixing layer height z; greater then the effective plume height A, the developed
equation is given as:

2., 2 2 B 3. 2 2,2
£ - /2 -h [2c —(2mz,— h )"/ 20, —(2mz, +h Y /20
c=——=-—Q e ’[e S (e b +e ﬂ, (2)
nuoc,ac, -
while in the case z; < ki, the developed equation is given by:
Q g —yzf2cz —F;,,"ch 0 ~(2mz, —ks)ZIEGf
BE=—— (3 o [e S e } (3)

TuOo,0, -

The parametrization of z; is given by the nomogram of Pasquill and Smith
(1983) which is here transformed into the set of equations (Vilibié, 1994).
Factor of condensation € shows the value of horizontal plume turning, and it's
defined as a ratio of areas attached to non-curved and curved plume (Vilibié,
1994). Expressions after the signs of sum define the plume reflection from
ground and mixing layer (Sinik, 1981).

Special case of spreading of the Gaussian plume occurs when the mixing
layer goes over the effective height (where the maximum concentrations are
present). This process is called fumigation which usually occurs in the morn-
ing after the night with strong stable conditions (Sinik, 1981). In that case
equations given in Vilibié (1994) are used.



50 L. VILIBIC: GAUSSIAN PLUME MODEL AND K-TRANSPORT AND DIFFUSION MODEL

K-transport model

K-model is based on the law of mass conservation:

% ywe=Lxr.%,85+D; ¥ij=1,23 @)
ox; ’v’axj

where:
V — wind speed
K;;j — components of tensor of diffusion
S - source strength, and
D - deposition rate.
If we assume that there is no vertical wind component (w = 0), deposition
(D = 0) and non-diagonal terms of diffusion tensor (K;; = 0, i # ), equation (4)
may be transformed into:

dc de de @ de @ de @ de
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This equation can be separated into a set of equations (Nanni and
Tagliazucca, 1982) that are numerically integrated by improved methods of
Runca and Sardei (1975). In this paper the numerical integration has been
performed in space with dimensions 10 km x 10 km x z;. The horizontal grid
spacing is 500 metres, while the vertical one is A/4, where h, is source height
(Vilibié, 1994). Vertical changes of the wind speed at grid points are calculated
using the exponential law (Weil and Brower, 1984) for z and v wind compo-
nents. Parametrization of diffusion tensor is based on the relations given by
Shier and Shieh (1974) for vertical diffusion, and by Nanni and Tagliazucca
(1982) for horizontal diffusion. Source strength S is modelled such that in the
source point concentration is @ and in all other points plume is transported
by diffusion and transport processes.

Results

Both models (K- and modified Gaussian) have been applied to the same
atmospheric conditions and compared using five sets of input data for various
stability conditions in the planetary boundary layer (Table 1) in orographi-
cally weakly developed region. Technological parameters of the source (vol-
ume flux and temperature of smoke at stack exit, stack height, source
strength) have been estimated using the data from some stacks in the Repub-
lic of Croatia e.g. Plomin 1 and 2, Rijeka and Zagreb.

Tables 2 to 6 illustrate numerically all the cases (A, B, C, D and E).
Horizontal grid spacing is 500 metres. Numbers in the tables represent rela-
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Table 1. Input data for cases A, B, C, Dand E

CASE A B @ D E
Month 3 1 6 6 1
Hour 10 13 13 13 6
Cloudiness {in 1/8) 0 0 0 2 8
Wind at station 1 (ms™) 2 1 1 4 3
Wind at station 2 (ms™) 2 1 1 4 3
Atmospheric temperature at stack height (K) 280 290 300 300 270
Declination of Earth (°) 0 =15 20 20 -15
Roughness (m) 0.5

Distance from source to station 1 (m) 3000

Distance from source to station 2 (m) 8000

Urbanization factor 0.5

Angle between winds at stations 1 and 2 (%) 45

Source height (m) 150 .

Gas temperature at stack height (K) 470

Volume flux (m®s ) 200

Source strength (kgs_l) 1

tive concentrations from 0 to 10000. Exact concentration can be calculated if
every number is divided by 10000 and multiplied by the C(CG) or C(CK)
which represent Gaussian and K-model maximal concentrations, respectively.

Figures 1 to 5 show graphically the distribution of ground level concentra-
tions for all cases. Figures (a) represent three dimensional view of concentra-
tion fields, while Figures (b) and (c) represent the Gaussian and K-model
concentrations, respectively. The concentrations are proportional to the area
of the circles (the smallest edge points of the plume represent 0.1 % of the
maximal concentration). Better understanding of graphical presentation will
be achieved by consulting the table presentation.

Case A represents morning situation when fumigation occurs (Fig. 1,
Table 2). Analysis of the results lead us to the conclusion that the Gaussian
plume model gives very high concentrations close to the source, while farther
concentrations decrease rapidly. This is in agreement with the fumigation
theory (Sinik, 1981). Meanwhile K-model gives ten times smaller concentra-
tions because here it has been applied as time independent model which is
not temporaly related to the previous situations and does not include a fumi-
gation process.

Case B describes unstable situation in winter with weak winds (Fig. 2,
Table 3). Maximal concentration is 2.5 smaller in K- than in the Gaussian
model and its distance from the source is greater (in K-model about 2500 m,
in Gaussian about 500 m); so both models give similar concentrations at
distances larger than 2000 m from the source. Closer than 2000 m the K-
model gives lower values. Yet it should be mentioned that the plume is more
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Table 2. Numerical presentation of ground level
concentrations for case A
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Figure 1. Ground level concen-
trations for caze A. (a) 3D view
(Gaussian left, K-model right);
(b} 2D view (Gaussian model);
(c) 2D view (K-model)

narrow in the K-model, especially
when weak winds and unstable at-
mosphere are present. This is due to
additional modelling of horizontal
diffusion and plume rise in the
Gaussian model (Briggs, 1978; Weil,
1979) and the influence of edge
walls in the K-model.

Case C represents a very unsta-
ble situation in summer with strong
convection and weak winds (Fig. 3,
Table 4). Ground level concentration
field calculated by K-model gives
thousand times larger values than
the Gaussian model. The reason for
this disagreement lies in the model-
ling of vertical diffusion processes
without inclusion of plume rise in
K-model. This produces much
smaller effective height of the
source in K-model, as strong convec-
tive eddies bring more plume gases
to the ground.
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Figure 2. Ground level concen-
trations for case B. {a) 3D view
(Gaussian left, K-model right);
{(b) 2D} view (Gaussian model);
(¢) 2D view (K-model)

Case D shows unstable situation
in summer with strong winds (Fig.
4, Table 5). A trend of horizontal
plume shrinking can be noticed in
both models, which is caused by
dominant influence of transport proc-
esses rather than diffusion. Maxima
of concentrations are shifted to the
distances between 2000 and 3000 m
from the source, and their values are
5 and 2 times smaller than in the
cases B and C, respectively.

Case E describes nightly situ-
ation with strong winds and cloudy
sky (Fig. 5, Table 6). It can be no-
ticed that the maxima, especially
the Gaussian one, are shifted to
about 5000 m from the source with
farther horizontal shrinking of
plumes. Values of both maxima are
smaller than in the case D and the
concentration fields are similar for
the same reasons as in the case D
(dominant transport processes).
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Table 3. Numerical presentation of ground level
concentrations for case B
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Figure 3. Ground level concen-

----- trations for case C. (a) 3D view
(e) (Gaussian left, K-model right);
(b) 2D view (Gaussian model);
(e) 2D view (K-model)

Table 4. Numerical presentation of ground level
concentrations for case C
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Figure 4. Ground level concen-
trations for case D. (a) 3D view
(Gaussian left, K-model right);
(b) 2D view (Gaussian model);
{c) 2D view (K-model)

Table 5. Numerical presentation of ground level
concentrations for case D
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also when strong winds are present,
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Table 6. Numerical presentation of ground level
concentrations for case E

MODIFED GAUSSIAN MODEL :
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Figure 5. Ground level concen-
trations for case E. (a) 3D view
(Gaussian left, K-model right);
(b) 2D view (Gaussian model);
(e) 2D view (K-model)

zation of diffusion processes would
be achieved. It is necessary to em-
phasize that the parametrizations
should be based on the physical
processes in the atmosphere rather
than on the statistical methods (Weil
and Brower, 1984; Vilibié, 1994),

To test the modified Gaussian
and K-models it is necessary to or-
ganize an experiment where ground
level concentrations would be meas-
ured at points determined from the
results of both models. The compari-
son with the empirical data can be
useful in further improvements in
parametrization of diffusion proc-
esses included in both models.
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