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This paper gives an outline to the influence of geophysical, meteorological, emission and
receptor input parameters’ quality while simulating an air pollution episode (APE). Parameters
relevant for description, definition and development of an air pollution episode obtained with
the non-steady state puff dispersion air quality model while simulating a short winter air
pollution episode in the region City of Skopje are compared to the corresponding parameters
resulting from the ’FLUENT’ simulation. The region analyzed in this study is the City of
Skopje, capitol of R. Macedonia, and its surroundings.
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1. Introduction

The region comprised in this study - the City of Skopje and its surround-
ings (from this point forward Skopje) - has the following characteristics.

1. it is the capitol of R. Macedonia and spreads over a territory of 40km by
60km;

2. over 30% of the population of R. Macedonia and the greater part of the
industrial facilities are concentrated here;

3. due to its orography and meteorological attributes, Skopje regularly expe-
riences winter smog episodes, induced by heating, traffic and plant emis-
sions [1];

4. due to its central role in the state, the quality and quantity of the geophys-
ical, meteorological, emission and receptor data are at a far more higher
level when compared to the remaining regions where air pollution occurs,
such as the cities of Bitola, Veles, Kavadarci [2].
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Considering the aforementioned and the recommendations stated in the study
of Japan International Cooperation Agency (JICA) [2], in this study Skopje was
chosen for conducting a winter SO2 air pollution episode (APE). In fact, [2], is
the only previously conducted and officially published survey, where comparison
between measured and modelled polluter concentrations is shown. Even though,
initially its goal was to encompass a detailed approach of defining possibilities
to apply air quality models for short/long term air pollution diagnosis and prog-
nosis, this goal was shifted towards a more pragmatic one, i.e. establishment
of an air pollution monitoring system under the Ministry of Environment and
Physical Planning (APMS-MOEPP). Thus, only a two day episode simulation
was included in [2] which showed an over prediction of the SO2 ground con-
centrations ranging from a factor of 2 to 4, depending on the receptor location.
These results were obtained considering the following set of input parameters:

– a 1km x 1km cell grid over a territory of 40km x 60km, was used to
describe the geophysical characteristics. Land use categories (LUC) were
uncertain;

– meteorological conditions inducing the 2 day APE were simulated using
soundings from two surface and one upper-air meteorological stations. Due
to the lack of constant upper-air soundings, a surrogate city was used to
model the mixing heights; and

– emission sources and their emission parameters were taken with accor-
dance to the Register of Air Polluters [3] containing only part of the ex-
isting point sources. Due to the vague flow/emission parameters included,
an additional survey was conducted in order to acquire necessary data. All
sources were modelled as point, area or volume sources. It is not stated if
traffic was included.

The herein case study exploits input data with increased quality and quantity.

2. Case study - Winter SO2 Air Pollution Episode in the Skopje
’CALPUFF’ vs. ’FLUENT’

Input data employed in this case study can be classified into five groups:

1. Geophysical. Surface elevation (orography), Land Use Categories (LUC),
surface roughness;

2. Meteorological. Surface and upper air soundings modelled surface and
upper air data;

3. Emission data. Flow and geometry properties of the modelled emission
data;
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Figure 1: Region of Skopje and its surroundings

4. Receptor data. SO2 ground concentrations (preferable hourly);

5. Mixture properties. Herein analyzed species air and SO2.

The criterion of simultaneous availability of all input data decided the location
and the short-term APE to be simulated practically.

2.1. Location Selection - Skopje
Due to the reasons listed in paragraph 1, Skopje was chosen as a repre-

sentative region for the simulation (Fig. 1). Compared to [2], geometry improve-
ment was performed by using a 500m x 500m terrain-following mesh (Fig. 2).
The 40km x 60km frame was kept, since the main pollutant emitters are located
in this range. The outer dashed line on Fig. 1 limits the region boundaries, while
the inner one represents the city and the surrounding villages where majority of
the population is situated and which further is used as a representation frame.
Vertically, the region was divided into 12 layers up to the height of 6000m. In or-
der to capture influence of the terrain effects on the meteorological parameters,
a non-uniform vertical cell height was chosen.

2.2. Selection of an Air Pollution Episode
The criterion of simultaneous availability of all input data prevailed when

determining the scope of the short-term APE to be simulated. Based on the fact,
that measured [4] and modelled [5] data for a registered 9 day SO2 air pollution
episode during Dec 2000 already exist, a 24 hour period within this episode
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Figure 2: ‘FLUENT’ and ‘CALPUFF’ Mesh of the Region

(start: 12.00h on Dec 10; end: 12.00h on Dec 11, 2000) was chosen to analyze
performances of the ’FLUENT’ solver vs. the ’CALPUFF’ air quality model
(AQM). Meteorological conditions (mean daily values) governing this episode
are given on Fig. 3, while locations of the surface and upper-air meteorology
stations and SO2 ground concentrations measuring points are depicted on Fig. 4.
As a supplement to the input meteorological parameters listed in paragraph 1,
the analysis presented herein further exploits:

– surface meteorology registered at the 4 newly installed automatic stations
from the APMS - MOEPP;

– boundary layer vertical profile - upper-air station Petrovec’ soundings.

2.3. Emission Sources
153 registered point sources from Register [3] are used as pollutant emit-

ters [5]. Due to lacking detailed emission dynamics, temporally total (full
capacity) and constant emission rates were presumed. For the same reason,
emissions originating from domestic heating and traffic were excluded from [1].
In order to enable comparison, the same set of modelled pollutant sources and
their dynamics is used herein (Fig. 5).
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Figure 3: Mean daily values of governing surface meteorology parameters at
measuring point Z. Rid (data acc. to [4])

2.4. Receptor Grid
Modelled ’CALPUFF’ hourly SO2 ground concentrations [5] are used

as reference data for the comparison analysis. Even though the ’CALPUFF’
simulation in [5] showed over prediction in the 24h-ground concentrations of
SO2 compared to registered data at the measuring points of the Department
for Hydrometeorology (DHM), the rising/declining trends of SO2 ground con-
centrations were maintained [6]. This fact was used as a confirmation of the
’CALPUFF’ performance as a reference model. Due to the maintenance dis-
continuity of the newly installed APMS-MOEPP ground concentration mea-
suring equipment during the episode concerned, validity of the SO2 ground-
concentration measurements was partly unsatisfactory.
An overview of the herein-adopted classes of input data is given in Table 1.

2.5. Selection of an Air Quality Model
Accordingly to the classification of the scales for atmospheric processes

by Orlanski [7], the classification of the AQMs by Zannetti [8], as well as the
availability of AQMs, ‘CALMET’ meso-scale non-steady-state meteorological
model [9] (and in more detail [10], [11], [12], [13]) was used to produce me-
teorological parameter fields, while ’CALPUFF’ AQM [14], [12], [13], [15] was
applied to obtain referent hourly SO2 ground concentrations. ’CALPUFF’ is
a multi layer, multi species, non-steady-state Lagrangian Gaussian puff disper-
sion model, which simulates effects of varying (spatial, temporal) meteorologi-
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Figure 4: Surface and upper air meteorology stations and measuring points
of SO2 ground conc. Color bar: level above sea [m]. Gauss-Krueger X/Y
coord.[km].

Table 1: Adopted classes of input data
Geophysical data Region of 40km by 60km, cell dimension 500m by 500m

Surface and upper-air
meteorological sound-
ings

2 manual surface stations (DHM) ZRID-Zajcev Rid; PETR-
Petrovec; 4 automatic surface stations (APMS MOEPP)
AS1-Gazi Baba, AS2-Centar, AS3-Karpos, AS4-Lisice hourly
soundings; 1 upper air station PETR once daily (00.00 GMT)

Emission data Register of 153 polluter point sources (MI)

Receptor data 9 measuring points (DHM) 24h SO2 ground conc. 1-9; 7
measuring points (DHP) 24h SO2 ground concentrations 10-
16; 4 measuring points (MOEPP) AS1,AS2,AS3,AS4 hourly
ground conc.
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Figure 5: Location of point sources in Skopje. Circles represent industrial and
energy facilities. Color bar: level above sea [m].

cal conditions on pollutant transport, transformation and removal. It contains
algorithms/modules for near-source effects, long range effects, chemical trans-
formation etc. The following basic equations define the contribution of a puff
to the ground concentration at a single receptor:

C(s) =
Q(s)

2πσ2
y(s)

g(s) exp

[
− R2(s)

2πσ2
y(s)

]
(1)

g =
2

(2π)1/2σz

n=∞∑
n=−∞

exp

[
−(He + 2nh)2

2σ2
z

]
(2)

where s is distance travelled by puff [m], C(s) ground level concentration [g/m3],
Q(s) pollutant mass in puff [g], σy(s) deviation of the Gaussian distribution
(across wind direction) [m], R(s) distance from center of puff to receptor [m],
g(s) vertical term (multiple reflection from top of mixed-layer (ML) and the
surface), He puff center’s effective height above ground [m], h ML height [m].
’FLUENT’ is a solver which provides comprehensive modelling capabilities for:
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– incompressible and compressible fluid flow problems,

– laminar and turbulent fluid flow problems.

– steady-state or transient analyses

– models for transport phenomena (heat transfer and chemical reactions)

The afore listed is combined with the ability to model complex geometries.
Four basic equations describe the main flow and the discrete phase flow

[16] over the selected region.

1. Mass Conservation Equation is the general form of the mass conserva-
tion equation and is valid for incompressible as well as compressible flows.

∂ρ

∂t
+ ∇(ρv) = Sm(3)

where Sm is the mass added to the continuous phase from the dispersed second
phase and any user-defined sources.

2. Transport Equations for the Standard k− ε Model. The k− ε model
[17] [18] has been used to solve the main air flow

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
μ +

μt

σk

)
∂k

∂xj

]
+ Gk + Gb − ρε − YM + Sk(4)

∂

∂t
(ρε) +

∂

∂xi
(ρεui)

=
∂

∂xj

[(
μ +

μt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
+ (Gk + C3εGb) − C2ερ

ε2

k
+ Sε

(5)

where Gk is generation of turbulence kinetic energy due to mean velocity gra-
dients, Gb generation of turbulence kinetic energy due to buoyancy, YM contri-
bution of fluctuating dilatation in compressible turbulence to overall dissipation
rate σk, σε turbulent Prandtl numbers for k and ε, respectively, Sk, Sε user-
defined source terms, ρ fluid (air) density, μ fluid (air) viscosity, C1e, C2e, C3e

constants.

3. Species Transport Equations [19]

∂

∂t
(ρYi) + ∇(ρ−→v Yi) = −∇−→

Ji + Ri + Si(6)

where Yi is local mass fraction of each species; Ri net rate of production by
chemical reaction; Si rate of creation by addition from the dispersed phase plus
any user-defined sources.



Comparative Analysis of Parameters Obtained while Simulating ... 57

Figure 6: Flow diagrams of the ‘CALMET/CALPUFF’ and ‘FLUENT’ mod-
elling scheme.

4. Heat Transfer to Droplet [16]

mpcp
dTp

dt
= hAp(T∞ − Tp) +

dmp

dt
hfg + Apεpσ(θ4

R − T 4
p )(7)

where Cp is droplet heat capacity [J/kgK], Tp droplet temperature [K], h con-
vective heat transfer coefficient [W/m2K], T∞ temperature of continuous phase
[K], ∂mp/∂t rate of evaporation [kg/s], hfg latent heat [J/kg], εp particle emis-
sivity (dimensionless), s Stefan-Boltzmann constant [5, 67 · 10−8W/m2K4], θR ra-
diation temperature.

3. Results

In order to allow comparison between the two modelling tools, a ”try-to-
imitate” ‘CALMET’/’CALPUFF’ approach is proposed and used for the ’FLU-
ENT’ simulation herein (Fig. 6), i.e.

1. equal horizontal and vertical grid distancing was chosen;
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Figure 7: Hourly SO2 Ground concentrations at receptors AS1-AS2 obtained
with CALPUFF and FLUENT simulation.

2. meteorological parameters fields are modelled similarly to the ‘CALMET’
(”hour-by-hour”) approach, as much as the solver allows;

3. boundary conditions for the main flow are selected;

4. pollution transport modelling (without chemical reactions) through solv-
ing species transport equation with the Discrete Phase Model (DPM) [16]
performing Lagrangian trajectory calculations for dispersed phases (here
droplets) in three steps.

For each hour, calculation of meteorological parameters is performed. After de-
termining the main flow (air), calculation of the discrete phase (SO2 as droplet)
is performed with DPM. Species concentrations (SO2) in the 3D region are
obtained.

In order to estimate the simulation quality derived from the ’FLUENT’
solver, the simulated hourly SO2 ground concentrations at four measuring points
A1-A4 (APMS MOEPP) for the chosen period (12.00h on Dec 10 till 12.00h on
Dec 11) are sampled and compared with the reference data from the ’CALPUFF’
simulation (Figs. 7 and 8). Particle tracking is performed and shown on Fig. 9.

The comparison of the modelled hourly SO2 ground-concentrations with
both simulation tools shows perpetuation of the trends of formation and develop-
ment of the APE. However, slight shift and an over-prediction of the ’FLUENT’
data is present. The origin to this has to be further analyzed. The cause should
be sought firstly in tuning the main flow model with higher precision, secondly
in defining mixture (air-SO2 droplet) properties more accurately, and thirdly in
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Figure 8: Hourly SO2 Ground concentrations at receptors AS3-AS4 obtained
with CALPUFF and FLUENT simulation.

Figure 9: Particle tracking of SO2 droplets over the region - FLUENT
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including coupling with the continuous phase which herein was not taken into
account.

4. Advantages vs. Disadvantages

The conducted analysis distinguishes several advantages and disadvan-
tages when utilizing each package. The performance comparison between
’FLUENT’ & ’CALPUFF’ implies the following

Advantages:

a. aside of the geometry preprocessor GAMBIT, ’FLUENT’ alone con-
ducts the complete calculation of flow and species parameters;

b. Particle tracking is available within ’FLUENT’;

c. 3D field of species concentration, compared to the limited ground
concentrations of ’CALPUFF’; and

Disadvantages:

d. selecting/tuning of the proper model in ’FLUENT’ might turn out
to be a time consuming and difficult task.

5. Conclusion

A simulation of an SO2 air pollution episode has been conducted by
means of two modelling tools ’CALPUFF’ & ’FLUENT’ in order to investigate
the possibility of exploiting ’FLUENT’ solver for calculating main flow (air)
parameters and pollutant dispersion over a fixed region. Results from both
calculations show fairly good perpetuation of formation and development trends
of the APE. However, the origin of the slight shift and an over prediction at
’FLUENT’ data has to be further analyzed among possible recognized reasons
(paragraph 3).

Therefore, the following conclusions can be derived.

1. The comparative analysis implies a possibility of supplementing the both
software packages, aiming a better quality of the output;

2. Due to the poor quality of input parameters, the analysis shows that
formation and development of an APE can be predicted only qualitatively,
i.e. only notification of existence / prediction of an APE

3. The outcome certainty is a function of the input parameters quality.
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