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Air qual ity sim u la tion mod els are ex ten sively used in as sess ing the im pacts
of com bus tion plants. A wide va ri ety of mod els are avail able. In or der to
rec om mend the most ap pro pri ate air qual ity mod el ing tech nique that
should be in cor po rated into a stan dard reg u la tory frame work in the Re pub -
lic of Mac e do nia the per for mances of three Gaussi an-plume at mo spheric
dis per sion mod els, ADMS 3, OML, and ISCST3 have been ana lysed. The
mod els have been tested against the ground level mea sure ments of the daily
mean SO2 con cen tra tions ob tained at the four lo ca tions around the Ther mal 
Power Plant of Bitola. Two ex per i men tal cam paigns have been per formed.
The three model re sults and the mea sure ments at the pre sented lo ca tions for 
365 days in the year are com pared. An anal y sis of the ob tained re sults is
pre sented in the pa per as well.
The me te o ro log i cal pre pro cessor MADAM_MP has been used to pro vide
the re quired bound ary layer pa ram e ters for es ti ma tion of the trans port and
dif fu sion of pol lut ants re leased from the stacks. Us ing the MADAM_MP a
year of hourly val ues for the mix ing height, Monin-Obukhov length, sur face
fric tion ve loc ity, sen si ble heat flux, and Pasquill's sta bil ity class, have been
cal cu lated from the avail able me te o ro log i cal data set. The ap proach and
the main equa tions for the bound ary layer pa ram e ters es ti ma tion are pre -
sented in this pa per.

Key words: atmospheric dispersion, MADAM_MP, OML, ADMS 3,
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Introduction

Air qual ity mod el ing is an es sen tial tool for most air pol lu tion stud ies. Mod els
can be di vided into phys i cal (wind tun nel, wa ter tank) and math e mat i cal types. In air
qual ity leg is la tion the math e mat i cal mod els are most ad van ta geous. Con se quently, they
are ana lysed in this pa per. They are par tic u larly valu able for as sess ing the im pacts of dis -
charges from new ac tiv i ties and for es ti mat ing the likely changes as a re sult of pro cess
mod i fi ca tions. The math e mat i cal mod els are a unique tool for:
– selecting locations and determining appropriate stack heights of new facilities (future

sources of pollutants), in order to minimize their environmental impacts,
– managing existing emissions – determining the maximum allowable emission rates

that will meet fixed air quality standards,
– designing ambient air monitoring networks,
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– saving cost and time over monitoring; modeling costs are a fraction of monitoring
costs and a simulation of annual or multi-year periods may only take a few hours or
days to assess,

– assessing responsibility for existing air pollution levels by evaluating source-receptor 
relationships, and

– forecasting pollution episodes.
In gen eral, the mod els re quire two types of data in puts: in for ma tion on the

source or sources in clud ing pol lut ant emis sion rates, and me te o ro log i cal data. The mod -
els then sim u late math e mat i cally the pol lut ant's trans port and dis per sion, and its chem i -
cal and phys i cal trans for ma tions and re moval pro cesses. The mod els out put is air pol lut -
ant con cen tra tion, for a par tic u lar time pe riod, usu ally at spe cific re cep tor lo ca tions. The
phe nom ena ana lysed in dif fer ent types of air pol lu tion prob lems are [1, 2]:
– local problems: short-range transport up to 20 km from the source. Identify the area

in which the maximum ground-level impact of primary pollutants from an elevated
source such as a power plant, factory, waste disposal site, and so on, is generally
found;

– intermediate transport, between 10 and 100 km.  In this area chemical reactions
become important and must be taken into account. These problems include urban air
pollution resulting from a variety of urban sources, and are often referred to as urban
air pollution, examples of which are urban smog and haze;

– long-range transport, between 100 and 10000 km. The area in which large-scale
meteorological effects and deposition and transformation rates play key roles. These
types of air pollution problems are referred to as regional or interregional pollution.
Examples are transport of sulphur and nitrogen oxides from major industrial areas to
other regions where they are washed out of the air as acid precipitation;

– global effects; i. e., phenomena affecting the entire earth atmosphere. The best-
-known examples are global warming due to CO2 and other greenhouse gases
accumulation and the stratospheric ozone holes.

Mod el ing of short-range trans port is ana lysed in this pa per. Small-scale mo tions
and pro cesses oc cur ring in the low est layer of the at mo sphere, called the plan e tary
bound ary layer or the at mo spheric bound ary layer or sim ply the bound ary layer, es sen -
tially de ter mine short-range dis per sion of pol lut ants re leased from near-sur face sources.
The bound ary layer is formed as a con se quence of in ter ac tions be tween the at mo sphere
and the un der ly ing land or wa ter sur face over short time scales rang ing from one hour to
one day. The phys i cal and ther mal prop er ties of the un der ly ing sur face, in con junc tion
with the dy nam ics and ther mo dy nam ics of the lower at mo sphere (tro po sphere), de ter -
mine the plan e tary bound ary layer struc ture in clud ing its depth, wind and tem per a ture
dis tri bu tions, trans port, mix ing and dif fu sion prop er ties, and en ergy dis si pa tion. The
bound ary layer height is quite vari able in both time and space, rang ing from sev eral tens
of me ters to a few ki lo me ters. It is com monly re ferred to as the mix ing height be cause
pol lut ants re leased from near-sur face sources are quickly mixed up to the top of the
bound ary layer and are usu ally con fined to the bound ary layer due to lack of mix ing in the 
in ver sion layer above.
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Air qual ity leg is la tion (or lack of it) has af fected the de vel op ment of air pol lu -
tion mod el ing tech niques in dif fer ent coun tries. The con tin u ing de vel op ment of new at -
mo spheric dis per sion mod els all over the world causes some con fu sion in the ap pli ca tion
for reg u la tory pur poses in the coun tries with out its own Guide line on Air Qual ity Mod -
els, such as Re pub lic of Mac e do nia. Ac cord ingly, there is a need for con sis tency in the
ap pli ca tion of air qual ity mod els for reg u la tory pur poses. In or der to rec om mend the most 
ap pro pri ate air qual ity mod el ing tech nique that should be in cor po rated into a stan dard
reg u la tory frame work in the Re pub lic of Mac e do nia, the short-range air dis per sion
model MADAM (Mac e do nian Air Dis per sion Ad vanced Model) is be ing de vel oped. In
the pres ent stage, the MADAM is in tended for the air qual ity im pact anal y sis of the con -
tin u ous, el e vated point sources, such as ther mal power stacks, in ru ral, sim ple ter rain.
The model in cludes two mod ules: a me te o ro log i cal data pro cess mod ule, and a dis per -
sion cal cu la tion mod ule. The Me te o ro log i cal Pre pro cessor MADAM_MP pro vides a
stan dard method of ob tain ing the re quired bound ary layer pa ram e ters for the dis per sion
cal cu la tion mod ule from a se quen tial hourly re cord of stan dard syn op tic sur face data.

Parameterisation of the boundary layer

Me te o rol ogy is fun da men tal for the dis per sion of pol lut ants be cause it is the pri -
mary fac tor de ter min ing the di lut ing ef fect of the at mo sphere. There fore, the qual ity of a
dis per sion model strongly de pends on the qual ity of its me te o ro log i cal in puts. Since all
the de sired me te o ro log i cal pa ram e ters are not usu ally mea sured at the lo ca tion and time
of re lease of the dis per sion to be mod elled, some method of es ti mat ing the bound ary
layer pa ram e ters must be used in dis per sion ap pli ca tions. Al though the gra di ent-trans -
port the o ries, as well as the more so phis ti cated the o ries, are used in ap pli ca tions to air
pol lu tion me te o rol ogy and dis per sion, the sim i lar ity the ory based on di men sional anal y -
sis is still the most widely used for de ter mi na tion of the bound ary layer struc ture and its
thick ness, wind and tem per a ture dis tri bu tions, trans port, mix ing and dif fu sion prop er ties. 
There are few sim i lar ity the o ries in use. For the more fre quently en coun tered strat i fied
bound ary layer, the Monin-Obukhov sim i lar ity the ory has been widely ac cepted. It is
based on the hy poth e sis that mean gra di ents and tur bu lence char ac ter is tics of the strat i -
fied sur face layer de pend only on the height z, the ki ne matic sur face shear stress to/r, the
ki ne matic heat flux at the sur face H/rcp, and the buoy ancy vari able g/T, where T, r and cp

are the tem per a ture, den sity, and spe cific heat ca pac ity of the air, re spec tively. This leads
to the fol low ing pa ram e ters of the Monin-Obukhov sim i lar ity the ory:

–  fric tion ve loc ity:

u* =
t

r
0 (1)

–  fric tion tem per a ture:

q
r

*
*

= -
H

c up

(2)
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–  height above sur face:
z (3)

–  buoy ancy (Monin-Obukhov) length:

L
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= - =
( / ) *

*

t r

r
q

0
3 2

g g
(4)

In the dif fer ent re gions of the bound ary layer dif fer ent mech a nisms are im por -
tant in gen er at ing tur bu lence. These are:
– sur face heat ing or, con vec tively gen er ated tur bu lence. The con vec tive ed dies in -

crease in en ergy as they rise through the bound ary layer,
– turbulence mechanically generated by shearing at the surface, and
– local shear at the top of the boundary layer as a weak source of turbulence.

The Monin-Obukhov length is a mea sure of the depth of the near-sur face layer
in which shear ef fects are likely to be sig nif i cant un der any sta bil ity con di tion. In un sta -
ble or con vec tive con di tions, the Monin-Obukhov length is neg a tive. Then, the mag ni -
tude of the length is a mea sure of the height above the ground above which con vec tive
tur bu lence that is, tur bu lent mo tions caused by con vec tive mo tions, is more im por tant
than me chan i cal tur bu lence gen er ated by fric tion at the earth’s sur face. In sta ble con di -
tions the Monin-Obukhov length is pos i tive. Then it is a mea sure of the height above the
ground above which ver ti cal tur bu lent mo tion is greatly in hib ited by the sta ble strat i fi ca -
tion. 

The ra tio of the two length scales, z/L, is the Monin-Obukhov sta bil ity pa ram e -
ter. Ad di tion ally, ac cord ing to the mixed-layer sim i lar ity the ory, the bound ary layer sta -
bil ity is de fined in terms of the ra tio z/h, where h is the bound ary layer height. The two
pre vi ous sta bil ity pa ram e ters yield to a third one, h/L. The pa ram e ters, z/L and h/L, su per -
sedes the Pasquill-Gifford for mu la tion, and dif fers cru cially from the Pasquill for mu la -
tion in al low ing the vari a tion of bound ary layer prop er ties with height to be in cluded.
Fig ure 1 [3] shows the dif fer ent re gions of the bound ary layer in terms of the pa ram e ters
h/L and z (in the cal cu la tions z/L is used in stead of z).

For com par i son, fig. 1 also shows the Pasquill-Gifford sta bil ity cat e go ries cor re -
spond ing ap prox i mately to ranges of h/L. It can be seen that the Pasquill-Gifford sta bil ity
classes (A-G) are not sim ple func tions of h/L.

In the MADAM_MP it is as sumed that the bound ary layer is self-sim i lar for a
given value of h/L. Three sta bil ity cat e go ries are clas si fied [3]:

–  sta ble                 h/L ³ 1.0
–  neu tral                 –0.3 £ h/L < 1.0
–  con vec tive                      h/L < –0.3
The bound ary layer pa ram e ters are cal cu lated from the stan dard syn op tic sur -

face data ap ply ing the van Ulden and Holtslag ap proach [4] that is based on the
Monin-Obukhov sim i lar ity the ory. The sen si ble heat flux, the Monin-Obukhov length,
the sur face fric tion ve loc ity, the mix ing height, and the con vec tive ve loc ity scale are cal -
cu lated by the MADAM Me te o ro log i cal Pre pro cessor.

144

THERMAL  SCIENCE: Vol. 10 (2006), No. 2, pp. 141-154



The sen si ble heat flux, H, dur ing day time con di tions is ob tained from the en ergy 
bal ance at the earth’s sur face based on the Holtslag – van Ulden scheme [5]:

H
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-

+

( )1

1
1

(5)

where RN  is the net radiation, cg is the fraction of the net radiation absorbed at the ground
and Bo is the Bowen ratio.

The equa tions for the sur face fric tion ve loc ity, u*:
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and the Monin-Obukhov length, L

L
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g
(7)

145

Kanevce, G., Kanevce, Lj.: Dispersion Modeling for Regulatory Applications 

Figure 1. Variation of Monin-Obukhov length and boundary layer
height with atmospheric stability



are iterated over u* and L until the desired accuracy of L is reached. Here, Ur is the wind
velocity at the anemometer height za, k (= 0.4) is the von Karman constant and z0 is the
surface roughness. The stability-dependent similarity function is:
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At night, the ap proach out lined by Hanna and Paine [6] is used to cal cu late the
fric tion ve loc ity, heat flux, and Monin-Obukhov length.

The fric tion ve loc ity is cal cu lated from:

u
C U u
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where

u
z
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0
4 7

=
. *gq

(11)

and the drag coefficient, CD

C
k

z

z

D
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=

ln
0

(12)

The fric tion tem per a ture, q* is:

q*= 0.09(1 – 0.5N 2) (13)

where N is the cloud cover.
Sen si ble heat flux is de ter mined from eq. (2):

H = –rcpu
*q* (14)

and the Monin-Obukhov length from eq. (7).
For wind ve loc i ties less than the value that pro vide real so lu tions, a slightly dif -

fer ent ap proach is used.
The mix ing height in sta ble and neu tral con di tions is cal cu lated by the most pop -

u lar di ag nos tic equa tions based on the equa tion for the Ekman-layer depth.
In sta ble con di tions the mix ing height is given by:

h

L

u

fL
=

- + +1 1
228

38

.

.

*

(15)
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and, in neutral conditions by:

h
u

f
=

03. *
(16)

where f is the Coriolis parameter.
In un sta ble con di tions, evo lu tion of the mix ing height is de ter mined by pair of

first or der or di nary dif fer en tial equa tions [7-9]:

d
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Dq is the dis con tin u ous po ten tial tem per a ture jump across the in ver sion base,
and gq, is the rate of in crease of po ten tial tem per a ture with height above the bound ary
layer. The Runge-Kutta-Fehlberg in te gra tion method is used for the nu mer i cal so lu tion
of the eq. (17) and (18). 

Dispersion models in regulatory applications

Al though new types of dis per sion mod els are now be gin ning to en ter the reg u la -
tory arena, such as CALPUFF or TAPM [10, 11], the Gaussi an-plume mod els are still
com monly used in as sess ing the im pacts of ex ist ing and pro posed sources of air pol lu tion 
on lo cal and ur ban air qual ity, par tic u larly for reg u la tory ap pli ca tions. The steady-state
Gaussi an-plume mod els are based on the math e mat i cal ap prox i ma tion of plume be hav -
iour and are the eas i est mod els to use. They in cor po rate a sim plis tic de scrip tion of the dis -
per sion pro cess, and some fun da men tal as sump tions are made that may not ac cu rately re -
flect re al ity. How ever, the as sump tions, er rors and un cer tain ties of these mod els are
gen er ally well un der stood. So, even with these lim i ta tions, this type of model can pro vide 
rea son able re sults when used ap pro pri ately. The pri mary jus ti fi ca tion for the use of
Gaussi an dif fu sion mod els in reg u la tory ap pli ca tions co mes from their eval u a tion and
val i da tion against ex per i men tal dif fu sion data.

The Gaussi an-plume for mula is de rived as sum ing “steady-state” con di tions.
The steady-state Gaussi an-plume mod els cal cu late con cen tra tions for each hour from an
emis sion rate and me te o ro log i cal con di tions that are uni form across the mod el ing do -
main. Thus, they sim u late hourly-av er age con cen tra tions. Still they are time vary ing,
chang ing from hour to hour. The term “steady-state” should not be taken to mean that
con di tions are steady from hour to hour.
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The Gaussi an-plume for mula for cal cu lat ing the con cen tra tion of pol lut ant at
down wind dis tance, x, crosswind dis tance, y, and height above ground, z, for a con tin u -
ous point source of strength, M, in a uni form flow with ho mo ge neous tur bu lence and
mean wind ve loc ity at stack height, Us, can be ex pressed as:

C x y z
M

U

y
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y z s y

( , , ) exp= -
æ

è

ç
ç

ö

ø

÷
÷2 2

2

2ps s s
(20)

where, sy and sz are standard deviations of lateral and vertical concentration distribution, 
or, the Gaussian plume dispersion parameters. The plume formula has the mean wind
velocity in the denominator and hence breaks down in calm conditions. It is usual to
specify a minimum allowable wind velocity for the model.

The ver ti cal term:
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accounts for the vertical distribution of the Gaussian plume. It includes the effects of
source elevation, Hef, receptor elevation, z, and limited mixing in the boundary layer of
height, h. The series term in eq. (21) accounts for multiple reflections of the plume from
the ground and at the top of the boundary layer. In the usual practice the terms up to ±4 are 
taken in to the calculations. The effective source height, Hef, is the sum of the stack height 
and plume rise. The plume rise is commonly modelled by methods proposed by Briggs
[12, 13] supplemented by a number of extensions.

In de vel op ing the MADAM the per for mances of three very pop u lar at mo spheric 
dis per sion mod els, ADMS 3, OML, and ISCST3 have been ana lysed.

ADMS 3 is a quasi-Gaussi an model of dis per sion in the at mo sphere of pas sive,
buoy ant or slightly dense, con tin u ous or fi nite du ra tion re leases from sin gle or mul ti ple
sources which may be point, area or line sources [3]. The model uses an up to date
parameterisation of the bound ary layer struc ture based on the Monin-Obukhov length L,
and the bound ary layer height h. The con cen tra tion dis tri bu tions are Gaussi an in sta ble
and neu tral con di tions, but the ver ti cal dis tri bu tion is non-Gaussi an in con vec tive con di -
tions to take ac count of the skewed struc ture of the ver ti cal com po nent of the tur bu lence.
The plume spread de pends on the lo cal wind ve loc ity and tur bu lence and thus de pends on 
plume height. The me te o ro log i cal pre-pro ces sor cal cu lates the re quired bound ary layer
pa ram e ters from a va ri ety of in put data. Me te o ro log i cal data may be raw, hourly av er -
aged val ues, or sta tis ti cally ana lysed data.

The OML is a mod ern Gaussi an plume model [14, 15]. It be longs to the same
class of mod els as ADMS. It does not use tra di tional dis crete Pasquill sta bil ity cat e go ries, 
but in stead de scribes dis per sion pro cesses in terms of ba sic bound ary-layer scal ing pa -
ram e ters, such as fric tion ve loc ity, Monin-Obukhov length, and the con vec tive ve loc ity
scale. The OML model is in tended to be used for dis tances up to about 20 km from the
source. The source is typ i cally one or more stacks, and pos si bly also area sources. Typ i -
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cally, the OML model is ap plied for reg u la tory pur poses. In par tic u lar, it is the rec om -
mended model to be used for en vi ron men tal im pact as sess ments when new in dus trial
sources are planned in Den mark. The model re quires in for ma tion on emis sion and me te o -
rol ogy on an hourly ba sis.

As a rep re sen ta tive of the mod els that de scribe the bound ary layer struc ture in
terms of the Pasquill-Gifford Sta bil ity Cat e gory, the In dus trial Source Com plex Short
Term (ISCST3) model has been ana lysed [16]. The ISC Short Term model uses a
steady-state Gaussi an plume equa tion to model emis sions from point sources, such as
stacks and iso lated vents. The ISC Short Term model ac cepts hourly me te o ro log i cal data
re cords to de fine the con di tions for plume rise, trans port, dif fu sion, and de po si tion. The
model es ti mates the con cen tra tion or de po si tion value for each source and re cep tor com -
bi na tion for each hour of in put me te o rol ogy, and cal cu lates user-se lected short-term av -
er ages. The user also has the op tion of se lect ing av er ages for the en tire pe riod of in put
me te o rol ogy. ISCST3 is a US EPA reg u la tory model. For mally, in 2000, AERMOD [17]
was pro posed by the US EPA as a re place ment for ISCST3. How ever, this sta tus has not
yet been achieved.

Results and discussion

The per for mances of the at mo spheric dis per sion mod els ADMS 3, OML, and
ISCST3 where tested against the ground level mea sure ments of the daily mean SO2 con -
cen tra tion ob tained at the four lo ca tions around the Bitola Ther mal Power Plant. This
power plant is lo cated nearly in the mid dle of the 70 km long and 15 km wide Pelagonia
val ley. It is a 675 MW coal fired plant with two stacks. They are lo cated at a dis tance of
50 m from each other. The stacks height is 250 m and the stacks di am e ter is 8.4 m.

Two ex per i men tal cam paigns were per formed. The first was in the pe riod Jan u -
ary 1st to De cem ber 31st of 1998 and the sec ond one from the Feb ru ary 1st  2001 to the Jan -
u ary 31st 2002. The ob tained re sults were sim i lar. The emis sion rates of SO2 were 1072
and 2144 g/s and the exit ve loc i ties 12.1 and 24.2 m/s for the stack 1 and stack 2, re spec -
tively. The exit tem per a ture was 448 K.

A year of hourly sur face weather data, ob tained dur ing the ex per i men tal cam -
paigns from the Bitola Me te o ro log i cal Sta tion lo cated about 10 km east and MS
Kremenica lo cated about 12 km south of the power plant have been used. From the avail -
able sur face mea sure ments, a data set has been cre ated, which in cludes hourly val ues for
wind ve loc ity, wind di rec tion, at mo spheric pres sure, tem per a ture, rel a tive hu mid ity, ob -
served to tal cloud cover, pres ence of cir rus clouds, pres ence of pre cip i ta tion, pres ence of
snow, and ob served cloud ceil ing heights.

The me te o ro log i cal pre pro cessor MADAM_MP has been used to pro vide the
re quired bound ary layer pa ram e ters for es ti ma tion of the trans port and dif fu sion of pol -
lut ants re leased from the stacks. Us ing the MADAM_MP a year of hourly val ues for the
mix ing height, h, Monin-Obukhov length, L, sur face fric tion ve loc ity, u*, sen si ble heat
flux, F, and Pasquill's sta bil ity class (PSC) have been cal cu lated from the avail able me te -
o ro log i cal data set.
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Fig ure 2 pres ents wind ve loc ity and a Pasqill sta bil ity class fre quency bar chart
cre ated from the out put of MADAM_MP. It can be seen that the me te o ro log i cal sit u a tion
is char ac ter ized by a very high per cent age of wind ve loc i ties be low 1 m/s in clud ing the
calm con di tions. It can be also seen that D and E to G sta bil ity classes, or neu tral and sta -
ble me te o ro log i cal con di tions pre vail.

Fig ure 3 il lus trates evo lu tion of the mix ing height, h, dur ing the win ter, sum mer, 
and windy au tumn day, es ti mated with the MADAM_MP.

Fre quency dis tri bu tion for the es ti mated mix ing heights is pre sented on fig. 4. It
can be seen that more than 50% of the es ti mated mix ing heights are lower than the stacks
height of 250 m.
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Figure 2. Wind velocity and Pasquill stability class frequency chart

Figure 3.   Evolution of the mixing height during selected days



Us ing the dis per sion mod els ADMS 3, OML, and ISCST3 the ground level daily 
mean SO2 con cen tra tion at the four lo ca tions were cal cu lated. The co or di nates (x, y, [m])
of the re cep tor lo ca tions, rel a tive to the stack1 are: Biljanik (473, –2147), Dedebalci
(–17, 6238), Gneotino (–414, –8092), and Ribarci (–1407, –4564).

OML has been adapted for
run ning with out mix ing height 
ob ser va tions in put by the au -
thors of the model. Daily av er -
age con cen tra tion val ues of
SO2 have been cal cu lated by a
year of hourly sur face weather
data, run ning the model day by 
day.

The Air Dis per sion Model
ADMS 3 has been run for 365
sets of me te o ro log i cal data to
pro vide 365 daily mean
ground level con cen tra tions at
four spec i fied lo ca tions. One
set of me te o ro log i cal data has
been used to ob tain one mean ground level con cen tra tion for se quen tial cal cu la tions,
which sim u late a 24-hour pe riod [3].

In run ning ISCST3 for our study, the reg u la tory de fault op tion [16] and a se -
quen tial hourly re cord of me te o ro log i cal vari ables gen er ated by the MADAM met pre -
pro cessor have been used.

The re sults of the com par i son be tween pre dicted con cen tra tions and mea sure -
ments are pre sented in fig. 5. The fig ure shows a Quantile-Quantile plot gen er ated us ing
ob served and pre dicted daily mean ground level con cen tra tions at the four spec i fied lo ca -
tions. In the Quantile-Quantile plot the ranked val ues are com pared. The ISCST3 and
ADMS 3 were used for the ground level daily mean SO2 con cen tra tion pre dic tion for
both of the per formed ex per i men tal cam paigns and OML only for the first one.
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Figure 4. Frequency distribution for mixing heights

Figure 5. Comparison of measured and computed daily SO2 concentration for TPP of Bitola
data Quantile-Quantile plot 



A sum mary of dis cus sion is given be low:
– Measured and calculated daily mean concentrations have low values, below 50 mg/m3,

with high percentage of very low values, below 20 mg/m3.
– In many cases all three models gives zero calculated concentrations, which can be

explained with a high percentage of mixing heights lower than heights of stacks.
– ISCST3 and ADMS give results, which are comparable with measurements and

follow the trend of changes. Differences between measurements and model values, in
the cases where the measurements are very small, i. e., less than 10 mg/m3

 while
model’s predictions are equal to zero, can be partly explained by background
concentrations.

– OML model also follows the trend, but gives lower results than measurements. An
explanation of such behaviour is that the OML meteorological pre-processor, beside
the hourly meteorological measurements from a synoptic surface station, has
typically as input twice-daily vertical profiles of temperature from a nearby
radiosonde station. In our application only surface measurements were available.

Conclusions

The needs and ad van tages of the math e mat i cal mod els in the air qual ity leg is la -
tion are un der lined in the pa per.

The MADAM Me te o ro log i cal Pre pro cessor (MADAM_MP) in tended for ap pli -
ca tion in the reg u la tory set ting in the Re pub lic of Mac e do nia, where only stan dard syn -
op tic sur face me te o ro log i cal data are avail able is pre sented. In this pa per the ap proach
and the main equa tions for the bound ary layer pa ram e ters es ti ma tion are pre sented.

The per for mances of three Gaussi an-plume at mo spheric dis per sion mod els
ADMS 3, ISCST3, and OML have been ana lysed. The mod els were tested against the
ground level mea sure ments of the daily mean SO2 con cen tra tion ob tained at the four lo -
ca tions around the Bitola Ther mal Power Plant. An anal y sis of the ob tained re sults is pre -
sented in the pa per as well.

The re quired bound ary layer pa ram e ters for es ti ma tion of the trans port and dif -
fu sion of pol lut ants re leased from the stacks were es ti mated. Us ing the MADAM_MP a
year of hourly val ues for the mix ing height, Monin-Obukhov length, sur face fric tion ve -
loc ity, sen si ble heat flux and Pasquill's sta bil ity class have been cal cu lated from the cre -
ated me te o ro log i cal data set.

The main char ac ter is tics of the avail able me te o ro log i cal data are the high per -
cent age of wind ve loc i ties be low 1 m/s and the lack of mix ing height or other ver ti cal pro -
file mea sure ments.  The main char ac ter is tic, of both, the mea sured and pre dicted daily
SO2 con cen tra tion val ues, is that they are small, less than 50 mg/m3, with a high per cent -
age of very small val ues, be low 20 mg/m3.

De spite the lack of mix ing height mea sure ments, very low wind ve loc ity val ues,
and very low ground level SO2 con cen tra tions, the re sults of all three mod els were good.
Thus, it can be con cluded that OML, ADMS 3, and ISCST3, af ter some ad di tional anal y -
ses, can be used for de vel op ment of the Mac e do nian Reg u la tory Model.
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Nomenclature

Bo –  Bowen ratio, [–]
C –  concentration, [kgm–3]
CD –  drag coefficient, [–]
cg –  fraction of net radiation absorbed at the ground, [–]
cp –  specific heat capacity of air, [JK–1kg–1]
f –  Coriolis parameter, [s–1]
g –  acceleration due to gravity, [ms–2]
H –  sensible heat flux at the surface, [Wm–2]
Hef –  effective source height, [m]
h –  mixing height, [m]
k –  the von Karman constant, [–]
L –  Monin-Obukhov length, [m]
M –  emission rate, [kgs–1]
N –  fraction of cloud cover, [–]
RN –  net radiation, [Wm–2]
T –  temperature, [K]
t –  time, [s]
T0 –  air temperature at the reference state, [K]
Ur –  mean wind velocity at the anemometer height, [ms–1]
Us –  mean wind velocity at stack height, [ms–1]
u* –  friction velocity, [ms–1]
x, y, z –  coordinates, [m]
za –  anemometer height, [m]
z0 –  surface roughness, [m]

Greec letters

gq –  vertical potential temperature gradient, [Km–1]
r –  density, [kgm–3]
sy –  standard deviation of lateral concentration distribution, [m]
sz –  standard deviation of vertical concentration distribution, [m]
to –  surface shear stress, [Nm–2]
q –  potential temperature, [K]
q* –  friction temperature, [K]
Dq –  discontinuous temperature jump across inversion base, [K]
Ym –  stability dependent similarity function, [–]

References

[1] Arya, S. Pal, Air Pol lu tion Me te o rol ogy and Dis per sion, Ox ford Uni ver sity Press, Oxford,
UK, 1999

[2] Zannetti, P., Air Pol lu tion Mod el ing: The o ries, Com pu ta tional Meth ods and Avail able Soft -
ware, Van Nostrand Reinhold, New York, USA, 1990

[3] CERC, ADMS 3 User Guide, CERC Lim ited, Cam bridge, UK, 1999
[4] van Ulden, A. P., Holtslag, A. A. M., Es ti ma tion of At mo spheric Bound ary Layer Pa ram e ters

for Dif fu sion Ap pli ca tions, J. Cli mate Appl. Meterology, 24 (1985), pp. 1196-1206

153

Kanevce, G., Kanevce, Lj.: Dispersion Modeling for Regulatory Applications 



[5] Holtslag, A. A. M.,  van Ulden, A. P., A Sim ple Scheme for Day time Es ti mates of the Sur face
Fluxes from Rou tine Weather Data, J. Cli mate Appl. Meterology, 22 (1983), pp. 517-529

[6] Hanna, S. R., Paine, R. J., Hy brid Plume Dis per sion Model (HPDM) De vel op ment and Eval -
u a tion, J. of Ap plied Me te o rol ogy, 28 (1989), pp. 206-224

[7] Tennekes, H., A Model for the Dy nam ics of the In ver sion above a Con vec tive Bound ary
Layer, J. Atmos Sci., 30 (1973), pp. 558-567

[8] Tennekes, H., Driedonks, A. G. M., Ba sic En train ment Equa tions for the At mo spheric
Bound ary Layer, Bound ary-Layer Me te o rol ogy, 20 (1981), pp. 515-531

[9] Thomson, D. J., The Met In put Mod ule, UK Met Of fice, UK ADMS 1.0, P05/01H/92, 1992
[10] ***, U. S. En vi ron men tal Pro tec tion Agency, Pre ferred/Rec om mended Mod els, CALPUFF

Mod el ing Sys tem, http://www.epa.gov/scram001/dis per sion_prefrec.htm#calpuff
[11] ***, CSIRO Ma rine and At mo spheric Re search, The Air Pol lu tion Model (TAPM),

 http://www.dar.csiro. au/tapm/
[12] Briggs, G. A., Plume Rise Pre dic tions, in: Lec tures on Air Pol lu tion and En vi ron men tal Im -

pact Anal y ses (Ed. D. A. Haugen), Amer i can Me te o ro log i cal So ci ety, Boston, MA, USA,
1975, pp. 59-111

[13] Briggs, G. A., Plume Rise and Buoy ancy Ef fects, in: At mo spheric Sci ence and Power Pro -
duc tion (Ed. D. Randerson), U.S. De part ment of En ergy, Tech ni cal In for ma tion Cen ter, Oak
Ridge, TN, USA, 1984, pp. 327-366

[14] Lofstrom, P., Olesen, H. R., User’s Guide for OML-MULTI – An Air Pol lu tion Model for
Mul ti ple Point and Area Sources, Na tional En vi ron. Re search In sti tute, Roskilde, Den mark,
1996

[15] Olesen, H. R., Brown, N., The OML Me te o ro log i cal Pre pro cessor, Na tional En vi ron men tal
Re search In sti tute, Roskilde, Den mark, 1996

[16] ***, EPA U. S., User's Guide for the In dus trial Source Com plex (ISC3) Dis per sion, En vi ron -
men tal Pro tec tion Agency, EPA-454/B-95-003a, 1995

[17] ***, U. S. En vi ron men tal Pro tec tion Agency, Pre ferred/Rec om mended Mod els, AERMOD
Mod el ing Sys tem, http://www.epa.gov/scram001/dis per sion_prefrec.htm#aermod

Authors' address:

G. Kanevce, 
Macedonian Academy of Sciences and Arts
Skopje, Macedonia

Lj. Kanevce
Faculty of Technical Sciences,
St. Kliment Ohridski University
Bitola, Macedonia

Coresponding author (Lj. Kanevce):
E-mail: kanevce@osi.net.mk

Paper submitted: February 2, 2006
Paper revised: May 23, 2006
Paper accepted: June 21, 2006

154

THERMAL  SCIENCE: Vol. 10 (2006), No. 2, pp. 141-154


