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AN 0PERATI0NAL AIR P0LLUTI0N M0DEL USING R0UTINE METE0R0LOGICAL DATA 

1, INTR0DUCTI0N 

Air pollution dispersion models have been used for several decades for 
predicting air pollution impact from proposed and existing smoke stacks. 
In Sweden a model developed by Högström (1968) has been used since the 
1960's. Since then considerable progress has been made in the understanding 
of the mechanisms controlling dispersion. The purpose of this work has 
therefore been to develop a new dispersion model more in line with present 
knowledge. 

The model described in this report is similar to that developed by Berko
wicz et al. (1983), The new model and Högström's model are both Gaussian 
plume models, but they differ in four major ways: 

1, The treatment of meteorological input data. 

2, The dispersion parameters used and the method for choosing their va
lues. 

3. The plume rise formulae. 

4. The treatment of plume penetration of elevated stable layers. 

In the new model only routine meteorological data are used. An hourly time 
series of pollutant concentrations is calculated for emissions from one or 
several tall industrial stacks. Thus, different types of air pollutant 
concentration statistics can be computed for e.g. comparison with air pol
lution standards. An example is the Swedish short-term air quality crite
rion for S02 , which states that the S02 -concentration measured over one 
hour must not exceed 750 µg/m 3 more than 1 percent of the time <luring a 30 
day period. 



2. BOUNDARY LAYER PARAMETERS 

Air pollution dispersion is directly related to the mean and turbulent 
structure of the atmospheric boundary layer (ABL). ' If the ABL is in con
vective state, vigorous turbulence is maintained by buoyancy production and 
causes rapid mixing. Pollutants emitted from an elevated source can then 
be brought down to the ground close to the source resulting in high ground
level concentrations. In the stable ABL, turbulence is weak, driven by the 
wind shear and suppressed by buoyancy forces. If the emission is above the 
stable boundary layer it will remain at this layer forming a shallow pen
cil-like plume. 

Air pollution dispersion is therefore strongly dependent on the time-vary
ing meteorological conditions controlling the mean and turbulent structure 
of the boundary layer. 

During daytime the solar heating of the ground results in an upward heat 
flux, producing convective turbulence. Turbulence can also be produced 
mechanically by wind shear resulting in a downward surface flux of momen
tum. Thus, mechanical as well as convective turbulence must be considered. 
As the boundary layer heats up, the boundary layer height gradually rises. 
In it turbulence is vigorous and limited by the boundary layer height. 

Theoretical investigations by Deardorff (1972) and by Willis and Deardorff 
(1974) and atmospheric observations by Kaimal et al. (1976) have shown that 
for the convective boundary layer, the two most important parameters cont
rolling turbulence are the depth of the convective boundary layer hand the 
convective velocity scale given by 

w* = <t/c H h) i/3 
p 

where H is the surface sensible heat flux, 
h the boundary layer height, 
g the constant of gravity, 
p the air density, 
T the air temperature and 
CP the specific heat of air at constant pressure. 

(1) 

The large convective eddies scale in size with hand the turbulence veloci
ty scales (ov, ow) are proportional to w*. 

Stable boundary layers are complex, showing considerable variability in 
space and time. The knowledge of them is far less complete than that of 
convective boundary layer. From a practical point of view, however, stable 
boundary layers can be treated simply, because elevated sources yield their 
highest ground-level concentrations during convective conditions. During 
stable conditions the well-known Pasquill-Gifford-Turner scheme (Turner, 
1964) for classification of stability is therefore used. 

2.1 Surface sensible heat flux 

The surface sensible heat flux is the main parameter determining the gene
ration of convective turbulence. It can only be directly determined from 
expensive turbulent measurements. In long-term studies for different geo
graphical areas methods using routine meteorological data, or for some 
places meteorological mast data, must be used. 
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If only routine meteorological data are available the sensible heat flux is 
calculated using a method developed by Berkowicz and Prahm (1982a). This 
method is presented in section 2,1,1 below. 

If meteorological mast data are available a profile method developed by 
Berkowicz and Prahm (1982b) is used. This method requires, however, measu
rements of wind speed (at least at one level) and temperature difference 
between two levels. 

2,1.1 The resistance method 

The starting point is the equation for the surface energy balance 

Rn =LE+ H + G (2) 

where Rn is the net radiation 
LE the latent heat flux (flux of water vapor) 
H the sensible heat flux and 
G the soil heat flux. 

The net radiation is the balance between downward and upward short-wave and 
long-wave radiation. Nielsen et al, (1981) have developed methods for esti
mation of net radiation by using routine meteorological data. These methods 
are used in the model and presented in section 2,1.2 below. In order to 
estimate the other three terms of (2) a method developed by Berkowicz and 
Prahm (1982a) is used. The latent heat flux is calculated by the Penman
Monteith equation. 

The equation is 

LE= 
(R -G) n r (6/y) + Iq p C ly a p 

where 6 is the 
temperature and 

r 8 + (1 +(6/y))ra 

gradient of the saturated vapor pressure 
y is the psychrometric constant. 

(3) 

with respect to 

These parameters are functions of temperature only. Dq is the humidity 
deficit in air defined as 

Dq = q8 (T) - q (4) 

where qs is the saturated vapor pressure at the temperature T fora given 
reference height (screen height) and q is the actual vapor pressure at the 
same height. 

The aerodynamical resistance ra is the so called resistance of the atmo
spheric layer between a given reference height and the surface. In the 
surface layer, this resistance, although mainly determined by the momentum 
flux, is also determied by the heat flux. It can be expressed in terms of 
known flux profile relationships based on Monin-Obukhov's similarity theory 
(Manin and Obukhov, 1954). 
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For wind and temperature, we have 

u(z) = u*/kl-ln(z/z ) - 1/J (z/L) + iJ; (z /L)] 
o m m o 

T(z)- T(z 0 ) = R0*/k [1n(z/z 0 ) - i~(z/L) + 

+ ~ ( z0 /L)] 

(5) 

(6) 

where 1/Jm(z/L) and 1/Jh(z/L) are empirical stability correction functions . 
Lis the Monin-Obukhov length given by 

Tu) C 
L=-gkHP p 

where T is the average surface layer 
g the constant of gravity 
k the von Karman constant 
u* the friction velocity and 
H the sensible heat flux 

Risa constant, and 

0* = - -=-H __ 
p C u* p 

(7) 

temperature 

(8) 

To calculate the empirical stability corrections functions f and 1/Jh 
relationships based on the work by Businger et al. (1971) ar~ used 

r l+x 2 l+x2 J 1/Jm(z/L) = ln (- 2- ) C-2-_ - ) - 2 arc tan x + IT/2 (9) 

X = (1 - 15 z/L) 1/ 4 for z/L < 0 (10) 

iJ; ( z/L) = 4.7 z/L for z/L > 0 (11) m 

1/Jh (z/L) = 2 ln [(1;y)J (12) 

y ~ (1-9 z/L) 1/ 2 for z/L < 0 (13) 

~(z/L) = - (4.7/R) z/L for z/L ) 0 (14) 

where R = 0.74 and the value of von Karman constant k = 0.35. 

the 

The aerodynamical resistance, r , for moisture and heat transfer is as
sumed to be equal and given by a 

r 
a = 

T(z0 ) - T(zt) 

H/p C p 
(15) 
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From (6), (8) and (15) the aerodynamical resistance can be written: 

(16) 

Eliminating u*, by using (5), the final expression for the aerodynamical 
resistance is obtained 

R z 
ra = k2u(z ) [ln zu - ij;m(z /L) + iJ; (z /L)] 

u o u m o (17) 

zt 
• [ln z - ij;h (zt/1) + ij;h CzjL)] 

0 
where zu and zt are the levels where the wind speed and temperature are 
measured. 

The surface resistance r is the resistance of the surface to water vapor 
transport. Following Beriowicz and Prahm (1982a) the surface resistance can 
be related to the humidity in the air (Dq), which acts as an indicator for 
the surface resistance, by the following equation: 

(18) 

where Fis an empirical function of the surface moisture conditions. 

Fora vegetated surface the surface resistance is dependent on wetness 
conditions of the soil surface and on the degree of the stomata opening in 
the plants, As an indicator of the moisture conditions of the soil the 
accumulated net radiation since last precipitation (L l\i) is used, 

The remaining part of the surface energy balance equation (2) is the soil 
heat flux. This term is modelled as a certain fraction of the sensible 
heat flux 

G = a H (19) 

where a isa constant with a typical value of 0.3 fora grass covered 
surface. 

The sensible heat flux can now be calculated from (2), (3) and (19) by the 
following equation 

R (r +r) - Dq(p C /y) 
H = n a s p 

r +(1+6/y))r +a(r +r) s a a s 
(20) 
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Equations (17) and (20) are solved simultaneously by an iterative method 
(Berkowicz and Prahm, 1982b). 

The resistance method has been tested against data from Denmark (H6jbacke
gård), Sweden (Marsta) and Holland (Cabau) with good results. For further 
details see Berkowicz and Prahm (1982a). 

2.1.2 Net radiation 

The methods developed by Nielsen et al. (1981) are followed. From 5 years 
of hourly data at one site in Denmark (H6jbakkegård) empirical relations 
for net radiation over green grass were derived. At some meteorological 
stations incoming short-wave radiation Sct is measured. When such measure
ments are available net radiation can be calculated by the following equa
tion: 

( 21) 

where ag is the surface albedo. Lno is an estimated constant for given 
total cloud cover N. Lno is related to the net long-wave radiation Lnet at 
the ground. S is the heating coefficient equal to -dLnet/dR (Monteith and 
Szeicz, 1961). 

Estimated values of (1-ag)/(l+S) and Ln0 (N) are shown in Table 1 and reg
ression lines in Figurer. A representative surface albedo value for these 
measurements was O.25. Generalization to other surfaces can be made by 
using representative albedo values and assuming the same heating coeffi
cient S. 

When no direct measurements of Sd are at hand net radiation is calculated 
from observations of total cloud cover, cloud type and solar radiation by 
following equation: 

( 22) 

where 0 is the solar elevation and ao, a1, a2, a3 are empirical coeffi
cients depending on surface albedo, cloud cover and types. 

Cloud types are taken into account if the reported clouds are mainly of 
cirrus forms. A modified cloud cover Nm is introduced. If dominating 
cloud cover is high its weight is reduced by the following algorithm: 

if N < 3 then N = N 

if N = 3 then N = 2 ( 23) 

if N > 3 then N = N - 2 

Estimated values of a o' al and a 3 are shown in Table 2 and regression lines 
in Figure 2. The term with sin2 0 in equation (22) was insignificant and 
therefore excluded. 

The solar elevation 0 fora given time and location is calculated by a 
simplified well-known astronomic formula from Robertson and Russel (1968). 

6 



The net radiation equations (21) and (22) have been tested against 10 years 
of data at another site in Denmark (Karup) with good results (Nielsen et 
al., 1981). They have also been compared with six days of data at a site in 
Sweden (Klockrike) with another surface albedo. The agreement even for this 
small time period was good. 

N L 
no (l-ag)/(l+f3) 

W/m2 

0 -95.0 .73 
1 -89.2 . 72 
2 -78.2 .72 
3 -67 .4 .72 
4 -57 . 1 .72 
5 -45.7 • 70 
6 -33.2 .70 
7 -16.5 • 69 
8 - 4.3 . 69 

Table 1 E~tima:ted value~ 06 Lno and (7-ag ) / ( 7+B ) (Eq. Z1 ) 0on di66enent 
uoud QOV~ N in okw (6nom Niwen et al., 1981 ). 
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z 
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Figune 1 Regnu~ion un~ 0on the nelation between Rn and Sd, (Eq . Z1 ) {ion 

di66enent total Qfoud QOV~ in okw (6nom Nieaen et al., 1981). 
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N ao a l a2 m 
' 

W/m 2 W/m 2 W/m 2 

0 -112 . 6 653.2 174 .o 
1 -112. 6 686 . 5 120.9 
2 -107 . 3 650 . 2 127.1 
3 - 97 . 8 608 . 3 110 . 6 
4 - 85 . 1 552.0 106.3 
5 - 77 . 1 511.3 58 . 3 
6 - 71.2 495 . 4 - 37 . 9 
7 - 31.8 287.5 94 . 0 
8 - 13. 7 154 . 2 64 . 9 

Ta.b,C,e., Z Re..gJt.e..Mion c.oe..JMue..n.t6 Jo!t. Rn = a. 0 + a. 1 1.iin 0 + a. 3 1.iin30 

(Eq. ZZ) M a. Junc.:uon oJ total mocuJie..d uoud c.ove..Jr. N (Eq . Z3) 
(Fil.om Nie..Ue..n e..t a.,C, . , 1981 ) . m 
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a: 

5 
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••• 6 ..... 

-· -· - 7 

~ 200 
:E 

-·-·-· 7 

----8 -- . --- . -
.---- · ,

. --- . --- . ---
-
--- -- 8 

0 
u 
z 

0 
I
l
UJ 
z 

. -· .--- . --
--- --- ---------

-200~----'----~----~------'---_..._ ___ __,__ ___ ,__ __ ___._ ___ ...J 
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SI NE OF SOLAR ELEVATION 

Fi~uJt.e.. Z Re..gJt.e..1.i1.iion une..1.i Jo!t. cuflJe..Jt.e..nt tota.,C, mocuJie..d c.toud c.ove..Jr. Nm. 
(Fil.Om Nie..Ue..n e..t a.,C,,. 1981 ). 

2.2 Surface flux of momentum 

The mechanical generation of turbulence is determined by the surface flux 
of momentum Tand given by 

T = p ui 

where p is the density of air and 
u* is the friction velocity. 

( 24) 
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Friction velocity is related to wind speed u(z) at the height z (usually z 
= 10m) and the surface roughness parameter z 0 by equation (S) i . e. 

u( z ) = u*/k [ln( z/z ) - l/J (z/L) + l/J (z /Lf1 
o m m o :J 

where the empirical stabiliy corrections function l/Jm is given by equation 
(9), (10) and (11). The surface roughness parameter z0 characterizes the 
dynamical roughness of the ground and is related to the physical nature of 
the surface structure. Typical values of z0 are given in Table 3 . A zero 
displacement level can be introduced in equation (S), by replacing z with 
z-d. For natural crop covered surface d can be estimated as 2/3 of the mean 
height of roughness elements (Brutsaert, 1975). 

2.3 Mean wind speed 

Atmospheric measurements in the convective boundary layer (Kaimal et al., 
1976) show that almost all the gradient in mean wind speed is confined toa 
shallow region close to the ground , below 0 . 1 h , where h is the boundary 
layer height. Above that level mean wind speed is nearly uniform. Mean 
wind speed is therefore calculated for z(O . l h by using Monin-Obukhov's 
similarity equation (S) with the empirical correction functions given by 
equations (9) and (10) . For z)O . l h the calculated wind speed at 0.1 h is 
used as a vertical average wind speed value . Weil and Brower (1983) have 
shown that this way of calculating wind profiles in the convective boundary 
layer provides a good fit to observed values. 

If the boundary layer is slightly stable, i.e. small positive values of 
z/L, wind profiles in the surface layer are calculated by using the simila
rity equation (S) with the empirical correction function given by (11). For 
very stable conditions i.e. large positive values of z/L this method cannot 
be used because equation (11) results in unlimited increase of the mean 
wind speed with height . A critical stability number must be introduced 
(Berkowicz and Prahm, 1982b). If this number is violated wind speed is 
calculated at a given level (stack height) by using the measured wind speed 
(usually at 10m) times a constant factor. 

2.4 Mixing height 

The boundary layer height, or as it is often called, the m1x1ng height, is 
an important parameter in an air pollution model. It determines whether or 
nota plume will be trapped inside the mixed layer. It is also an important 
parameter determining the interna! turbulent structure of the boundary 
layer. This parameter is, however , not easy to determine on a routine 
basis because of the lack of data in the vertical. 

The convective boundary layer shows a strong day-time development. It is 
often capped by an inversion. As the boundary layer heats up <luring the 
course of a sunny day, the inversion base gradually rises because the tur
bulence in the boundary layer entrains the warm air above the inversion 
base. Within the boundary layer and above 0.1 h, where h is the mixing 
height, mean potential temperature is relatively uniform . In the inversion 
layer potential temperature rapidly increases with height to the value in 
the overlying non-turbulent stable air. 
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Terrain description of area within severol kilometres upwind of site 

*eentres of cilies with very tall buildinc;is *Very l"lilly ar mountainous areas 

*eentres af 1oroe towns, cilies 

*centres af small towns 

*outskirts of towns 

} Mony trees, hedoes, few buildinc;is 

Many l"ledOes 

Few trees, summer lime 

lsolat'!d trees 
Uncut orass 

Few trees, winter time 

Cut orass (:,,3cm) 

Notural snow surface (fonnlond) 

Off-sea wind in coastal areas 

Calm open seo 

lce, mud flots 

Forests 

Fairly level wooded country 

Farmlond Lono oross (,t:: 60cm), crops 

Airports (runway area) 

Fairly levet orass i:,lains 

Oesert (flat) 

Laroe e,1panses of water 

Snow-cx,vered flat ar rollinc;i oround 

iö' tt Heterageneous terrain 

Table, 3 Tyµic..al value o,6 the, -6uJt.{1ac..e, twughne.M µcvwmeteJL z0 ( ,611,om 
Engine,eung Suenc..e Vata Item Numbe,11, 72026). 
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z z 

(0w)h 
----- z=h 

(0w)5 

e 
Hg uJLe. 3 A .6 c..he.ma.tic.. p1c..tWte, o {i the, v eJL.tic..aJ:, clu., :tJub u.tio Vl/2 o {i po ;te,n,.t,i_ai_ 

te,mpe,~atuJLe, and tUJtbule,nt heat {ifux 1n and above, a c..onvec..tive, mlxe,d 
falje.~. 

In Figure 3 a schematic picture of these observations is shown. The inver
sion layer is considered thin enough to be represented by a discontinuity 
in potential temperature. 

Making use of Figure 3, ignoring horizontal advection, large-scale 
subsidence, radiation and latent heat effects, Tennekes (1973), has derived 
following equations: 

d0 m (0w 0wh)/h dt = s 
( 25) 

dli0 dh d0 m 
dt = y dt - dt ( 26) 

-0w dh = Li 0 dt h (27) 

where h is the m1x1ng height, 
0m is the potential temperature 
the subscripts 's' and 'h' refer to the surface and mixing height 
respectively. 
The other notation is given in the figure. 

To solve equations (25)-(27) they have to be closed by a parameterization 
of the turbulent kinetic energy budget. Several possibilities have been 
proposed (Tennekes and Driedonks, 1981). 

By using an extensive set of field data, Driedonks (1982) has shown that 
good results can be obtained by using the following entrainment formula: 

-0w = A 0w + A • u) T /gh h s m o (28) 

with A = 0.2 and Am= 5.0. 
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From eq (25)-(28) the following equations can be derived 

c:lh 
dt 

u 3 T 

= 6~ [o . 2 ews + s ;.ho] 
= f O • 2y _ ( 1 +O • 2 )7 

L 60 h ] 

fys s-J u! To 
[60 - hj g•h 

0w + 
s 

( 29) 

(30) 

Equations (29)-(30) describe completely the dynamics of hand 60· As ini
tial conditions a simplified model from Carson (1973), similar to that 
described above, is used. 

h 2 ( t) = 2 ( 1 + 2A) 
y 

t,0 ( t) = yh ( t) • A 
1+2A 

t 
f 0w dt 
t s 

0 

(31) 

(32) 

where t 0 is taken as the first time the surface sensible heat flux becomes 
positive (upward). 

0lesen et al. (1983) have combined the above equations with data from radio 
soundings. This procedure is followed. The 00 GMT sounding is used to start 
the integration. The sensible heat flux is calculated by using the resist
ance method described above (section 2.1.1). When the sensible heat flux 
first becomes positive (upward) the daytime convective mixing height is 
calculated hourly by using equations (29)-(32). At 12 GMT the sounding from 
that time is introduced. A comparison is ma~e between calculated mixing 
height and observed height, defined as the height to the first stable layer 
determined from the sounding. If a substantial difference occurs a correc
tion is roade for all the previous calculated mixing height values. The 
further integration proceeds from the 12 GMT profile. A comparison is also 
made between the 00 and 12 GMT soundings to ensure that the advection is 
not too extreme. 

When conditions <luring daytime do not permit the use of the convective 
mode! a neutral mixing height is used given by 

(33) 

where fis the Coriolis parameter, which is proportional to the earth's 
rotation rate and latitude. 

The height of the stable boundary layer isat present calculated in a simp
lified way by using the neutral formula (33) with a lower bound of 150 m. 
An alternative is to use an empirical equation suggested by Venkatram 
(1980): 

h = 2 . 4 • 10 3 uJ2 
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3. THE DISPERSION MODEL 

The Gaussian plume model is the one most commonly used in practical appli
cations for predicting air pollution impact from smoke stacks. Simple non
Gaussian models have recently been developed by Misra (1982), Venkatram 
(1983), Weil and Furth (1981). These models have, however, not been used, 
to any great extent, in practical applications because they refer to pas
sive release while most real releases are associated with buoyancy. Weil 
and Brower (1982) have in a Gaussian plume mode! incorporated parameters 
that are in line with present knowledge of the convective boundary layer. 
The mode! is strongly supported by experimental data. It predicts disper
sion of buoyant plumes from tall industrial stacks in flat terrain. Tall 
stacks are here defined as those with effective stack heights greater than 
0.1 h, where h is the mixing height. A similar model will be used here. A 
description of the Gaussian equation and the two different grid systems 
used is given in Appendix A. 

3 . 1 Dispersion parameters 

Available empirical methods for predicting plume dispersion as a function 
of distance from the source and meteorological variables are based on a few 
carefully performed diffusion experiments. The Prairie Grass Experiment 
(Haugne, 1959) is probably the most well-known. Release was done from near 
ground leve! in a flat terrain . From these data the well-known Pasquill
Gifford (1961) dispersion curves were formulated. In Sweden Högström 
(1964) performed a diffusion experiment at Studsvik and Ågesta with release 
heights of 24, 87 and SO meters basically <luring neutral and stable meteo
rological conditions. For tall sources the diffusion experiments made by 
Brookhaven National Laboratory (BNL) (Singer and Smith, 1966) and by the 
Tennessee Valley Authority (TVA) (Carpenter et al.,1970) were used to for
mulate the BNL and TVA dispersion curves. The BNL curves are based on non
buoyant tracer releases from a 104 meter tower, while the TVA curves are 
based on data from buoyant power plant plumes. Briggs analyzed the Pas
quill , BNL and TVA curves and deduced a new set of curves (Gifford, 1975) 
which gave proper weight to the BNL and TVA data when these deviated from 
the Pasquill values. These empirical parameters are used in the present 
model and are given in Table 4. 

Tab.te. 4 

Class Oy (m) oz(m) 

A O. 22x( 1 + 0 . OOOlx)- 1/2 O. 20x 

B 0.16x(l + 0 . OOOlx )- 1'2 o.12x 

C O. llx(l + 0. OOOlx)- 1/ 2 0.08x(l + 0. 0002x)- i/2 

D 0.08x(l + O.OOOlx)- 112 0.06x(l + o.0015x)-V2 

E 0.06x(l + 0. OOOlx)-1/2 0.03x(l + 0 . 0003x)- l 

F o.o4x(l + 0. OOOlx)- 1'2 0.016x(l + 0.0003x)- 1 

BJugg-6' du, pe.M--fon paJLc,(J/'le.:te.M o IJ and o z a-6 a ,6une,tion o -6 down
wind du.,;tane,e. x(m) . 
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3.2 Stability classification 

In order to select the appropriate dispersion curve, the turbulent state of 
the atmospheric boundary layer must be considered.' Before going into de
tails some principal results from recent studies of the atmospheric bounda
ry layer are discussed. Theoretical investigations by Deardorff (1972) and 
by Willis and Deardorff (1974) have shown that the most important parame
ters controlling turbulence in the upper 90 percentage of the convective 
boundary layer are the convective velocity scale w* and the mixing height 
h. The convective velocity scale is given by equation (1) above. In the 
upper part of the boundary layer (above 0.1 h) the turbulent velocity sca
les 0vJ and av are proportional to the convective velocity scale, while the 
most energetic eddies are determined by the mixing height. 

Turbulence may also be mechanical in origin. 0n windy and overcast days 
mechanical turbulence will dominate. Mechanical turbulence is generated in 
the shear dominated surface layer. This layer does not extend much higher 
than z = ILI where Lis the Monin-0bukhov's length given by equation (7) 
above. 

Since the mixed layer depth, h, represents the maximum extent of convective 
turbulence, the ratio 

- L 
71 = ( 34) 

gives a measure of the relative importance of mechanically and convectively 
produced turbulence. This parameter can thus be thought of as a stability 
parameter. By assuming that the friction velocity u* isa function of the 
mean wind speed, the stability parameter -L/h can be replaced by u/w*. This 
ratio is used by Weil and Brower (1982) for the definition of stability 
during daytime conditions. If u/w* < 6 turbulence in the mixed layer above 
0.1 h will be dominated by convection (Deardorff and Willis, 1974). 

To relate turbulence to diffusion Taylor's (1921) classical results on the 
spread of a continuous point source plume in homogeneous turbulence are 
used. In the limit of small trave! time, or distance x, the dispersion 
coefficients can be written 

az :: (aw/u)x 

ay :: Ca/u)x 

( 35) 

where aw and av are the root-mean-square turbulent velocities in the ver
tical and crosswind directions respectively and u is the mean wind speed. 

Briggs' short distance limits for ay and a (see Table 4) exhibit the same 
dependence on x as equation (35). These arezused by Weil and Brower (1982) 
in the following way to derive the range of u/w* values. 

The turbulent. velocity scales, aw and av are related to the basic parame
ters w* and l.J,i.. In the limiting case of convection dominated mixed layer, 
results frofu field measurement of Kaimal et al. (1976) are used. 
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These results show that in the upper 90 percentage of the mixed layer the 
turbulence velocities are given by 

a = a = 0.56 w* W V 
( 36) 

In the limit of neutral conditions turbulence velocity scales consistent 
with Briggs' neutral (D) curves are used. Assuming u* = 0.05 u the Briggs' 
D-curve implies that 

ow = 1.2 u* 
0 = 1.6 u 

V * 
(37) 

For situations with combined mechanical and convective turbulence the total 
turbulent energy is expressed as a sum of two parts. 

02 = 02 
M 

+ 02 
C 

where OM is the mechanically generated part and 

ac is the convectively generat ed part. 

Substituting equations (36), (37) into equation (38) 
a = ( ( 0. 56 w*) 2 + ( 1 . 2 u*) 2 ) 1/2 

0 w = ( ( 0 • 5 6 w * ) 2 + (1 . 0 u * ) 2 ) 1/2 
V 

From (35) the following equations are obtained 

az = ((0.56 w*) 2 + (1.2 u*) 2 )V2 

oy = ((0.56 w*) 2 + (1.6 u*) 2 ) 1/2 

(38) 

( 39) 

( 40) 

( 41) 

Equations (40) and (41) with ~ = Q.05 u are used to define w*/u values 
appropriate to Briggs' dispersion curves. These values are shown in Table 
s. 

The method described above can only be used for conditions with positive 
surface sensible heat flux. When the heat flux is negative the well-known 
Pasquill-Gifford-Turner (PGT) classification scheme (Turner, 1964) is used 
to define atmospheric stability (class D, E and F). An appropriate Briggs' 
curve is chosen based on calculated hourly PGT class. 

3.3 Buoyancy-enhanced dispersion 

Turbulence is also generated by the hot buoyant plume itself. To include 
this effect the dispersion parameters are modified according toa sugges
tion by Pasquill (1976) in the following way: 

pass 

+ ( &1/ 3. 5) 2] 1f2 pass 

(42) 

(43) 

Oy and 0 2 represent the total vertical and horizontal spread the index 
'pass' denotes the passive growth due to atmospheric turbulence (Briggs' 
curve) and il h is the final plume rise. 
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Class w* -
u 

' 

0.286 < w* A -u 

B 0 .168 < w* < 
u -

0.286 

C 0 .072 < w* < 
u -

0.168 

w* 0.072 D - < 
u -

E PGT 

F PGT 

Tabfe 5 Range 06 w*/u ~oMe~poncung to B.tugg~• d.l6peM1on ~WLve (Tabfe 4). 
The PMqu1fi-G166o~d-TWLneA dM~161~ilion .l6 ~ed when the 
~WL6a~e ~e~ibfe heat 6fux .l6 negative. 

3.4 Plume rise 

Most air pollution emitted by smoke stacks is associated with excess tempe
rature and momentum causing the plume to rise above the top of the stack. 
This effect is very important in determining ground level concentrations. 
Maximum ground-level concentration is roughly proportional to the inverse 
square of the effective source height. An increase of the effective source 
height by e.g. a factor of two therefore decreases the maximum ground-level 
concentration by a factor of about four. 

A lot of different models for plume rise prediction have been proposed. 
The reader is referred to Briggs (1975) fora review of available models. 
Most of the models employed are, however, only based on observations of 
plumes in stable or neutral boundary layers. Fora convectively mixed layer 
the occurrence of plume looping associated with convective updrafts and 
compensating downdrafts also makes the concept of plume rise rather compli
cated. 

In this model the final plume rise is calculated by formulae from Briggs 
(1975). The reader is referred to this reference and to the report by Weil 
and Brower (1982) for the detailed derivations of these formulae. A summa
ry together with the final formulae used in the model will be given here. 

For neutral and convective conditions the final plume rise 6h is calculated 
as the lower of the rises predicted by either Briggs 'break up' or 'touch 
down' model. In the 'break up' model plume rise is assumed to terminate 
when the effective turbulence dissipation rate of the plume equal~ that of 
the surrounding air. The turbulent dissipation rate in the surrounding 
air is given by Briggs for two cases i.e. for neutral and convective condi
tions. 
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For neutral (windy) conditions the resulting plume rise formula is 

6h = 1 . 3 u uF 2 ( 1 + h / /:,.h ) 2/3 
* s . 

where u is the wind speed at plume height, 
u* is the friction velocity, 
h 8 the stack height and 
Fis the buoyancy flux given by 

V 
F = g g ( T -T ) 

IT T q a q 

. ( 44) 

( 45) 

where Vq ~nd Tq_are the volume flux and temperature at stack exit and Ta 
is the amo1ent air temperature. 

For convective conditions the resulting formula is 

where H* = gH/(Cp p Ta) 
H is the sensible heat flux, 
g the gravitational acceleration 
Ta the ambient air temperature, 
p the air density and 
CP the specific heat of air at constant pressure 

(46) 

In the 'touch down' model the buoyant plume is assumed to rise relative to 
a region of convective downdraft with the velocity of the downdraft exceed
ing the rise velocity due to plume buoyancy, bringing the plume to the 
ground. This can happen <luring strong convective conditions. The final 
plume rise is 

6.h = ( F I ( u w~ ) ) ( 1 + ( 2 h / 6.h) ) 2 (47) 

where wd is the mean downdraft velocity given by 

The three different formulae for final plume rise given above (eq (44), 
(46) and (47)) were derived for three different conditions. In a given 
application each condition or formula must be considered. The mast limiting 
one, i.e. the formula that gives the lowest plume rise, is se lected as the 
final plume rise for neutral or convective conditions. 
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For stable conditions the final plume rise is calculated by 

F 1/4 
llh = 5 s3fe 

30 where s = lL 
T äz 

80 a 
and - is the ambient 

dZ 

in windy conditions 

in calms 

air potential temperature gradient. 

(48) 

(49) 

The final rise is given by the least of the rises predicted by eq (48) and 
( 49). 

3.5 Plume penetration of an elevated stable layer. 

If a plume is sufficiently buoyant it can partially or completely penetrate 
into the stable air capping the mixed layer. Ground-level concentrations 
can then be dramatically reduced . If the plume is not sufficiently buoyant, 
the plume is trapped into the mixed layer. In combinations with low wind 
speeds, this can give rise to high ground level concentrations. 

Let P denote the fraction of the plume that penetrates into the elevated 
stable layer above the mixed layer. This fraction can be calculated by 
comparing the height of the upper and lower plume edges at final rise, with 
the height of the mixed layer, h', above the stack: 

h' =h - h 
s 

z 

h 

h +ah 

--- - ---- -- - - - - - - -----

(50) 

cl 9· I 
-y"z 

FiguJLe. 4 Le.ngth .oc.al.e..o w.ie,d 601t c.al.c.u.la.tfon 06 pfwne. pe.ne.tJta.tlon 06 an 
e.fe.vate.d .otabfe. fa.ye.Jt. 

According to Briggs (1980) the height of the upper and lower plume edges 
can be approximated by 1.5 llh and 0.5 llh respectively. If 

0.5 llh > h' (51) 

the whole plume is above the mixing layer and P = 1. If on the other hand 

1.5 llh < h' (52) 

as in Figure 4, the whole plume is below the mixing layer and P = 0. 
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Between these cases, when 

0.5 ~ h'/6h < 1.5 (53) 

the plume partially penetrates the elevated stable layer . The factor P is 
then given by 

p =1.5 - h' 
6h 

(54) 

The plume fraction remaining within the mixed layer is given by (1-P). 
Only this part of the plume is here assumed to contribute to ground level 
concentrations. An effective source strength is introduced by 

Q' = Q(l-P) 
e 

( 55) 

Following Weil and Brower (1982) the effective source height for the por
tion of the plume remaining within the mixed layer is 

h = h + (0.62 + 0.38P)h' 
e s 

(56) 

If the final plume rise 6h computed from the 'break up' and 'touch down' 
models (Eqs (44), (46) and (47)) is larger than h/1.5 the further rise is 
computed by Briggs' formula for stable stratification (Eq 48) but taking 
into account that the plume loses apart of its buoyancy when it reaches 
the height h'/1.5. The final plume rise is given by 

where 

6h = (( 2 • 6 ) 3 ( F / ( us. ) ) + ( h I / 1 . 5 ) 3 ) 1/3 
l 

ae. 
s. =_g__ __ l 

1 T dZ 
a 

(57) 

(58) 

and aei/az is the potential temperature gradient in the stable layer above 
the mixing height. 6h in equation (57) is used for calculation of the pene
tration factor Pin (54). For further details see Omstedt (1983). 
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4. EXPERIMENTS AND RESULTS 

Some experiments have been made by using four years of hourly meteorologi
cal data and radiosonde data (1978-81) from Bromma airport in Stockholm. 

4.1 Stability classification 

In Figure 5 a comparison is made between two different stability classifi
cation methods. Figure 5(a) shows the frequency distribution of stability 
class computed by the method used in the present mode! i.e. the combined 
method using, w*/u and the Pasquill-Gifford-Turner (PGT) method. The PGT
method is used during stable conditions, i.e. for hours with negative 
(downward) sensible heat flux. If the calculated sensible heat flux is 
negative but the PGT-method gives a neutral or unstable class the PGT-class 
is changed to neutral. In Figure 5(b) the frequency distribution of stabi
lity class using the PGT-method is shown. 

An important feature of the stability classification method used in the 
mode! is that it gives a greater number of hours with unstable conditions, 
compared with the PGT-method. 

4.2 Dispersion calculations 

Ground level concentrations of S02 are calculated around a hypothetical 500 
MW power plant with emission data given in Table 6. Calculations are made 
for the four-year time period mentioned above. For each month and in every 
receptor point 99-percentile ground level concentration values are calcu
lated. These values are of special interest for comparison with the Swedish 
short-term air quality criterion for S0 2, (see page 1). Examples of results 
are given in Tables 7 and 8 and corresponding Figures 6 and 7. In Table 7 
(Figure 6) the results for the month giving the highest value <luring the 
four-year time period show a value of 254 µg/m 3 at 1750 from the stack. In 
Table 8 (Figure 7) the results for the month giving the second highest 
value,give 184 µg/m 3 at 1250 m from the stackJare shown. Both a tentative 
comparison of these results with the dispersion mode! used in Sweden today 
anda description of it, are given below. 

hs = 100m 
Q = 238 g S02/s 
Vq = 280 m3/s 
Tq = 373 OK 

Table 6 Emv.i~ion dam 6~om a hypothetiQal 500 MW powen plant. 

h is stack height, 
Qs is emission rate, 
V is volume flux at stack exit and 
Tq is stack exit temperature q 

4.3 Högström's (1968) model 

In Högström's (1968) model statistics of wind direction frequencies and 
'dispersion categories' (stability and wind speed) are used as meteorolo
gical input data toa Gaussian dispersion mode!. Dispersion parameters, i,e. 
oy and oz, are calculated by formulas derived from an experimental study in 
Sweden by Högström (1964), mostly under neutral and stable meteorological 
conditions. 
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a. Combined W~/u and PGT methods 

A B C 

~ PGT stability classes 

.~ stability classes based on W/u 

b. PGT method only 

A B C 

E F 

D E F 

Fig wr..e. 5 F fL e.q u.e. n c. y d-u., :tAib uti o n o 6 1.d.a.b ilUy c.1.cu -6 c. om p Lde. d b y : 

(a) Combine.d w*/u. and Pcuquill-Gi66ofLd-Tu.fLne.fL (PGT) me.thod-6 
cu w.:, e.d in the. p!Le.-6 e.nt mode.i . 

(b) PGT-me.thod only. 
Fowr.. ye.aM 06 hou.11.1.y me.te.ofLologic.al. data and Jtadio-6onde. data ~!Lom 
Bfl.omma aifl.pofLt in Stoc.kholm have. be.e.n w.:,e.d 6ofL the. c.ompld:ation-6 . 
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YEAR: 78 MONTH:8 
-\ Percentile (%):99 ( µg/m3) p 
a-- Distance (m) 
(""' 

Wind-('v 

direction 500 
'-\.l 

7 50 1000 1250 1500 1750 2000 2250 2500 3000 3500 4000 4500 5000 6000 

o=-i>- P ;s-m 10 9. 3 5. 58. 72. 78. 75. 72. 69. 67. 64. 58. 5 o. 43. 37. 28. 
~a;s-;s'-s.::;>< t:O 6. 1 8. 38. 42. 63 • 70. 70. 69. 69. 63. 54. 4 9. 46. 42. 38. ;::,-ap__-c;~ 

. ;s Q JO 4. 1 6. 31 • 48. 65. 63. 62. 66. 67. 61. 57. 51. 46. 41 • 35. Q<';.i>;::,-<';.ci 
P... ;s- p ;s- (""' 40 2. 9. 22. 33. 39. 43. 41 • 41. 40. 37. 34 • 31. 27. 24. 19. 

('v--O~('v~ jC 1 • 3. 11 • 22. 25. 26. 2 5 • 25. 23. 23. 23. 2 2. 2 0. 17. 18. - --0 ·~ -..Si I Q , 60 1 • 3. s. s. 7. 10. 12. 12. 11 • 11. 14. 1 2. 11 • 10. 9. --OQ"t5i>-r:,Q 
'S-l;sS;.Q~c>,. 70 1 • 3. 3. 4. 4. 4. 4. 4. 3. 4. 4. 5. s. s. 5. ex, k ;s 

I ;s-r:,p__ ;::,- oO 1 • 2. 4. 7. 9. 8. 7. 8. 11 • 10. 8. 7. 6. s. 3. ex, ('v ('v V-, ('v 
90 1. 1. 2. 3. 4. 4. 6. 8. 9. 13. 15. 1 7. 1 5. 14. 11 • -..la ~ c:, I::,,. 

- ('-, P... c:, ~ 100 1. 1 • 3. s. 6. s. s. 6. 8. 12. 17. 1 8. 17. 16. 16. 
• C ·~ (', :s:: 11 0 2. 4. 8. 18. 22. 25. 27. 26. 25. 25. 28 • 3 2. 35. 35. 30. ;srv ~1::,,. 

la 120 2. s. 13. 20. 25. 32. 33. 35. 37. 42. 40. 35. 33. 30. 26. 
la=-ci =- 130 4. 1 2. 23. 30. 36 • 44. S 1 • 55. 57. 52. 49. 4 8 • 45. 40. 36. s:- ;::,- ;::,- ~ ;::,-Q Q Q 140 6. 21. 32. 33. 42. 55. 57. 53. so. 43. 37. 31. 21. 25. 21. rv,::Sirv~ 
;s ;::,- 150 4. 2 4. 43. 58. 66 • 69. 66. 57. 51. 41. 34. 3 o. 31. 33. 29. ;s- P... D::l k 

(', ;::,- ci ;s- 1o0 C 1 7. 31 • 42. 48. 49. so. 49. 48. 47. 43. 39. 35. 31. 26 • la(""'Q(""'('v ,'. 

N ;s- ('v Si p 170 9. 3 ~- 62. 86 • 91. 91. 91. 82. 74. 62. 53. 4 6. 40. 36. 30. 
N rvcSl;sSi 1 o Cl 9. 3 7. 58. 68. 72. 78. 81. 80. 74. 70. 62. 55. 49. 45. 41. i>-CvP<';.G 

k (""' P... 190 1 3. 3 6. 64. 66. 70. 73. 70. 63. 59. 47. 42. 4 o. 38. 36. 30. ~ p ('v C (/) . ;s (""' 200 1 2. 4 S. 70. 76. 71 • 67. 60. 57. 51 • 42. 36. 3 o. 26. 23. 18. 
~a;::,-p__ 

tv "tS s. 210 1 3. 3 4. 59. 74 • 78. 73. 65 • 57. so. 44. 35. 28. 23. 20. 16. 
,:: I Q ;3-

220 11. 3 7. so. 60. 62. 61. 57. 52. 49. 41. 35. 30. 25. 22. 18. ('v r:> ~ Q (', 
Q ,:: ;s 230 1 3. 4 3. 06. 74. 77. 71. 62. 57. 53. 45. 40. 34. 28. 25. 24 • P... ;s ~ la §. r:> (', 240 1 2. 4 s. 71 • 63. 87. 83. 78. 73. 67. 56. so. 46. 41. 38. 34. . rv;s'-!.::rv 

~·~V) Si t· 250 1 0. 3 7. 69. 76. 72. 68. 68. 68. 67. 61. 54. 4 8. 43. 39. 33. 
r..a k rv 260 9. 2 7. 48. 63. 74. 76. 75. 76. 76. 72. 62. 54. 48. 43. 38. 

a k i>- 270 1 0. 2 8. 45. 55. 60. 58. 59. 63. 64. 60. 52. 4 7. 43. 40. 34. p ~ r:> ('v ('-, 
,?u"QQ 280 1 1 • 3 4. 67. 92. 98 • 91. 83. 82. 80. 74. 70. 66. 57. 53. 45. c>,.Q;s-;::,-;s 

Q ;s Q Q 290 2 4. 6 8. 95. 11 5. 149. 174. 188. 192. 176. 15 8. 144 • 128. 11 5. 105. 89. 
~ rs, (""' P... 300 2 7. 10 5. 193. 223. 2 45. 254. 252. 251. 229. 194. 169. 153. 144 • 132. 113. C Si O ~ 

I ~ • la 310 4 2 • 13 0. 181 • 196. 2 01. 1 91 • 169. 156. 143. 120. 1 03. 91. . 8 2. 73 • 61. ','::_ ('-, p 
('v~-\r:> 320 2 9. 7 6. 116. 145. 169 • 158. 141. 128. 126. 11 7. 1 02 • 9 o. 82. 74. 64 • 
~rv;s-~c:,-.... I::,,. ('v ;::,- 330 11. 3 7. 68. 92. 93. 96. 90. 85. 82. 71. 61. 53. 46. 41. 34. Q 

~- ~· ~ P... Si 
340 13. 3 3. 59. 76. 76. 74. 73. 66. 59. 48. 39. 34. 36. 34. 28. 

Si a--~P 3SO 8. 3 o. 59. 73. 78. 76. 74. 70. 71 • 61. 52. 47. 41. 39. 38. 
('v t (""' :;::l 3 o fl 11. 3 9. 67. 76. 75. 72. 73. 73. 66. 5 8. 54. 49. 45. 41. 34. la ('v -Si 

Max conc: 254 µg/m 3 w 

Distance: 1750 m 
Wind direction: 300° 
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YEAR:79 M0NTH:6 
-l Percentile (%):99 ( µg/m3 ) 
~ Distance (m) 0-
~ Wind-(" 

500 750 100l.i 1250 1500 1750 2000 2250 2500 3000 3500 4000 4500 5000 6000 
°" 

direction 

~ ~ 
10 14. 4 4. 55. 60. 61. 59. 57. 54. 50. 42. 34. 2 9. 25. 22. 17. 
~o 11. 3 4. 44. 41. 44. 46. 46. 48. 49. 38. 30. 2 4. 20. 17. 13. c-.... 
30 6. 2 5. 40. 45. 44. 43. 37. 34. 30. 25. 22. 19. 17. 15. 12. Q -\ 

~ g_ 40 3. 1 4. 17. 28. 36. 40. 40. 35. 32. 21. 24 • 2 3. 19. 16. 13. 
I ~ 50 2. 6. 12. 24. 23. 22. 18. 16. 14. 12. 12. 1 1. 9. 8. 6. <.s::_ (" 

(" o.O 1. 3. 9. 10. 10. 9. 8. 7. 6. 4. 3. 2. 2. 2. 1 • 
~~ 70 1. 3. 7. 8. 7. 6. 5. 5. '" 4. 3. 2. 2. 2. 1 • 1 • 

0- oO 2. 7. 20. 33. 32. 31. 29. 27. 24. 19. 15. 13. 11 • 9. 1. 
~~ 90 2. 9. 20. 35. 47. 54. so. 45. 41. 34. 29. 26. 23. 21. 16. 
(" c-.... 100 8. 1 4 • 21. 26. 31. 32. 28. 29. 28. 23. 18. 1 5 • 12. 11 • 8. Q 

<3 2'>- 110 7. 2 2. 33. 35. 33. 28. 24. 21. 20. 17. 16. 1 4. 12. 10. 10. 

~-~ 1 2. 0 5. 2 7. 38. 35. 35. 44. 49. 48. 41. 34. 26 • 2 2 • 23. 20. 20. 
Q (" 130 11 • 3 6. 47. 54. 64. 65. 60. 58. 51 • so. 42. 36. 31. 27. 21. 
P... 140 21. 5 2. 57. 57. 57. 60. 54. 48. 46. 45. 43. 41. 39. 36. 30. =s 
- 0 150 1 5. 4 5. 68. 62. 66. 10. 72. 12. 65. 56. 48. 42. 38. 34. 27. 
::; ~ 160 16. 4 9. 69. 76. 74 • 71. 64 • 60. 56. 53. 41. 36. 35. 34. 29. 
~ ;:s- 170 24. 6 8. 66 • 72. 59. 62. 59. 60. 58. 49. 41. 3 5. 31. 29. 24. N °" .i:,. I la 1ö0 30. 6 3. 100. 107. 103. 90. 80. 73. 66. 62 • 56. 4 9. 43. 39. 33. °" r-
- C: 190 41. 81. 104. 110. 104. 103. rno. 91. 83. 69. 60. 54. 48. 44. 43. - 2--- 200 49. 11 5. 118. 108. 117. 117. 122. 118. 113. 101. 88. 78. 10. 64. 55. ;s 

C!::> 210 5 2. 1 2 7. 181 • 182. 158. 157. 155. 144. 133. 11 9. 104 • 9 2. 83. 76. 64 • 
s:- 220 38. 8 6. 109. 130. 134. 131. 124. 114. 103. 87. 76. 67. 60. 53. 42. 
(" 230 25. 7 4. 104. 128. 1 22. 107. 94. 101. 107. 87. 71 • 58. 52. 47. 41. 
i>, 240 19. 6 o. 86. 87. ö6. 85. 81. 75. 70. 61. 55. S 1. 45. 40. 34. 
(" 250 14. 4 2. 70. 76. 73. 67. 62. 63. 64. 56. 52. 46. 42. 38. 32. 0 
Q 260 1 3. 4 9. 78. 85. 85. 77. 70. 63. 57. 46. 45. 43. 39. 37. 31. ;s 
P... 270 11. 3 9. 64. 74. 75. 72. 66. 59. 52. 48. 44. 4 o. 36. 32. 26. 

r 280 17. 4 9. 72. 73. 73. 74. 68. 61. 55. 45. 38. 33. 31. 29. 24. 
(C 290 13. 41. 67. 73. 72. 72. 70. 64. 59. 49. 42. 36. 33. 30. 26 • 
;:s- 300 9. 2 3. 43. 71 • 88. 80. 73. 72. 71. 60. so. 43. 37. 33. 27. 
~ 310 9. 3 o. 43. 65. 75. 74. 77. 73. 70. 64. 54. 4 7. 41. 37. 31. r\-

320 12. 3 4. 55. 55. 60. 62. 54. 5 2 • 48. so. 51. 4 6. 41. 38. 34. 
C: 

330 1 3. 4 o. 51 • 60. 58. 61. 5 7. 52. 44. 35. 28. 2 3. 22. 22. 20. ~ 
~ 340 26. 6 2. 69. 73. 72. 61. 53. 48. 43. 32. 26. 2 3. 20. 1 8. 14. 
(" 350 22. 5 6. 73. 67. 64. 61. 55. 48. 42. 32. 21. 2 2. 18. 16. 12. 
P... 360 1 6. 5 3. 75. 78. 75. 68. 60. 56. 54. 48. 44. 39. 34. 31. 26. 

~- Max conc: 182 µg/m 3 ;s 
Di s tance: la 1250 m 
Wind direction: 21 0° 
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Plume rise is calculated by empirical formulae developed by Bringfelt 
(1968, 1969). The plume rise data i.e.photographs of smoke from Swedish 
industrial smoke stacks, were also taken mostly under neutral and stable 
meteorological conditions. 

The model was tested against a continuous record of ground level concentra
tion values obtained at one point 750 m from a sulphuric acid plant in 
southern Sweden. The heat flux of the stack gases from the dominating plant 
was of about 1 MW. 

Högström's (1968) model has been used in Sweden since the 1960's in differ
ent regulatory applications. In almost all applications statistics of 'dis
persion categories' (stability and wind speed) are obtained from 30 months 
of data from Ågesta (mast data) or 47 months of data from Torslanda (ra
diosonde data) . 

The model has.recently been tested against measured ground level S02 con
centrations, from tall stacks in the USA. This shows that the ground level 
concentrations during convective meteorological conditions predicted by 
this model are too high (0mstedt, 1982). 

In this report a tentative comparison between Högtröm's model and the pre
sent modelismade for predicted 99-percentile ground level S0 2-concentra
tion values. The same emission data are used (Table 6), which implies a 
heat content of the stack gases of about 24 MW, but using different meteo
rological data. In Högtröm's model statistics of 'dispersion categories' 
from Ågesta (mast data) during 1960-03--1962-08 and statistics of wind 
direction frequencies from Bromma airport (near Ågesta) <luring the same 
time period are used. The results are given in Table 9 for the month giv
ing the highest 99-percentile ground level S02-concentration value, i.e. 
462 µg/m 3 at 750 m, during the 30 month time period mentioned above. This 
table can be compared with corresponding results obtained from the present 
model (Table 7) showing that Högström's model predicts a factor 1.8 higher 
maximum 99-percentile ground level concentration value and that this value 
is obtained at a closer distance from the stack, compared with results from 
the present mode!. This conclusion is of course only valid for this special 
case and under the assumptions given above. These results are, however, 
consistent with results given by Omstedt (1982), indicating that Högström's 
model overestimates the highest 99-percentile ground level concentration 
values and that they are obtained at distances too close to tall industrial 
stacks. 

4.4 Future improvements of the model 

Future work will be directed towards the following improvements. 

1. Incorporation of w*/u* directly into the expression for 0y and 0z• The 
advantage of this approach is to give the variables a continuous varia
tion of stability, as actually occurs in the atmosphere, rather than 
lumping them together in discrete classes. 

2. Incorporation of dispersion parameters for low sources, i.e. sources 
with effective stack heights less than 0.1 h. 

3. Improvements of the parameterization of the stable boundary layer to 
replace the PGT-method used in the model. 
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N 
-.J 

Percentile (%): 99 
Distance (m) 

(µg/m3) 

Wind
direction 500 750 1000 1250 1500 1750 2000 2250 2500 3000 3500 4000 4500 5000 6000 

N 
NE 
E 
SE 
s 
sw 
w 
NW 

269 
52 

269 
200 
346 
356 
363 
299 

308 
62 

308 
216 
433 
450 
462 
355 

Max conc: 462 µg/m 3 

Distance: 750 m 
Wind direction: W 

228 
52 

228 
168 
320 
331 
339 
268 

200 166 137 121 
48 50 41 39 

200 166 137 121 
144 123 111 99 
291 228 190 160 
304 236 202 165 
314 242 210 169 
233 191 157 134 

109 95 82 69 57 53 43 35 
37 33 27 25 21 16 14 11 

109 94 82 69 57 53 43 35 
90 82 67 57 50 44 36 28 

143 125 110 87 76 65 67 62 
150 135 114 90 81 71 73 69 
155 142 117 91 85 76 78 73 
120 105 90 76 62 57 49 41 

Table 9 By Hög~btöm'~ modet (7968) Qa[Qu.1,a,t,ed 99-peAQenWe g~ound levet S0 2 -QOnQen;tJia,t,i,on valu~ in µg/m 3 

~ing e~~ion da:ta 6~om a hypothetiQaf 500 MW poweA plant. The :table ~how~ the value~ 60~ the 
month giving the highe~t value dutung a 30 month fue pvuod. 



5. SUMMARY AND C0NCLUSI0NS 

An operational air pollution model using routine meteorological data is 
described. An hourly time series of pollutant concentrations is calculated 
for emissions from one or several tall industrial stacks. New methods deve
loped by Nielsen et al. (1981), Berkowicz and Prahm (1982 a, b), 0lesen et 
al. (1983) are used for determining boundary layer parameters i.e. surface 
sensible heat flux, friction velocity, mean wind speed and mixing height. 
These parameter values are used as input data to the dispersion part of the 
model. An updated Gaussian dispersion model, strongly supported by experi
mental data and similar to that developed by Weil and Bower (1982) is used. 
Briggs' dispersion parameters are used with the stability classification 
scheme based on the values of w*/u <luring daytime and Pasquill-Gifford
Turner classes <luring nighttime for selection of stability classes. Plume 
rise and plume penetration of elevated stable layers are calculated by 
formulae from Briggs (1975). A similar model will also be used in Denmark 
(Berkowicz et al., 1983). Examples of results are given, based on four 
years of hourly meteorological data and radiosonde data from Bromma airport 
in Stockholm. A tentative comparison between the present model and Hög
ström's (1968) modelismade for emission from a 500 MW power plant. This 
comparison indicates that Högström's model predicts ground level concentra
tions that are too high occurring toa close to tall industrial stacks . 
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A:l 

APPENDIX A 

The Gaussian equation and grid systems used . 

Two different grid systems are used. For single source calculations a polar 
coordinate system is used. The down wind distance, x, and the crosswind 
distance, y, from the point source toa receptor are given by 

X= X 

(Al) 

where 60 is the angle between the wind direction and the receptor point. 
Examples of results using this grid system are shown in Table 7 and Figure 
6. 

For multiple source calculations a cartesian coordinate system is used. 
Let x and y denote the downwind distance and the crosswind distance respec
tively from a point source toa receptor. The grid transformation is then 
given by: 

x = (x - x) cos0 + (y - y) sin0 r s r s 
(A2) 

y = -(x - x) sin0 + (y - y) cos0 r s r s 

where (xs, Ys) are the coordinates of a point source 
(~, Yr) are the coordinates of a receptor and 
0 is the mathematical wind direction, (i e anti-clockwise with wind 

blowing from west as zero). 

The contribution to the concentration c(x,y,z) from a single point source 
toa receptor is given by one of the two following equations: 

c(x,y,z) = 
Q gl . g2 

(A3) u 12fl"oy T21Toz 

c(x,y,z) g gl 1 (A4) = T2i'fo 
. -

u h y 

where Q is emission rate, 
u is wind speed, 
Oy is standard deviations 

tribution, 
of plume concentration horizontal dis-

az is standard deviation of plume concentration vertical distribution 
and 

h is the mixing height 
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A:2 

The expressions g 1 and g2 are given by: 

gl = exp (-0.5 y2/cr2) (AS) 
y 

00 

g2 = L {exp(-0.5(z- H+2Nh) 2/cr2) + 
N=-oo z (A6) 

+ exp(-0.5(z+H+2Nh) 2/cr 2)} z 
where H is the effective source height and 

z is the receptor height above ground. 

If the vertical concentration distribution is uniform within the mixing 
layer, equation (A4) is used. Sensitivity tests of equation (A3) have shown 
that for all values of Hand z between the ground and mixing height, the 
vertical concentration distribution is uniform when cr 2 has increased to 1.6 
h. For ground level receptors equation (A4) may give appropriate concentra
tions for cr = 0.8 h (Turner, 1980). 

z 

Figure Al shows results using the quadratic grid system (eq A2). This figu
re can be compared with -corresponding results using the polar coordinate 
system (eq Al) in Figure 6. Two different computer programs for plotting 
concentration lines have been used. 
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