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Figure 4.3 Windroscs for the time interval 03HO00 - 09h0O0
recorded during July 1977 and January 1978 at
eite No.2 in Pretoria
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night and early morning contributes to the general decrease in

the formation of surface-based inversions in summer.

A.1.3.2 Fmission data

Winter, summer and annual emission rates of sulphur dioxide

have been estimated from consumption figures using the emission
factors for different types of fuel in Table 4.1. The emission

factors express the amo i.t of sulphur dioxide produced by

burning a unit mass of fuel. Estimates of 50% emissions trom

industrial processes and in applications where control equipment

has been installed, have been obtained directly from the indus-

tries concerned.

The location of individual sources has been specified using

a rectangular grid array to overlay the r.,del led area. The

origin (0'.0) of the coordinate system in the lower lefthand

corner in Figure 4.4 has the latitude of 20°S3'27" south and

the longitude of 27051'08" east, with the x-axis pointing east

and tie y-axis pointing north. One grid unit represent 100 metres

quoted Bulletin 78, S.A. Fuel Research Institute,

Sulphur Ash Emission
Type of fuel content content factors
(%) (%)
14,9 1,9 x 10
Coal 1,0 ’ . g
I ] o
Anthracite 1,0 11,7 .
Cok 1,0 20,6 1,9 * 10
oke
- 6,5 * 10 -
Heavy oil 3,4 O 10_3
- X
Light oil 1,3 !
1,7 X 10
Paraffin 0,1 ’
0
Gas -

%
Wood
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1.3.3 Wind and stability data

Mean hourly values of wind speed and wind directiiu have
been determined from continuous records obtained at the central-
ly situated station No.l during the period from October 1976 to
November 1977. The hourly wind data have been distributed
into sixteen wind sect— s of a constant width and five wind speed
classes. An example of the data is shown in Appendix C. Table 4.2
shows the range of wind speed and the central values for each
class. The lowest class includes periods of rear calm conditions
during which the record has become indistinct as the result of
a limited sensitivity of the instrument to very low wind speeds.
The simple power law is invoked in the model to approximate the

variation of wind speed with height (Table 3.3)

Table 4.2 Classification of wind speed in Pretoria

Note:

Wind speed Speed interval Central speed
class (m/se-1 (m/sec)
1 <1,11 1,0
2 1,39 - 2,22 1,8
3 2,50 - 4,45 3.5
* 4,72 - 8,34 6,5
5 >8,34 10,0

By using the local Weather Bureau data, the wind classification

for Pretoria does not exactly airi™ w...n the Insquill classifica-
tion of wind speed. This dis ;ancy .8 .econciled 1later in the mo-
dified scheme for estimating Slav? ity categories in Table 4.3

The division into Pasquili stability categories has been
adopted and hourly estimates of stability conditions have bee:
base:' on observations of lie mean wind speed, on the season
of the year anu the time of the day using the scheme 1in Table
4.3. During the daytime the amount of incoming radiation is
usually high irrespective of the season. Convective processes

dominate in the planetary boundary layer and unstable






conditi 1is are established. The deg, ,f atmospheric instability

is then controlled in Table 4.3 by the m.an wind speed. Low win

conditions will not significantly affect the convccti,, process,

whereas high wind speeds will reduce the ..tent of vertical

tions.

At night inversions develop at the surface espec-' v under

low wind conditions and cl.ar skies. The incidence of weli-deve-

loped surface-based inversion, in Pretoria reaches a frequency of

80-90 percent in winter, 60-70 percent in auvimn, 50-60 percent

in spring and 40-50 percent in summer (Tyson et _aK, 1976)

intensity of the inversion is highest in winter and lowest in

summer. Hence, the degree oi atmospheric stability during night-

time conditions 1is determined in Table 4.3 by the season and the

mean wind speed observed.

Table 4.3 The scheme for estimating Pasquill stability categories
in Pretoria
NIGHT
Surface wind DAY

speed class

All seasons Winter Spring/Autumn Summer
1 A F E D
2 A F E T
3 B E D c
4 c D c C
5 c D c c

The mean duration of daytime and nighttime conditions has
totn estimated using acoustic sounder observations of the diurnal

variation of static stability in the fivst 50) to 1000 metres

of the atmosphere (von Gogh and Zlb, 197b). Two monostatic

acoustic sounder, have been operated co monitor the continuous deve-
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Icpmcnt and decay of layers of positive and negative temperature

gradients. The sounder facsimile record in Figure 4.5 has been ob-

tained on 6-7 July, 1977 and illustrates the typical diurnal va-

riation of the atmospheric structure over Pretoria in winter.

The decrease in the convective thermal activity in the after-

noon of 6 July, 1977 was followed by a brief transitional period

at about 17h30 during which wvirtually no echo pattern was recorded.

A surface-based inversion developed soon after 18h0OO and reached

a depth of 200 met.as by 22h00. Soon after midnight on 7 July, 1977

fthe further growth of the inversion was followed by separation of

an elevated inversion. By 05h00 the two inversions merged again

giving rise to a continuous surface inversion 400 metres deep.

Lifting of the inversion began at 08h00 and the daytime echo pattern

was fully established by 11hOO. At the peak of the convective acti-

vity between 13h00 and 14h00 the thermals reached a depth of about

350 metres. The 24-hour cycle is closed by a gradual decrease in

the afternoon instability towards the transition to evening stabi-

lity.

Based upon records at different sites, daytime conditions have

been taken to extend from 09h00 to 15h00 in winter, O0O9h00 to 18h00

in spring and autumn and OGhOO to 18h00 in summer. Thre<*-hourly

intervals (0O0hOO to 03h00, 03h00 to OGhOO etc.) corresponding to

the time resolution of wind data analysis have been used for the

division.

Finally, the monthly composite frequency functions f (i.3.k)

have been determined as the frequency of hourly occurence of the

wind speed j within the sector 1 and the stability category k.

Frequency functions for longer intervals have been obtained by

integrating the monthly frequencies.

4.]1.3.6 Dispersion parameters

The standard deviations o, (x) have been determined using the
division into x stability categories over hourly intervals. The



76

set of Pasqulll curves have been approximated by the power law
o (x) - ex'* for three ranges of downwind distance from the source.
The values of the parameters c¢ and d are shown in Table 4.4 for

x, - 100 to 500 metres, *2 - 500 to 5 000 metres and *3« 5000 to

50 000 metres.

4.1.3.5 Plume rise

The effective height of all point sources has been estimated

using the Briggs’ (1969) formula for plume rise as

for all stability categories. The calculation of the plume rise

has been terminated at the distance downwind where the ratio

(x/14 F5/8) has reached the limiting value of 3,5. The numerical

value of the buoyancy term F is determined for each source from
the stack dimensions and the physical parameters of the effluent.

The validity of Equation (4.13) for describing the plume rise under

atmospheric conditions found over Pretoria has been documented by

Venter (1976).

4.1.3.6 Mixing height

The systematic variation of the mixing height with the season

and the time of the day has been included in the model by introducing

daytime and nighttime mean values. The mean values have been

determined using t,e results of a recent survey on inversion climato

logy over South Africa (Tyson et a K, 1976, Preston-Whyte et aK.

1977) . In winter the mean base of the elevated stab.c layer

Pretoria 1is situated about 1 750 metres above the ground. The

corresponding elevation in summer is 2 090 metres. The height of

, 500 metres which represents the mean lower 90 % confidence level

for all seasons has been selected the daytime mixing height.
The value of 500 metres has been choser to represent the mean

nocturnal mixing height. A conservative value has been taken ir

order to minimise a possible error in dispersion estimates which is
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towards the east 1is replaced by an increase in the influence of

the commercial and business activities in the central business
district, especially in winter. Generally low pollution levels
are found over the suburban residential area to the east of the city

centre. In accord with the estim-ted inc «ase of SO* levels over

Atteridgevilie in the west, a similar p; tern is established in the

extreme east where another Black residential area 1is situatid.

4.1.5 The analysis of resuits

Observed SO” concentrations which may be used to evaluate the
performance of the mode., in Pretoria are available at a number of
sites over various periods of time. Table 4.1 shows the location
of monitoring stations and the duration of the record at each site.
Table 4.6 shows a comparison of the estimates by the Gaussian plume
model and the observed concentration levels for time intervals

from one month to one year.

The model predictions arc generally below the observed levels
for all time intervals as indicated by the relative deviation
given next to each pair of data. The relative deviation is defined
as the deviation of the predicted concentration X from the observed
value V using the relationship
(4.14)
The maximum negative deviation of — 0,68 occurred at "rations
4 and 8 during November 1977. Station 4 is situated in a high-
density resid.ntial area near tla city centre whereas station 8
is on a ridge to the south-east of a major industrial complex.
Lower values than those observed have been estimated at these
stations throughout the year. In contrast, consistently higher
estimates have been obtained at sites situated close to heavily
polluting areas (stations 3, 7 and 9). Station 3 1is located near
a railway yard and stations 7 and 9 are in the industrial area

v<st of the central district.

The degree of correlation between predictions and observations



Ii'*ntiflc«tion

number

© o -J O

10

12
13
14
15
16
17
18

Grid loeition

X-coordinate

335
341
335
354
426

286
265
311
254

284
250
341
305
320
365
434
346
336

Y-coordinate

163
157
188
162
167

129
133
130
117

145
132
165
210
180
188
208
194
163

Identification

Church Square
Visagie Street
Myburgh Street
Arcadia

CSIR

Iscor Dog School
Iicor Hospital
lecot Headquarter*

Laulium

Iscor Training Centre
SAP Cog School
Munitoriu

Mountain View

Iscot -tub

HF Verwoerd High School
East Lynne

Capital Park

Church Square

Duration

of
record

October 1976

to
December 1977

June 1977
to
November 1977

July 1577
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Table 4.6 Comparison of observed and predicted values of SOg concentrations (pg/m ) by the Gaussian plume

model In Pretoria

Station number 1 Month 1 Month 3 Months 3 Months 6 Months 12 Months
(July 1977) (November 1977) (Winter 1977) (Spring 1977) (June-Nov 1977) (Oct 1976-Nov 19771
and grid
Rel. Rel. . Rel. Rel. Rel. Rel.
petition Ots. Pred. dev. Obs Pred dev. Obs Pied dev. Obs. Pred dev. Obs Prod dev. Obs. Pred dev.
1 (335:163) 62 58 -0,06 24 10 -0 58 59 55 -0,07 28 16 -0,43 43 30 -0,30 30 29 -0,03
2 (341:157) 52 32 -0,38 14 . -0 43 47 31 -0,34 18 12 -0,33 31 20 —c».* 24 19 -0,21
3 (335:188) 38 39 40,03 12 16 40 33 34 39 40,15 19 28 40,47 26 33 40,27 16 32 41,00
4 (354;162) 39 20 -0,49 22 7 -0 68 36 21 0,42 20 10 -0,50 28 15 -C,46 20 15 -0,25
5 (426:167) 22 16 -0,27 9 3 -0 67 18 17 -0,06 11 7 -0,36 14 11 -0,21 10 11 40,10
0 (286:129) 31 30 -0.03 32 29 -0 09 .16 31 -0,14 30 30 0,00 33 30 -0,09
7 (265:133) 74 17 40,04 38 52 40 37 60l 81 40,25 31 86 ¢1,77 48 83 40,73
8 (311;130) 38 25 -C.34 25 8 -0 68 36 34 -0,33 25 12 -0,52 28 '8 -0,36
9 (254:117; 34 39 40,13 28 31 40 11 29 32 40,10 27 42 40,56 35 37 40,06
Correlation 0.88 0,80 0,36 0,63 0,77
coefficient
fean rel. -0,15 -0.26 -0,09 00.07 c.ra
deviation
Standard 9,9 ug/m3 10,40 ug/m * 10,60 ug/m"1 20,80 vg/m3 14,50 vg/m3

error



has been ascertained in Table 4.6 by the correlation coefficient

defined as (Brooks and Carruthors, 1963)
N N N
(X.Y.) - (Ex.) (Iy .)
1-1 - i=1 i=1 -
rPN N
toi2 - (ix.)2 NIy .2 - (Ey .)2
i=1 i-1 i=1

The correlation coefficient ranges from 0,63 during the spring to

0,88 in July. In the case of a systematic overprediction or

underprediction by the model the degree of association as expressed

by the correlation coefficient may remain relatively high. In

order to obtain an indication of the sign and the magnitude of the

deviations two additional indicators of the model performance have

been used in Table 4.6. They include the mean relative deviation

N /X. - Y
D . 1 % f — - (4.16)
Jx, v N "\ Y."

an | the standard error of estimate

The only time interval (spring 1977) during which the mean concen-

tration levels have been overestimated 1is also associated with the

maximum standard error of estimate of 20,8 pg/m The full range
3

of the standard eror of estimate is from 9,9 pg/m (July 1977) to

20,8 pg/m3 (spr.-uy 1977). The lowest a: highest deviations are

+ 0,07 (spring 197/' and - 0,26 (November 1977) respectively.



A.2 The eplication of the ATDL-grid mode

In the ATDL-grid model Gaussian description of concentration dis-

tribution is retained and the dependence on the crosswind dispersion

removed by considering only emissions situated in a narrow upwind
sector. A grid system in Figure 4.9 is used to divide Pretoria into
a regular array of horizontal squares over which the area s
strength 1is defined. The grid squares also serve as receptor squares

in that the concentration

in each square 1is determined as the spatial

average from contributions by point and area sources.

4.2.1 Point sources

The contribution of large elevated sources to the long-term

concentration in a ground-level receptor square 1is calculated a.

21 n\ Q «J . \ (4.18)
A hr) -firr r~T'1l

The frequency function f describes the distribution of wind

direction among n sectors in respect to a fixed receptor. A

constant wind speed u is defined for tne entire urban area. The

symbol r denotes the distance between the centres of the tcspec

tive grid squares in which the source and the receptor are located,

4.2.2 Area sources

The lesser emissions are grouped in grid squares of
500 * 500 metres into area sources which arc assumed to emit
pollute 1is at thi ground level. The Gaussian dispe von formula
for a ground-level a.ea source may be derived from Equation (4.1).

by setting H-0 as
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VERTICAL DISTRIBUTION
OF POLLUTANTS

I'N [+t eI 1*0

/BX

CITT OIAMETLN O

Figure 4.9 The concept of the ATDL-grid model.

The concentration is calculated in the

centre of each grid square assuming Gauss-
ian vertical distribution
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the receptor square 1is giver by

j!__ dy dx (4.20)
- 11 rfré&rRT LI R W
o~ Yy
The first integration yields
(A.21)

may be introduced in e.chsqu.re. where

=
|

o©

q. " £ Q(*> dX

i .(i)1r »

(A.23)

including the .ency

l1,pUcati""

nerali .
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any location within the modelled area and to contribute to the
concentration at even the most distant receptors. Although this
provision increases the execution time by more than a factor of

two, a restriction similar to that imposed on the travel of plumbs

from area sources would introduce a -ignificant error, particular-

ly in estimates at distant receptors in stable conditions.

4.2.3 Input data

The emission data have been regrouped to suit the spatial

requirements of the model. In each grid square a constant source

strength has been determined and the point sources have been
assigned to the square centres. The mean wind speed, the frequen-
cy distribution of directional occurence for each of 16 wind sec-
tors and the mean stability conditions have been determined on

a monthly basis. Standard deviations o” have been assigned

numerical values from the scheme 1in Table 4.7, based on dispersion

parameters given by Smith (1968) and extended by Gifford and

Hanna (1970). The simple power law " a*b has been used to
approximate the variation of with downwind distance x.
Table 4.7 Values of dispersion parameters a and b in the

ATDL-grid model (after Gifford aid Hanna, 1970)

Mean Estimated

stability Pasquill a b

conditions category
Very unstable A 0,40 0,91
Unstable B 0,33 0,86
Neutral o] 0,22 0,80
Estimated urban D 0,15 0,75

Stable E,F 0,06 0,71



4.2.4 The presentation and analysis of results

Isopleths of winter, spring and annual SO” concentrations in
Figures 4.10 to 4.12 predicted by the ATDL-grid model have been
drawn using the ccntre-point values 1in each receptor square.
Although the spatial distribution of the estimated high SO” levels
corresponds to the position rf the main polluting areas in Preto-
ria the estimated values are high, especially during the winter

season.

Table 4.8 shows that the estimated winter concentrations in
or near the central business district (Stations 1 to 4) exceed
significantly the available observations. The maximum relative
deviation reaches a high wvalue of +4,26 at Church Square (Station 1
in July 1977. A slight overestimation is also obtained at the
industrial sites (Stations 7 to 9) whereas the winter estimates
at the lightly polluted stations 5 and 6 are somewhat below the
observed levels. The mean relative deviations of +1,72 in July
1977 and +1,50 for the whole winter season reflect the strong
overestimation at the central sites. The values of the standard
error are also high (91,5 vg/m3 in July and 81,6 ug/m3 in winter)

and the correlation coefficients low (0,57 and 0,55 respectively).

The significant overprediction at the central sites 1is absent

during the spring season and the estimates agree more closely with

observations. A mean relative deviation of -0,05 and a standard
error of 8,» pg/m3 have been recorded in November 1977. The
corresponding values for the spring season arc -0,0.’ and 8, pg/m

The correlation cocffi-ient. have also incre.sed to 0,64 in Novem-
ber and 0,72 it. spring. \ ever, the semi-annual and to a lesser
degree the annual predictions are affected by the high winter

values at the central -. cs.












"

50, coaogory Rp :ood

fo— aafiza ©

o
o

Tl <

=

M o g0

[

3 s

11

IN o'

1

Gal

S

<o

2

dav

N
.

o SA
s0 § m
7

* a 7

94

S

c4
+

%to

e} £
#n — s o o0 o0,<rmo
oA N ( '-rn<
Q IN m
w so - N rro
0
« 2?22?7227
QN 0 r» =T IN O
N m . <N
00 00 o o »x O
m
S w ¢
m ri to
700 ?2°
o' o =
00 ox IN «A
o o O 1IN
a 0 o N
o o o 9 o
16 e T+
o © m mw o
N IN
so O _ Co 0 0o s~
n £ m m o
¢« T 7
Av o
< m m -
m i
IN < 00 O IN
o m -n n IN
m £ o o'

N3 sA co

bl rx m

IN m

%0 %0 ri

IN

)
)

ul

>0
-—

sA
IN

v

24

<A

00

»

<N

co

o

co

is



4.3 The application of the imifford-Hanna simple model

Several workers (Halliday and Venter, 1971, Hanna, 1971, Gifford
and Hanna, 1973) have pointed out that the prodaction of the ground-

level concentration in an urban area may often be approximated by the

simple relationship

(4.20)

>
o

in which the variations of dispersion conditions may be included in
the factor of proportionality C. This relationship is used in the
model to estimate the contribution from area sources to the total
concentrations. Tht geometry of the grid model has been retained to

define the size and the position of the sources.

4.3.1 Point sources

The point sources are tre .ted in the modal in a way which
is identical to the treatmel. in the ATDL-grid model. It includes
considerations of source elevation and the variation of wind direc-

tion.

4.3.2 Area sources

The manner in which Equation (4.20) may be incorporated into
a dispersion model was postulated by Hanna (1971) using the concept
of the ATDL-grid model. The Giff" -Hanna simple model rests on the
assumption that the effect of remote sources on the cor centration
in the receptor square decreases rapidly with increasing distance
and therefore, unless the source strengths g® in the outside squares
differ significantly from -.he source strength gQ in the receptor
square itself, the equality g. r g may be introduced into Equation

(4 19). Equc ion (4.19) becomes



expressing the concentration in the roceptoi square in pioport on
to the ratio between the emission rate gQ in the square and the
wind speed u. The factor of proportionality includes considerations

of atmospheric stability and the distance to the upwind edge of

the city D and may be determined as

(4.22)
C

4.3.3 Input data

The emission daua have been converted into constant rates over
the grid size of 2 000 x 2 000 metres. Neutral stability conditions
for time scales of six and twelve months h”vc been assumed for
which a constant value of C = 50 has been ado" ed. Corresponding

monthly wind speeds have been averaged to obtain semi-annual and

annual mean values.

4.3.4 The presentation and analysis of resilts

The map of predicted concentration isopleths for the year
1977 is shown in Figure 4.13 and the degree of association between
the predicted and observed pollution levels over six and twelve
months in Table 4.9. Although the predictions at the central sites
are still higher than the observed concentrations, a relative mean
deviation of +0,.3 is achieved and the standard error reduces to
8,8 pg/m3 for the June - November 1977 interval. The corresponding

correlation coefficient increases to 0,85.






Table 4.9

Comparison of observed and predicted value*:

concentrations

model

Station number

and grid

positio

(335:
(341:
(335:
(354:
(426
(200
(265:
(3 1:
(254:

N S B e SC N NCHN

Correlatio

n

163)
157)
188)
162)
167)
129)
133)
130)
117)

n

coefficient

Mean rel.
deviation

Standard
error

in Pretoria

0bs.

43
31
33
15
11
30
83
'8
37

6 Months
(June-Nov 1977)

Prod,

45
54
45
28

5
33
58
36
42

40,23

8,8 yg/m

(pg/m3)

Rel.
dev.

40,03
00,74
47,006
+0,87
“0,55
40,10
-0,30
41,00
40,14

12 Months

cf S0,,

by the Gifford-Hanna simple

(Oct 1976 - Sept 1977)

0bs.

30
24
16
20
10

Prod.

54
69
417
34

7

Rel.
dev.

40,80
41,88
41,94
40,70
-0,30



CHAPTER 5

EVALUATION OV DISPERSION MODELS WITH APPLICATION

jn PRETORIA

The evaluation uf the Gausslan plume model for multiple sources

5.1.1 Performance >nd accuracy

When the degree of association between model predictions and

the observed concentl!ations 1is used as a measure of the performance

of individual models in Pretoria, the Gaussian plume model shows

the Dbest results. The magnitude of the highest mean deviation and

of the maximum standard error together with the range of correlation

coefficients indicate that the model realistically reflects the actual

concentration distribution in Pretoria. The deviations of predictions

from observations do not vary significantly with sea.onally-induced

changes in dispersion conditions and the model gives a balanced

performance throughout the year. However, the occasionally higher

deviations at individual receptors show that the sound overall

performance of the model cannot be interpreted as a proof of its

cap-city to estimate pollution levels with the same degree of accu-

racy at all sites.

The assumption made in the model that the meteorological para-

meters measured at a single observation site are representative

of the dispersion conditions in the whole of Pretoria is a gross

simplification of reality. The interaction of the topographical

and meteorological factors in Pretoria is known to cause marke.,

local variations in the dlsp- n conditions (vcn ogh, 1978)

The variations cannot be include in the present fcrm of tin

lan plume model.

A numerical experiment has been designed to examine the effect

of this simplification on the concentrat*on estimates, "he original

set of input data obtained at the Weather Bureau (site No.V has
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m m
Site of meteorological Mean rel. Standard ICorrelation
measurement devia jon deviation coefficient
Number Identification (7.) 'pg/m3)
Forum Building - 9,0 10,6 0,86
Showgrounds - 4,5 8,3 0,96
Caledonian -41,2 21.3 0,50
Capital FarV -49,0 11.1 0,80
Iscor -25,0 12,6 0,88
Zandfontein 12,3 9,5 0,91
CS1R -25,4 U ,6 0 66
Fountains -43,8 >-\2 0,68
Si mens -52,5 24,3 0,56
Hazeldene -73 2 32,2 0,39
East Lynne .41,2 21.2 . 0,51
Mountain View 48,3 36,6 0,26

Pretoria West 14,3 15,4 0,65



assumption of a spatially invariable wind and stability J in the
model 1is further expressed by the range of standard de s from

8,3 pg/m3 to 36,6 pg/mJ representing 20 to 90 percent of the mean winter
concentration. The correlation coefficients vary with the location of
the single-point measurements from 0,26 for the site No.1l0 to 0,91 for
the site No.6. A subjective selection of the site at which meteorolo-
gical observations are carried out thus becomes an important factor in

the model.

5.1.2 Sensitivity analysis

In addition to being contingent on the ability of the model to
simulate the real atmosphere, the accuracy of model predictions also
depends on the accuracy of the input data. The degree to which errors
and inaccuracies in the input are reflected in the model predictions
is known to wvary with the type of the input parameter. A sensitivity
analysis may be performed f Hilst, 1970, Thayer and Koch, 1972 ) in
order to investigate the responses of the model to changes in differ-
ing input parameters. The magnitude of the response is used to Judge
the degree of sensitivit; of the model to variations in a specific

parameter.

A large number of computer simulations have been carried out to
examine the responses of the Gaussian plume model to rystematic and
random variations in the input data set for Pre* .. Systematic
variations have been simulated by introducing 1l..cremental changes
of -50 percent, -10 percent, +10 percent and +50 percent of the ori-
ginal input value into the data set. Concentration estimates have
been obtained for these variations by the model at receptor points
at regular intervals of 5000 metres. The magnitude of the model
response has been expressed as the relative deviation of the pre-
dicted concentration from the originally estimated value KO ¢ T*#e
investigated parameters included the emission rate of sulphur dioxi-
de, the height of the source, the wind speed, the standard deviation
of pollutant distribution az, the mixing height and the rate of S02
removal. Figure 5.2 shows the mean deviation for each input parame-
ter. Whereas the concentration levels rise linearly with an overall
increase in the emission rate, the response of the model to a longer

residence period of sulphur dioxide in the atmosphere as expressed
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by the half-time constant is much weaker. An increase 1in the input

value of the other four parameters results in an overall reduction

of the predicted concentration levels. When the same rate of frac-

tional change from the original value 1is introduced into the input,

the variation of the vertical dispersion parameter 8z results in the

largest digression of the predicted S02 concentration from observa-

tions. The high sensitivity to a systematic variation of oz is

followed in magnitude by the sensitivity to a variation of the

central wind speed in each wind speed class, to changes in the emis-

sion height and in the mixing height.

Random variations have been simulated by randomly increasing or

reducing an input value by 100 percent. No significant mean devia-

tion in the estimated concentration levels has been found for either

of the investigated input parameters.

In addition to the analysis of the sensitivity of the Gaussian

plume model in individual input parameters, the sensitivity to pos-

sible errors in the composite frequency function f(i,j, k) ,ias also

been invf tigated. As in the case of individual parameters, random

errors in the determination of the appropriate combination of wind

speed classes, wind sector and stability category for each hourly
interval do not result in significant deviations in the predicted

concentrations. By contrast, Figure 5.3 shows the deviations obtained

by introducing systematic errors into the frequency function. When
the stability class 1s changed systematically by one cate; try to-

wards a more stable one (A - B, B ¢c, ¢ .D, D«E, E >F, F ),

the mean deviation in the predicted concen.ration is +24 percent
with individual deviations ranging from G to 100 percent of the
original concentration. A changa towards a less stable category
(F*E, E*D, D*xC, cC*B, B*A, A ) produces a mean reduction
of 8 percent and a nar ower range of individual deviations. Similar-

ly, a systematic underestimation cf the wind speed class by one

cl*ss ( j < 4, *3, 3-e2, 2»1, 1 ) results in an increase of

12,5 percent in the concentration. The corresponding reduction for
a positive error in the speed classification by one class (1.2,
2 3, I* 4, 4 ¢ 5, 5 ) is -40 percent. In both cases the indi-

vidual deviations range from 0O to 100 percent of the original con-

centration value. A systematic err r by one sector in the determi-
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nation of the wind direction does not produce a significant mean
deviation of prediction results. The range of individual deviations
on the other hand, 1.

extremely wide from -70 percent to +100 per-

cent for a ahift of the wind direction by 22,5 de ree. towards the

west.

5.1.3 Discussion

The evaluation of th. long-tcr.. G.u.sl.o pi™ »h” n
good general perfor«noe of the «.del In Pretoria. The eruur.cy
of prediction, at individual .it.- 1. affrt.d b, the way in which
the apatlall, variable wind and eteblllt, field, ire treated In th.
model. The u.e of meteorological measurement, fro. a .ingle ob.er-

vetlon site 1. a very al.pli.tic way to describe the complex wind

and stability structure in an urban area. Th. structure varies .»

time and apace and is compounded by the effects of topograph, and
by variations in th. surface roughness and the heat budget of a ci-

ty. Hence, the ability of th, Gaussian plum, model to approximate
the real .cat. of the atmosphere and thus the concentration distri-

bution of pollutants may further be Improved by including conside-

ration. of spatially variable wind end stability field. In the mo-

del.

An additional source of error in the predictions are po.slbl-

l,.ccur.cl.. In the Input data. The sensitivity analysis shown

that the model 1. most sensitive to systematic variation. 1" t =

emission rate and in a variety of meteorological data. Th. or tlc.l

meteorological parameter, have been identified a. the v.rtlc.

dispersion parameter o, and the variable, in the composite r.uuency
function, 1i.e. the wind speed, wind direction and atmospheric .

1111ty. The model has been shown to be less sensitive to

variations In the emission ght. the rat. of removal of sulphur

dioxide from the atmosphere snd n the mixing height a. well
random errors in he input data set. Th. generally low ..n.ltlv t,
to random variation <can be attributed to the smoothing effect n

the large .mount of data which are normally used in the

source environmer*. The result, of the sensitivity study imply

random error

in one of the critical input parameter, will not

cause a algnlflc.nl error in th. overall performance of the model,



107

&K, " . .ystccutlc error In tho ... p.r-r.r. .von of . loss.r
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PART 11T - MODEL iTFINEMENTS



CHAPTER 6
REFINEMENTS OF URBAN AIR POLLUTION DISPERSION HOPhTj"

The application to Pretoria has revealed the capabilities and the

deficiencies of some of the mathematical models which are used for

estimating the concentration levels of atmospheric pollutants in the
city air. It has also indicated the potential for refinement of inli-
vidual models and for

improvement of their performance. In this chap-

ter refinements to the Cifford-Hanna simple model and to the Gaussian

plume model for multiple sources are described. They include considera-
tions of diurnal and seasonal variations in the atmospheric stability

conditions in the Gifford-Hanna model and spatial variations 01 wind and

stabilit j fields in the Gaussian plume model for multiple sources.

6 .1 The refinement of the Gifford-Hanna simple model

In view of the potential cf the Cifford-Hanna model to edict

mean pollutant concentrations under near-adiabatic conditio.is it is
eu' orising that th, model has

been utilized to its full capacity

to include considerations of changing a-nosphnric stability. Obser-

ved diurnal variation of the stability factor C was first used by
Hanna (197?) to determine mean concentrations of carbon monoxide in
several parts of the United Stites. By contrast, the application of

the Gifford-Hanna simple model to estimates o: SO, levels has been

limited to atmcspheric conditions of neutral stability As the value
oi! the factor C is known to vary with the pollutant species (Gifford
and Hanna, 1973), being generally lower for sulphur dioxide than for

inert pollutants such as carbon monoxide, there is a need to investi-

gate the diurnal and seasonal cycle in the magnitude of C separately

with respect to SO, concentrations.

6.1.1 The diurnal variation of the stability factor

Hourly v-'.uc- wind speed and SO, concentrations were measu-

red at seven sites in Pretoria during the winter 1977. Figure 6.1

shows the mean diurnal variation of the concentration in the city



110

m m
m i

Jjizz r.rrr, T

the equation

6 .1)

c . H-"A




~5— «

VOCAL TIME (HOUHS)

A liucnnl

StAbility factor



to a data set other than the original one used in the course of
the derivation. A detailed search for independent data has re-
vealed that the best available information which could bn used
for the verification is a series of measurements carried out du-
ring the winter season 1969 in Pretoria by Kemeny and Halliday
(1972) . The measurements include hourly mean values of wind speed
and S02 concentrations at a site in the central business district.
However, the available information does not include an estimate
of SCX emission rates for 1969. The emission inventory for winter

1977 has been used instead in the process of validation.

The use of a later emission inventory 1is not expected to
influence significantly the spatial and temporal distribution
of atmospheric sulphur dioxide as the location of the sources
and the diurnal pattern of emissions during the same season are
known not to have changed over the eight-year period. The inten-
sity of emissions 1is 1likely to have changed owing to changes in
consumption, production rates, installation of new equipment and
the chemical composition of the combustable fuels. An indication
of the magnitude of the difference in the emission intensity may
be Stained using observed concentrations reported by Kemeny
f1'?2») in an analysis of long-term trends in sulphur dioxide le-
vc.s. A comparison of the mean winter SO” concentrations in 1lYe-
to.ia shows an increase of between ten to twenty percent from 1969
to 1977. As the actual difference in the emission ra”“es will be
of the seme magnitude, the use of the 1977 emission inventory
In the 1969 data set does not invalidate the results of the fol-

lowing evaluation.

The contribution by area sources to the winter 1969 SO” concen-
tration at station No.l in Pretoria has been calculated from the
emission and wind data and the hcurly values of C in Figaro 6.3.

The contribution by point sources has been estimated using the Gauss-
ian plume model and accounted for about 13 percent of the total pre-
dicted value. A comparison of the predict »d mean diurnal variation

of SOj concentrations for June 1969 with observations in Figure 6.4
indicates a close association between the two. In addition to simu-
lating the mean diurnal variation over a period of a month, selected

case studies have been used to assess the performance of the diurnal
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model in more detail.

24 June 1969

The wind conditions observed on 24 June 1969 correspond
closely to the mean winter pattern given in Figure 6.2. Out-
side the period of convective activity during the hours of
intensive solar radiation, the wind speed was low and the wind
direction uniform and steady. Comparison between the predicted
and observed hourly concentrations of sulphur dioxide for the
24-hour period 1is shown in Figure 6.5. The correlation coeffi-
cient between the two sets of data is 0,83 and the mean relati-
ve deviation of the predicted values from the observations is
12,3 percent, indicating a close approximation to the observed
temporal pattern by the model predictions. The slight over-
all ovcrestlmation by the model may be attributed to the higher
emission rates which ha/e been derived from the 1977 informa-

tion.

18 June 1969

On this occasion the observed temporal pattern of diur-
nal variations was well approximated by the model predictions
(Figure 6.6) yielding a correlation coefficient of 0,85. In
contrast to the previous application, the overall overestima-
tion by the model is more pronounced and cannot be explained
on the basis of 10 to 20 percent innacuracies in the emission
estimates alone. In this case, the mean relative deviation
of the predicted values from the observations is 55,4 percent.
The relationship between the variables in the model equation
indicates a linear response of the predicted concentration
to changes in the ratio (g/u) and in the factor C. Hence,
the overprediction by the model shown in Figure 6.6 can also
be Induced by an underestimation of the magnitude of wind
speed at the site of application or by an overestimation of
the value of C. The systematic nature of the prediction error
suggests that a slight general overestimation of C in combi-
nation with the use of higher emission rates are responsible

for the increase of the deviation.



Figure 6.6 Comparison of estimated and measured S0, concentrations
in Pretoria on 18 June 1969



4 - 5 August 1969

The comparison between the predicted and observed hourly
concentrations for thi period of 4 - 5 August 1969 in Figure
6.7 shows a high degree of correspondence except in the late
evening of 4 August )969. The observed concentration rose
sharply from about ZOhOO to 23h0O0 and reached a peak value
of 150 pg/m"* shortly before midnight. Thereafter the observed
concentration began to decrease and close agreement between
the observations and the predictions was reestablished at
about 02h00 on 5 August 1969. The magnitude and time of the
evening peak of 4 August must be regarded as an isolated and
anomalous phenomenon caused by a distinct change in dispersion
conditions not reflected in the model. The mean hourly values
of wind speed and wind direction during the period of inte-
rest were recorded at a nearby site and are shown in Figure
6.8. During the morning of 4 August, generally low wind condi-
tions prevailed until approximately 09h00 when the established
mean pattern in the wind speed cycle began to develop. The
wind speed, however, failed to return to its nocturnal level
and a sharp increase was observed at 17h30. The sudden increase
of speed was associated with a change of the wind direction by
more than 100 degrees (Figure 6.8). By about 02h00 on 5 August
1969, both the wind speed and direction returned to the levels
observed during the previous night. Hence, the observed peak
in the sulphur dioxide concentration during the period of 1local
disturbance of wind flow c”n best be explained by transport
of the pollutants from a strong source which was situated di-

rectly upwind the receptor when the wind direction changed.

6.1.2 The seasonal variation of the stability factor

In order to determine seasonal variations of the stability
factor C in the Gifford-Hanna simple model experimentally, it would
be necessary to maintain the monitoring network fully operational
throughout the year and record mean values of SO” concentrations
and wind speed simultaneously at a number of stations. The main-

tenance of such a monitoring network not being feasible, an al-
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Figure 6.7 Comparison of estimated and measured SO, con-
centrations in Pretoria on 4-5 August 1969

4-5 AUGUST 1969

*r

LOCAL TIME (HOURS)

Figure 6.8 Observed variation of wind direction and speed
in Pretoria or. 4-5 August 1969. The dotted 1line

shows the :n wind spec' cycle in winter



tcrnatlve approach has been adopted, In which an objective

weighting scheme is employed to determine »he seasonal variations

of C,using only a limited amount of data. The hourly winter va-

lues of C have been integrated into daily and monthly averages

for each pair of observations (Table 6.1). The mean winter value

for the whole of Pretoria has been calculated as the arithmetic

mean C - 55,3 with a standard deviation of 17,3.

Monitoring station Area source Rel. contri-

(number) strength bution of C » SE?A
area sources
502 hind (pg/m2 s) (xA/x)
No.18 No.1l 1,43 0,88 76,0
13 12 0,02 0,01 30,0
16 11 0,07 0,08 69,9
17 4 2,34 0,97 39,2
12 1 1,25 0,85 38,8
14 2 0,95 0,55 62,9
10 13 0,46 0,51 70,5
55.3
Mean
Standard deviation 17.3

The seasonal variation of C is estimated by weighting the obser-

ved winter value against the information on the variation of

occurence of individual stability categories during each season

It has been shown -arlier that for an area of constant sire

the factor C is a function of the atmospheric stability, viz.
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Variations of C with stability categories can therefore be ex-

pressed as a ratio

<6-2>

where C (i) represents the value of C for an arbitrary stability
category 1 and C(R) 1is the wvalue of C for a reference stability
category R. The seasonal variations of the factor C arc then
determined by the frequency of occurence of each stability cate-
gory during the period of interest. If f(i,j) denotes the fre-
quency of occurence of the i-th stability category in the J-th
season and C(V) represents the observed value of C during the
reference season W, then the mean value of C in the J-th season

Is weighted against the observed value C (W) as

c fj) = C (W) -l-———-———————- (6.3)

This objective weighting scheme has been used to extend the
applicability of the Gifford-Hanna simple model to predictions of
concentrations over periods of differing stability conditions.
Stable conditions represent the reference state of the atmosphe-
re during the winter season. The frequency of occurence of six
Pasquill stability categories has been estimated from observa-
tions at the wind recording site No. 2 for every season of 19/7.
The Pasquill stability categories have been reduced to three
classes representing the unstable (Pasquill A, B, C), neutral (¢
and stable (E, F) atmospheric conditions. The ratio y (1) has
been determined for these stability classes and a mean upwind
city size of 10 kilometres. Table 6.2 shows the seasonal values
of C calculated from the weighting scheme in Equation (6.3) and

using the observed winter value of C (W) M 55,3.

In order to verify the seasonal model the simulation of known
1969 S(>2 concentrations at station No.l in Pretoria has been under-
taken. Mean seasonal values of wind speed and the strength of area
sources in the central business district have been used along with
the seasonal values of C in Table 6.2 to calculate the contribution

by low-level sources to the total concentration in central Pretoria.
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Table 6.2 Estimated seasonal variation of the stability
factor C in Pretoria

od £ . Calculated Rounded
Perio of time value of C value of 0
Wiute : 55,3 55
Spring, summer, 19,7 20
autumn
Semi-annual

R b 37,5 35
(June-Novt-mber)
Annual 28,8 30

The contribution by elevated point sources has been added by invo-
king the standard Gaussian plume lormula. The total predicted 1969
concentrations for time intervals ranging from a month to a year

are all within 20 percent of observed concentrations (Table 6.3).

The application of the seasonal Gifford-Hanna model has further
been extended to the 1977 data to examine its performance in rela-
tion to the performance of other models of comparable degree of
simplicity. Table 6.4 shows a comparison of the performances of the
ATDL-grid model and the seasonal Gifford-Hai.na model 'nr differing
time intervals during 1977. The improvement of correlation results
for the seasonal Gifford-Hanna model is both significant and consis-
tent. The correlation coefficient Increases by as much as 0,33 from
0,52 for the ATDL-grid model to 0,85 for the seasonal Gifford-Hanna
model during the six-monthly interval. A reduction by 68 percent in
the standard error from 81,6 pg/m3 to 26,1 pg/m3 is achieved by the

seasonal Gif ford-Hanna model in winter 1977.
6.’.3 Piscussion

The applicability of the Gi fford-Hanna simple model has been

extended from the simulation of long-term atmospheric pollution






levels under near-neutral stability conditionp to predictions ol
seasonal variations in the concentrations of the order of one month

and longer. A seasonal variation of the factor C which is used in

the Gifford-Hanna simple model to estimate the concentration in
proportion to the ratio of the grid emission rate to the mean
wind speed in the area, has been introduced. The winter value of
C has been determined from observations of SOp concentrations and
wind speed at several urban sites. Using thi, wvalue as a reference
value, an objective weighting scheme hi: "~ -n applied to derive

the seasonal variation of C from observations of atmospheric
stability in each season. The verification cf the seasonal model
has cle.-rly stressed the potential of the Gi fford-Hanna simple
model as a predictive technique. A consistent 1improvement aver

the ATDL-grid model has. been obtained. Although a direct applica-
tion of the specific values of C as determined for Pretoria may

not always be possible for other cities, the simple seasonal model
is atplicable in principle to any urban area. A simple experiment

may be designed to validate or to adapt the magnitude of C during

the reference season in the specific area.

The manner in which the Gifford-Hanna simple model may be
employed . an hour-by-hour basis has also been shown. A mean
diurnal variation of the stability factor C is used together with
hourly estimates of mean wind speed and grid emission rate to
determine the contribution by low-level area sources. Large
point sturces are treated separately by the Gaussian plume model
The simple diurnal model has been verified using an independent
set of 1969 data. The results indicate a close correspondence of
model predictions to the observed temporal pattern for most of the
time. Whereas the model can handle wind variations which approxi-
mate the mvan diurnal cycle of velocity, it cannot cope, with
sudden changes induced by synoptic disturbances. Although the
mean diurnal cycle of wind speed and S02 concentrations in many
other cities 1is reported to follow a similar pattern to that wused
in the derivation of C in Pretoria, a direct application of the
numerical values of C for other urban areas must be approached

with caution. Initially a simple experiment may be necessary to

validate the mean pattern of variation and the magnitude of C.
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;0.2 TM »L ol Che Gaussian plunua model for multiple soyrccs

All aliempc. " mci.de spadal varialLiuna oE wind

atmospheric stability in the

*ctor and

nasian plume model are ,ncumbered

, Y the complexity o[ the so-called windflcld models which are used

dcacribc the transport and dispersive capacity of the planetary

boundary layer. T" the ab.ence of wlndfield rxxlel. simple enough to
t,. incorporated into a Gaussian dispersion model, the increased num-

ber of wind and stability observations in the are. may be used as

surrogate measure to approximate the real changes of the meteoro-

”

logical parameters in the shallow layer above th. ground. Using

multiple observations, spatially and temporally variable fields
may be constructed by applying intcrpolative schemes. In the inter-

polatlve schemes the val of a meteorological variable P at a point

of interest (x, y) 1, estimated as a weighted average of the measu-

red data at S observation sites. If W, (t) denotes the weighting

factor of the observation ac the site s and time t, tiu interpolate

horizontal component of F may be expressed as

where Ps (t) 1s the observed value at the site s and time t.

WendeU (1970) has used a simple time interpolation scheme to

the -lad ,= th. tl1l™ of Interest , fro. the v-rettdlns

observation et tl« t,.

The oeighttng f.ctor w, (t,) » given -

(6.5)
W(tr) ' —m—m——— o

Similarly, the weighting factor for the succeeding observation at

time t; 1i~*

ro 1 (66)
wWs*2) Y t2 -1

Me Mullen (196't) has suggested a schem * in which tin rimrlc line

relatinn'hlp is repl.ced by integrated values of the inverse square



of the tin* lapse as

"oe (t1) */7 7 4 "

and

dt

and the point of interpolation,

tance as

we s e (- 4T)

6 2.1 Th. generation rf
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;13 hlL « T = 1L r x*=rr«

"I

viz.

and

(6.7)

(C-8)

(6.9)

(6 .10)



may be obtained as

The relative significance of ea-h observation tc the interpolated
frequency function is controlled by the square of the distance
rfi between the point of interpolation and the observation site.
The application of the interpolation scheme to generate horizon-
tal wind and stability fields in Pretoria is illustrated in Fi-
gure 6.9. There arc thirteen observation sites at each of which
hourly values of wind speed, wind direction and atmospheric sta-
bility category are available. When the pollutant concentration
is to be estimated at the receptor R, the dispersion conditions
at that point, are described in the model by the composite fre-
quency function which is determined from Equation (6.11). So

for instance, the relative weight of the observation at the site
No.4 to the frequency function at the receptor is proportional
to the distance as ( 1/r” ). The nearest observation (Site No.
13) is the most heavily weighted the most distant observation
(Site No.10) is the 1lightest. By contrast, in the weighted ave-
rage at the point R1 the observation from the site No.10 1is the
most significant and the observation from the site No.13 1is the
least significant. By using a network of regularly spaced recep-

tors a horizontal wind and stability field is generated.

The generated horizontal fields have been utilized in the
Gaussian plume model to predict the 1977 SOg concentration? '
Pretoria. At each point of calculation the composite freq" r
function has first been evaluated on an hourly basis usfu 11
thirteen observation stations. Then, the weighted value o
frequency of occurence of sixteen wind sectors, five wir r i
classes and six stability categories has been used in the t

equation, viz.

v Qm -fdm.J. k)
2n rmuG) Vrm.kT CXp " 2* (*k) eXp (~ At)

(6 .12)



Figure 6.9 Application of an interpolation scheme to generate
horizontal wind and stability fields in Pretoria.
The arrows show the wind direction and the symbols
A-F Pasquill stability categories at observation
sites. The points of interpolation are indicated
by R, R'

to determine the contribution by all point sources. The same pro-
cedure 1is repeated for the area sources using Equatron (4 12)

When the total concentration at the receptor has been estimated,
the next receptor point is introduced, the corresponding composite
frequency function is evaluated and used in the model equations
etc. tigures 6.10 and 6.11 show the resulting isopleths of predic-
ted SO, concentration for winter and spring 1977. The correlation
between individual pairs of predicted and observed values at the
stations in Pretoria is shown in Table 6.5 for various time inter-

vals .
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6.2.2 Discussion

The spatial variations in the transport and dispersive proper-
ties of the atmosphere have been approximated by a simple inter-
polation scheme in which horizontal wind and stability fields are
generated from multiple meteorological observations. The measure
of realism in the generated wind and stability fields is iniluenced
by the density of the obseivati”®ns. Table 6.6 shows a consistent
improvement in the correlation between predicted and observed 50,,
ooservations in Pretoria when an increasing number of meteorologi-

cal observations are used.

The aim of the interpolativc scheme has been to provide a rela-
tively simple information for use in the Gaussian plume model with-
out considerably increasing the mod"! complexity and computer run-
ning times. By making use of the composite frequency fvnction which
combines the wind vector with the degree of static stability, a ba-
lance between the transport and dispersion “urms is maintained at
each point in the urban area. This balance, however, only applies
to the horizontal component of the transport term as no considera-
tions are given in the model to changes of wind direction with height.
By contrast, the variation of wind speed with height 1is included in

the model by invoking the power law for wind profile.

In order to review the performances of Individual urban air pollution
dispersion models in the Pretoria situation, and to illustrate the impro-
vements in the accuracy of predictions which have been achieved by the
refinements described in this chapter, a summary of the correlation between

predicted 1977 concentrations by each examined model and corresponding

observations is shown in Table 6.7.

When multiple meteorological observations are used to generate wind
and stability fields in the Gaussian plume model, a reduction of the stan-
dard error of estimate and an increase of the correlation coefficient are
consistently obtained as compared to the performance of the original Gauss-
ian plume model. A higher degree of improvement in the model performance

has been achieved for the spring season than for the other time intervals
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CHAPTER 7

SUMMARY

An exact mathematical description of pollutant dispersion in
city atmospheres 1is made impossible by the intractability of the ba-

sic equations derived for the atmosphere from the principles of con-

servation of masa, momentum and energy. Several approaches have been

proposed in which various degrees of idealizations a e introduced

with the aim of obtaining approximate solutions for use in dispersion

models. The theoretical difficulties are often compounded by the multi-

tude of input information which is required for the execution of a

computerized model and by the computational effort involved in the

simulation. As a result a variety of urban dispersion node Is nave

been developed for a wide range of applications concerning the atmo-

spheric pollution of cities .

In this thesis the use of mathematical modelling of urban air

pollution has been reviewed. Attempts have been made to identify cri-

tical parts of dispersion models in general, to evaluate the perfor-

mance of Gaussian models of a varying degree of simplicity in Pretoria

and to delimit and to refine dispersion models for practice te in
South African conditions. The specific results of Me investigation

can be itemized as follows:

A. APPROACH TO MODELLING URBAN AIR POLLUTION

Based upon a M areful review of existing urban
air pollution models it has been thown that
a whole spectrum of models must be considered

for application to the city a mospherlc envi-

ronment. This 1is contrary to modelling disper-

sion of atmospheric pollutants from Isolated

sources for which the Gaussian model is widely
accepted as the best applic iblc approach.

2. In regression models statistical analysis ot

a number of variables 1is used for estimates

of future concentration levels at a specific

locality in the city. The regression models give



a quick a.iswer in applications where the possible
effect of a change in a major variable such as the
cmiscion rate is the main consideration.

A simplistic approach to the physical basis of
pollutant dispersion has been taken in the box
model and the ATDL-grid model. The simple models
are best suitable for predicting mean concentra-
tions in urban areas in which the emissions are
evenly distributed and the variations in emission
ra'cs with position are small.

The Gaussian models, with their assumption of nor-
mal distribution of pollutants in the ctmosphere,
have become the most widely applied technique for
describing dispersion oi quasi-stable pollutants

in steady-state conditions. In contrast to the plu-
me model, the puff model can handle dispersU i
under low wind conditions which often lead to a
build-up of pollution in cities.

The principle of mass conservation is the basis of
the gradient transport models in which the dispersion
is related to the gradient of pollutant concentration.
The main domain of these models is the simulation

of the behaviour of chemically active pollutants

in the city air.

The main characteristics of urban air pollution
dispersion models and fields of their application
are summarized 1in Tabic 7.1. Three of these, the
Gaussian plume model for m»l'iplc sources, the
ATDL-g.id model and the Giffotd-Hanna simple model
have been investigated in greater detail in the
Pretoria urban area.
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THE GAUSSIAN PLUME MODEL FOR MULTIPLE SOURCES

The Gaussian plume model realistically simulates
long-term concentrations of atmospheric sul ur
dioxide in the Preto ia urban area. Likew* it

has been shown that the performance of tr>

does not significantly vary with seasonali. - d

changes 1in dispersion conditions.

The occasional occurence of higher deviations in
predicted wvalue of air pollution at some of the
receptors in t area has indicated that the sound
overall performance of the model cannot be inter-
preted an a proof of its capacity to estimate pollu-
tion levels at all sites with the same degree of
accuracy. The accuracy of predictions at individual
sites 1is affected by the treatment of the spatially
variable wind and stability fields in the model.

3. When single-point meteorological measurements are
used to represent the dispersion field within the
whole city in the original Gaussian plume model
for multiple sources, the subjective s,lection of
the observation site has been shown to become an
important factor in the model. In the case of Preto-
ria, the mean relative deviation of predicted from
observed SO; concentrations varies with the loca-
tion of the single-point measurement from -73,2 per-
cent to +48,3 percent of the obse.v 1wval s.

4. A consistent improvement in the correlation between
predicted and observed air pollution levels 1is ob-
tained when an increasing number of wind and stabi-
lity observation sites are used to simulate spatial
variations in the dispersion conditions over Pretoria.

The multiple meteorological observations have been

used in an interpolation scheme to generate horizon-

tal wind and stability fields in the urban area.

5. It has been shown that the interpolation scheme c¢ >
successfully be employed in the Gaussian plume model
without significantly increasing the model complexity
and computer running times.

A balance between the transport and dispersive pro-
perties of the atmosphere ha.; been maintained in the
model by using a composite function which combines
the wind vector with the degree of static stability
at each point in the urban area.

In contrast to the situation in the real atmosphere,
the supposition that, the wind does not change direc-
tion with height has been retained in the model. As
It has been shown that the distribution of pollutant
concentration in a city is dominated by the low-level
sources, this deficiency is not expected to invalidat
the results of future applications of the model.
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plume model for multiple sources may successfully

be employed to pred' t long-term concentrations of
quasi-stable polluta.ts. The use of multiple meteo-
rological observations in the mcd<1l will improve the
realism of t-.dividual predictions in urban areas whe-
re dispersion conditions vary markedly with position
in the city.

The regquirements on input data collection and compu-
ter running times for the Gaussian plume model in-
crease considerably when a high spatial resolution
of predicted pollutant concentrations is desired.
High total cost of the simulation must therefore be
expected.

The refined Gifford-Hanna model, on the other hand,
provides a fast and inexpensive methodological basis
for predicting hourly, monthly, seasonal and annual
air pollution levels from multiple urban sources,
especially in applications where modest requirements
on the data acquisition programmes and low costs arc
the main considerations.

In addition to the selection of the appropriate type
of mcdcl, the accuracy of dispersion estimates is
dependent upon the accuracy and representativeness
of the input parameteri. A careful monitoring and a
correct use of input data have been shown to consti-
tute an important step in the methodology of disper-
sion modelling.

The experimental programmes designed to collect data
for model implementation may be rationalized by ana-
lyzing the sensitivity of the model to variation.' in
the input parameters. A cost-effective application ot
mathematical dispersion model can be achieved wi.hout
reducing the accuracy of predicted concentrations of
air pollution by emphasizing the monitoring of those
parameters to which the model 1is most sensitive and
by limiting the monitoring of the remaining input.

The sensitivity analysis of the Gaussian plume 'odd
for multiple sources has shown that the predictions
of concentration levels of sulphur dioxide ire most
sensitive to variations in the emission rates, the
vertical dispersion coefficient a. and the variables
in ihe compudte frequency function, i.e. the wind
Sp-ed, wind direction and atmospheric stability.

Pindom errors of the order of magnitude in the input
cita have been shown to have little effect on the pte-
diction (.suits in the multiple-source environment o

a city. By contrast, systematic errors in the input,
even of a lesser magnitude than the random errors, hove
been shown to have a significant effect on the disper-

sion estimates.
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In this thesis mathematical modelling of air polletlon dispersion

in urban area, ho, been investigated.

Ho substantial evidence ha. been
found to suggest the existence of a unlguel, applicable ~
del. in general, the selection of the best applicable model 1. dictate

by the nature of the specific p.-blem, the avail.billty of suite 1=

experimental data and computing facilities. Such has been the case In

the Pretoria study. On the basis of the research carried out, the often

expressed notion that simple model, cannot provide a satisfactory

description of atmospheric pollution In urban areas must be rejected.

the contrary, the performance of the refined Gifford-Hann simple
model 1in the Pretoria urban are. ha. been slightly better than the per-

formance of the Gaussian plume model for multiple sources for Co out

of three time Intervals examined. The simple model, are. however, sub-
ject to large error, if applied indiscriminately to di.per.lor .stl.a-

tes under anomalous atmospheric conditions.

A substantial improvement on the i-.dUt.

past usage of the Cifford-

simple model has been made by developing seasonal, monthly «""',.r-

iy equivalents of the original annual model. The way, in which this has been

achieved had on purpose been chosen to be simple and inexpensive. The Gauss-
ian plume model for multiple source,

has likewise been refined by including

horizontal wind and stability field, in the dispersion model. Once again,
a simple interpolation scheme is used to derive the informatron from inex-
pensive meteorological

arvations. In addition to those contribution,

several aspect, cone L«

air pollution modelling in a new area of applies-

tion have been eluridated.
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pollution 1is largely controlled by the diurnal and seasonal cycle of

wind and stability regimes.

Sustained economic growth and a clean environment are equa’y
required to ensure the well-being of an industrialized society. The

present commitment to usage of coal and petroleum products as the do-

minant energy sources demands that economic policies arc considered

in conjunction with environmental concerns. A positive air pollution

control policy, anticipatory in its nature, 1is needed to ensure con-

tinuing economic development and to prevent a significant infringe-

ment upon the quality of atmospheric environment. For an effective

control and abatement of air pollution, it is necessary to relate key

aspects of the control policy such as the placement of new emission

sources and the required reduction of existing emissions with the pro-

duction tu pollutant concentration at points of social concern. Thus,
a judicious use of air pollution dispersion models must be a central

piece of any present or future air pollution strategy aiming at achiev-

ing a balance between growth and clean environment.



APPENDIX A

EXACT SOLUTIONS OF THE DIFFUSION EQUATION

The diffusion equation for concentration of particles

in three dimensions has the form (Sutton, 1953)

& =K 'K ny11e

where x, K , K and K, are apace and timedependentvariable, . Analyl cal

solutions of Equation (A.I) have Dbeen obtained for a number of special

cases. In all the treatments Equation (A.I) 1is first reduced to the

two-dimensional form

& *5ii ¢ 5si - « K*si (>

where u - Nand w —-(]])are interpreted as the mean values of wind

velocities”along the x- and z- coordinates respectively. Physically,

Equation (A.2) describes the dispersion of non-reactive matter released

from aninfin'te crosswind line source. The special forms which have

been adopted in order to obtain exact solutions of Equation (A.2) include
(1) the time dependence ,
(i1) the functional form of the velocity variables u andw,
(iii) the functional form of the eddy diffusivity K”», and
(iv) the geometry of source.

In most investigation, a steady-state conditions have been assumed
thus renv".'-: the dependence of all variables on time. The summary of

selected exact solutions of Equation (A.2) 1is presented in Table (A.D

for a line source geometry and 1 Table (A.2) for a p-int source geo-

metry. Investigations in which the term(”)has been retained for the
solution of Equation (A.2) are marked in the column I of Table. (A. an
(A.2) as time dependent. The time dependence concerns only the term(-tJ
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Table A.2. Summary of cases for which exact solutions exist for a point

source geometry

Functional forms

Reference Tine -
dependent t 5 K
Roberts (1923) Yes () 0 K I(r
Smith (1957) U(z*h)'/2 K(z*1i),/Z2 Kv (z>h)U
Yordanov (1965) \," () K,z
U2 0 K2AB
Yordanov (1968) Yes () 0 K,."
Yes 0
Yes 0 K.z"
Yes () K, (al)n

Calder (1971)

Peters and
Klinzing (1971)

<<

Heines and
Peters (1973) \

Lebedetf and Hame'-d m

(1976) ki ‘.

0 R

utkz

o o~
o O eNeoleNelNeoNoNol el



APPENDIX B

VERTICAL PROFII IS OF WIND VELOCITY AND F.DIVi DIFFUSIVin'

The knowledge of vertical profiles of wind velocity and eddy
diffusivi ty in the atmosphere is required in mathematical models of
urban air pollution in which f'ae gradient transport theory has been

invoked to describe the process of dispersion.

B.I Vertical profiles of wind velocity

Following the dimensional analysis of the main flow parameters in

in the surface stress layer (Monin and Obukhov. 1954) the mean wind

variation with height may be expressed as

(B.I)

"here k 1i» the von Karman constant and T. is the Mon in-Obukhov length.
The parameter u” 1is called the friction velocity and depicts the

vertical variation of the shearing stress T an

where p is the density of air. The friction velocity depends on the
magnitude of the mean wind velocity, the atmospheric stability and the
characteristics of the surface. Typical values of the ratio between
the friction velocity and mean wind velocity at the anemometer height

are listed in Table B.1l.

It can be shown that the asymptotic solution of Equation (B.1l)
under near neutral atmcspheric conditions assumes a logarithmic

form
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Tlr .suridi.t roughness length 2z represents the aerodynamical rough-
ness of the surface. Typical values of the surface roughness length

n>t 1i. ted in Tabic H,I.

Tab.n I..'. Typical values of the surface roughness length and the
ratio (ue/u) (after Pasquill, 1974)
Thermal stratification Neutral Unstable
Witia speed (m/sec) 10 5 2
zo 1'cm) Surface Ratio (ut/u)
0,1 Very closely mown grass 0,04 0,05 10,07
i Short grass 0,06 0,07 0,09
3 Long grass 0,07 0,08 0,10
>0 Rural-agricultural co lex 0,10 0,11 0,15
100 rorestr, urban areas 0,17 0, IP 0,23

Thermal stratification of the atmosphere causes considerable
departures from the logarithmic profile and the universal function
in Equation (B.l) must be evaluated for various tlability conditions.
Wlan the function is expanded in Taylor series and only the first

two terms

(B.4)

<t> 11 tained, a log-linear profile

u (2 ul(fj (R.5)

it. obtained by integrating Equation (B.1l). The wvalue of the para-
meter 1 in Equation (B.5) has to ' determined experimentally.

Welb (1970) it'is proposed the valui of a B 5,2 for stable conditions
ant; a i,5 f.-i un labli condition . Bus itiger (1966) has suggested

u oi i table ndition- and the use of an alternative form of



the function 4m for uv.-table conditions as

Several interpolation formulae have been suggested to describe the

variation of wind speed with height above the surface stress

layer.

Blackadar (1962) has modified the log-linear profile derived for thv

surface stress layer by including the effecu of the Corxolis force.

Hie profile is gi\"n as

u@ - n |z * 14 & €&

where the symbol refer, to friction velocity calculated at the

surface and f is the Coriolis parameter. Some of the alternative

expressions are shown in 'table B.2.

VerHtsl profiles of eddy dTffusivitl

The simplest form describing the vertical profile eC the eddy

diffusivity Kz 1is consistent with the power law for the variation

of wind velocity with height. If K, 1. a known value of at a

,ei»ht the rower law may be written, following Sutton (1953) as

IGZ ca ,Z\ n

(B.8)
K . (ZD)
conjugate law
(B.9)
nel-mnm

The available experimental evidence (Coht et”aK, 1672, Iktbt

Shimo, 1972) indicates a close range of values from n 1. >

in some dispersion model, more complex forms of K, havebeen

used. It follows from the similarity arguments that Kz is Hneeo

portional to the height 2z under neutral conditions
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(B.10)

(z) * kugz

is ust-d

L,.1 tome ot the eddy diffo.W - « b v

luramarized in Table B.2.

Gaussian variance of plume distribution J,

1Ao02\ (B.12)
1 £
2 \dt

:0r zo

L .—vI ana Pooler (1968)
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APPENDIX C

AN EXA PEE (V TiiK WINI) DATA FOk TVLY 1977 IN PRETORIA

All wind speeds are given in kilometres per hour.
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