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. - - Background concentrat1ons=of sulphur d1oxide,1n ambtent air . !

o

~ are est1mated by app1y1nq the K. W., RagIand "Mu1t1ple box mode]“ tg
Pa s © . the ﬁontrea] city center To utilize the model, four 1nput para-

3

meters are necesSary They are: the mean concentratlon per box, the

- source strengt?, the advection aﬂd the,diffu§1on Routineg}oeal

measurement

\i « o

f S02 concentrations, temperatures and W1nd
b e
‘are used to.calculate the four input parameters

e]ocities

In1t1a11y. a method ;o est1mate the surface wind ve10c1t1es

at city center in.a neutral atmosphere is developed Based on the, ,

°

-~ -  estimated wind velocities.a vertical'wind velocity profife-is developed.
: . : . . - NS
It compares well with that deduced from measurdments- in other North

American cities in neutral atmosphere.

) As a second step, three box model set ups are developed, however,‘
o Tow background concentrations are gtta1ned below the mean, roof Jevel, o
h N LY
- They are ‘mainly due to the 1naccuracy of the model below the mean roof S

1eve1 ; ' o \ ' '

»
. 3

: Above the mean roof level, good resuPts are obtained for box

. A * h )
set ups having equal height. Smaller box height pro{ide a better accuracy

i
of estimation..
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v * INTRODUCTION

. - Air pollution, simply staked,'is the presence Sf‘foreign mattgr
in the air. The many c]assiéications of pollutants include almost any
natural Br artificial composition of matter capaple of being airborne.

The classes 69ér1aﬁ, but two.broad categories are particulate and gaseous -
emissions. * ‘
R ' Aif pollytion can arise from a multiplicity of sources, byano
means all of which are industrial. Mos;\commqnly. of course, it is man-.
r\\ ‘ Tade. a by-broduc% of our growing population andyinpreasingly urbéhized,l
industrialized and complex society. ‘bﬁ far, one of”the most common air
po]]qtants in an urb;n environment 1s sulphur dioxide (S0;). The prinary -
souree Of‘SOQHiS the combination of atmospheric oxygén with tﬁe squhu; '

-intertain fossil fuels during their combustion. " The total emitted

" quantity of ‘SO, is, thereforfe, directly related to the sulphur content

T
\

=

. P ] Y
and total quantities of the principal fur]s used in a community. SO0;

=3

;iif%} \ poldution problem is Fhus more severe in citigs {n:co1d c]ihate;such a3
. Montreal, due to increaséd use of fossil fuels as F heat Soufce. -
‘ S0z is'a'c61or}e§s gas with a suffocating odor and cqﬁses‘
damaggs to vegetation and‘hgmaﬁ‘health such as broncﬁiti§ and cafdio-

respiratory diseases. " To Timit these damages aif pollution is controlled

¢ ¢ . -
hd -
) —_—
)‘ 4

> - - o~
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and air qu}Iity standards are estabiﬁsned. The S0z %ource emission . -
rates are contro]led to meet\the air qua]ity standards. Since spacial

air quality measurements are expensive, ambient air quglity models have
beenideveloped as a means ‘to relate air pol]utant emission.rate to
atmospheric concentration. Most of these ambient air quality models

simulate the complex urban atmospheric air pollution processes. Here,

v . ’ t ’

the pollutant concentration at any,1oqaiion is influenced by the two
following pollutant sourcea. | .

- 1. Local emm1551on

Q .
2. The pollutant concentration of the air advected from the back-

?

ground area.

.

Ba51ca11y, there are two types of models available in the Titera-

- a) Statistical models
] - ,ml o b) Deterministic models )
Statistical Models ' N .
They ;re diffusion modeis in which all pollutants emitted by a

N\

sgurce are within a single piume. The central axis of that plume is’ the
direction of the w1hd The po]]utant concentration is assumkd to follow

- a three- dimen51ona1 (x, ¥, 2) Gaussian distribution. The three dimensions

4

Care: . -

1) The wind direction (x) . 0 S

3

2) The crosswind direction'(y)
3) The Vertical direction (z)
The emission source can be idealized either by a point or a 1ine source.

A line source is an em1551on source which is spread out uniformly over

. a finite strarght line. However, the multiple’urban emission:sources

are spread out over a region which is. called an are§ source. Modelling
/ 0 ‘ N B ¢ - . »;
- . !
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' used:

as the m1x1ng height.

f

of area sources by statistical models is carried out by 'subdividing the

area sodFEE‘#ﬁ%o subareas .The emission sources of each subarea are

converteg into a virtual point samrce (1) or a line source {2) of a

§ =~

certain total emission rate (mg/s) and the pollutant concentration at. a

given location is determined by applying the principle of‘%upefposition.‘
In thg}statfstical approach, two unienab1e assumptions are

Y . )

Q

1) The plume spread observed for a point source is assumed to

hold for area sources. ‘ \ ’

. | . . , N
2) Constant mean/wind velocity is assumed in the mixing layer.

-

The mixing layer is the ground based atmospheric layer above ﬁhiqh the
oollhtants*lo not rise dué to a change in fhe vertical temperature pro-

file of the atmosphere. The height of thigs layer is generally termed

~

Deterministic ﬁode]s b -
< There are two types of deterministic models: f"a )
\' - ) 1) The trajectory models.
2) The box modéls. » )

-

IrgjgpipLquykﬂg; Any. trajectory model attempts to describe

the change in concentration in a coordinate system which moves along a

. surface wind trajectory. It is a time dependent‘hbdel. The Erschenroéder

N
and Martinez model (3) is a typical trajectory model. This model is best
.

suited for the description of atmospheric transport of pollutants of
moderate reaction rate. - ~ ,

Box mode]s: A box model is the simplest method to simulate

an area source. Here, the mixing layer extgnding over a given area source

* : l : w
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is divided into an array of control boxes." Tﬁis array of control boxes
may extend to ;he mixing height. The numerous emission squrces.are assymed
to be un1form1y spread out over the area. Box models may be/ subdivided
into two types: . ' ‘ o

1) The box models based on the atmpspheric diffusion equation.

" The model developed b; Shir and Shieh (4) is a typisgl model

of thig catégory. Here it'may Be noted tﬁét the tempgrature

variation within the area source is ignored. ’
2) The box models based on the law of‘coggé;ﬁation of mass.

The Reiquam model (5) and the Ragland model (6) are the two

important examples o% the models of this type.

8

" The Reiquam model which makes use of a row of boxes extending from the -

ground to the mixing height is %ot accurate enough. On the other hand,

in the Ragland model the effects of the mixing height are also incorpor-

ated. Thjs model is used 1in the present investigation for evaluating ‘
the ambient air background concentration of SO, a few hundred meters up)
wind of the Montreal uagan commun1ty samp}ing station 1. Location of

this sampling station is indicated in Chapter III. Emphasis is put on
. I . - ~
surface background concentration. ‘ ‘

LY A
N

-~
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DESCRIPTION OF THE RAGLAND MODEL ‘
b, . . The Raglénd mulfipie box model (7) allows the estimation of
. ' thé steady state distribdtion of the ambient air concentra%ion of.pollu-l
_ tants in a narrow atﬁnspheric corriddr. This atmospheric éorridor is
% :1ocatéd within the mixing layer and is or;enQed in the direction of the ‘
. wind. This atmospheric corridoriis divided into an-array of control
, Soxes. = |
. The model 1is basedyon the app]icationlof lﬁg'1aw of conserva-
tion of mass to each control box in steady state conditions. Poliutdnés
R , are assumed ‘.:tol undergo no chegnf‘1 réa‘c\tion in the atmosphere.
' ! A The basic assumptions associated with box modelling may be
described as follows: R |
1. The po]]utant concentration in each box-is assumed éo be uniformly ~
M distributed. : .

2. The poltutant coﬂcéntration)gf the aif advected into each control
bok,from thé background area is assumed to be uniformly didtripu-
ted- both in the verticé] and crosswind directions.

R 3 Thq'vertécal wind velocity pFéfi]e at the centre of the control
‘ box is assumed to befconstani through the entiré°contrq1 bo -
‘ 2 As shown in Fig. 1, the model involves five parameterss:

\.“t,o
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unit area of ground’ surface sources.. ' _ -

2. ‘Thqgédvec jon in a 8’; of box 1: a; (both in mi/S}. .
The diffusion in (e ]) and out (ei) ‘of boX i (both in m’/s)

2
i Tt P‘.Mr“rw R T

3
' 4. The pollutant concentrat1on C; within i box (mg/m3) : N
5 Ihﬁéﬁp11utaqg\\fgkground concentration Bi (mg/ma),pf the atr entering

the box 1.

13

In a particular situation the model could be used to evaluate -

any one of the above five jarameters with the knowledge of the others.
»

The parameters‘unQer ites 1 through 3 depend on numefous environménia]

\ variables such as: wind velocities and their respective vertical gradient,

( f
N ) height above ground, .]Jocal surface t?mperatures, fpssil fuel consumption -

in box 1 and the box dimensions. The values of these variables may be ob-

A o+

tained from the 1oca]"environmenfﬁl'data files. The po]1uta?t concentra-

o - tion at any po1nt in the 1oca11ty of investigation may be deduced by a
{ L
single oy f1n1te number of measurements w1th1n the area of 1nterest (C )
»
or in the immediate background area (Bi)'
' K

@

* It may be ﬁorthwhi1e~tp briéf]y review.the effects of some of ;ﬂ

the above impdrtant environmental variables on advection and diffusion.

1

Ly

1. Adbectioh ‘
Advection is the horizontal componén; of atmosphetiq ventilat%gg!r.

Itlis governed by the mean wind velocity (é}. It is respontible .for

garrying the pollutants from the backgroand of concentrati;n (B3) into the

box (of concent#ﬁtiqn Ci).~and also remove pollutant from the box (9).
Thus advection helps to increase or decrease the pollutant concentration

A}

¥nside the box.

1

- J ‘ . = R G
i N . 23



e S
-~

e e ——
>

s

-

2. Diffusion_
Diffuéion»is‘;he mean‘ﬁ? the fluctuation component of air velocity.
The resultant of poi]utant t;ansport by diffusipn-from one box to the nexp‘.
is obtained by multiplying the differénce in concentrations within the
boxes by the diffu;ion p;fameter between these boxes. Diffusion i gbyerned,
by turbulence whichr1s high freauency f1qFtuations of wind velocity. Ft
'ié a three dimensional phenomenon of mechanical or thermal origin (10).

Al

" Let us first analyze its vertical component. “In a built up area such as

~

the Montreal city center, just above ground, diffusion is due to the aero-

s . . ' .
.)‘ J," ~ dynamic roughness of buildings and structures. At a level beyond the top
A 2 ! .

of the buildings and structures, diffusion is mainly of tﬂerma] origin.
The thermal diffusion is controlled by the temperature profile at the part-

. . . : ‘
_icular situation. There are two horizontal components of diffusion:

1. The longitudinal compoment in the wind direction which is
= 4 N N T
generally neglected. ,

2. The latera1.component in the crosswind direction. Walters
(11) considered the importapce-of retaining the laté?al camponent in the
computatfon of the 5011utant'ooncentratioh. He found that the lateral '
component may geﬁgral]y be neglected except under coﬁditions of very'u

light winds ( <0.5 m/s approximately). ’ B

, _dyﬁﬂl INFLUENCE OF THE ATMOSPHERIC STABILITY ON VERTICAL ~

DIFFuUsION

~

‘ Ina givenlatmosphere, tendency for vertical mofion of air is
called atmospheric stability. In a stable atmosphere, vert{cel diffusion
is opbosed. Conversely, 1in an unstable atmosphere, vertical diffusion

. }
is enhanced. At low wind velocities, the atmospheric stability is governed




pram—"

rate is called adiabatic 1apse rate I'y( %/m).: "

by the lapse rate r(°C/m), which is the verticaliggadient of the tempeg;l
ture profile. It is,given'by (12): &

K

sy, ] ,.
B L7 A cee e e s (2.10)

11 /s (13). The stability of a given atmosphere may be determined by

e

,compar1ng its lapse rate to that of éfreference,atmosphere

JThe reference lapse rate is the lapse rate of an ideal atmos-

phere where any.mass of airg once set in motion raises adiabatically 1n‘an

atmdsphere which is in hydrostatic equilibrium. It is known as the refer-

ence lapse rate or ad1abat1c lapse rate. (13) As such, a unit mass of
air rises s]owly in the atmosphere and expands slow]y to accomodate thq\
redﬂced pressure at higher_aititude. As the unit mass of air expands

slowly upon rising, its temperature decreases. Such an Aﬁmosphere whlch

—is in thermal equ1]1br1um is aTso called neutral atmosphere. Its lapse

The relation of the lapse rate Fa of a given atmosphere to the

adiabat1c 1apse rate Ty governs the stability of the atmosphere (14).

\ e

If: T,;>Ty: the atmosphere is considered ‘unstable and Vertical d1ffu-

is cons1)ered stable
\

and vertical diffusion is opposed. It sha]l be noted that a g1ven atmos-

sion 1s enhanced, whereas T <Fd tﬂ“atmosphere

pheric layer has only one lapse rate. There are as many layers as there

N

are lapae rate. Generally, for an urban atmosphere at night, different
lapse rates can be measured;at various altitudes (figure 2). They gen-
erally may be explained as follows:

. + Since the space between the sun and the earth is near vacdum,

the sun heats the atmosphere by radiation (15). In turn, right after sun-

P

_Generally, the wind vefocities are considered to be low when they are below

s
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-set, the earth radiates heat back to the atmosphere’. A 1ar§e auount of S
this radiated heat is absorbed water vapour ahd carbon dioxide in the S
lower atmosphere On account’of the heat lost by tge ground _the air
‘right above it is cooled. The tanperature 1ncrea§es with height eausing

-

a negative lapse rdte. Such a 51tuatioh;:3 which the lapse rate has a

4

. . i . .
negative sign is called inversign. Expepiments have shown that "the height . =~
~ ) ° »
of an ‘inversion mayﬁreech up to 500 m. ) - .
: l

Detailed observations of the spacial distribution of'temperature '

have been carried out in many cities and their surroundings. Resuits have ' /

shown that, on an annual basis, the city'center surface temperature is Yy |

‘higher than the surface temperature of the corresponding ° background coun:i

try‘(16):\ This phenomeha is calied Urban. Heat Island. The main contr bu- ’ .. L

tion to the heat ¥sland is the vertical coniection of heat leaking.Out

of the buildings or released by industrial activities. Thisg in .turn,.
xmouifies the temperature profile of the stable air advected from the back-~

ground country. ‘Modifications of the temperature‘nrbfile occurs up to

"a height where convective heat transfer is compieted "This height is the

mixing height h (m)

Successive supply of convective heat, as the air flows, over .

!

the c1ty, results in the formation of a mix1ng layer of 1ncrea51ng height ' Voo

(fig 3). This mixing layer is topped hy the unaltered port1on of the
background country ihversion.iayer which forces the emitted poliutants -
from the urban sources to remain in the mixing layer. This situation
results in the following boundary. conditions for modelkanalysis, i.e. at |
"the mixinq’hejght hS the gradient of poi]utant:conoentration uith res-

pect to the height above ground is zero (17). ‘ ' .

s

. .
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C (.8C/6z =0 for Z=h_ ). . . .. koo - (é.])

{
~

: ¢
In such cases, the height of the columns of control: boxes in Ragland model

Ed

should not exceed the mixing height hs. X ) /
) ' . / \Tr

2.2 E@UATIONS OF CONSERVATION oF MAss

-

As ment;shed 1n the 1ntroduction of this chapter the diffusion

1n the crossw1nd d1rect1on (y) is neg&gglbIe Thus, th 7bde1 may be

fully descr1bed in a two-dimensional (x,z) Eulerian system in which as -

shown in Fig. 4, the_ K x axis is oriented along the wind and the z axis

-
PR

"% ) ‘ o .
"is the vertical direction. Moreover, for each column a minimum of three

boxes are necessary to carry out further ca1eu1atjoh§: The procedure is
as follows: .consider a column of three boxes of unitryidtﬁ and equal y
Tength Ax(m). In the.model, the steady state mean background concentra-
tions By, éz, B; are related to the corresponding concentratibns within

the boxes C;, C,,-C; by applying the Taw of conservation of mass (18):

2,8 = a,;C{- QA X t\\e’(cl-' cz)_f"‘-‘o(co -G . . c L (2.2)

éo =0 for a groynd based box . . . .. .’ .°. SEITIII ..’(2.3)

228y = asC - e (G, ) C) + e (C - Cs) . . o e (2.4) \
22Bs = asCs - €3 (Co - C3) R (o O R L (2.8) o ({

where the suffixes ‘identify the box where the parameters aré,referred

to and C, is the concenfration of pollutant above box 3. This set‘of

equations hmy be represented‘by.thg‘fo1lowing general equation: -

a_iB,' = ‘a,ic,i - QAX "@i_](ci-] - Ci) + ei(c,i - Ci+.|) ...... : . (2-6)

-
-
e
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Mhere: '

a;B, is the mass flow of poliutant enterting the box by

advection (af being the advection parameter).

aici is the mass flow of pollutant leavihg the box by advec-
AN
tion , ) .
ei_](c - C ]) is the mass flow of 11utant enter1ng the © ({
box by d1ffus1on (e be1ng the diffusion parameter) = "
‘. ) ‘ei(Ci + ]) is the mas; flow of po]]utant leaving the box
by *diffusion (e being the diffusion parameter) ‘ l
é
QAx is the mass.of po]]utanfs emitted 'per-unit of time within
the box 1 by the source’of strength Q. =
’ o i ) . . y
- - i 1.4
\ . / sl
\ ‘ '
Vv - "
- -~ ‘ M ~ -\
. a
- |
. . -

A\
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N | ‘ | - CHAPTER II]

“APPLICATION OF THE RAGLAND MODEL TO THE MONTREAL CITY CENTER

R

3.1 GeocrapHIcAL MopeL Set Up ‘
— , : d

The Ragland model .is applied to a small part of the Montreal city

center as showh on Figis. This area is located between Mount Royal St.
(north) Ogtario St. (south), Amherst St. (east) and St. Den1s St. (west).
In that part most of the dwellings are two storage buildings (dup]exei) The
’ Montrea1 urban commun1ty 502 sampl1ng station 1 1s located at the corner
of Amherst and Ontario St. (Fig. 5) Here the vertical S0, concentrat1on
profile has been measured (19). The 6ther meteoro]pgica1‘statipns which
', are not located within the area under investigation are: ‘ ;
1) The meteoro]ogica1 tower of the Botanical Garden where

wind velocity is measured at the h\gher and lower measuring stat1ons and

N

témperature difference between these two stat1ons is also measured (Appen-

dices I and II).

2) The Mount Royal CBC station:where wind veloc1ty is measured

at the lowest station and temperature difference is measured betWEen the

~

h1gher and lower station (Appendices 1 and II) v

3) McGill observatory where city center surface temperature and

hum1d1ty level are measured (Appendices I and II). -
>

|
N 4) Dorval airport: where Eﬁ,/background area surface temperature ,

and surface wind velocity are measured (Append1ces I and II).
»fd‘ Ry ;\

——e

T i e,
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* In the present case, on]y‘the northwest wind directipon is considered, as

» (]

The knowledge of thé‘ﬁertical wind velocity profile is necessary .

E4
to estimate the diffusion and-advectionﬂparameters" Since no wind measure- .
&~ -

_ments are available at sampling Statfon 1, the author has proposed an

indirect method of determination of the wind veloé%ty profile. It is

based on: <L—— ' ' "

v w K N
\ >

-1) A set of two reference wind velocities taken at different elevations

of a locat1on in the c1ty , - -

2) The respective downwind distance between the background city edge .

and: . . ot k
oo : o - ’ -

a) The location where the vertical wind velocity profile is to be
ﬁaﬁermined. ‘ S ) _ ] o
b) The location of the reference wind Ye]ocities. » )

W\ ) \

this is the major wind direction durigg the inyestigated period (February 16,

1975). Thus, the orientation of the downwind qoordinate is tagen in the A

~

.northwes‘kdirection for the present study. \Further, the corner of the
Leueentide Bid. and the Esﬁcorde B1d. in the City of Laval has been chasen
as the background c1ty edge, where densely -built up area begxns The

atmospher1c corr1dor extends from this location to the samp11ng Stat1on 1.
. i . g
. The respective configuration of the contro). box set ups is

2
carried out based on the following points: . ‘ -

1) Height to which measurements are valid. It may be noted that

Ragland assumed a mon&tonic increasing function for the diffus1on para- - f

3

meter within the m1x1ng layer. However, measurements in various urban . T
atmospheres have shown (20) that diffusion inereéses up to a certain height

and then decreases with height within the mixing layer. fo avoid these

~

‘-

~ [
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. uncerta1nties the maximum height of the column of boxes for the present

. 19vest1gation is. timited to 40 meters

=

2. M1n1m1z1ng of errors usually arisvng in box mode111ng. ) )

A genera] gu1de11ne for choosing appropriateﬁgrid sizes is that .
they must be small wheneverfthe gradient of either the wind velocity or
the concentrat;on'of pollutants is large. , Based on this guideline, Hsien

Ta Liuaand alliedw?ﬁT) conducted various investigations and suggésted that
.‘vajﬁox height Az 1n the range of*8m to 15m ‘may be: chosen for-box mode1 ana-
iysis.' Accord1ngly, a box height (Az) of 10m is arb1trar11y chosen for the
first set up of the present‘analysis:‘-Based.on similar reasoning an arbit-

The width of the

- L3N

rary box length'(Ax)\of 500m is takeﬁ for the analysis.

box is chosen as Im. .
. = ‘ : - :
The lowest point at which the 502 concentrations. are measured is

the local roof leve] (approximately 7m) Below this point (box 1) the ,'

S0z concentratlon is 11n?ar1y extrapolated. Howeueri comp]ex corcentra-

tion distribution occur on account of the street canyon eff&t, which is

v

present when wind blows across a built.up urban street (22). "A second model

box set up is chosen to m1n1mize the uncertaint1es of . 11near extrapolat1ons

in box 1. Accord1ng]y box 1 is taken 7m above ground and the box .height is

' /

' reduced to 3m, the he1£ht of the boxes -2 and 3 is chosen to 3 and 7m arbit-

: rar11y‘ A third set up (set up III)‘is introduced to explore the effect of
&

A

N

uniform box height on background concentrat1ons Therefore, a uniform box

Vs

" 3.

height of 3m is chosen for all boxes under this set up.
Sourée strength Q. {\

. 4, S0, conCentration _in the box C1 . .
.y e The rema1n1ng unknown parameter is the background co centrat1on.
Y
This 1is evaluated using the model. ™
$

' ¥ A I
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Before computing the diffusion‘ and advection barameters the
max'imum height of the corridor of contro'l boxes (mixing height) has to

- ’ : be checked

DETERMINATION OF THE MixiING HE1GHT

Since the vertiEa'l temperature profile is not available with‘in
the investigated area, the mixing he1ght is evaluated using meisurements
from-other measuring stations 1ocated outside of the jnvestigated area.

<

The following measurements are available:. .
1) Surface temperature measurement at Dorval aibpc;rt (Appepdices I & II).
2) Temperature difference between the higher end Tower measuring station
‘ - " at the GBC tower (Appendices;" 1.& I1). -
- 3) Difference in temperature between the higher and Tower measuring sta- .

tions at the meteorological tower m‘% the Botanical Garden (Appendices

| 1&11“)'. )

A | | Y o ) |
N 4) Surf emperature at McGill University (Appéndices I & II’

From the measurements under items 1 and. 2, the background temper-

ature profile is estimated (Appendix II). From the measurements under-

\

Item 3, the slope o'f the ver‘tical’f’temperature profile at the meteorological -
tower of the Botani'ca1 Garden is estimated (Appendix 1I). The surface |
temperature at the .Botanical Garden is obtained from the surface temperature’

. . measurement under Item 4, using the Summers model.(23), (Appendix I1)..
From the above, the mixing height at ‘the meteoro]og‘ical station of the -

/ Botamcal Garden is obtained[by the 1ntersect10n of the two vert1cal pro\-

. files, namely - ~

e e ey - e N D
N N N P ~ v N . LI AR A S N A
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9

The 'background vertical temperature profile and the yerti;t;ai

temperature profile at the meteorological tower of 'the Botanical® Garden

]

(l:-'ig. 6). \
' The mixing height at sampling Station 1 is deduced:from th‘_gt at “
the meteorological tower of the Botanical Garden .using the Summers modél
(24) (Appendix II). ‘ ‘ - , .
' ) ] In the present carse,ti the‘neu\tral lapse rate of the ‘mixing layer

is obtained from the following equation (25). | ) ;}}

9 - . ~ 3
IF'y = +—go——t————— 4 e e s s s e s e e (3.1)
d Cpa(iﬁ-m) + ‘”pr o . ,

f

0.00962°C/m (see Appendix II)* ~ -

+ ‘ —
. . “

=Y

where:

pa

o 'thﬁe specific heat at constant pressure of the dry air
v in caT/

-O¢c - ‘ .

‘pr = the specific heat at constoant pressure I-Ef the
water vapour at constant pressure in Cal/gm - oc.

— w = the humidity ratio {n gm of water vapour per gm of dry air
_ (50% measured at MCGill sampling station). -,
Following Summers (_26), the 1apse' rate in the pox js assumed to be approx-
imate]y the same as that at the m;teoro]ogical tower of the Botanical
Garden (1‘; = 0.0104 °C/m - Appen/;ﬁ,x II). Since the l\apse rate of the
mixing layer is'appr%imgtely equefl to the neutral 'Iapse,ra‘\te, the investi-

» ' gated atmosphere is taken as neutral.

po o ——
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3.2 INPUT PARAMETERS

3.2.1 Diffusion (etl .

The dxffusion parameter contro]s the vertical transport of a1r.

It is given by:(27)

. Bx : I “»
e.i e Kz wAz ¢ ¢ » 0 . e = e l» . s & o o o o (3:2)

\.
where:

/ i is the diffusivity parameter 1n m /s or eddy d1ffusiv1ty
~ r

momentmn of the ve:ﬁ:cal air motion. o }
I 4 .« Ax and Az respectively»are the length and the height of .the = -
box at the top of. which diffusion is estimated )
~\\\ . ' The Monin Obukov simi]arity theory allows a simple eva]uation

\ ofd:he diffusivity K, (28). ‘ o ‘

where: ) . _ o -

k is the von‘Karman constant ‘= 0.4.

. U* (m/s) is the characterist1c velocity wh1ch reflects the )

A

aerodynamxc drag. z(m) is the height above. ground at which' the d1ffus1v-

N

. ity is estimated. N ' -
®
As discussed in the Introduction of Chapter II, diffusion,
+ .

hence diffusivity is governed by the turbulence. Near the ground, the

BRI aerodynamic rodghness of bdi]dings influences the atmospheric turbulence.

Aloft, ip Tow wind conditions, diffusion is governed by thermal turbulenc

Accordingly, the characteristic velocity Ux is evaluated for mechanical ™~

'3

and/or thermal turbulence as the case may be.

MECHANICAL DIFFUSION

Mechanical diffusion is confined in the lower portion of the

mixing layer. The characteristic velocity U, is given by (2§):
. 3

.

o

g 2 e

e.

L
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3.2.1 Diffusion (etl .

The dxffusion parameter contro]s the vertical transport of a1r.

It is given by:(27)

. Bx : I “»
e.i e Kz wAz ¢ ¢ » 0 . e = e l» . s & o o o o (3:2)

\.
where:

/ i is the diffusivity parameter 1n m /s or eddy d1ffusiv1ty
~ r

momentmn of the ve:ﬁ:cal air motion. o }
I 4 .« Ax and Az respectively»are the length and the height of .the = -
box at the top of. which diffusion is estimated )
~\\\ . ' The Monin Obukov simi]arity theory allows a simple eva]uation

\ ofd:he diffusivity K, (28). ‘ o ‘

where: ) . _ o -

k is the von‘Karman constant ‘= 0.4.

. U* (m/s) is the characterist1c velocity wh1ch reflects the )

A

aerodynamxc drag. z(m) is the height above. ground at which' the d1ffus1v-

N

. ity is estimated. N ' -
®
As discussed in the Introduction of Chapter II, diffusion,
+ .

hence diffusivity is governed by the turbulence. Near the ground, the

BRI aerodynamic rodghness of bdi]dings influences the atmospheric turbulence.

Aloft, ip Tow wind conditions, diffusion is governed by thermal turbulenc

Accordingly, the characteristic velocity Ux is evaluated for mechanical ™~

'3

and/or thermal turbulence as the case may be.

MECHANICAL DIFFUSION

Mechanical diffusion is confined in the lower portion of the

mixing layer. The characteristic velocity U, is given by (2§):
. 3

.

o

g 2 e

e.

L




17 °

3.2 INPUT PARAMETERS

3.2.1 Diffusion (etl B

The drffusion parameter contro]s the vertical transport of air.

It is given by:(27)

= K DX ' S .
ei‘-szAz ......-.... ..... _‘-¢(3..2)

where:

. 2 is the diffusivity parameter in m/s or eddy d1ffusivity

momentum of the vertical air motion.
-

.4 .« Ax and Az respectivelyware the length and the height of .the
box at the top of. which diffusion is estimated S -
S ' The Monin Obukov simi]arity theory allows a simple eva]uation o

AN
\_of-the diffusivity K, (28). | o ‘

where: o ] ‘ o -
k is the von'Karman constant '+ 0.4. ‘
. U* (m/s) is the’ characterist1c velocity whlch reflects the vy e

cor

aerodynamxc drag. z(m) is the height above ground at which- the d1ffus1v-
: _ ity is estimated. - \ ) -
»
As discussed in the Introduction of Chapter II', diffusion,
L] .

hence diffusivity is governed by the turbulence. Near the ground, the

R aerodynamic rodghness of bdi]dings influences the atmospheric turbulence.

Aloft, ip Tow wind conditions, diffusion is governed by thermal turbulence.

r

Accordingly, the characteristic velocity Ux is evaluated for mechanical

r

and/or thermal turbu]ence.as the case may be.

MECHANICAL DIFFUSION

Mechanical diffusion is confined in the lower portion of the

mixing layer. The characteristic velocity U, is given by (2§):
. 3 |

LY
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. U*/U =

e (3.4)

where:

c
0

the ‘wind velocity.

= the von Karman constant.= 0.4.
j N . ’ \ - ‘

the‘height at which the diffusion is estimated. -

=<
[

N
]

L Zy® the” aerodynamic roughness of the typical bui]ding ;n
~ Appendix III, Z, 1s estimated accord1ng to the H. H Lettau
Method (30) as 1.5m. '

THERMAL DIFFUSION ' -

" In neutral condition, the friction velocity for théfma] diffu-

! 0 " sion is given by (31): B .
o, du L
' - Ux = kz dz - - e s e e s s o e ‘e e s e e s . (3-5)
where:. o ' A ‘ !
k' = the von Karman constant 0.4..
1 z = the height at which the diffusion is estimated.
du

dz ° the value of the vertical gradient ot.the wind velocity
| where the diffusion is estimated (1/s).
" VERTICAL WIND VELOCITY PROFILE —

It has been %ound that at a given- 1ocation, the mean wind l/
velocity in neutra] cond1tions is best descr1bed by a power law. (32): _
WUy = (22 )™ e e e (3.6)
where: ) -
. U = the value of the wind velocity at height z. «
' U,= the reference value of the wti;\be{gcity at height 46'\

m = a positive number <1.

The surface wind velocity has been chosen as the reference
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wind velocity U0 in the power law. At most of the ﬂorth,ﬁmerican weather

stations the surface wind velocity ié measured at a standard height of

10m above ground. However, the surface wind velocity may be measured at .

.a convenient height above ground. In order to evaluate the index m of

the power law at least two meaSurements‘are neceésary ata particulee

loqetion end atmospheric conditjen. At the meteprolog{cal tower of tge
Botanical Garden, wind veloéity‘ﬁeasurements are carried out at a height
of 6.1m and 59.7m above ground.‘ Based on these’ measurements; the pqwer‘Y
law index "m" is evaluated (m = 0.255). Since no wind ve]ocity measure-

ments are available at the Montreal Urban Community sampling Station 1,

V!
.
.

the wind velocities at this .location are evaluated using the measurements

at the Botanical Garden (see Section 4.4). Using the velocity profile

(3.6) and eguations (3.4) and (3.5) .the friction velocities Ux for mechan--

jcal and thermal diffusion- are deduced réspective?y. Further, diffusioap?

and diffﬁéivity parameters are evaluated using eqyation (3.2) and (3.3)
in Tagies IT, III and IV for the three cases of model set up. ‘

3.2.2. ADVECTION (ay)

The advection governs the hor1zonta] transport of 502 Advection

parameters are obtained by summing the elementary flows .over the front
area (Az x 1m2) of the box under investigation. The advection parameters
of tﬁe boxes 1, 2, 3 are-given as:(33).
I Lzgtp - ) o
Ay E Uy(z)dz . o oo ol N |
z bottom |
where the index 1 =1, 2, 3 refers to the box 1, 2, 3. The computed

/
va]ues of the advection paraneters using equation (3 7) and the power 1aw /

AV
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> '(3.6) are included in Tables I1, III and IV for the three cases of model

—

set up.

o T A

R 3.2.3 SOURCE STRENGTH (Q) / S g

In the ebsence ef an accurate inventory of the'numeroue emissi q
sources, the current approach to evaluate the .total source strengsh of
the city is based on an assumption ‘that the emissioe rate'is uniformly
b . distributed over the'entire urban area. This method which has been devel- , ,of
/ ~ oped By Summers (34)_is summarized in Fig.7. Emitted SO, is assumed to '
| ”be_main]y the result of combustion pf 0il for industrial purposes and for h
heating of buildings. E;timafion of the SO, emission rate is based on

\

the fol]owing assumptions: All consumed 0il has the same sulphur con-

tent of 0.7% by weight and have the same heating value h = 11,000 cal/gm

INDUSTRIAL OIL CONSUMPTION RATE T

The industrial oil consumption rate N is independent of

ﬂ the temperature of the ambient air and is nearly constant throughout the
year, Therefore, the daﬂ}\amount of oil con)sumed in the entire city may
be obtained strictly from Statistics Canada (36), (37). For“instance, the
figure for 1974 was 28.8 x 108 barrels or 5.23 x 1012 gm '

OIL CONSUMPTION RATE FOR HEATING‘OF BUILDINGS

On the other hand, oil consumption for heating .of domestic and

? 7 office bui]dinge depends on the outside temperature. It is commonly
assumed that the heatjng of bu11d1ngs is required to overcome the tem-
perature difference existing between the indoor comfort temperature of

18. 33°C and the out§3de temperature Since the outside temperature varies,

1

;15 : the mean daily outside temperature T, is used. The amount of heat per day

_Hh required to compensate the amount of heat lost to the atmosphere 1s\

(35) and all the sulphur in the_o1l,15_converted to 'S0, after cohbustion. - . {’
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deduced from equations (3.8) and (3.9).

given by (38). SN

Hh = hd (1833 =+ Ty) . . ... v v v v v b e e (3.8)
where:

hd (Cal/oc day) is t&e rate of heat production per degree day.

‘In a given <city, it is aésumed that the yearly amount of heat

produced for heating of buildings is proportional to the difference bet-

ween the comfoét temperature of 18.33°C and the annual mean daily fem-
perature Tp,. In‘Mpntreal, the annual mean dai]} tempetature has been -
measured as Thm = 5. 964 °c (39). ' The heat péoduction per degree day may
be deduced fram the yearly amount of oil N '(gm/year) consumed for the ‘
heating of bu11d1ngs in the 1nvest1gated area. It is given by: ’
I L (3.9)

d ~_365 T8.33-T, . \ )
where - ’
- -he = the mean oil heating value = 11,000 cal/gm.

N6 = the yearly amount“of 0il consumgd for heating of buildings;

= 4, 6210]2 gm/y. (Stat1st1cs 1974) N

The rate of heat requ1red to heat the buildings of the 1nvest1ga-

ted city (heat lost to the atmosphere) during a given period of time is

V4

.‘The corresponding o0il consumption rate is given py: I

i Nh = Hh/he SRR oy See e e .‘: R (3.10)
whgre:
hy = 11,000 cal/gm. o~
Letting W, be the total amount of oil consumption : Vo -

SMp =W ML L e (3
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where:
”i = 0il consumption for industrial use.
'The total SO2 emi§§jgn/rate/t(g/s) is given by:

el
E=WrXTa%x 1= ............ L. (3.12)
- 24 x 3600 .

Finally, the 502 source strength Q (mg/mz-s) is o?tained by envenly dis- -
tribdting'yhe total SOz emission rate E over the densely built up area
of the U;ban area under investigation. (The densély built ep.aree of
the Greater Montreal is estimated as: 3. 66108n7) . (40). .
The computed maximum value of the source strength is found to
be 14 7ug/m -s. (Appendix IV). '
Since in the investigated ared there are no jeddgz;ial activitiesy
a reauCed seurce strength based on oil consumption for/heating'of%building

only is estimated as 8;63u9/m2-s in (Appendix IV).
3.2.4 VERTICAL CONCENTRATION PROFILE (C) -

The est1mat1on of the vertical concentration prof1]e~*r box -

oy 4

is based on a linear 1nterpo1at1on of traverse measurements carr1ed out

by T. Oke & C. East (41). Atmospher1c conditions were similar. The traverse

-measurements of- amblent air SO2 concentrations 1nvo1ved the monitoring of ‘

air samp]es from a he]icopter Sampling and moq1tor1ng“were carr1eq out
using the electro-conductivity teghnique. The intake of the SO, sampler
was loEe{ed in a/white:metal shield 60 cm ahead of the he1icopter. At
given sites on the traverse, the He]icopter took measurements dur}ng a
70.0 m spiral ascents. Simultanepus1y, height abeve grouhd was measured
using a pressure tramquper fyﬁe méaéuring device. Fina]lj, wind ve10city

was monitored using a cup anemometer device. Based on these measurements,

“the 1inear vertical concentrat16h profile is est1mated in Appendix V as:

C=0.00258z + 1.5T4 . . . . . & ¢ ¢ i ¢ v o o 0 o s o (3.13)
/ B ) N » 3

\ . v
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CHAPTER- IV .

" DETERMINATION OF THE VERTICAL WIND PROFILE

\ st

In Chapter 111, the neces?%ty for predicting thé verficél wind

profile within the investigated area based on measurements at a reference

A

*Jocation within the urban area is underlined. It may be of interest to

briefly discuss. the available methods -for predicting wind velocity.

4,1 Survey ofF THE ConNvENTIONAL METHODS USED TO DETERMINE
THE WIND VELOCITY

~

»

—rr

Few comprehensive studies have been done on this subject. The

N

conventional methods can be classified into two categories:

a) The experimental extr'apolation. o
o .

b) The Wendel1 method. /.\ . \

a) Experimental extrapolation

L

Some investigators make use of an empirical. linear re]ation:-
ship between the respective surface wind velgcities at the area of inves-
tigation and at the nearby airport (42). | The inter}:ept and the slope of
the l‘inear‘ relationship 1is obtained by §imu1taneous measurements at both
the locations. Unfortunately, tile only one wind measurement at, city ce\anter

- .

is carried out at the meteorological laboratory of the McGill University.

Even this measurement is not reliable on account of the éffeqt of the near-

-
2
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, by Mount-Royal hill.

/ b) - Wendell's Method

The Wendell equations (43) are applicable to a grid system.
They provide relationshjp$ between the respective horizontal components of
the wind velocity iin different elements of the grid. These equations are:

1‘] = zm,n~(‘.!mn/r2mn)/r.mn ]/rzmn ...... . . . ,. . e (4-]3)

-
3

V{j = zm,n.(vmn/rzmn)/zmn Uelm e e e (4.1b)

-

wherg: . _
Ujj and Vyj are the horizontal components of the wind Velocity\aé analy-
sis gr?d (ij) in the x and y direction respectively. .
Umn and Vpg are the guessfield analysis at grid mn in the x and y
diréction respectively. . . .‘ I 4@

Yo 1S the distance from the grid ij to the grid mn.

The initial guess figure is obtained for Ump - U Vmn = Vk and ryq = rk,
where Uk and Vi are the horizontal components of the wind measured at sta-
tion k, rix is the distance from the station ’k to tﬂ; grid agajysis'ij.

This method which is valid for long distanﬁe rmn requires the knswledge'of
two refer;nce vertical wind profiles. It cannot be utiliged in the present
case.because of erroneous measurements at the CBC tower measuring stations °
and the McGill meteorological laboratory. As a result of the inconveqiences

’ \:ieszz;convention§l methods pr;sently described, the author has developed

1lowing method. ) - -

4,2 \THe AuTHOorR's METHOD N

The method is based on‘the'application'of the energy equation

. to arshallow portion of the neutral atmospheric corridor .including the sur-
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'facg level. In the case of neutral (adiabatic) conditions the energy

equation take the same form of equation of the heat conduction, as follows:

4.2.1 Application of Energy Equation (44)

pocpouxmx = k62Tx+H R (3 N
| I T
where: ‘ : ,Q
) Po "= the density of the surface air.(dm/mB). T o
Cpc; = the'séecific hea'fat constant pressure §cal/gm-°C) of the .
urban surface air.
Ux = the surface wind‘ velocity (m/s)‘ at downwind distance x

. from™ the background city edge.

T, = the surface temperature of the/urban air (%) at down- .
’ wind distance x from the background city edge. - - .
X = the downwind distance from the background _cii:y edge (m).
k = the healt ‘condt/xctiyi ty (ca'l/s-m-OC) of the surface urb.an air.'
\-HS = the source str'erigth of' the. heat emission of the urban ?rea )

.per unit volume of the surface layer (cal/s-m®). It is assumed

'conétaht over the surface area. It “mally -be noted that Py
‘ Cpo and k are almost constant in the shallow layer.
Simp1jf1‘cat1‘on of the energy equation is carried out by, applying the Summer's
heat island model to the surface temperature gain T, - TO’. Here T "is the

syrface temperatgre at- the background city e{ige. c

4.2.2 Application of the Summers Model

The surface temperature gain Tx - To has been estimated by

P.W. Summers for a neutral urban atmosphere. For a constént area heat

» ’

r

y ) V4 ) ,

-~

[N
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_ source it is given by (Eq.x12 of ref. 45):
1/,
2H. ax g : \
T.-T, = olo ” 102 - Ce e e .‘(4.3)
where: '
X = downwind distance from the background city edge.(m)(as above).
a = the amount by which the lapse rate at the background city edge
exceeds the adiabatic lapse.rate T (°C/m)
H] = the evenly distributed heat gain as the air mores into)thel
. ‘city (cal/cm? -s) or (ley/s). It is constant for an evenly

'distriﬁuted S0, emission source.

the surface wind velocity at the background city edge (m/s).

' IUO ) ‘
Py = the density, of the surface urban air (gm/m3). ’
.Cpo = the specific heat at constant pressure.

It may bé.noteo that a, H], Uo’ Po C..,» are almost constant for_a

po
3jven steady state condition. This equation shows that:

[

Thus onat

. 2
shows that P .C U0 —3— is of the order of 10~ -2 ]/2“while Ke Tx is of

0 po
w ! 6)(2

| -1.- . . , :
the qrder of 10 l} o with x >10,000m, the order of magnitLde-ﬁnalysis
st o <

shows that KE—§¥1S negligible. Therefore (4.3) reduces to"
X ] -

4 \

|

.

§ \ °. '
.o ) , . .

. - N ‘ N . ’ 1 -
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pocpon EX‘ = H constant . .. . ... ... L. .. (4.9)
. . ' . ' /
. . ’)andv' Uy “a-_ 1/6T_/8x .. o )
\ SRS WV ‘ | S
r or , Lo '
. U o« x/? M , T
b N :
i . 1 , N :
| Finally, - K i ,
{ u .
X1 = p.3% o " . H
a sz xz * e« &+ @ e o s . » e e . ¢ o+ e - a' o o (4.5) .

- -9

1 ~ where subscri pt 1, 2 refers to- two d1fferent 1ocations within the neutrél

\ . . corridor. Deﬁmng Ug as the surface wind velocit_y at the city center, where

x; = L, and Up the reference surface wind velocity where X2 = d, ong can \

i obtain: to

L ) US=UB'{-%_.t...-.o---.:aooo-..(4-6)

According to the present geographical set-up L = 13260m and d = 10160m.

v 4

. It may be noted that this relation applies to points being on
- the same streémline; When, in a region where there are variations in
. LY

the terrain and mixing hgight as' 1t occurs in our case, the wind flow pat-

tern is rather complicated. However, on.account of the accuracy of the
. hethod no correction is carried out for the estimation of the vertical

wind velocity profile at sarr;pling Station 1 from that‘ai'the,Botanical

- g (2
[

Garden. " cl e ‘ : -

~

Y . [

- 4,5 DETERMINATION: OF THE VERTICAL Winp VELOCITY*PROFILE AT .
BOTANICAL GARDEN

1

u

. . HWind velocity measurements were conducted at two different heights

above ground (z, = 6.1m and z, = 59.7M). These measuyr ts were taken

4

s
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_during a period of time extending from 7 p.m. to°9 p.m. on I%th‘Febiuary

L Te-3975. S .

" The correspond1ng average'@1nd velocities Uo and u4,uere

¢}

-

4 02 m/s and 7. 20 m/s respective]y
Us1ng equat1on (3 6) . - '

st N ‘ Z m M
U= Uo {7 ‘
N . 0 .

v

3 and the measured wind vé]ocit s above,the value of m 1is computed (m-O 255).

0 \ o
Thus, the verticdl wind velocttyiprofile is expressed as

P ) /
.

-
£ 3

'\\*_iﬁ, ated respect1ve1y as: ; , | ,

-

S L U =asTys o

. ) . .

« T s . .

-
L3 >

Ul. ?"‘ 4-98 M/s ' ¢

s
- °

' . &

L, q DETERMINATION OF THE. VERTICAL WIND VELOCITY ProFILE AT

- 2.50 0B Y (A7)

' SaMpLING STATION 1~ = : =

. -

Using relation (3 6) .the wind velocities at height zs = 10m

and zu = 14m are evaluated as fo]lows

. Applying the relation (4:6) :

3

"US‘; uBaﬁ[%T (L = 13.260n and d = 10160m)

to each veloc¢ity. of the set: .

.~\From th1s the w1nd ve]oé1t1es at heights z; = 10m and 2z, = 14m are evalu-

o
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514 m/s_. -
Ug, = 4:57 m/s o : )

“

q¢

Zy = 14m ' -

[

4.98 m/s

. ”
~. N v

i

j qsk 5.67 m/s

P~~~
[y
it

Assuming a power ]aﬁ vertical wind velocity profile at sampling Stat}on 1

n - i -

, ” US = cz

Substituting the above two cohputed set of values for z and US; cand n -

are evaluated as 2.61 and 0.29 respect1ve1y
Thus the vertical wind velocity profile at sampling Station 1.

~ is estimated as:
s 4

i = 26122 Lo (4.8)

The vertical gradient of the'geftical wind velocity profile is estimated

- s

A ]

_ 75-\ -OnZ07] ..”.f.fzt.}....ﬁ.MJ)
; . " And the flow in é\unit width corridor of height z is given by:

. | - AN : ‘ s
T ugdf = 20227 L @
' ' X . .. i
Py o .

It may be noted that since the jhear energy losses are neglected) t&e wind,

evelocity at sampling Station 1
o

s overestimated It would be thus, of
interest, to check this wind velocity .against reality.
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" SET-UP 1 (Table II)

¢ N P

CHAPTER V.

DISCUSSION OF RESULTS ‘

Before discussing' the resylts in detail, a brief review of the
three model set ups chosen for analysis ié presénted in Table'I. The
maiﬁ parameters and the various physical box arrangements which are already
explained in Chapter III are also included in Tabfé\l;_ It may be noted
that the governing type of diffusion, unless otherwise mentioned, is
oétained‘by comparing the calculated values of the diffusion Rarameters due

to mechanical and thermq] effects.

3 < ¥

Set up I is based on the Ragland set up for each of the three

.boxeé and the Hsien To Liu (21) recommendations concerning the selection of

the box height Az (8me<az <15 m). Here an arbitrary common +box height af

° }

10m has been chosen. Box 1 is the ground based box where theigiffugidn;

1

which ?s of mechanical qtjgin, occurs at the top of the box only. The

source strength i§ evaluated by: A

a) Evenly distributing the SO, emission rate due to both industrial
activities aJd heating of buh]dings (7.4 mg/s). |

b) Evenly distributin? the S0, emission rate due to heating of bui1éings

+ only (4.31mg/s). ’ ‘

. | !




»
. .
/ >
[a) ’

Y

The knowffconcentration C] and the borrespond?ng unknown back-
ground congentration B, are referréd to as the ground level ambient air
' = concentrations.

In box 2, diffusion at the bottom is of mechanical origin while
diffusion at the top is of thermal or%gin.

“In box 3, diffusions at the bottom and at the top are of thermal

q

origin. i ‘ \ _

SET_UP 11 K \ CoL
As-exp]ained in Chapter-I11, .the second and third set ups are

chogpn to minimize the 1nf1uey£e of the §t¥ee& canyon effect oh.concentra-

~

n calciation by reducing the height of the box and pos1t1on1ng the

T

f1rst box at the mean roof level (7. to 10m). Under this 51tuation, mech- I
”anical diffusion occurs both at the bottom and top of box 1. On accou

of the small height of box !, the source strength is evaluatedrassuming:

a) that all emission sources aférlocated in box 1. (7-4 mg/s and4.3. mg/s).

b)'that only half.of the emission sources (heating of buildings only) are

located in box 1 (2.15mg/s). : L

f . -

(A )

The heights of the boxes 2 and 3 are chosen in accordance with
Raglands suggestlon (46) that "the first four boxes be 4m high, while -
the remaining boxes be selected to fill up the-height up to the mixing °

height. N |
SET UP III - o - | i

In set ups II and ITI the boxes 1 and 2 are identical. ”§Ef\uﬁ"~f”
IIT is introduced to explore the e?fecg of uniform ‘box height on b§ckgr6und
concentrations. Aﬁcordineg, a box height of 3m is chosen for all the boxes

under this set up. o P




' 7. ResuLTs - : . o f///'

e

Based on the previous discussion, background concentrations as
well as the four input parameters are calculated for each box of tne three

set ups. -The method of calculations and thc corresponding results are sum-

marized-i Tabies II-to IV. Here each table refers to a particular box

in a defined set u angement. The modified general form of the equation

of conservation of mass as éxn1a$ned\jn\Chapter IT, is used. The appiicab1e

—

form of this equation for individual cases\?B?\each\pgi\jn_a particular .

mode] set up is given at the top of each table for referencET\\The~fxnngga;“i;j ‘
' \

* ponding values of Ax, Az, Q and thend0, concentration in the box C; based

on measurements are also-included in each table. The diffusion parameter ey
(either of mechanical or thermal origin as the case may be) is calculated
using the applicable "formulae is also inc]qded in the tablc.‘ It may be
notgd that the value of the diffusion parameter out of a given box is o ¢
takcn as the diffusion into the top box. Further, for case where the -

first box is not ground based (e.g. set up II and III) eg# 0. Advection

aj is calculated using equation (&.3). ‘Substituting the above quantities
in equation (2.6), the unknown parameter, the background concentration By, _

1s evaluated for each case“n the last co]umn

SET UP_I | ~ S
i In box 1, relatively low background concentrations are obtained
even yhen using the lower source strength (based on heating of buildings

only, Qox = 4.3 mg/m?® - s). Here the background concentration By (Table

11-1) reaches on]y 80% of the concenfration in box Cy. In boxes 2 and 3,

~ . [

the calculated background concentrations B, and B3 are s]1ght1y smal]er

. (98% and 97%) than the concentration 1n boxes C, (Table 1I-2) and Cs




(Table 11-3) respectively.

~

SET UP II (Tables 11I)

‘ In box 1, the calculated background concentration B] ig‘stifﬁ

I .‘ much lower than concentration in box C], even with the lowest value of
3 Q (QAx =2.15 mg/s).

gmounts fo 92% of the concentration in box C,-

In box 2 the calculated background concentration B,
\ / .
\ /’ground concentration is due to the larger S0, mass flow diffused at the top
' of the box, wh1ch, in turn, is due to the larger va]ue of Az,for box 3.
~——-——"“’”’”~——ﬂ Further, it may be noted that diffusion at the top of box 2 is assumed to
be of thermal or1g1n (lower value than mechanical diffusion).

However,

even this lower value of e, does not compensate the effect bf Az on 03.

; ’ In bOx.3, the background ‘concentration B is relativedy smaller than the

concentration in box 3 (83 = 99,5% of C3). This 1is que to the equaliza-
tion of the diffusive mass flow at the top‘and at the bottom of box 3.
- This equalization may be attributed to the relatively low diffusion at
{  the top of box 3 (e3). The Tow value of diffusion e, iS due to the
fact that the diffusivity at the top of box 3 is distributed over a box

6

of larger height (Az = 7m).

SET UP 111 (Table IV) ) | ot
Box 1 is identical to the corresponding box in set up II." In
.{‘box 2 and 3 both ca]culated background concentration 82 and B3 reach 95% -

of the corresponding concentrat1ons inside the box 2 and 3 (C and‘Cs)

~

For each set up the vertical background concentrat1on profile’

s deve\oped in Table ¥ by:

This Tow value of the back-




2

b)‘

ifferent from B

Applying a lirfear correlation between the bacquound'congentratiéns

and corresponding heights at the middle 6f the box (fig.8).

Calculating the Hnear relationship between background concentrations
in box 2 and 3, and height at the middle of the corresponding box
(i.e. excluding first box). [Fig.9]. The vértical concentration
ﬁrofile "C" is also p]otted on each of these two graphs for reference.
Theoretical, and experimental results [Summers, Shirr (47)] have

shgyn that the S0z po11utants w1th§n an urban ad1abat1c mixing 1ayer

is well mixed both in the ve(t1ca1 and horizontal direction. Thus,

4 the concentrations at two nearby locatians (approximately 500m

apart), within the urban area having uniform emission source strength

must be approximately equal. Since the area of investigation is —

similar to the above mentioned situation, the ‘dtfférence in concentra-

tion between Ci and Bi should be small.

L TN - ] N
However, it may be noted that the concentration C1 is much

1 in Fig. 8. This may be attributed.to:

The crude approximation used‘in calculating the diffusion in theb‘
lowest box 1. Here, diffusion if assumed to.bé uniformly distribhtedz
over the height of the box, in spiie of the presence"of the buildings.
The lgrge value of thg source strength with respect to the surface

1

concentration C,- b . .

The absence of provision for SO, scavenging by buildings.
‘ \

In order to eliminate these three sources of error in the e;tima-

: . L :
tion of the background concentrations B;, the vertical background concentra-

* tion profiles are re-evaluated neglecting the first box 1 in each set up.

i

1

t
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Fig.. 9 shows tH® modified representation of the vertical concéntrations

(B and C ). Here, one can see that Set Up III gives a better representa-

tion of the vert1ca1 backaround concentration prof11e _This is attr d

to the follgwmg reasons: PR . 4

a) choice of smaller box size. |

bj choice 'of identical box height. | . T {
It may be noted that even when.the box height for Set Up II is

smaller (7m) than that of Set Up I (10m), the latter set up gives a much

better respresentation. This is due to the non_unjform height of the boxes

in Set Up II. l

H ) Thus, the use of the éresenx ﬁethod to determifie the vertical S0, ’

cbncentf;tion is 1imited to the heights above the mean roof levelichoosing

smaller uniform box sizes. .

The above reshTts are based on the assumptions that SO, does\no?
engage in chemical reactigas in the atﬁdspheré under investigatioﬁ. In
order to obtain the actual SOg,background concentrations, the effect of
_chemical reaction on the loss of SO, per box has to be evaluated.

T .Besides, it may be noted that the estimated aerodynamic surface

“rouéhnéss (Z = 1.5m) agrees well with prev1ous measurements in similar .
“urban situations (48): However; on account of the absence of w1nd velocity
measurements, the estimated vertical wind velocity profile cannot be checked
against reaiity. Nevertheless, since in the energy‘equatibn (4.2), the
shear energies are nég]ected,'the:wind,ve]ocity is’overestimaied: Accuracy

of the method can be improved by measurements of environmental varfables




l
|

v

' 3 ’ 36
. ' . B i /
sich as aerodynamic surface roughness Zo’ concentration Cﬁ, etc. '
h ' . 1 |
Finally, a model set up having small and constant box height \
e (3m)910éat9d above the mean roof level/providés a good representation of

[y \ . the estimated vertical background concentration pr6f11e.
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PTER VI

SUMMARY & CONCLUSIONS -

A fhematica] box model is used to estimate thé ambient air - .

bact@gr‘ound contentrations 500m upv‘;ind Qf the Montreal urban conmuni’ty
sampling station 1. The estimation is based on measured SO‘-2 ambient °
air concentrations at sampling station 1. A1l other numerical values

N
are derived frogt local environmental data files.

Initially, a method to evaluate ihe sﬂrface wind'velbc{ties
\at sa@pling station I in a neutral atmosphere is deveIoped. The verti-
cal wind velocity profile is lr;e_g;esentefi by a bower law. The (eva;l’uated
exponént of the power law compares well with that megsured in other North
" American cities (49). However;jon account of -the lack of measurements the

" degree of accuracy of the method is not checked.

« A}

As a second step, three box .model set ups are dj@vehped to:
a) Account for the street canyon effect.
b) Evaluate the respectivé effect of ufn'form box heighi: and
// sudden change in box height on the est{mation of back-
ground concentrations. A vertical background concentra-
- o tion profile is developed for each set up. A1l developed

concentration profiles are compared with the vertical

concentration profile in boxes.

- . \
N \ - ~
' 2 ! - . R <,
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\ . Based on the present inVestigations the following ‘conclusions can be* . ;
drawn: - )
1. Estimation of environmental variable such as the character- ‘

1.5m) agrees

1%

istic aerodynamic surface roughness length (Zo =
well with previous mea§unement§.

2. Lower background concentrations are obtained below the mean

N

wéof;geve1 (7m) even using lower values of the source strength.

(3.4 mg~-s over an area of 500m2). fhu$, the present method

- of mode]]ing'cannot be used below the~mean roof level.
- /3;‘ Small?r box height provide a better accuracy of estimation. o
4. The boxes should be of constant height. ' /.
5. | ‘Compar1ng the three d1fferent model set ups, Set Up 111 .
- \ (having .small -and constant box height (3m) located above the

mean roof level) provides a better representatioh of the estim-

-

ated vertical’Foncentration-profife.
6. Despite the fact that no provisions are made for SO, scaveng-

ing by chemical reactions, the model is valid at least over

i

-
Nd
<

) , a short distance.

L]
|

Finally, it may be noted that in c]ass(?al estimation of urban SO,
concent}ation ustng box models, it is assumed that the air entering :

the ‘city is clean.. The calculations of background concentrations

] / ~

{ ! . N
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. are eQaluated for each box. HOwever,ongccoun?of the actual suburban

. housing deve]dpmgnt, the air entefihg the densely built up area (here
called the city) may not. be zleég. Thus, tﬁe used asgymption of the
zero value of background congentyation may not be valid any fmore.

) _ d

FURTHER REMARKS

The résults of the present investigation prov%de uséfql infor-
mation to future investigators.of'the Montreal surface aigpquality. As
a further extension of the present study, one could: !

a) Improve fhafﬁstimation of énvironﬁéntal variables

such as Fhe aerodynamic roughness Zdz\yertica1 wind velocity

profife, vertica] cbncentration profi]é\ i |

b) . Estimate background concentratioa§ for other wind

. \\
directions and/or stability conditions.

¢) ‘Provide for SO, reaction processes. - L.
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CORRELATION:  r = ——Sizb-lzZB.
' P22~ (12)7 [3182-(18)?
SET UP I
| z - B 7 Bz, BZ - °
Box 1 . 5 1.29 . . 25 6.45 © 1.66
Box 2 15 1.517 225 22.76 '2.301 .
" 7 Box 3 25—  1.531 625 38.275 2.344,
45 4.338 875 67.485  6.305
Iz /Eg//////lzg’/ ‘ Bz _  :B? .
CALCULATION EXWPCE - ) *
_4.338 x 875 - 45 x 67.435 _ ‘
a= Tx875 - 657 . A9 N
\ _ 3 x67.485 - 45 x 4.338  _
b Tx 675 - BB5% - 0.0103 ‘
B =0.0103z + 1.291
CORRELATION: . . 3 x 67.485 - 45 x 4.338 - a8

v

TABLE V ,

1

* BACKGROUND COHCENTRATION PROFILES

1) BEST LINEAR FIT OF BACKGROUND CONCENTRATIONS

~

B=a+bz

Y. Z .
31z’ (zz)*

_ 3rzB-rziB
b = 322’-%2252 ,

J3x 875 - 452 [3x6.305 - (4.378)7

e




A

50

/
SET UP_II
z B 72 Bz B2
‘Box 1 8.5 1.45 7225 '12.325 2.1025
Box 2 11.5 1.426  133.25 16.40 2.033
; .
Box "3 16.5 1.55 272.25 25.58 2.403
- - 36.5 4.426 477.75 54.305 6.5385
) ‘4. Iz 5B yz2 1Bz £B2
£
- " a=1:19 ‘ b = 0.0135 .
L B = 0.0135z + 1.31 J "
CORRELATION: . r = 0.60
~//V“f )
\
g )



, 5T
« ~-
TABLE' V (ConT'D) .
. SET UP JII
T 2 B> 22 'Bz B2
Box 1 . 8.5 145 72.25 12.325 2.1003.
Box 2 11.5 1.4 132.25 16.905 2.1609
\ R
Box 3 14.5 1 4078 210.25 21.43 2.184
‘ 4
w - .7 34.5 4.298 414.75 50.66 6.4474
~ \ /
: L, Lz LB rz? - LBz IB?
. . a=1.248 . b = 0.0168
B =0.008z + 1.413 -
CORRELATIGN: ' r'= 0.66
. 2) BACKGROUND CONCENTRATION PROFILES IGNORING BOX I
B-=a + bz
-" .+
Bazay - Biz; Bz - B,
= -2z b= \
\ . : ‘/f/
SET UP I -(CALCULATION EXAMPLE) / ,
L 1.517x25-1.531x15 _ “ _ 1.517 - 1.531 _
a = X 25 - 15 - ]-496 b - 15 _ 25 i 0-00]4
B = 0.0014z + 1.496
{ ~ I

o




S

SET

SET

YP 111

a = 1.141

b = 0.0248
B = 0.0248z + 1.141

~

‘a = 1.459

b = (%0267

B.= 0.00267 + 1.459




i

Vs

. TABLE V (ConT'D)

| BACKGROUND CONCENTRATION PROFILES

SET UP 1

i

BOX I INCLUDED:. B = 0.0156z + 1.189

-~ Correlation: r = 0.88 .

BOX I EXCLUDED" B = 0.0014z + 1.496

SET UP II -

\
\

© BOX I INCLUDED: B = 0.0215z + 1.19 -
Corrélatian: r = 0.60 .

0.00248z + 1.141

BOX I EXCLUDED: B

~

SET UP II1

BOX I INCLUDED: B = 0.0168z + 1.248

Correlation: r = 0.66

" BOX I EXCLUDED: B = 0.00267z + 1.459

Vo

(Selected background cqncentratibn profile)

~
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" FIG 2_ CITY VERTICAL TEMPERATURE PROFILES
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APPé;DIX I - -

REFERENCE ELEVATIONS

The following listing indicates elevation above g#gund and mid-sea

level (M.S.L.) of sites involved in that report.

{Corner Amherst & Ontario
st.) Ground

- / &
’ MEASURING ELEVATION (m)
LOCATION STATION ABOVE  ABOVE
‘ GROUND M.S.L.
\ I N
METEOROLOGICAL TOWER HIGH ! f 59.7 ]]¢¥7
in Botanical Garden -
(Prov1nc1a1 Environment&fﬁ\w/ LOW 6.1 ‘161‘]
C.B.C. TOWER on Mt. Roya\/- HIGH
{ operated by the Meteoro--. No Measurements 313.9
logical dept. of McGill Univ. LOW 10 257.5
DORVAL AIRPORT 10 a1
MCG111 OBSERVATORY 10 57
M.U.C. SAMPLING STATION -

0 3.6

Reférence Elevation

Local ground
level
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" APPENDIX 11

< .

BASIC DATA FOR EVALUATION-OF VERTICAL TEMPERATURE AND WIND PROFILES

I1 a TEMPERATURE ) :
N ) ., ‘ ‘ - .‘
) MEASUREMENTS CALCULATI®NS -
| LocATIONS TEMP. TEMP.{°C} - DIFFERENCE IN LAPSE RATEY |.
: ~ . o¢ DIFFERENCE ~  HEIGHT (m) ® O¢/m
BACKGROUND |  C.B.C. Mt.R - 1.015 - 56.4 -0:0018 .
: . ‘
COUNTRY Dorval -6.5 - N . - - |
BOTANICAL | Meteorological . . # : o
Tower- in Bot. - 0.56 " 53.6 - +0.00104
GARDEN Amﬂmg o .
CITY CENTER|  McGill SPI - - \ - -
T . N - - A ] -

| : N e T
. Ty = Tp - AT(1 -mv S \\ u
with: d = 10160m . S -
L = 13450m : i L / .
D.—v = lWOﬁ ° ) 3 \\ -
~ - (8] , o
. . T, = -2.250C /
N ‘ % . - —
L] . . i + » 4
- O - AT
. ' Nu(immmu
— ~ ? MWWMaLM ] N
- N %“h“.ll 4
\u.rm, o / .

““Surface temperature at the Meteorological Towef of the Botanical Garden

(Equation 15 of Reference 26)
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. .| * LOCATION _WIND VELOCITY REMARKS -
- . ) q,a\w, . ) - . “ .
BACKGROUND C.B.C. Mt.Royal . 10.2 - 4 Questionable measurements
- hd - A - - ;Q -
|COUNTRY  * Dorval 2.4 _
BOTANICAL . High . . w.ﬁ, . ,
GARDEN Low ’ 4.02
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P - Determiration of the mixing height at City Center - : ‘

[* T ; o Acq,ording to Summers, the mixing height h_ at City Center

F -, ’ 7 _ wm be deduced from that at the location of the reference
' wind profﬂe by ( equation H of reference 42):

| ‘ . —te \ X -

r‘. * “ * N ’ s v ! L '

: . . S B ,.

\ Py . . ° S : “ . hs '.hB a“

y S0 € hgs which is the mixing height at the meteorolagical tover
R

|

|

L

] : L ,f of the Botamical Garden is estimated from fig:2 at 154m -

T with . 0
’ L 'J-%é 1".14.on‘ehaye ’ T ¢

% T ] ‘v‘ . ," ; ﬁs 2‘1?6“' .

~ ‘

4

3

< S . .- ] .

N Vo Therefore, the total height of the Boxes at City Center shall pot -
'.\),’. 1 ﬂryi" i N ‘ “. ° eXCeeﬁ ]76“\ *
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. ADIABATIC LAPSE RATE FROM (3.1) - - { i

VO |
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~APPENDIX 11 (cont'p) ‘

- EVALUATION OF THE ADIABATIC LAPSE RATE

-~
—

Relative humidity measured at McGill 50%
Surface temperature at McGill -1.60C
Saturation pressure at that temperature 5.4mb
The vapor pressure that exists on the earth:
'=0.5 x5.4 =2.7m
M, N

Abmspherié pressure at Mt_:Gi'lf \985 mh
with € air = 1,015 379-%K

and C, water vapor = 3.98 J/g-°

Humidity ratio at the surface of the earth:
w = 0.6215 x 2:7 = .0017g/g of dry air"
. 985-2.7 '

!

= “9-8] - - [t D
fd ~O15{1-0.0017)+3.98%0. 0017 = ~0-00962°C/m
& .

v

'

n
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| ~ EVALUATION OF THE AERODYNAMIC SURFACE ROUGHNESS

N

- Rccording to Lettau, tﬁe aerodynamical rohghﬁess at surface level is given
by: ' 7
3 ' . ' »

0 ZKl ; S ¢'~_

where:’ i . .
i \ B "“"

 is the effective height of the roughness e1emehts {m)
@ 1s the silhouette area seen by the wind. (mé)

’ i K is the Jot area (total area of the® reg1on d1v1ded by the
o number of elements), (m?) ’ .
Mode111ng Assumptions: ¢ o . CoL
Based on local observations, it is assumed that the rough- . /
. ness elements are consisting of bu11d1ngs of 7.0m h1gh The
buildings are distributed in 34 square blocks cons1sting in
24m. of building frqntage and 5.m wide streets and yard which- ”f,i 3
. +are-discontinued by Cherrier Street. The iﬁVestigated aréa-’

s " is 1000m wide, 25m deep (34 blocks). e 00
. . r ' -

N

..

Effective height d¥ the ‘roughness e]ements:lﬁ"ﬁ 7.0m "'

L}

J

] Silhouette area ‘seen by the wind because the frontage area is at an angle
N of &° with the N.W. winds,
' The silhouette area seen by the w1nd is:

L4

. ‘ cowy a=:5x7x34x % x cos &° = 353 m? . o "1f
! Lot, Area; : o ) ‘ ' .
| In a* 1000m square area the'lot area is: \ ‘
- o K = 1000 x 25/34 = 780w7 SO
o  Finally: ‘ N
! R A A & R W ST “

%o T Tx 780 !
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y ' APPENDIX IV S
. . s
EVALUATION OF THE SOURCE -STRENGTH » o
- ‘i‘.y“ ‘ [ . B
R 7 “ . .
_Sulphur'dioxide is mainly exhausted by 0il fired machinery used for
reating of buildings and industrial activities. At a constant sulphur
content, total exhaustéd-.imass flow is proportional to the total rate of
0il consumption. ' ‘ ,
» 1) UNIFORMLY DISTRIBUTED TOTAL SOURCE STRENGTH
0il consumption rate for heating purposes:
Rate of hegat prdducti"on per degree day Dy ' - .
hy = Q'o x Ne (3.9) ‘
365 x (18.33 - 1] )
. “Where: e - ‘5,
oW = b.6210'2 guiyear (RéF.36 430 B
hy = 11000 cal/gn = Lt e |
T = 5.96% . S '
B hg.= 1.13 10'%cal/day -1 '
Amount of heat for heating of building Hh' ' : s
~ H=hy (18:33-T)) (.8) . .
< where: ' ) s e oy
L Tgse% SR TN
W, =2.2510%%cal/day: N S
" » _ ) . f . i’ ¥ “\s'
.~ Daily oil consumption for heatin 'oflbuﬂding: (3.10) ,’?‘ o
N - ® \ i Dt' ¢ et ‘ R s 5_ t t
Wy = 2.23 10" /1000 - 2.05 10' gwday C
\ Ll (S

~ . N ) N -
, w;a - 0 ",: -
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) L
APPENDIX IV (ConT’p)
“i = &ear]y consumption/365,

>~ Total dail}\biT consumptfon:

5.2510'% gn/y /365 = 1.4310' m/day

Q

-~

) ~
M= Wy + W =2.05101°+ 1.4310'0 = 5.58101°gn/day
SO2 emission rate: , ‘ X
1 6‘ o
- N (
E = NT x 1.4% x 28 x 360Q ‘ (3.12)
= 4.31 10 g/s -
"? B 3 ’ 5 -
“EvenIy distributed source strength:. . o
A »
“Q =&/, rea of greater,MontrQal R
from (40) 3.66 108 2 |
. Q= 14.7 ng/m2-s . L YRR
.. o § _"-‘{
Source strength iri a box' of source area Ax 5Q0@ ' ‘
- Qbx = 14.7 x 50071000 = 7.35 ma/s o
2) . UNFORMLY DISTRIBUTED SOURGE STRENGTH DUE\TO HEATING OF
. BULLDING ONLY. . e !

and - Qax = 8.62 x 500/1000 = 4.31.ma/s -

= T T e e,

" 'E = 3.88 gw's
. qQ = 8.62 ug/uz -s '

Lo

o In that case . H; f,HB % Z;bén}olggm]ag;

-

—
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o “ . APPENDIX V |
} EVALUATION OF THE VERTICAL CONCENTRATION PROFILE

, t
The set of coond?nates;gaken from measurement taken by T. Oke and C.

g

East (41) is: ~ -

¢, = 1.59 mg/m® at z, = 26m

R '
‘ ‘ C2 = 1.90 .mg/m” at z, = 145m

The linear relation between these two qoofdiﬁqtes is given by:

-t . &G4
4 “'~22 ié' Z]" ) T
OR .
CTe=a8T = L90-1.59 = 0.00258
2- 145 145 - 25 o
L C - *
And finally: . ¢
€-1.90 .= .  0.00258z - 0.386 o
C' = 0:002582 + 1.514" (mg/m’) e
. ’ ) \ )
'.
¢ t oy,
< ~
vf"_. g .’
~ 8
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