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URBAN AIR POLLUTION MODELLING

F. A. Gifford, Jr. and Steven R. Hanna

Air Resources
Atmospheric Turbulence and Diffusion Laboratory

National Oceanic and Atmospheric Administration
Oak Ridge, Tennessee

ABSTRACT

A simple but physically realistic model of the ground level concentration
distribution resulting from area sources of pollution is presented., It is shown
that the results are not greatly dependentupon the form of the vertical concen-
tration distribution. This area-source model, which satisfies the two-dimensional
equation of diffusion with height-variable wind and diffusivity, is well adapted
tc simple, hand computation. The ground level concentration in any grid square
of a two~dimensional grid covering the area sources is given by the sum of the
source strengths of all the grid squares, each multiplied by a simple weighting
factor. This factor depends mainly on distance from the receptor square, the
frequency with which the wind blows from that square to the receptor square,
wind speed, and atmospheric stability, The matrix of weighting factors is inde-
pendent of the location of the receptor square, Comparisons with urban air
pollution computations based on more complex urban diffusion models (e.g. Lamb's
model applied to Los Angeles, Fortak's model applied to Breman, and Martin and
Tikvart's model applied to Atlanta) illustrate that this simple model adequately

represents urban diffusion for most air pollution problems.

INTRODUCTION

Of the three great natural sinks for pollution, the air, the water, and
the land, only the air cannot be purified or controlled by man, once it is
contaminated, Material emitted into the airlis removed or diluted only by
naturally occurring processes. Whereas river water can, and often does, undergo
many stages of pollution alternating with purification as it travels downstream,
there is no such possibility for the air. Also pollutants from all kinds of
sources, once they are emitted to the atmosphere, mix together and can't bhe

distinguished. This means that the problem of calculating air pollution becomes

a particularly crucial one.



» Specific requirements for calculating levels of urban air

rollution range from the need to design "air quality control regions,"”
through the establishment of air pelluition control resdln.'biénn , with

their related enforcement activities, to operational (i.e. real-time)
air reéource management. All can involve quantitative estimation

of air pollution levels, and it is the business of the air pollution

meteorologist to make such estimates.

Following Luc:as“‘:L early study a series of simple urban air pollue

tion models were described in yapers by Lea.vitte, Pocelea'r5 s Clarkeh, |

and Miller and Ho.'l.zv,rczux"t:h5 . These studies have much in common.

They each approach the urban area-source concentration problem

by way of the usual Gaussian point source diffusion model. Differ-

ences occur only in the details of how the area source summation is

carried out and in how various mecteorological parameters are included.
More recentliy urban diffusion models of far greater intricacy

O T

have been described, for instance by Turner , Martin and Tikvart',
Shieh, Davidson, and Friendg, Ro'berts9, and Fortaklo. Tnese models
use much the same basic point source scheme as the earlier group,
but differ in the detail with which metcorological facitors are
included. Thé execuvlon of these later models requires appreciable
amounts Of high speed digital computer time. ZITven avart from the
expense involved, tihis is a practical difficulty. If urban dif-
fusion models are to be used in'real-timo pollution control y Tthe
time €0 run the model must not be s0 great that it confiicts with
the requirement for prompt control action. Furthermore the meteorw

ological calculation is only one element in the control or analysis

system. It should not consume a disproportionate share of the available
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computer time. So the question naturally arises, is this elaboration

neecessary? Arce the numbers produced by the current croio of models'

Dettor than those produced by the earlier ones? Should we anticipate ’

as Sternll suggests, yet a third round of urban diffusion models,

presumably of still greater complexity and which will consume even
more computer time? At the moment there 1s no easy answer. Probably
detailed models will always be studied in resea.r;:h applications, where
the need_ is to understand detailed complexities of iu:ban pollution;
and perhaps this is Jjustifiable. However for many operational uses,
including legislative and enforcement activities as well as engineering
design, it seems crucial to retain essential simplicity in urban dif-
fusion models so that the meteorological factor can be introduced
into the environmental pollution problem in as uncomplicated al way

as possible. There remains of course tThe possibility that a quite
simple model may give all or nearly all of the precision that 1is
available.

In the following paragraphs a simple model of urban ailr pollution
is presented, based on reasonable Iirst principles and incorporating
some attempt at rigor. The result, a simple, easily applied arca-
source concentration formuila, is compared with several of the pré-
vious formulas and the conclusion is that it perlorms well.

TI® ATDL AREA-SOURCE MODEL

We assurne, in the first place that the problem of urbon ailr
pollution can be simplified dy consicering separately the isolated
point sources such as tall stacks and wmping the contribution of

the multitude of lesser sources of all types into a spatially variable



arca<source concentration, XA' This is assumed tO Obey t:he _steady-'

state diffusion equation in two independent variables,

oX, 9 Xy
w(z) 55 = 5o K(z) == (1)

where the mean wind, u(z), blows in the x-direction. Neglect of <the
y=component of the diffusion is equivalent to'the observatj.on that
point=-source plumes in the atmosphere tend to be long and na.rrdw,

and so the concentration at a point can be influenced only by sources

In a narrow, plume-shaped upwind sector /see GiffordlzJ IZ u and

the eddy-diffusivity, K, are assumed to obey the usual power lavs,

m

u(2)=ul(-z§£} (2)
Z o ‘
K(z) =X (=) (3)

the "partial” solution to equation (1) for the ground level concene-

tration distribution, xAO’ due to an area source has been shown by

5iffordl3 to be
ST S S 1-3 L-s
X0 © W B ﬁQo -1*2_ ’-E}‘,i [(21—}-.1. - (2i-1) (4 )
L izl

where s = (m+l) / (2+m-n) and the distance y X, Xxom the receptor point

: = .' . : . N
t0 Tihe upwind edge oI the city is given by x = (m—a;.;)z;\x. N 15 the number

of upwind grid squarcs in the source inventory, and Ax is the grid
size, as given by the usual "checkerboard” source-inventory pattern.

Source strength, Q,is constant for esach square.
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The rccecpltor point is assumed to bg located at the center of a
source squaré. There is no particular difficulty invplved ':I.n
.s.ddpting the model to otheor geometries, including irregular areas
cowreo patierns. ' ‘
The 'parameter B_ depends‘ on the vertical- concentration _dia'ﬁri-

butiqn. " The total concentrgtion distri'bu*biqn XA. is"riflatéd,to thé
.Ground-levei ‘value, X 207 by '

X, =X, (x) £(= ) ‘ (5)
Here the reference height, . 2, essentially represents the ™top" of
the polluted air, and increases with distance from the upwind edge

‘a.ccordihg to the formula -

1
i

Z4m=-n | (6 )

Z -‘cl X .

This assures that a ''variables separable' solution of the type of equation

- {5) will satisfy equation (1). Then, with ¢ = z/Z, the value of B follows

from the continuity condition

oo fx |
[ u(z) XA (x,2)dz = i Q(x)dx . ¢ 7 )

O) J o

From this and equation (3),

B = | z f(g)dz . j S (8)
| | “ \
The constant Cyq is determined from the relation cy ™ 3aaf(m+l;
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where a is defined by the usual power-law formula for the standard deviation

of the vertical concentration distribution

gzuaxb 2 I (9)

and Z *© 3ca. Values of a and b based on extensive observational data have been

*4, and Smithis. fable I 1s based on the values

summarized by for instance Slade
given by Smith and includes ocur estimate of thetﬁalue'cqrrgaponding to Pasquill's
tvpe-D (slightly stable) condition. We believe that this, rather than Smith's

"stable" value is more appropriate to urban ceonditioms; unfortunately few data

are as yet available on diffusion over cities.

Table T

Meteorological Conditions: a b *(1-h) a(l-bh)
Very unstable : 0450 Je 81 0.09 .036
Unstable : ().32 0.86 0.14 046
Neutral : J.22 {1 .80 D« 20 . Q44
Estimated Pasquill D" : | 0,15 0.75 0.25 037
Stable : G.06 .71 0.29 017

" ¢ T oL . . o B 1 1 'L T: 1/2

For a Gaussian vertical distripution, with the above assumptions, B H'S-(EQ :

For a linear cecrease in concentrrotion, B ~ 0.4, In general 1t is unlikely that
R will differ much from these values.

Equation (4) can be gerera'lzed in the usual ways, by introducing wind
direction and speed frequencv -lass intervals, and varving the meteorological
parameter, s. The only real problem that arizes in the extension of equation (4}
to the case of annual average councentrations is that of adapting the basic recti-
linear source configuration to radial wiac directions other than the cardinal

ones. Our arbitrary but simple scheme for coing this is Zllustrated in Figure

1.
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COMPARISON WITH OTIER AREA SOURCE MODELS
There are at the moment no ur‘oaﬁ air pollution obs_grvations that are

accepted as definitive for the purpose of testing diffusion models,
g0 the aomparisons to follow are with the results ©Ff aaluuh‘biénn weaANg

several other urban diffusion models, those of roriak, Lambl6, and

Martin and Tikvart. Our intention is to show that the cmnpa.rdtively
| simple , easi ly and quickly performed calculations required by equation
( 4) g:.ve area-source concentration values combarable wi'bh these more

i
-

corplex models.

Tortak's model: In comon with several area source diffusion

models, Fortek's ic based on the integration over & plane sxrea oOf
+he Caussian plume formula. Other models employing the same ldea
are those by Twrner, and Maritin and Tikvart. Models such as taose by

Roberts, et 2l. and Shich, ot al., which employ an Iinstantaneous Gaussian

puff as the basice diffusion cloment, do not seem to us o be essentially
different from these. TFortak asstmes o constant mean wind speed and
80 the comparable special case of equatlion (4) <5 given by the values
) . 4 T | . .
me=0,d=s5,and B=3 (=) . The working equation is
A~
N )

s*(2) w7 QL ) 2, [(2.~.+1,J - (24-2) _/r(20)

| -h"-l. |

wind of this speed from direction %,



Equation (10) has been compared with a representative area

source calculation for Bremen, Fortak's Figure 22. Using the values
U= 3n sec-l, a = 0.15, and b = 0.75, corresponding 'Eo neutral
'cond:.tions, and for a south wind, concentrationVvidlues predicted

by equation (10) for each source square are given in Figure 2

and the source data, the sum of the source strengths given in
Fortak's Figures 13 and 14, appear in Figure 3. Using these

source data the concentrations can be reproduced from equation

(10) in a few minutes. The concentration pattern as well as the

maximum values are seen to correspond well with Fortak's isopleths,

which are shown in Figure 4.

Martin and Tikvart's model: This stroightforward model is

closely related to Turner's area source model; both are bvased on

1tatiowt! issued

the Gaussian plume. Thae many Repores for Const

by DHEW to establish air quality control reglons in the United

States used & version of Martin ancé Tikvart's meael. These con-
sulitation reports differ consiceraviy among taeusaelves in the
amount of air roliution source cata included, The report for the
entative of This large vody

e and inciudes a reaschablic zmount of source strengtih

data. We mrade a caleaiation of annuwol average marticulale concen-

trations for Atlania, besed on the source strengths given in the

tlanta report. The amnraal average viné speed was used, dbut

o, ' o e = g N " BN I"'| .
equation (10) was modified by ruliivlying by the wind frequency

in cach direction and swming. Neutral conditions ( a = .15, b = .T°

- Were agaln assumed.



The results of our Atlanta calculation are shown in Figure 5.
We include the concentration isopleths appearing in the DHEW report
for cpmparison. The Atlanta source data included emissions from
a numbér of tall stacks. Concentration patterns for these were
calculated separately by the usual plume rise and dispersion

4 1 |
8, and Briggs 9_7 and added to the area

formulas [ see Gifford
source values of equation (10) to give the totals in Figure 5,

sO that these would be comparable with the isopleths of the DHEW
report. Equation (10) reproduces the absolute values and general
patiern of the DHEW isopleths reasonably well. The DHEW isopleths
seem, however, to have becn smoothed. The pattern of our values
indicates a somewhat greater elongation towaerd the south and the
northwest, and our maximum value in Atlanta is considerablﬁr higher.

* should be remembered that the purpose of the DHEW studies was

to delineate regional areas, and not necessarily to determine maxima.

Lamb's model: Having demonstrated, at least 1o our own satisfaction,
by the above and several similar caleuwlations that equation (10) re-
produces the results of area sourcce calculations based on the Gaussian
assump‘tion, we wishgcl ©C compare 1t with a model based on solution
of the diffusion eq_uziticm. An ambitious attempt along

this line 1is the interesting stuvdy by Lamb a%t UCIA,
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of diffusion in the Los Angeles basin. Lamb's model, although

it empioys constant eddy-diffusivities, and wind not varying with
neight, is in other respects the most complete and flexible model
we have examined; For instance it includes time-variable sources,

space-variable winds, ground absorption, and even simple chemical

reactions.

We compared Lamb's model with equation (00) using source data
on natwral gas emissions in the Los Angeles Basin, for a particular
16-hour period. Calculations of ground-level concentrations using
these data were kindly provided to us by Mr. Lamb. This is & very
severe test of equation (10). For annual or seasonal concentrations,
such as in the previous comparison, it is not too surprising that
equation (10) performs well. Over any long veriod the average ground
concentration from an area source is obviously strongly weighted
by the local source-étrength. But for a short period such as 16
hours all possible complexities come into play.

The results of these calculations arce illustrated in Figure 6.
Cur model seems to be giving areca-source concentration values of the

"~y

cl, perhops a Tactor of two higher..

-

@F

same order as the UCLA moO
Figure7 is a scatter-cizcgram presencation of the same information.
The open points come from the top three grid-rows of Figure 6.

We suspect that fho UCLA model is computing higher values there
because it takes into account flow convergence éaused by the ring

*

of mountains. Lamb uses a streamline and isotach analysis of
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hourly rccords from 32 wind observation stations:in the:L A basin,

varying the wind field each hour. We simply used the g;nnual average

Los Angeles wind dircaetion froqueneios and a single moén wind apeed,

chooaen ad as to agreo with the ovorage of Lamb's wind speed data.
Doubtless agreement between the two models. could be improved by
rocomputing ours for each hour, using the actual wind data. Of

course we don't know which model is giving the Lest values as thére:

are as yet no'enti'rely satisfaciory verifig:.a.ﬁon data.
DISCUSSION AND CONCLUSIONS :

The above comparisons lead us *o conclude that our area source
- model performs well, producing ground level concentration values
tomparable with those from other, more complex models. We also
believe that the success of these comparisons amply Jjustifies our
vasic physical assumptiion, .ﬁamely neglect of lateral dispersion

20

[ Calder” refers to this as the' narrow plume hypothesis."j

In several respects our model is more gener.?;l than other steady~
state erea=-source models. Il permits bota u and K To vary with 2
and makes no a priori assumption about the form of the concentration
distritution. Since our arca source model is quite simple to apply,
requiring little computational efTort (a few minutes on a desk cal-'
culator . or scveral scconds of high-speed digital computer time) it
should be of considerable usce in alr poliution applications.

One problem with area source diffusion models that depend on numeri-

cal integration of a point source diffusion equation (all the models in the

references are of this type) is that it is not obvious how any single
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variable in the basic formula influences the final result. This has led
to several analyses of ''sensitivity,' in which parameters are varied 1n_an_

attampt to establish their influence on the ground level concentration.

Such studies have been carried out by Hi19t21, énd'Milfo:d,'ggnglﬂzz

another, by ThayerzB, is in progress.

’ and

It is a virtue of the present, explicit solution of the problem that the
parametric behavior of the result is obtainéd essentially by inspection. Our

basic physical assumption, which appears to be quite reasonable, is that

ground-level area source concentration is egsentially independent of the

lateral dispersion. The behavior of the ground concentration, XAO‘ with

regpect to the remaining parameters of equation (4) 1is summarized in Table I1I,

in which the fractional change of xAﬂ is given by
L%

e N {
8%, 4 / X, 0 (Coefficient) SP/P | (11)

where P stands for any parameter on the right hand side of equation (4).
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Table II

| | | 5X, /X, = |
Parameter - Range : AO/ AO

A
1 !

u 1-30m sec i - Su/u

Coéfficient of 6P/P |

I
-1 | }

o

AX 1 5=50 km - 3 *géi;(l-b) | . (1-b)
¥ I 4’.’}1}( Y

.

e
———— e e— e A i St W, e

i ; | |
| f ) 8(1-b) 1-b i ' 1-b
1 J ar L (1-b)x~ 4£n x (1-b)x In x
: i=b 409 = .29 - {1=b) ( ) l |
= - | 1
(""Or Ql QO) ' | ;
._._.._._._.........__.---———-5—-—---————'-----——-""-—-"-—‘__-_"-—'_'b
- i * )
L SN+ (1-b) |
N 5 - 10 Tﬁ@"" (1-b) | }
| r
| o
| 5
b Many orders ';82(l+-§ % T )‘1 : * 0.6 Tor type J
{ZETtTal , y ' L\o 1 'é"’ 1 1 and Qi ~ Qo I ‘
source box) 0
. |
i
(s - 6Q, F. (S_g_ 4 | ;
N Many orders ) = .10 to .15 for type D and

i . < | =
SouUYCe bOK) I a Q -1 Qi QO

- -t - o ' ; | r

L » - O.L S| | ;f /J- : 1j l
MMhW“-——_M

Tn € s - 21+ P 2 (21 - TP, The result for (1 - b) was

In the above, », = (41 & 4, = (41 L. - - . .

a . » = - ™ = - ¢ P - - , - e | . t n
obt ained , ASSuming for S1mpLliCi t ¥ N3 Ol QO constant, Irom i E | continuous
form of equation (&),
~ /N : . "
~ L -_!. lf- ..i_mb ' --"- 1
b, { = (2/7. / 0 x iail‘b}U} - (12 )

A0

* - - . il e -
tn view of the small variability of a(l-b) over the expected range, ITom un
stable to the"D conditions, this product was asaumed constanc 1in evaluating

the effect of (1-b).
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Table II displays the behavior of this area source model rather completely..

'

As to sensitivity te smail changes it.reveals nothing very spectacular, exce?t.
for the fairly large variation of the coefficient of 6P/P which, over the
range of the stability parameter (l-~b), changes by a fact;r of about 20-uﬁder
staole conditions. This means that,*witﬁ this exception; sm#ll changes in any:

of the parameters produce only small changes in ground-level concentrations,

4

A0 Consequently extremes in XAO must be sodght‘in connection with extreme

values of the quantities P. For example, high values of on,will be associ-

X

ated with large Qo’ the central area source strength, or with high values of

the source strength Q, for nearby source areas. High-xAO also 1s associated
J L)

with low u and,where a long-term average s Iinvolved, with high values of fi'

Comparatively large changes in XAO will accompany changes in stability, as

e
i

-

as

v

red by (1-b), particularly during stable conditions and for large values

s mn "

-J & .

Hh

etch’ over the city, =x.

As to future research on area source models, we oelieve that improve-

ments are required on three aspects. Models rhould be ‘extended to account

for irregular terrain, chemica.i reactions and removal effects, and unsteady
conditions. Some work has been done on each of thege but more is required.
The success of such a simple approach as we have outlined leads us to hope
“hat adequate means can be developed to introduce these additional features
without sacrificing simplicitv. In this connecticen, it is a‘definite implica-
| tion of Table II that area-source pollution is not very sensitive to the form
f the vertical concentration distributiénﬂ In the extreme and uniikely case
of a uniform vertical concentration distribution, B = 1, i.e. not ver} different
from the values we have used. Thug we are not inclined to regard uncertéinty

about the préciae form of this quantity as being much of a oroblem.
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The usefulness of any new area source Giffusion model depends on Iits

performance compared with other area source models. In the past, as new
“models ﬁppeared in the literature » there was no comparison with other
models. Clearly, if the concentrations predic'téd by a complicated

model are not significantly better than the predictions of, for exa.mple,
vhe simple "'box model of diffusion, then tnere is no practical .just:l.-

{ication for the new model. In fact ours ig the firs®t model we

know of that has been compared with other models.

Finally, we wish {o record a plea. Very few published area-
source models have included data on source s’c;rengths and predicted
concentrations in a form that makes it e easy orr éven possible to
reproduce and compare results. It would be vcr;y helpful if authors

ouvld; 1) J.ncluac the arca-aowc@sﬂen th data that they use; 2)

provice calculated arca=-source concenﬁra"cion values in the same

-
g = gy B I":T

el d e v ~ . s Y
TAC egseen as for the source data.

> TN, ﬁiﬁ"'r'- F ™
O .._J,.- "&J.. td v A

i"'""‘"'...

LN1s rescarceh was performed under o agreement between the

U.5. Atomic Energy Comuss;cn and Inviroamentel Science Services
J’Ldmin.i.sr Url..-\.- b.-l.on o ‘
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CAPTIONS

Figure 1. Scheme for combining rectilinear source~grid squares with
radial wind directions.

Figure 2, Calculated wintertime ground-level SO, concentrations, Xp0
~in mg SO7/m3, based on equation (10), for Breman: wind
direction, south; wind speed 3 m sec~l; atmospheric stability,

neutral.

Figure 3. Source strength data for calculation shown in Figure Te
mean emission rates in kg SO02/kmZ hr for heating period
(space-heating plus small industries).

Figure 4. 1Isopleths of wintertime ground—-level SO, concentration,
mg SO2/m3, calculated by Fortak.

Figure 5. Calculated wintertime ground level particulate concentrations,
mg/m3, based on equation (10), for Atlanta (numbers in squares).
Isopleths are the calculated values, mg/m3, presented in
reference 17/.

lgure 6, Ground level concentrations of natural gas in Los Angeles,
ce/m3, as calculated using Lamb's model (numbers above the
line) and equation (10) (numbers below the line). Source
data, 103 ft3/day mi2, are indicated at the bottom of each

square.

Figure 7. Scatter diagram of the information presented in Figure 6.
: Open points refer to the top three rows of Figure 6.
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Figure 5. Calculated wintertime ground level particulate concentrations,
mg/m3, based on equation 10, for Atlanta (numbers in sq.ares).

Isopleths are the calculated values,'mg/m3, presented Ia
reference 17.
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Figure 6. Ground level concentrations of natural gas in Los Angeles, cc/m~,
as calculated using Lamb's model (numbers above the line) and
~equation (10) (numbers below the line). Source data, 103
£t3/day miz, are indicated at the bottom of each square.
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Figure 7. Scatter diagram of the information presented in Figure 6.

Open points refer to the top three rows of Figure 6.
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