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ABSTRACT 

A model is presented for predicting the dynamic behavior of 

both inert and chemically reacting air pollutants in an urban atmos -

phere. Pollutants of interest include carbon monoxide, nitric oxide, 

nitrogen dioxide, ozone, and high and low reactivity hydrocarbons. 

The model is developed for a general urban area and then applied 

to the Los Angeles airshed. To evaluate the model, six smoggy days 

occurring in Los Angeles in 1969 are simulated followed by a com

parison of the predictions with the numerous air quality measurements 

reported by the local air pollution control agencies. In addition, 

since evaluation of emission control strategies is an important poten

tial use of the model, simulation results are also given demonstrating 

the possible impact on air quality in the Los Angeles area resulting 

from implementation of the U. S. Environmental Protection Agency's 

control strategy for the South Coast Air Basin proposed in July of 

1973. 

The governing equations of the model are based on the gen eral 

mass conservation r elationships for a chemically reactive s p e cies in 

a three-dimensional, turbulent atmospheric boundary layer. These 

equations are solved independently of the coupled Na vier -Stoke s and 

energy equations; meteorological parameters in the model are esti

mated from measured wind and mixing depth data. Reaction rate ex

pressions for the reacting species are derived from a concise, fifteen 

step kinetic mechanism describing the important chemical reactions 

that take place in the atmosphere. A detailed discussion is 
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included of the treatment of the winds and temperature inversion in 

the Los Angeles area. 

Since pollutant emissions are an essential input to the model, 

a general model and comprehensive inventory of contaminant emis -

sions for Los Angeles is presented. Considered in this study are 

the spatial and temporal distribution of emissions from motor 

vehicles, aircraft, and fixed sources (including power plants, re -

fineries, etc. ). 

Because of the nonlinear nature of the chemical kinetics, the 

governing equations themselves are nonlinear. Thus, a finite

difference scheme based on the method of fractional steps is devel

oped to solve the equations. A detailed exposition of all difference 

equations and their manner of solution is given. 

As mentioned previously, an evaluation study of the model 

is performed by making extensive comparisons of predictions and 

measurements for Los Angeles. It is found that local pollutant 

sources near monitoring stations can hamper the comparison of 

spatially averaged predictions with point measurements. In an effort 

to account for sub-grid scale effects, a "microscale" model is devel

oped to predict the concentration elevation observed at a monitoring 

site caused by local sources, such as traffic on nearby streets and 

freeways. In general, it is found that the model predicts pollutant 

concentrations reasonably well considering the complexity of the 

problem and the uncertainty in many of the parameters in the model. 

Finally, possible future applications of the model ar e dis -

cussed, including the short range forecast of pollutant concentrations 



V 

(say up to a few days in the future) and the evaluation of the impact 

of regional planning decisions and emission control strategies on 

air quality. To gain experience in applying the model to evaluate 

errtlssion control strategies, simulations of the Los Angeles region 

are performed using an emission inventory based on control meas -

ures proposed by EPA for the region in 1977. The model results 

indicate that ozone concentrations will be reduced . substantially from 

1969 levels; however, definitive statements with regard to air quality 

in 1977 must await further refinement of the model and better und e r -

standing of the effects of the various proposed control strategies on 

pollutant emissions. 
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CHAPTER I 

FORMULATION OF THE MODEL 

Urban airshed models are mathematical representations of 

atmospheric transport and chemical reaction processes which, when 

combined with a source emissions inventory and pertinent meteoro

logical data, may be used to predict pollutant concentrations as a 

function of time and location in the airshed. Models capable of 

accurate prediction over a range of meteorological and source 

emission conditions will serve as an important aid in urban and 

regional planning, including use in: 

I. Simulating the effects of alternative emission control 

strategies on pollutant concentrations in the airshed; 

2. Real-time prediction in an alert warning system; and 

3. Examining the air pollution impact of new sources, such 

as freeways and power plants. · 

A dynamic airshed simulation model that is to be generally 

useful in urban planning studies must meet several requirements. 

First, it should be capable of predicting accurately the ground 

level concentrations of inert pollutants, as well as those formed in 

the atmosphere by chemical reactions. Second, the model should 

have a spatial and temporal resolution appropriate for the analysis 

of concentration variations which occur in a city throughout the 

course of a day. For a typical large urban area, the horizontal 

spatial resolution may be of the order of a mile, and the temporal 
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resolution, of the order of an hour. The resolution of the model 

will, of course, be influenced by the availability of data of similar 

resolution. Third, the complexity of the model, and thus the com

puting time and computer storage requirements, should be such that 

the model can be operated at a reasonable cost using computers of 

general availability. 

The objective of this study is to develop and validate an air -

shed simulation model for photochemical air pollution. The focus 

of this work is the prediction of carbon monoxide (CO), nitric oxide 

(NO), nitrogen dioxide (N0 2 ), hydrocarbon, and ozone (0
3

) concen

trations and their variations in space and time. Also of interest, 

although not pursued in the pr es ent study, is the estimation of 

sulfur dioxide (S0 2 ) and aerosol concentrations. 

The Los Angeles air shed was chosen as the region for initial 

application of the model. This choice was made for three reasons. 

First, the meteorological and pollutant data base in Los Angeles is 

one of the richest available for any major urban C<tnter. A network 

of nearly three dozen wind speed and direction sens ors and twelve 

air quality monitoring stations dot the Basin. In addition, during 

the summer of 1969, the Scott Research Laboratories (1970) carried 

out an extensive data gathering program in Los Angeles. Particu

larly valuable were the vertical temperature profile data they 

gathered over three sites in the Basin, thereby permitting much 

more accurate specification of the depth of the mixing layer than is 

normally possible. Second, Los Angeles smog r epr es ents the most 

serious and persistent incidence of photochemical air pollution in 
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the United States. Third, because of its lack of proximity to other 

large urban areas, Los Angeles has an air pollution problem which 

is entirely locally generated. Thus, there is no need to account for 

the influx of significant amounts of pollutants from upwind areas. 

The model development and validation program is presented 

in the first four Chapters: 

1. FORMULATION OF THE MODEL 

2. A MODEL AND INVENTORY OF POLLUTANT EMISSIONS 

3. NUMERICAL INTEGRATION OF THE GOVERNING 

EQUATIONS 

4. EVALUATION OF THE MODEL 

In addition, the model has been employed to examine the impact on 

air quality of a control strategy recently proposed for the Basin. 

The study of this proposal is the subject of the fifth Chapter: 

5. EVALUATION OF THE 1977 ENVIRONMENTAL PROTEC

TION AGENCY IMPLEMENTATION PLAN FOR LOS 

ANGELES 

The first part of this Chapter is devoted to a presentation of 

the basic equations constituting the model. Next, the nature and 

extent of the region to be modeled is specified. Then a brief des crip

tion is given of the required inputs to the model, including the 

source emissions inventory, the kinetic mechanism for the atmos -

pheric cherrrical reactions, and maps of wind speed, wind direction, 

the height of the inversion base as a function of time and location. 

Because of the detail involved in the presentation of the sourc~ 
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emissions inventory, it will be the subject of Chapter 2. The latter 

portion of the present Chapter will be devoted to the treatment of 

meteorological variables and the chemical kinetic mechanism. A 

comprehensive discussion of the numerical Integration of the gov

erning partial differential equations of the model is given in Chapter 

3. The subject of Chapter 4 is the validation of the model, that is, 

the comparison of the model I s predictions with pollutant monitoring 

data collected by the Los Angeles and Orange County Air Pollution 

Control Districts. Six days in 1969, each exhibiting somewhat dif

ferent meteorological conditions and smog severity, were chosen 

for the model validation. 

I. 2 The General Theory of Urban Air Pollution Modeling 

The simulation of photochemical air pollution is essentially 

the problem of describing the behavior of a number of chemically 

reactive species in the turbulent atmospheric boundary layer. Con

sider N chemically reactive species in a fluid. The concentration 

ct (x, y, z, t) of each constituent must satisfy the continuity equation,* 

8 ct a a a a ( act) a ·( act-)· 
~ + 8x (uc ,e) + By (vc 1) + oz (we .2) = ax Dt ox + oy D £ . ay 

a ( oc.e) ' . . (1.1) 

+ az D.2, az +R_e( c 1, ••• ,CN, T) +Sl(x, y, z, t) t = I, 2, •.. , N 

where u, v, and ware the components of the wind velocity, D .£ is the 

molecular diffusivity of species .£ in air, Rt is the rate of formation 

of species t by chemical reaction, T is the temperature, and St is 

the rate of emission of species .£ from sources. In most fluid dynam

ics problems involving chemical reaction, it is necessary to _ carry 
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* (Footnote to page 4) In writing the continuity relationship for 

species !, it is customary to treat sources of the contaminant in 

the boundary conditions rather than in the partial differential equation 

itselfo While all 11ground level" emissions may be injected into the 

"bottom1
' of the modeling region and included in the boundary condi

tions, additional consideration must be given to the treatment of 

pollutants emitted from tall stacks. Perhaps the best way of handling 

this situation would be to define the lower boundary of the region as 

_ illustrated below: 

I 
I 
I 
I 
I _____ I 

' I 
1~Model Boundary 

I 
I L ______ _ 

Thus, the mass flux from the stack may be treated in the boundary 

conditions in a straightforward manner. In actual application, how

ever, the modeling region is partitioned into a network of grid cells. 

Then the continuity relationship is spatially averaged over each cell 

and subsequently solved for the average concentration. Since the 

grid cells typically have horizontal and vertical dimensions of several 

kilometers and a few tens of meters, respectively, emissions from a 

stack are best repre.sented by a source term in the appropriate grid 

cell aloft. Thus, the term S ! will be introduced in equation (1.1) at 

this time to facilitate the later treatment of emissions injected into the 

atmosphere from tall stacks. 
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out the simultaneous solution of the coupled equations of mass, 

momentum., and energy to account properly for the changes in c J.,' u, 

v, w., and T and the effects of the changes in each of these variables 

on each other. In considering air pollution, however, it is oft en 

quite reasonable to assume that the presence of pollutants in the 

atmosphere does not affect the meteorology to any detectable extent. 

An important exception is the attenuation of incoming radiation by 

photochemically-generated haze., a common occurrence, for example, 

in the Los Angeles area during the summer and autunm months. 

While the variation in pollutant concentrations may, in this way, 

alter the energy input to the system, and thus affect both the energy 

and momentum equations, it is possible to incorporate this effect 

in the equations of continuity alone (by treating measured intentities 

as data) if it is not of interest to predict temperature and velocity. 

Thus., the equations of continuity (1. 1) can be solved independently 

of the coupled Naviei,.. Stokes and energy equations . 

Since atmospheric flows are turbulent, it is customary to 

represent the wind velocity components as the sum of a deterministic 

and stochastic component, e. g. u = u + u r. Substituting u = u + u 1
, 

etc., into equation (1. 1 )., taking the expected value of the equation, 

and assuming that molecular diffusion is negligible when compared 

with turbulent dispersion yields the follo ·wing equation governing the 

mean concentration (c;,,>,* 

* A different notation is employed for the mean wind cornponcnls, 
u, v, and w and the mean concentrations (c ;), since the former 
represent time average quantities, whereas the latter represent 
ensemble averaged quantities. 
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( 1. 2) 

where c i = ( c z) + c 1, ( c £,) = 0, and turbulent fluctuations of the 

~ 

temperature have been neglected. This is the basic equation fo r t he 

mean concentration of a reactive pollutant species in the atmos phere. 

Its direct solution is precluded by the appearance of the new dependent 

variables, (u 1c1,), (v 1c£,), (w'c1i), as well as any variables of the 

form (c1,cJ> which arise from (R ;)· There has been considerable 

study of means of approximating the variables (u'c:e,), (v'c2,), and 

(w 1c ii) [see, for example, Kraichnan (1962), Saffman (1969), and 

Manin and Yaglom (1971 ). ] The simplest and most popular means 

of representing terms of the form (u'c1,) is by the so-called K-theory 

(Calder , 1949 ; Pas quill, 1962; M anin and Yaglom, 1971 ) in whi ch 

one sets 

(u 1c 1,,) = -K 
iC.J xx ox (v'c ' ) z (w'c') = 

£ 
-K zz 

( 1. 3) 

It is well known that in the proper general form of th e K-theory, the 

set of quantities K , K , etc. constitut e the components of a second 
xx xy 

order tensor K. In most reported applications of the K-theory, off
~ 

diagonal terms of t h e form K , etc. are set equal to zero. F o r th e 
xy 

diagonal form of K to be valid at all point s of the region, it i s nee es -
~ 

sary for the tensor to have the coordinate axes as principal axes at 
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all points of space. Such a situation can occur in the surface layers 

of the atmosphere, where the mean wind vector can be regarded as 

everywhere parallel to a given vertical plane (Calder, 196 5). In a 

large airshed this is clearly not the case. If it is possible to assume 

merely that the mean velocity is parallel to the ground, with com

ponents u -:/ 0, v -:/ 0, w = 0, then the only valid form of the K-theory 

as given by equation (1. 3) can be that in which K = K . Hence-
xx yy 

forth, K = K and are denoted as KH, and K is denoted as KV. xx yy zz 

While there has been considerable study of means of relating 

the variables (u'c1,), (v'c1,), and (w'ct) to the mean concentrations, 

there has been comparatively little examination of approximations 

for terms of the form (ctcJ> which arise when chemical reactions 

take place in turbulence. This lack of study is primarily a result 

of both the enormous theoretical difficulties associated with the 

description of turbulent chemical reactions and the lack of experi

mental data against which to compare the predictions of the turbu-

* lence theories which have been developed. Consequently, for 

simplicity, one final assumption is made relative to equation (1. 2), 

namely that the mean rate of reaction can be approximated by the 

rate based on the mean concentrations, i.e. 

( 1. 4) 

* The reader is referred to Corrsin (1958), Lee (1966), and O'Brien 
(1966, l 968ab, 1969, 1971) for further information concerning initial 
studies of means for approximating joint moments of the form (c'.e,c!). 
In spite of these studies, it is still not possible to assess the im- J 
portance of the contribution of fluctuating terms of the form ( c .'.e, cJ) 
to the mean rate of reaction (Rf,) in atmospheric chemical reactions , 
although an initial effort along U1es e lines has been made by 
Donaldson and Hilst (1972). 
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Since definitive data on the temperature dependence of photochemical 

reaction rates are not generally available., it will be assumed for the 

purposes of this study that R l is independent of T. 

Substituting equations (1. 3) and (1. 4) into (1. 2) yields 

(1. 5) 

Contrary to the impression conveyed in a number of earlier 

air pollution modeling studies., equation ( I. 5) is not the fundamental 

_equation governing the dynamic behavior of air pollutants in the 

atmosphere; rather., by virtue of equations (1. 3) and (1. 4) it is an 

approximate equation., valid only under certain circumstances. 

Equation -( I. 5) is employed as the basic model in this study. How -

ever., before doing so., it is necessary to consider the limitations 

inherent in equation (1. 5) that restrict its applicability in describing 

the transport and reactions of air pollutants in the atmosphere. 

Ass es sing the validity of equation (1. 5) for modeling air 

pollutant dynamics has been the subject of two recent studies 

(Lamb., 1973; Lamb and Seinfeld., 1973). It has been shown in these 

studies that equation (I. 5) is a valid representation of atmospheric 

transport and chemical reaction provided that the: 
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* Time resolution 6t is large compared with the 

Lagrangian time scale of the turbulence; 

2. Characteristic temporal and spatial scales for gradients 

in the mean velocity field are large compared with the 

time resolution .6t and the average distance that a fluid 

particle travels in 6t; 

3. Characteristic temporal and spatial scales for gradients 

in the turbulent velocity correlations are large com

pared with the time resolution 6.t and the average distance 

that a fluid particle travels in 6.t; 

4. Characteristic temporal and spatial scales for gradients 

in the source emission functions Si are large compared 

with 6.t and the distance a particle travels in 6t; 

5. Characteristic temporal scale for changes in the rate 

of generation or depletion of species by chemical re -

action, R l' is large compared with 6t. 

These conditions may be expressed more precisely. In par

ticular, conditions 2 and 3 imply that each of the fluid velocity com

** ponents should satisfy the requirements: 

* 6.t refers to a measure of the time scale for the most rapid changes 
wp.ich equation (1. S) is capable of resolving. 6t does not necessarily 
coincide with the time step used in the ultimate numerical solution of 
equation ( 1. 5 ), as discussed in Cha pt er 3 . 

** For convenience in stating these condi tions, the notation Ur uz, u3 
and x

1
, x

2
, x

3 
is em.ployed in place of u, v, wand x, y, ~ respec ive1y. 
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u. 
1 

1 

u. 
1 

1 

au. l 
1 <<

at" !::.t 

a(u!u!) 
1 J << _!_ 

(u! u!) 
1 J 

at !::.t 
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i = 1, 2, 3 

i, j = 1, 2, 3 

where Rkk ~, t) is the Lagrangian time corr elation function, 

00 

Rkk(~, t) = J (vk(~ t)vk~' t+r)) dr k = 1, 2, 3 

0 

and vk(~., t) is the Lagrangian particle velocity at position ~ at time 

t. Conditions 4 and 5 can be written as: 

1 as i 1 
s,e, a:t << F t = 1., 2, ••• , N 

1 as,e << ltRkk + uk2 !::.t)&'j-½ s; a~ ~ 

These conditions, of course., impose restrictions on 6t and on the 

temporal and spatial resolution of the velo city field and the source 

emission functions that are to be used in equation (1. 5). Therefore, 

the extent to which these restrictions apply for conditions typically 

observed in the Los Angeles Basin must be determined. Only then 

can the appropriate spatial and temporal scales for the model be 
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specified. 

In the Los Angeles airshed there are roughly three dozen 

wind monitoring stations, with an average spacing between them 

of roughly five miles. At most stations the wind speed and direction 

data are averaged over a one hour period. From these hourly

averaged values the mean surface wind field u (x, y, t) and v(x, y, t) 

can be constructed. Subtracting the mean values from the instan

taneous readings at each station and averaging over time yields 

the Eulerian correlations (u'. u!), i, j = I, 2, 3. An Eulerian time 
1 J 

scale for the turbulence, 

TE = max f 1 J
00

(u!(x, t)u!(x, t+T))dr] 
> 0 1 - J -i,j,x,t (u!(x,t)u!(x,t) 

-- 1 - J -

can be estimated from these correlations. Although the :precise 

relation between the Eulerian and Lagrangian time scales, TE and 

TL, where 

T · =max I L .. 
1, J, ~ t 

1 Joo ( v. (x, t )v. (x, t+T) )d Tl 
0 1 - J -(u!(x, t)u!{x, t)) 

1 - J -

is unknown, a convenient estimate is that TL= 4TE(Hay and Pas quill, 

1959). Having then estimated TL from the wind station data, from 

the condition that 6t >> TL' a lower limit can be placed on 6t, such 

as ST L. Using a 6t >> TL insures that the four conditions pertaining 

to the fluid velocity components will be satisfied. 
-

Once 6t has _been selected, the spatial and temporal resolu-

tions for S £ and the temporal resolution for R 
1 

that satisfy the final 

three conditions must be specified. These conditions will determine 
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the degree of detail required for the source emissions inventory 

and the chemical reaction mechanism, one which is commensurate 

with that of the meteorological data. 

Unfortunately, data of the type needed to estimate the Eulerian 

time scale of the turbulence in the Los Angeles Basin are not gener

ally available. In an effort to gather data of this type, Lamb and 

Neiburger (1970) measured the turbulent structure of the atmosphere 

at a height of 20 meters in West Los Angeles. The wind velocities 

were averaged over a period of 0. 3 hour. From these data, TE was 

estimated to be 50 seconds. Assuming that TL= 4T E' TL equals 

200 seconds. Therefore, it is estimated that L\t ~ 103 seconds, on 

the basis of t:.t ~ ST L. The Lagrangian correlation functions were 

2 -1 2 -1 
estimatedtobe: R

11
==100m sec , R 22 =100m sec , andR

33 
2 -1 3 = 10 m sec • With tit = 10 seconds and these values of the Rkk' 

the conditions limiting the validity of equation ( 1. 5) assume the 

quantitative values shown in Table 1. 1. Since the conditions in 

Table 1. 1 are based on data for which the averaging time was O. 3 

hour., they are somewhat less stringent than those based on data for 

which the averaging time is one hour. 

The maximum temporal and horizontal spatial resolution in 

3 
the source emission function must be 10 seconds and 2000 meters, 

respectively. Thus., the averaging time and distance for source 

emissions should be at least, say, twice these values. Note that, 

in spite of the fact that _many major pollutant sources are point 

and line sources., emissions must be averaged over relatively large 

distances to conform with the resolution of equation (1. 5 ). In the 

\ 
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Table 1. 1 Conditions Limiting Equation ( 1. 5) Based on the 

Measurements of Wind Turbulence of Lamb and Neiburger (1970) 

1. Source emission function 

2. Chemical reaction rate 

3. 

4. 

Mean velocity components 

Turbulent velocity 
components 

1 

s .t 

1 
s ,e 

1 

u. 
1 

1 

u. 
1 

1 

as ,e, 
<< 10- 3 -1 

at sec 

as ,e, 1 
meter 

-1 
k = 1, 2 axk << 2000 , 

au. 3 -1 
--

1 << 10- sec 
at 

al\ 1 -1 
-a- << 2000 meter 
~ 

k = 1, 2 

1 -1 < < 
1 0 0 

meter , k = 3 

8(u.1 u!) 3 - 1 

( u! u!) 
1 J 

1 J << 10- sec at 

1 

(u! u!) 
1 J 

8(u.1 u!) l l 
1 J -a - << 2000 meter k=l, 2 
~ 

1 -1 << 100 meter , k = 3 
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source emissions inventory to be described in Chapter 2, source 

emissions have been spatially and temporally averaged over two 

miles (approximately 3000 meters) and one hour, respectively.* 

Thus, the spatial averaging employed is somewhat finer than that 

suggested by the conditions in Table 1. I. The condition on R,e states 

that the characteristic time scale for changes in the concentrations 

3 as a result of chemical reaction should be greater than IO seconds, 
I 

say, perhaps, one hour. This condition is discussed further in 

Section 1.5,where the reaction mechanism employed in the study is 

presented. Finally, Lamb and Neiburger (1970) estimated that the 

nrlnimum vertical resolution of concentration changes is the order of 

20 meters or more. The minimum vertical mesh spacing employed 

is roughly 20 meters. 

In summary, equation (1.5) is applicable in resolving only 

those perturbations in the concentration field which have horizontal 

scales greater than 2 kilometers, vertical scales greater than 20 

3 meters., and temporal scales greater than 10 seconds. These 

conditions serve as a guide to the choice of grid size and averaging 

time to be used in the solution of equation (1. 5) . 

1. 3 The Model Developed in This Study 

The model developed is based on the solution of the N coupled 

partial differential equations (1.5) defined on the region., ~ ~ x ~ xE, 

Ys~ y ~ yN., and h(x, y) ~ z ~ H(x, y,t) for t ~t
0

, where~,~, y S' yN are the 

* In the early morning, in order to account for the nonuniform dis -
tribution of trip starts, motor vehicle emissions are temporally 
averaged over 15 minute periods for the first hour (6-7 A. M. ). 
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west, east, south, and north boundaries of the air shed, h(x, y) is the 

ground elevation above sea level at (x, y ), and H(x, y, t) is the eleva -

tion above sea level of an assumed upper limit for vertical mixing 

or transport. The initial condition on equations (1. 5) is that the 

mean concentration be specified at all locations, 

( 1. 6) 

(At this point and henceforth, for convenience, the brackets on the 

concentrations and overbars on the velocities will be omitted. How -

ever, all concentrations and velocities continue to be mean and time -

averaged quantities,. respectively.) 

The vertical boundary conditions are: 

z = h(x, y) ( 1. 7) 

where K is the eddy diffusivity tensor, 

K = 

~his the unit vector normal to the terrain directed into the atmos -

phere, and Q;, is the mass flux of species ;, at the surface. 

2. z = H (x, y, t) 

( 1. 8) 
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where V is the advecti ve velocity of pollutants relative to the moving 

inversion base and is given by 

y = ui_ + vi_ + ( w - a:) ~ ( I. 9) 

£His the outwardly directed unit vector normal to the surface de

fined by the inversion base, and g J., is the mean concentration of 

species J., aloft (just above the inversion base). 

The condition Y• ·~ H ~ 0 in equation (1. 8) applies when material 

is transported into the modeling region from above the inversion base. 

The boundary condition simply states that the normal component of 

the mass flux is continuous aero s s the upper boundary. The condi -

tion Y•~H > 0 applies when pollutants are transported through the 

inversion base. Because of the abrupt stability change associated 

with an inversion layer, it is reasonable to assume that the turbulent 

diffusive flux across the boundary is zero, thereby attributing any 

pollutant transport into the inversion layer to vertical advection 

alone. The second boundary condition in equation (1. 8) expresses 

the negligible turbulent diffusive flux at the inversion base. 

The horizontal boundary conditions are: 

(1. 10) 

if U•n > 0 

where U = ui + vj, E is the outwardly directed unit vector normal to 

the horizontal boundary, and g J., is the mean concentration of species 

J., just outside the airshed boundary. The first condition is, as be

fore., a statement of the continuity of mass flux across the boundary 
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when the flow is directed into the air shed. The second condition 

specifies that the diffusive component of the total mass flux is set 

equal to zero when the wind is directed out of the airshed. This 

condition is equivalent to that conventionally employed at the exit 

of a tubular chemical reactor (Wehner and Wilhelm, 1956) although 

the conditions prevailing at the boundary of the region are not pre -

cisely the same as those at the exit of such a reactor. Since the 

horizontal advective component of the mass flux generally dominates 

the horizontal diffusive component, the error incurred due to this 

approximation is generally small. 

In this study, equations (1. 5)-(1. 10) are applied to the pre

diction of pollutant concentrations over a fifty mile square area that 

~c:: 
includes virtually all centers of population in the Los Angeles Basin. 

The region was divided into a grid of 625 2 mi. X 2 mi. squares, 198 

of which lie over ocean or mountainous terrain having no pollutant 

sources. These "source-free" grid squares were not included in the 

region actually modeled, which is shown in Figure 1. 1. Source 

emissions and meteorological variables are distributed in conform

ance with this grid, i. e., two miles is the resolution of the model, 

or the spatial dimension over which all quantities are averaged. 

Furthermore, the grid actually used in the solution of equations 

* The modeling region is the 50 mile X SO mile area having the 
following lines of longitude and latitude as its boundaries: 

Longitude west 
east 

Latitude north 
south 

38 1 

46' 
1 7 1 

34' 

15 II 

3" 
30" 

2" 
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Figure 1. 1 The Modeling Region. Locations of Monitoring Stations 

and Major Contaminant Sources in the Los Angeles Basin. 
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(1. 5) is a three-dimensional array of five layers of cells occupying 

the space between the ground and the base of the inversion and 

lying directly over the area shown in Figure I. I ·. Thus, each cell 

has a base two miles square and a height of (H-h)/5. The center 

of each cell, or node, is the point to which values of all variables 

are assigned or referenced. Unfortunately, due to variations in 

both H and h with x and y and, in the case of H, wit1' t, the three -

dimensional modeling region has an irregular "roof" and "floor. 11 

To eliminate these irregularities, which hamper the solution of the 

equations, the following change of variables is performed: 

'T" = t Tl = y 
z -h(x, y) 

p = H(x., y, t)-h(x, y) 

With these changes, equation (1. 5) becomes 

(1. 11) 

where 

Lili = H(x, y, t) - h(x, y) 
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and 

(
ah 86H\ ( oh BM-I'\ 86H 

W = W-U 8g + p ~) - V O't7 + p ari-J - p a";:-

The initial and boundary conditions now become: 

(1. 12) 

2. p = 1 

if W > 0 

(
oc .t 1 (oh 86H) oc .t) 

-KH ~- Lili ~+p~ 8p =0 

(1. 15) 

if U• n > 0 -- -
4. Tl = rJ S or riN 

- (act I (ah ohlI\ ac i) 
vc .t .- KH ar;- - L:lH 817 + p 8rj) 1fp = vg £ if U• n ~ 0 

(

~ (1.16) 
_ K 5_ __ 1 (ah + am) ac 1) = 

H 81'7 Lili ari p 817 op O if U• n > 0 
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Equations (1.11)-(1.16) are the transformed form of equa

tions (1. 5)-(1.10). Fortunately, several of the terms appearing in 

the above equations are small when compared with other terms, 

and can thus be neglected. For example, in the Los Angeles Basin 

the changes in ground elevation and inversion height with location 

are generally sufficiently gradual that the derivatives, 8h/3s , 

oh/ori, 8Af-I/3s., and 3Af-I/ori are considerably smaller than one. 

With the assumption that terms in equation ( 1. 11) containing these 

derivatives can be neglected, equation ( 1. 11) becomes 

(1. 1 7) 

Whereas the assumption that the derivatives 3h/3s, etc. are small 

is generally satisfied in the flat portions of the Los Angel es airshed, 

it is violated in the mountainous areas., such as the Palos V erdes 

Hills and the Santa Monica Mountains. However., since the terms 

omitted in equation (1. 11) involve horizontal diffusion, which is 

generally less important than horizontal advection, significant 

errors in using equation (1 . 17) are not expected to be incurred even 

in these regions. 

Under the assumptions invoked in obtaining equation (1. l 7) 

the boundary conditions (1. 13)-(1. 16) become: 
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1. p = 0 {I. 18) 

2. p = 1 

(1. 19) 

if W > 0 

3. !; = Sw or SE 

ac 1, 

UC 1, - ¾ ~ = ug l, if U• n ~ 0 

ac l, 
-~~=0 

(I. 20) 

if 
I 

U•n > 0 

4. 11 = 11s or T1 N 

if 

(1. 21) 

. if U•n > 0 

The entire air shed is thus transformed into a r ectangu.lar 

parallelopiped in the (!;, Tl, p) space. The actual model is then based 

on the solution of equations (1. 17)-(1. 21) and (1. 12) over a region 

comprised of 42 7 X 5 cells. 

Having specified the governing equations, attention is now 

turned to solution of these equations and the validation of the model, 

i.e., comparison of predicted concentrations with those measured 

at local air quality monitoring stations. In order to carry out a 

solution, all components of the model must be satisfactorily devel

oped and accurately specified. In particular, attention must be 

given to the following tasks: 
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1. The development of a means for including in the model 

the meteorological parameters u(s, TJ, p, r), w(s, TJ, p, r}, 

H(!;., T]., r), KH(S., T), p, 'r) and Ky(S.., Tl, p, -r); 

2. The development of a kinetic mechanism capable of 

describing the rates of chemical reactions occurring 

in the atmosphere, and the adaptation of this mechanism 

for inclusion in the air shed model, i.e., specification 

of the functional form of the terms R ..e,(cl' ••• , cN); 

3. The development of a contaminant emissions inventory 

for the modeling region, i. e., specification of the 

functions S ..e, (S., TJ, p., r) for elevated sources and 

Q.t(S,TJ., r) for ground-level sources; 

4. The selection and adaptation· of a numerical method 

suitable for the solution of equations (1. 1 7)-(1. 21 ). 

As noted earlier, items 3 and 4 are the subjects of Chapters 2 and 3, 

respectively, while items 1 and 2 will be discussed in this Chapter. 

Validation of the model is undertaken upon completion of the 

four tasks outlined and is comprised of two parts, to be carried 

out in sequence: 

l. _ Validation for carbon monoxide. The main purpose of 

this part is to provide a test of the meteorological facets 

of the model. If the model. can be validated for CO, then 

confidence may be placed in the treatment of the winds 

and the inversion. Validation for CO, of course, also 

constitutes a test of the numerical integration technique 

and of portions of the source emissions inventory. 
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2. Validation for hydrocarbons, nitrogen oxides, and 

ozone. This consists of two parts, namely validation 

of the kinetic mechanism both in the absence and 

presence of transport processes. The first part refers 

to the comparison of the predictions of the kinetic mech

anism with laboratory smog chamber data, whereas the 

second refers to the comparison of the predictions of 

the full airshed model to monitoring data. 

Each of these facets of model validation will be discussed in detail 

in Chapter 4. 

1. 4 The Treatment of Meteorological Variables 

Atmospheric transport and dispersion processes find ex

pression in the overall air shed model in a number of ways: wind 

speed and wind direction enter through the component variables 

u, v, and w, the height of the inversion base H appears in the bound

ary conditions, while the turbulent diffusivities KH and KV enter into 

both the continuity equations and the boundary conditions. 

The wind velocities u, v, and w must be specified as a 

function of location and time over the entire modeling region. Since 

equations (1. 17)-(1. 21) are integrated numerically, it is necessary 

to create a three-dimensional network of cells having nodes at their 

centers. Thus, the components u, v, and w must be specified at 

each node (at the surface and aloft) for each time step. To repre

sent the surface winds, maps of wind speed and wind direction for 

hourly time intervals were constructed using data gathered at the 
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network of ground-based monitoring stations. Unfortunately, no 

measurements are made of the winds aloft. (Of particular inter est 

is the wind field up to an elevation of about 1000 meters above 

terrain.) Thus, in order to specify the wind field above the surface 

layer of cells, it is~ necessary to construct or calculate wind speed 

and direction for all horizontal layers ( except, of course, the 

lowest) at regular intervals of time. Two principles guide the con

struction- -similarity to the surface winds and adherence to the 

requirement that conservation of mass for both air and pollutant 

species be satisfied. Finally, spatial and temporal variations in 

the height of the inversion base must also be entered as data--427 

values of H for each hourly interval. 

In much of the remainder of this section the discussion will 

focus on the preparation of contour maps of surface wind speed and 

direction (isotachs and streamlines, respectively) and of the height 

of the inversion base - in each case hourly representations. It will 

become apparent that methods of generating, manipulating, and 

transferring meteorological data are needed that are more sophisti

cated than manual drafting and translation of hand-drawn maps to 

punched cards. An initial effort aimed at the development of 

methods and models for organizing, codifying, and transferring 

meteorological data has recently been discussed by Liu et al. (1973). 

1. 4. 1 The Inversion Layer Over Los Angeles 

During the summer months the North Pacific anticyclone, 

· a major high pressure area, maintains a virtually stationary posi

tion sever al hundred miles off the coast of California. Air emanating 
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from this "high" moves in a southeasterly direction along the Pacific 

Coast. Subsidence occurs during this horizontal movement, heating 

the upper layers through adiabatic compression. The air within the 

planetary boundary layer, as it spirals about the Pacific subtropical 

anticyclone, tends to move along sea surface isothermal areas. 

Finally, the air mass encounters cold subsurface waters that have 

welled-up at the coast. Turbulent mixing within the lowest layers 

results in the entrainment of moisture and the establishment of the 

"marine layer,'' a layer several hundred meters deep. The lowest 

layers are thus cooled from below, tending to form an elevated 

inversion layer. 

Thus, air arriving over the Los Angeles Basin during the 

summer months undergoes a series of transport and energy transfer 

processes that tend to create an elevated inversion lying over a 

well-mixed marine layer. These processes occur over a spatial 

scale of the order of 1, 000 km . ., but it is necessary to examine a 

much smaller scale, of the order of 10 to 100 km., to understand 

the behavior of the inversion over Los Angeles. Such an examination 

is necessary because, unlike inversions of approximately constant 

depth that lie over urban areas situated inland, the depth of the well

mixed layer over Los Angeles varies substantially from place to 

place at any instant in time. For example, during the early after noon 

it is not unusual for the height of the inversion base over terrain at 

the coast to be one-fourth the height of the inversion base at a point 

twenty miles inland. 
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Edinger (1959) has studied the behavior of the marine layer 

over the Los Angeles Basin. Based on extensive observations, 

Edinger made the following generalizations regarding the depth of 

the marine layer during daylight hours: 1) the depth inland is greater 

than at the coast; 2) the depth increases early in the day and then 

decreases during the afternoon; and 3) the time at which the depth 

reaches a maximum occurs earlier near the coast and later inland. 

Variations in the depth of the mixing layer as a function of 

both location and time can be explained in terms of three atmospheric 

phenomena: 1) convergence or divergence of the horizontal wind 

within the layer; 2) dilution of the marine layer from above by the 

mixing of air from within the elevated inversion layer with the marine 

air; and 3) advection of deeper or shallower layers of marine air 

into the area. These three phenomena form the basis of a semi

quantitative model developed by Edinger (1959) for representing th e 

changes in depth of the marine layer as a function of time and locati on 

over the Basin. This model, in turn, provided the basis for t he 

development of a set of guidelines which were used in the e stimation 

of hourly values of the mixing depth at each location. In the discus -

sion that follows a description is given of both the nature of available 

mixing depth data and the guidelines used to construct maps o f mixing 

depth from these <la.ta. 

Two sources of data exist for det f~rmining the structure of 

the marine layer for the modeling region. First, radiosonde meas -

urements were made at approximately 6 A. M. and IO A. M. PST at 

Los Angeles International Airport, and second, Scott Research 
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Laboratories (1970) flew sever al aircraft flights in the Basin meas -

uring the :vertical temperature profiles over three locations. The 

three locations, Hawthorne, Commerce, and El Monte, indicated by 

points 1, 2, and 3, respectively, in Figure 1. 1, all lie within the 

Basin and are colinear, with the line connecting the points being 

approximately perpendicular to the coastline. The temperature 

data gathered during spiral ascents and descents above the specified 

locations were analyzed to determine the height of the inversion base 

locally. A summary of this analysis for September 29 and 30, 1969, 

is presented in Table 1. 2. 

Table 1. 2 Height of the Inversion Base, as Taken From 
Vertical Temperature Soundings over Four 

Locations in the Los Angeles Basin 

29 September 1969 30 September 1969 

Height of the 
Inversion Base, H 

Time (meters above mean 

Location 

Commerce 

El Monte 

Hawthorne 

Los Angeles 
Int er national 
Airport 

Time 
(PST) 

0815 
0910 
1206 
1257 

0756 
0924 
1156 
1312 

082.6 
1228 

0600 
1000 

a) Inversion breaks 

Height of the 
Inversion Base, H 
(meters above mean 

sea level) 

182 
258 
395 
304 

137 
250 
516 
a 

197 
213 

167 
228 

(PST) sea level) 

0750 243 
1235 516 

0730 152 
0855 243 
1330 880 

0820 225 

0600 152 
1000 164 

up; a height of 850 meters as signed. 
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Measured vertical temperature profiles, along with the 

guidelines based on the findings of Edinger and other investigate rs, 

formed the strategic basis for the preparation of maps of mixing 

depth. First, procedures for constructing mixing depth contours 

for the Los Angeles Basin (that portion of the modeling region 

south of the Santa Monica Mountains) are discuss ed. One of the 

observations made by Edinger is that contours of the inversion base 

over the Basin roughly parallel the curvature of the lo cal coastline. 

Since the three points at which aircraft soundings were made lie on 

a line roughly perpendicular to the coast, the following strategy 

was adopted: 

1. Interpolate in time between any two soundings made at 

each of the four measurement sites to estimate hourly 

values of the inversion base height at each of these 

locations. Extrapolate prior to and after the first and 

last measurements. Interpolation and extrapolation 

rules may be inferred from observed variations in mean 

height of the inversion base and observed variations of 

these height /time profiles with distance from the coast 

(Edinger, 1959). 

2. Plot contours of the height of the inversion base on 

hourly maps, the contours being roughly parallel to the 

coast. Contours passing through points 1, 2, and 3 in 

Figure l. 1 assume the observed values at the measuring 

sites. 
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3. Interpolate in space along the line connecting points 1 

and 3. Assign interpolated inversion heights to all con

tours not passing through a measurement location. 

In this way, the height of the inversion base may be estimated 

throughout the Los Angeles Basin during the daylight hours. This 

procedure, unfortunately, may only be used for the Basin; other rules 

are needed to estimate variations in the height of the inversion base 

over the San Fernando Valley and over mountainous areas. Thus: 

4. For the San Fernando Valley, the as signed mixing d epth 

(height of inversion base less terrain height) is equal 

to that over El Monte at the same time. This rule was 

adopted as the residence time over land of air over the 

Valley, and thus the time available for convective heating 

of the air, is about equal to that of air over El Monte 

during the daylight hours. As a result, the lapse rate 

profiles are expected to be similar at both locations. 

5. Inland rnountainous areas are treated as follows. A 

mixing depth of 15 meters is assumed for early morning 

hours, increasing thereafter. In accordance with obser

vations made in other regions, the maxi.mum morning 

mixing depth over mountains is assumed to be 185 

meters,, In the afternoon., depths over mountains can 

increase beyond 185 meters. 

Finally, the following general rules were adopted: 

6. In the absence of specific data and at points removed 

from regions were interpolation is reliable, it was 
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assumed that the inversion height increases during the 

morning hours (after sunrise) at a rate of about 60 m. 

per hour in the absence of advection (an increase of 

about 90 m. per hour due to surface heating and a 

decrease of 30 m. per hour due to convergence

divergence effects. See Edinger (195 9) for details). 

In the presence of advection, the rate of rise was 

assumed to be the sum of 1) a surface heating effect- -a 

rise of 90 m. per hour times the time (in hours) of 

residence of the air parcel over land, and 2) a conver

gence -divergence effect- -a sinking of 30 m. per hour 

from 8 A. M. to noon, or a maximum decrease in height 

of 120 m. 

7. Subsequent to interpolation, certain checks were made: 

a. Time at which peak height occurs is checked with 

Edinger 1s observations. 

b. Variations in height of the inversion base with time, 

at any location, should correspond grossly with 

contours reported by Edinger. 

8. A mixing height of 930 m. was as signed to those regions 

over which the inversion did break up, an exception being 

the high mountain region north and east of El Monte, 

where a height of 1500 m. was as signed. 

9. Linear interpolation was used to arrive at magnitudes of 

mixing depths at locations between measurement points . 
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10. Minor changes in terrain height were ignored in the 

preparation of mixing depth maps. 

Upon completion of maps constructed according to these rules, a 

final step is necessary: 

11. Smooth maps of mixing depth., tiH(x, y, t), then reconstruct 

H(x, y., t). Nearly all previous steps in the procedure are 
I 

based only on the estimation of H(x, y, t ), since both 

Edinger 1s model and collected data are reported for 

this variable. 

By following these rules, a map such as that shown in Figure 

1. 2 can be extended to the entire modeling region and then converted 

to digital form by assigning values of mixing depth to each of the 

625 2 mile X 2 mile grid squareso The procedure outlined above 

was used to construct ten hourly maps for each of the six validation 

days. 

The procedure adopted for estimating mixing depths is based 

on a very limited amount of data (t_hree or four soundings taken twice 

a day) and on a semi-quantitative model derived from a comprehen

sive measurement program. The accuracy of the procedure is 

probably quite adequate for those regions for which heights of the 

inversion base were derived through inte:rpolation. Inversion heights 

for the period before 8 A. M. and after 2 P. M. PST and for the San 

Fernando Valley and mountain and ocean regions are certainly less 

accurate. The accuracy of these maps, however, probably compares 

quite favorably with the accuracy of the estimated wind fields. 
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Figure 1. 2 Contours of Constant Inversion Height, in Feet Above 

Sea Level, at 12 :00 A. M. PST on September 30, 196 9 

SAN GABRI EL 

MOUNTAINS 

~o 

2000 

1700 



-34-

The major problem that is faced in the construction of the 

maps is that a substantial amount of labor is involved in manual 

preparation and conversion to digital form. If the airshed model 

is to be employed conveniently, the development and use of automated 

procedures for the generation of mixing depths is mandatory. The 

reader is referred to the work of Liu et al. (1973) for a discussion 

of automated input procedures. 

1. 4. 2 The Wind Field 

As indicated earlier, the North Pacific anticyclone exert s 

the dominant influence over air movements along the Southern 

California Coast during the summer and autumn months. In general, 

daytime winds over Los Angeles move from the ocean to the land 

in an easterly direction with an average speed of about five to seven 

miles per hour. At night, there is a reversal in the direction of 

flow, and winds are typically light. The movement of air near the 

ground is heavily influenced, however, by the hills and mountains 

that surround the Basin- -notably the Santa Monica, San Gabriel, and 

Santa Ana Mountains, and the Palos Verdes and Puente Hills . The 

effects of these terrain features - -in channeling and re-routing flows, 

in inducing flow up inclined, heated surfaces during the day and down 

along these same, cooled surfaces during the night, and in creating 

regions of convergence and divergence--are paramount in det e rmining 

the complex flow patterns that characterize air movements in the 

Basin. The heating (or cooling) that an air mass undergoes in flowing 

from sea to land (or from land to sea) also influences flow patt e rns, 

as do the unique roughness features of the city. While many studies 
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have been carried out in an attempt to better understand the move

ments of air masses in the Basin [see, for example, Neiburger and 

Edinger (1954), Neiburger et al. (1956), and Bell (1969)], it re

mains virtually impossible to predict local surface wind behavior. 

Surface wind speed and direction measurements were avail

able at 34 sites in the Basin. Unfortunately, frequency of measure

ment and averaging period vary among the stations. Wind speed 

and direction averages are reported for periods of one hour, ten 

minutes, and one minute, depending on the particular measurement 

station. In general, the measurement apparatus for both wind speed 

and direction have thresholds of one to two miles per hour. Thus, 

these quantities are poorly determined during periods of low winds, 

which occur primarily during the night and early morning hours. 

Two possible means for the construction of surface level 

wind fields were considered - manual preparation and development 

of an interpolation scheme through which wind speed and direction 

are computed automatically, given an array of measurements for 

the day in question. The obvious advantages of an interpolation 

scheme, when compared with manual procedures, were ease of use 

and savings in time. However, for this initial study the surface wind 

maps were prepared manually. The magnitudes of predicted pollutant 

concentrations were expected to be quite sensitive to the magnitude 

and direction of the wind vector, and thus it was desired not only to 

nrinimize inaccuracies, but also to be aware of their sources. Thus, 

while realizing the need for an automated computational procedure, 

the development of an appropriate algorithm was postponed. 
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Figures (1. 3)-(1. 5) show manually prepared surface wind 

maps for September 29, 1969 for 6:30-7:30 A. M., 9:30-10:30 A. M., 

and 12.:30-1 :30 P. M. PST, respectively. A complete listing of the 

meteorological data for September 29, 1969 is included in Appendix B. 

One of the assumptions upon which the model is based is that 

the turbulent atmospheric flow is incompressible, i. e., 

OU + av + aw = O ( 1 • z z ) ax ay oz 

or, in (S, rJ, p) coordinates, 

( 1. 23) 

where 

Unfortunately, the surface wind field generally does not satisfy 

equation (1. 22) with w = 0 since terrain and the convergence and 

divergence properties in the surface wind field will force w to assume 

nonzero values. However, if the three-dimensional wind field is 

not rendered divergence-free, artificial elevations or depressions 

in predicted concentrations will occur in areas where equation (1. 22) 

is not satisfied. 

Having discussed the construction of the surface wind field, 

attention is now turned to the specification of the wind field aloft. 

Aside from several tetroon flights on September 29 and 30 carried 

out by Angell et al. (1972), there are virtually no measurements 

available of winds aloft on the six validation days. In the absenc e 

of such data, therefore, the surface values of u and v are applied to 
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all levels between the ground and the inversion base. Thus, 

u = u(!;, fl, 'T") and v = v(s, Tl, 'T"). Having specified u and v, one need 

only use equation (1. 23) to calculate W, and the resultant wind field 

will satisfy mass conservation. Equation (1. 23) can be written in 

finite difference form for cell (i, j, k) as 

(v Af-I). . +.1 k - (v 6H). . .1 k 
1,J 2, 1,J - 2, 

------------- + 

+ = 0 k = 1, 2, ..• , 5 ( 1. 24) 

where W. . 1 = 0 (which constrains the wind to flow parallel to the 
1, J, 2 

terrain at ground level). As u and v are known for each horizontal 

level, equation (1. 24) may be written as five linear equations for 

the five unknowns, W..k . k+.1' k = 1, 2, •.. , 5. 
, J, 2 

Note that the vertical velocity W appearing in equation (1. I 7) is 

related to W through the follov:.ring relationship: 

It is appropriate to close this section with a few comments 

pertaining to the wind data its elf. The existing measurement net -

work of thirty-two stations scattered throughout the modeling region 

seems sufficiently dense to permit adequate representation of the 

wind field. However, the variation among stations in the mode of 

reporting data--in length of the averaging periods, in duration of 

I 

measurement, and in initial time of averaging period- -creates an 
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obvious problem in dealing with the data, a problem that could 

easily be eliminated by the adoption of a standard format (or formats). 

Finally, as alluded to earlier, the relative inaccuracy of wind data 

collected during periods of low wind speed, largely due to the high 

thresholds characteristic of the monitoring equipment, can create 

serious difficulties in modeling. Monitoring equipment that is 

responsive to low speed air movements is badly needed. 

1. 4. 3 Turbulent Diffusivities 

Horizontal and vertical turbulent diffusivities, KH and Ky, 

are two of the most difficult quantities to estimate. They are diffi

cult to establish through direct measurement and, therefore, are 

usually calculated from observed data. Furthermore, on the days 

of interest there was very little data taken aloft from which to 

estimate KH and KV. Thus, the accurate estimation of these param

eters was virtually impossible. 

Some useful qualitative observations can be made, however, 

regarding the turbulent diffusivity. KV is a function of local velocity, 

shear field, and lapse rate; unfortunately, the functional relationship 

between KV and these variables is largely unknown. In general, KV 

increases approximately linearly with z near the ground. In the 

presence of an elevated inversion, however, KV is expected to de

crease with increasing z in the upper portions of the surface layer 

due to suppression of vertical buoyant fluctuations near the inversion 

base. Finally, values of KV vary from about 30 m
2 

/minute under 

stable conditions to about 6000 m
2 

/minute under unstable conditions. 



Figure 1. 3 Surface Wind Map for the Los Angeles Ba~in 

September 29, 1969 

Averaging Period: 6 :30 - 7 :30 A. M. PST 
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Figure 1. 4 Surface Wind Map for the Los An geles Basin 

September 2 9, 196 9 

Averaging Period: 9:30 - 10 :30 A. M. PST 

< Stream! ines 
lso1achs (wind s~eeds given in 

miles per hour) 
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Figure 1. 5 Surface Wind Map for the Los Angeles Basin 

September 2 9, 196 9 

Averaging Period: 12 :30 - 1 :30 P. M. PST 

Stream lines 
lsotachs (wind speeds given 1n 

miles per hour) 
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Es chenroeder and Martinez (196 9) reviewed the literature 

pertaining to measurements of the turbulent diffusivity in the 

atmosphere. As a part of their study, they developed a simple 

model to account for the vertical variation of Ky· Using their work 

as a guide, the fo~lowing relations hip for Ky was adopted: 

where 

[2. 5 q(s, ri, r) - 77. 3] p + 30. 9 

q ( s., ri, 'f) 

0 ~ p < o. 4 

0.4~p<0.8 

5[3o. 9-q(s,ri,-r)Jp+sq(s,ri,-r)-123. 6 o. s ~ P ~ 1 

(1. 25) 

Ky and q(S.-, ri, r) both have the units of m
2 

min -l and u and v are 

the horizontal wind components (m min- 1 ). Note that this relation

ship expresses the variation of KV with p through the assumed form 

of the distribution and with s, ri, and 'f through variations in the 

horizontal wind components. However., the effects of wind shear 

and vertical temperature structure are not considered in the formu

lation. 

The horizontal diffusivity KH was treated as a constant over 

the airshed, equal to 2980 m
2 

min -l. 

1. 5 A Kinetic Mechanism for Photo chemical Smog 

The basic kinetic mechanism incorporated in the airshed 

model is given in Table 1. 3. The mechanism, discussed in detail 

in Appendix B of Roth et al. (1971)., Hecht and Seinfeld (1972), and 

Appendix B of Reynolds et al. (1973), consists of 15 reactfons 
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involving 10 chemical species. The mathematical representation 

includes four differential equations to permit prediction of the 

change of concentration with time of NO, N0
2

, 0 
3

, and reactive 

hydrocarbons (RHC). Five of the species, all radicals, are assumed 

to be in pseudo-steady state. These species are 0, OH, H02, R0 2, 

and N0
3

• The tenth species, HN02, has been treated as if the 

steady state approximation were valid for it, although this is known 

not to be the case. The basis for this assumption will be discussed 

shortly. The concentration of H
2

0 is prescribed based on the meas -

ured relative humidity. Thus, the right hand sides of the four differ -

ential equations for NO, N0
2

, 0 
3

, and RHC comprise the four 

functions RNO' RNO , R 0 and RRHc· Since the mechanism has 
2 3 

been reported elsewhere, the discussion given in this section will be 

devoted to a summary of the pertinent developmental and validation 

work presented in the references cited above. 

1. 5. 1 The Treatment of HN02 

The original formulation of the kinetic mechanism (Hecht and 

Seinfeld, 1972) included a differential equation to describe the vari

ation in HN0
2 

concentration with time. This species, however, is 

not of major importance in the urban airshed model, is not measured 

in the atmosphere, and is not, in fact, listed among those pollutants 

for which air quality standards have been written. The urban air

shed model, as formulated, requires the integration of the coupled, 

time -dependent, partial differential equations of conservation of 

mass for NO, N0 2, ozone, and reactive hydrocarbon. Inclusion of a 

fifth equation for HN0
2 

would increase computing time by 20 to 25% 
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and would also increase computer s torage requirements. Therefore, 

it appeared worthwhile to explore the possibility of introducing the 

artifact of a steady-state approxi.n1ation in describing the concentra

tion of HN02, achieving the necessary scaling by suitably modifying 

the reaction rate constant. Two questions immediately arise: 1) Is 

such an assumption justifiable? and 2) If it is justifiable, is it 

warranted? 

The justifiability of the assumption can be argued on two 

grounds. Fir st, the term RHNO is quite sensitive to changes in 
2 

the magnitude of k 6 and water concentration in reaction 6 (Table 1. 3) 

and to k
7 

in reaction 7 (Table 1. 3). k 6 has not yet been accurately 

determined, k
7

, which depends on light intensity, is not well known, 

and water concentrations were not controlled with care during the 

experimental programs which furnish the validation data. Thus, 

RHNO can be determined only with considerable uncertainty. 
2 

(This does not, however, imply that its magnitude is negligible.) 

Second, there are no available measurements of HN0
2 

either in 

smog chambers or the atmosphere; thus, there is no way to verify 

predicted values of HN0
2 

concentration. 

In light of these considerations and due to the need to a void 

the inclusion of an additional partial differential equation in the air -

shed n1odel, an investigation was carried out to determine the effects 

of invoking the steady-state assumption for HN0
2

. In particular: 

1. If the assumption were made, what effect would it have 

on predicted concentration/time behavior for NO, N0 2 ., 

ozone, and reactive hydrocarbon? 
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2. Assuming the effect were small, what modifications, 

if any, in the value of k
6 

would be needed? Would it 

be possible to establish a value, C = (k
6

/k
6

), ·where k
6 

is the pseudo rate constant that yields HN0
2 

vs. time 

profiles under the steady-state assumption that closely 

match the profiles computed when the differential equa

tion for HN0
2 

was included in the formulation? 

If the NO, N02, o
3

, and reactive hydrocarbon concentration/time 

profiles could be duplicated, or nearly duplicated, under the steady

state assumption by adopting a rate constant, k
6 

= ,k
6

, which was 

invariant, or nearly so, for the various reaction systems of interest, 

then it may be concluded that the steady-state assumption was both 

justifiable and warranted. 

To investigate the appropriateness of the steady-state approx- · 

imation, validation runs were carried out at different initial HC /NOX 

ratios for the reactants, n-butane and n-butane/toluene. These vali

dation runs consisted of comparing the predictions of the kinetic 

mechanism to laboratory smog chamber data. (The experimental 

smog chamber data against which the mechanism was validated 

will be presenfed in Chapter 4.) Two runs w ·ere carried out for each 

reactant system, one including the differential equation for HN02 

with k
6 

= O. 004 ppm -I min -l, and one assuming HN02 to be in steady

state, with k
6 

= k
6

/8. Virtually identical profiles were obtained in 

the two calculations over the six hour integration for each reactant. 

In view of these results, the steady-state artifact was introduced 

into the formulation of the mechanism in the interest of easing the 
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the computational burden as sociatc<l with the full air shed model. 

It is believed, however., that the inclusion of a differential equation 

for HN0
2 

may eventually be desirable. 

Table 1. 3 The Generali~~ed Photochemical Kinetic Mechanism 

The Basic 15-Step Mechanism 
1 

N02 + hv - NO + 0 

2 
0 + 0 2 + M - 0 3 + M 

3 
o

3 
+NO- N0

2 
+0

2 

4 
o

3 
+ N02 - N0

3 
+ o 2 

5 
N03 + N02 H- O 2 HN0 3 2 

6 
NO+ No2 H O 2 HNo 2 

2 
7 

HN02 + hv - OH + NO 

8 
CO+ OH 0 CO 2 +H02 

2 
9 

H02 + NO - OH + N02 

10 
H02 + N02 - HN02 + o 2 

11 
RHC + 0 - aR0 2 

12 
RHC + OH - l3R0 2 

13 
RHC + 0 3 - yR02 

14 
R0 2 + NO- N02 +eOH 

15 
R0 2+N02 - PAN 
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Table 1. 3 The Generalized Photochemical Kinetic Mechanism 
( Continued) 

Additional Reactions Considered for Smog Chamber Validation Studies 

16 
RHC

2 
+ 0 .,.... a

2
Ro

2 
17 

RHC
2 

+OH-+ f3 2Ro
2 

18 
RHCz + 03-+ YzR02 

19 
N0

2 
+PARTICLE-+ NITRATE 

I. 5. 2 Hydrocarbon Mixtures 

During validation of the kinetic mechanism with smog cham

ber data, to better account for the wide range in reactivity of hydro

carbon mixtures, the basic 15 step mechanism was modified as 

illustrated in Table I. 3. The hydrocarbon mixture is represented 

by two lumped hydrocarbon species, a low reactivity hydrocarbon 

(RHC) and a high reactivity hydrocarbon (RHC 2 ). The inclusion of 

RHC
2 

creates the need for the three additional reactions 16-18 in 

Table I. 3 and a fifth differential equation. RHC 2 includes all olefins , 

while RHC is comprised of aromatics (other than benzene), acety

lenes (other than c
2

H
2

), and paraffins with four or more carbon 

atoms. c
1 

to c
3

-paraffins, acetylene, and benzene are taken to be 

unreactive. The representation of hydrocarbons in this way en

hances the accuracy of the mechanism, especially with respect to 

the NO oxidation and hydrocarbon consumption rates. The division 

of hydrocarbons by class and the assignment of rate constants and 
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stoichiometric coefficients are discussed in Chapter 4. 

1. 5. 3 Reactions Involving Particles 

Aerosols may have a significant influence on atmospheric 

chemical processes (Wilson., 1972) Unfortunately, little is known 

about chemical interactions between photcchemical smog and partic -

ulat e matt er. However., it has be en found that a loss of NOX occurs 

in smog chambers prior to the N0
2 

peak when particles are present 

in the chamber. To account for such removal mechanisms rea'ction 

19 has been included in the mechanism, although this reaction has 

not been used in the airshed simulations to be reported in Chapters 

4 and 5. 

I. 5. 4 Validity of the Kinetic Mechanism 

Before its incorporation into the full air shed model, the 

mechanism must be tested thoroughly by comparing its predictions 

to smog chamber data for a variety of reactive systems, including 

single hydrocarbons., binary mixtures, and auto exhaust. Rules 

must be established for choosing the values of the stoichiometric 

coefficients and those rate constants associated with lumped hydro

carbon reactions. If validation were judged "succes sful, 11 the 

mechanism could then be considered for incorporation into the full 

airshed model. The results of the validation of the mechanism will 

be reported in Chapter 4. 

The final point to be considered relative to the kinetic mech

anism in Table 1. 3 is whether the rate equations derived from the 

mechanism satisfy the time scale requirements of Table 1. 1, namely 

condition 2. Sine e the R £ are complicated., nonlinear functions of 
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all the concentrations, it is difficult to as certain if condition 2 of 

Table 1. 1 is satisfied. However, Lamb and Seinfeld ( 197 3) proposed 

an alternative criterion, namely that the eigenvalues At of the r eac -

tion rate equations satisfy the condition, 

<< _l_ 
6t 

From Table 1. 1, note that l At I << 10-
3 

seconds -l. Lamb and 

Seinfeld (1973) found that for the mechanism in Table 1. 3, the domi-

-3 -1 
nant eigenvalue has a magnitude of about 10 seconds . Therefore, 

the mechanism has a level of detail which is somewhat finer than 

that in the meteorological portion of the model. In spite of this dis -

crepancy, the mechanism in Table 1. 3 is employed since it already 

represents a bare minimum with respect to the desirable degree of 

chemical detail in such a mechanism. 

1. 6 Summary 

In this Chapter a model for the prediction of the dynamic 

behavior of photochemical air pollutants in an urban air shed is pre

sented. The derivation of the governing equations, the treatment of 

the meteorological variables, and\ the treatment of the chemical 

reactions that take place in the urban atmosphere are discussed in 

detail. The two remaining important components of the basic model, 

the source emissions model and inventory for Los Angeles and the 

numerical integration technique will be the subjects of Chapters 2 

and 3, respectively. The model evaluation study, performed by 

comparing model predictions with actual air quality data, will be 

presented in Chapter 4. 
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CHAPTER 2 

A MODEL AND INVENTORY OF POLLUTANT EMISSIONS 

2. I Introduction 

A mathematical model capable of describing the dynamic 

behavior of air pollutants requires the following components: 

1) meteorological data, including wind speed and direction, inversion 

height., and atmospheric stability; 2) a kinetic mechanism for atmos -

pheric chemical reactions among polluta,nt species (if reactions take 

place); and 3) a source emission inventory. The first two com

ponents of a model that is applicable in the Los Angeles airshed 

were described in Chapter I. In this Chapter the discussion will 

focus on the third component., the treatment of emissions. In par -

ticular., a description is given of a general approach to the formula

tion of an emissions model for an urban area that may be included 

in an airshed model having relatively fine spatial and temporal 

resolution. Then a model and inventory for representing emissions 

in the Los Angeles air shed is pr es ented. 

The compilation of a complete contaminant ernis sions inven

tory is perhaps the most tedious and mundane aspect of urban air -

shed modeling. Yet, such an inventory is a sine qua non in model 

validation, and, if done properly., the emissions estimates probably 

constitute the most precise segment of the requisite input data. 

Furthermore, an emissions inventory need be established but once 

to serve as an adequate data base for validation purposes when the 

days of interest all occur within the span of a few months. Meteor -

ological data, however, must be collected for each validation day. 
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Thus, it is wise to devote considerable effort to the establishment of 

an accurate emissions inventory for the region to be modeled. The 

material presented in this Chapter is based largely on work carried 

out at Systems Applications, Incorporated and reported in Appendix 

A of Roth et al. (1971) and Appendix A of Reynolds et al. (1973). 

Particular emphasis must be placed on developing a detailed 

representation of the spatial and temporal distribution of motor 

vehicle emissions, as these account for approximately 99% of CO, 

71 % of reactive hydrocarbon, and 58% of NO emissions in the Los 
X 

Angeles area. Attention must also be given to those sources which, 

while responsible for only a small proportion of the total emissions 

on a regional basis, contribute substantially to pollutant levels in 

their own locale-airports, power plants, and refineries. The loca

tions of these major fixed sources, as well as those of all freeways 

and air quality monitoring stations, are shown in Figure 1. 1. 

Before proceeding with a dis cuss ion of the work, recall that 

pollutant emissions are introduced into the model through the source 

terms S _e(S, Tl, p, T) and Q _e(S, Tl, T) in equations (1. 17) and (1. 18), re

spectively. In practice the region of interest is subdivided into an 

array of three dimensional cells. The term S £ [ppm/min. J accounts 

for the emissions from elevated sources into each cell. Emissions 

from ground level sources are treated as surface fluxes defined at 

the base of each ground level cell and thus enter through Qi 

[ppm-meters/min.Jin the boundary conditions. The source emis-

sions inventory provides values of these inputs as mass of pollutant 

£ per unit time. The conversion to the appropriate units is carried 
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out in the following manner: 

where 

6 -
S = 10 MeiYi 

i, 6!;6T76ptJ-I 

6 -
10 Mg,e,V2, 

Qt = 6S 6ri 

Me£= rate of emission of species 2, from elevated sources 

[kg/min] 

Mg£ = rate of emission of species 2, from ground level 

sources [kg/min] 

3 
= specific volume of species f [m /kg J 

6S, 6T7 = horizontal dimensions of the grid cell [m] 

6 p = dimensionless vertical grid spacing 

6H = mixing depth [m] 

The remainder of this Chapter is ' divided into three major 

sections: 

2. 2 Automotive Emissions 

2. 3 Air craft Emissions 

2. 4 Fixed Source Emissions 

At the beginning of each section a general model for computing 

pollutant emissions is presented which may be applied to any urban 

area. Then the general model is employed to estimate emissions 

rates of CO, total hydrocarbons (HC) and NOx(NO + N0
2

) in the Los 

Angeles airshed in Autumn 1969. Results obtained from the airshed 
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model using the emissions inventory described in this Chapter are 

discussed in Chapter 4. 

2. 2 Automotive Emissions 

The magnitude of contaminant emissions from a motor vehicle 

is a variable in time and is a function of the percentage of time the 

vehicle is operated in each driving mode (accelerate, cruise, decel

erate, and idle). The modal split is in turn dependent on the habits 

of the driver, the type of street on which the vehicle is operated, 

and the degree of congestion on that street. Also affecting emissions 

are the presence or absence of a smog control device, the condition 

of the car, its size, and other factors. The distribution of vehicles 

in an urban area at any time is similarly governed by a number of 
I 

factors --commuting routes, distribution of centers of employment, 

shopping centers, residential and recreational areas, topography, 

the occurrence of special events, etc. Thus, precise calculation of 

the magnitude of emissions as a function of location and time is 

clearly not possible. 

A number of studies have been conducted in recent years 

having as their objective the development of a vehicle emissions 

inventory for a particular urban area. In a study published in 1955, 

Larson et al. describe an inventory undertaken for the County of 

Los Angeles. In this effort, emission rates were measured for a 

number of vehicles, and traffic count data _were used to obtain the 

geographical and temporal distribution of vehicles in the area. 

Ozolins and Smith (1966) discuss a procedure based on gasoline sales 
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figures, traffic flow maps, and average emission rates to obtain 

total daily vehicle emissions and an approximate measure of their 

spatial variation over an area. Rehmann (1 968) performed an in

ventory for Gary, Indiana, using for emissions data the results of a 

study reported by Rose et al. (1965). [Vehicle emissions rates 

reported by Rose (and obtained from tests of 1955-1963 automobiles) 

are presented as a function of average route speed. J Rehmann 

assumed in his study that emissions from a vehicle are a function 

only of its average speed. He used traffic counts and traffic flow 

maps, along with estimates of average speeds on different class es 

of streets, to obtain the spatial variation of automobile emissions in 

the city. Lamb (1968) compiled an inventory for the Los Angeles 

Basin in a manner similar to that of Rehmann. Lamb, as Rehmann, 

adopted the em.is sions figures published by Rose. He also applied 

an average temporal distribution of traffic flow to obtain the variation 

of emissions through the day, although he did not present the geo

graphical distribution of traffic which he derived. 

An attempt has been made to develop an emissions model 

and inventory which poss es s a degree of detail that is concomitant 

with the level of accuracy desired in the predicted concentrations to 

be derived using the urban airshed model. To this end, the following 

tasks have been emphasized: 

1. Estimating the spatial and temporal distribution of 

traffic with acceptable accuracy; 

2. Estimating average vehicle emission rates applicable 

for traffic in the area; 
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3. Appropriately treating certain aspects of vehicular 

emissions behavior that may be of importance at specific 

times of the day, such as the large fraction of cold

running vehicles that are operative during the morning 

rush hours, as compared with other times of the day, 

and the relatively large variation in vehicle speed (and 

thus emission rates) with time of day during the rush 

hour periods. 

Also note that, in general, the errrission characteristics of motor 

vehicles operated on surface streets are different from those oper -

ated on freeways. Thus, it is convenient to treat emissions from 

surface and freeway traffic separately. 

Emissions are attributable to the following three sources 1n 

an uncontrolled automobile: 

1. Exhaust emissions account for approximately 65 % of 

hydrocarbons and 100% of nitrogen oxides and carbon 

monoxide; 

2. Crankcase leakage (or blow-by) accounts for approxi

mately 20% of hydrocarbons; 

3. Evaporation from the fuel tank and carburetor accounts 

for approximately 15% of hydrocarbons. 

As a result of vehicle modifications and changing legislation for 

automobile emissions through the 1960 1s, the magnitudes and rela

tive contributions of these three sources vary with vehicle model 

year. Thus, in developing an emissions inventory, one must do so 

for a particular time, usually a period of one year or less. An 
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inventory developed for 1969, for example, will not be applicable 

in 1973. 

The first part of this section is devoted to a presentation of 

a model for each of the three sources of automotive emissions cited. 

Then the results obtained by applying the model to the Los Angeles 

airshed are summarized. Emission rates are expressed in grams/ 

mile for exhaust and blow-by, and grams /day for evaporation. The 

rate at which CO, HC, and NO are emitted into each ground level 
X 

grid cell from exhaust and blow-by is obtained by summing the 

product of the appropriate emission rate and the number of miles 

driven per minute for both surface and freeway traffic. The total 

daily evaporative loss from all vehicles in the airshed is estimated, 

and is distributed in proportion to the daily non-freeway vehicle 

mileage driven in each cell. 

2. 2. 1 Exhaust Emissions 

The rate (in grams /min.) at which species £ i -s injected into 

a given ground level cell from engine exhaust, E .e,(t), may be ex

pressed as the sum of the mass (in grams) of species i emitted per 

minute from freeways and surface streets, E! (t) and E~, respective 

ly, that is 

(2. 1) 

In this section models for the computation of E~ and E~ are given. 

To develop models for freeway and surface street emission 

rates., the following assumptions are made: 
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1. Freeway emission rates are a function of average vehicle 

speed. All vehicles on freeways are assumed to be 

"hot-running," that is, the engine has reached a steady 

operating temperature. 

2. Surface street enrission rates are determined from data 

based on a "driving cycle" which is representative of a 

typical trip in the urban area. 

For a particular grid cell, the freeway enrissions rate for 

species i may be expressed, as a function of time 9-nd average driving 

speed, by 

(2. 2) 

where vf., vs 
,:~ 

= average speed (mph) in the fast and slow directions , 

respectively, at time t. 

nf., ns = number of vehicle miles driven per hour in the fast 

and slow directions, respectively. 

= emission rate of species £ in grams per vehicle 

mile at an average vehicle speed of v. 
Values of a J.i are computed from the following correlations, based 

on the work of Rose et al. ( 1965) and modified as described later in 

the test: 

(2. 3) 

>a'< 
"Fast" and "slow" refer to an assignment of names to the two 

directions of flow on a freeway. 
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where 

* * i, al b £ 

co 295 -0.49 

HC 34.8 -0.40 

NOx(as NO2 ) 4. 16 0 

nf and n
8 

are calculated from 

Nf 

where 

and 

n --L 
f - l+x n = 

s l+x 

= fraction of daily (24-hour) freeway traffic counts 

assignable to hourly period pt 

{2. 4) 

. (2. 5) 

Mf = freeway vehicle mileage per day for the grid cell 

X = 

= 

ns /nf, as computed from freeway traffic counts 

total freeway miles driven during hourly period p in 

the grid cell. 

With the exception of the parameters appearing in equation 

(2. 3), the quantities required to compute E~(t) come from traffic 

counts on the freeways in the region. The formulation of the tem

poral distribution, df, is explained subsequently. The parameters 
p 

* -
• The values of at and b ! given in this table have been estimated for 
motor vehicles operating 1n the Los Angeles Basin during the summer 
of 1969. 

t The appropriate hourly period, p, is determined by the value oft. 



f 
M and x are computed from freeway traffic count data and presented 

on hourly grid maps for use in equations (2. 4) and (2. 5). 

The total emissions rate of species t (grams /min) from auto

mobiles operating on surface streets in a particular grid cell at time 

tis given by 

where 

Q~ (t) = emission rate of species tin grams per vehicle 

mile for an average vehicle at time t 

d
8 

= fraction of daily (24-hour) surface street traffic p 

counts assignable to hourly period p 

(2. 6) 

Ms = surface street vehicle mileage per day for the grid 

cell 

~ t (t) = a factor to account for variations in the average 

emission rates that occur when the total number 

of "cold-started" cars in operation changes rapidly, 

such as during the morning rush hours. (The cal

culation of r3 it) is discussed in more detail in 

Section 2. 2 • 4. 3. ) 

The value of Q~(t) is calculated as a weighted sum of the emissions 

from vehicles which are cold and hot-running at time t: 

where 

s C • h 
Q t(t) = y(t)Q t + [I - y(t)]Q t (2. 7) 

y(t) = fraction of cars in operation at time t that were cold

started 
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c h 
Qt, Qt = emissions rate of species t (grams/mile) from an 

''average vehicle," as determined from driving 

cycle tests in which the vehicle is cold and hot -

started, respectively. (The calculation of the 

average emission rate will be discussed shortly.) 

The total daily freeway and surface street vehicle mileages 

in a particular grid cell are computed from 

where 

= (2. 8) 

f s 
vk, vk = number of vehicles per day traveling on freeway 

and surface street segment k, respectively 

(available from traffic count data). 

~, ~ = number of miles associated with freeway and 

surface street segment k, respectively. 

f s 
s , s = total number of freeway and surface street s eg -

ments in the grid cell. 

Given the distribution of vehicles by age and make, the annual 

mileage accumulated by each vehicle, and the exhaust emission rates 

for each type of vehicle (as measured over a driving cycle test), 

the emission rate of each species from an ''average motor vehicle" 

is computed as the appropriately weighted sum of the individual 

emission rates from all the types of vehicles. Specifically, the 

emission rate of species t from the exhaust of an average vehicle, 

in grams per mile, may be computed as follows: 



-61-

NC Ny 

6 u. 6 X .. ml_J_ e tJl·J· 
= i= 1 l j = 1 lJ x., 

NC Ny 

6 u. 6 x .. m .. 
i=l 1 j=l lJ lJ 

(2. 9) 

where the subscripts i and j denote the vehicle class and model year, 

respectively, and 

Nc = number of vehicle class es. (In this study two vehicle 

class es were considered,, including light and heavy

duty vehicles. ) 

Ny = number of model years 

u. = fraction of the vehicle population belonging to class 1. 
1 

x.. = fraction of class i vehicles manufactured in model 
lJ 

year j 

m.. = annual mileage accumulated by class i, model year 
lJ 

j vehicles. 

e iij = average exhaust emission rate of pollutant f, from 

class i, model year j vehicles, where 

i, = I 

2 

3 

co 

HC (total hydrocarbons) 

The key parameter in the computation of Q 2 or Q ~ from 

equation (2. 9) is the exhaust emission rate, en·.. Several test pro-
x.,lJ 

cedures for measuring exhaust emissions have been proposed in 

recent years. These procedures have as their common aim the 

simulation of emissions in a stationary test of a vehicle being operated 
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in traffic. All that have been proposed thus far are based on the 

concept of simulating an average "downtown-to-near -suburbs 11 com

mute trip. It is hoped that the trip will in some way be repr es enta

tive of the driving habits of the air shed population. The trip, usually 

termed a driving cycle, is composed of a series of driving modes 

(idle, accelerate, cruise, and decelerate) in which a pre-determined 

length of time is spent in each mode. Such a cycle is formulated 

by "tagging" a large number of vehicles on a particular day and anal

yzing the trips made with them, including the time spent in each 

mode. A recent study of this type has been reported by Smith and 

Manos (1972). The emissions from a large population of automobiles 

are measured as the vehicles are run through the cycle on a chassis 

dynamometer, and the resulting average yields a set of figures for 

each automobile type- -the grams of pollutant £ emitted per mile. 

Averaging over the total vehicle population yields Q £' the grams of 

species .R., emitted per mile by the "average vehicle'' when driven 

over the "average cycle." There is currently considerable debate 

concerning the degree to which the various test procedures are repre 

sentative of actual vehicular operations, or, indeed, if it is possible 

to simulate the operations of a vehicle by any single test procedure. 

European control agencies, for example, are considering the com

bined use of three driving cycles to r epr es ent city driving char ac -

teristics. A choice must also be made between the use of a hot-start 

and a cold-start procedure. 

A method which has enjoyed widespread use in recent years, 

including adoption as the Federal testing procedure up to 1971, is the 
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California Driving Cycle (CDC). This is a seven-mode test pro -

cedure and is based on a Los Angeles commuter run [see State of 

California Air Resources Board (1968)]. Recently, however, the 

representativeness of the CDC has been questioned, and a new 

method, the 1972 Federal Driving Cycle (FDC), has been proposed. 

This procedure employs a cold-start and a driving cycle derived 

from a Los Angeles driving route during heavy traffic periods. 

Actual mass emissions are monitored over the entire driving cycle, 

in contrast to the CDC, in which concentrations are measured. Note 

that emission rates may be measured over a cycle which includes 

the start of the car from a cold engine condition (a cold-start test) 

or over a cycle which includes only the hot -running emissions (a hot

running test). The FDC, which is adopted in this study as a basis 

for the estimation of emission factors, includes a cold-start in its 

sequence of driving modes. Hot-running emission rates for the FDC 

are best obtained from the appropriate measurements; however, 

these emission rates may also be estimated if the ratio of hot to cold 

start emission rates is known. (These ratios as well as FDC emis -

sion rates will be presented in Section 2. 2. 4.) 

2. 2. 2 Crankcase Emissions 

Positive Crankcase Ventilation (PCV) devices have been in

stalled on automobiles in recent years to prevent the loss of hydro

carbons to the atmosphere resulting from leakage between the piston 

and cylinder during the compression stroke. As these devices re -

cycle crankcase fumes through the carburetor air intake, blow-by 

loss es from properly equipped vehicles have been virtually eliminated. 
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California law requires the PCV devices be fitted to all autos 

of 

1. domestic manufacture of model year 1963 and later 

2. domestic manufacture of 1955 -1962 vintage upon change 

of ownership 

3. foreign manufacture of model year 1965 and later. 

However, these devices were installed on new domestic cars sold in 

California as early as 1961, and the law concerning 1955 to 1962 

model years became effective in 1964. 

Since it is estimated that 85% of all automobiles rn 196 9 were 

equipped with PCV valves, crankcase losses contribute but a small 

fraction of total emitted hydrocarbons. The estimated figure for 

blow-by losses (see Section 2. 2.4. 4 for details) is 0. 7 grams/mile 

for the average vehicle in the Los Angeles Basin in 1969. 

2. 2. 3 Evaporative Emissions 

Evaporative losses occur at the fuel tank and the carburetor 

and involve only hydrocarbons. While tank losses occur primarily 

during vehicl~ operation and carburetor loss es during the periods 

after a hot engine is stopped, elevated daytime temperatures and 

exposure to the sun serve to enhance evaporation rates. In the ab

sence of definitive data, the daily evaporative losses are distributed 

evenly throughout the daylight hours, assuming nighttime evaporative 

loss es to be small. 

2. 2. 4 Application to the Los Angeles .Airshed 

In describing the application of the automotive emissions 

model to Los Angeles, the following discussion is segmented into 
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five parts. In the first two parts, the means by which the spatial 

and temporal distributions of traffic were constructed are described. 

In the third part., the treatment of exhaust emissions is discussed·. 

Particular attention is given to the temporal distribution of the frac

tion of hot-running (vs. cold-running) vehicles in operation, the in

fluence on emission rates of suddenly introducing a large population 

of cold-running vehicles into the system, and the effect of average 

vehicle speed on average emission rates. In the concluding two parts, 

the discussion will focus on crankcase and evaporative emissions, 

respectively. 

2. 2. 4. 1 Spatial Distribution of Traffic 

The spatial distribution of traffic in the modeling region 

(the 42 7 2 mi. X 2 mi. grid squares shown in Figure 1.1), was deter -

mined from existing traffic count data. These data were obtained 

from nearly 100 municipalities and are very extensive, with counts 

being available for · all but minor residential streets. Using the 

traffic count data, estimates were made of the total daily vehicle 

miles driven in each grid square. The temporal distribution of 

traffic over the area, represented as hourly variations in vehicular 

flow, was also computed from these traffic count data. Freeways 

and surface streets were treated separately in the derivation of both 

the temporal and spatial distributions •. 

In determining the spatial distribution of traffic, a key question 

involved the level of detail to incorporate, that is., to include traffic 

counts only for freeways and major and minor arteries, ignoring 

residential and side streets, or to include all streets. Since this 
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effort was to be undertaken only once, the inventory was made as 

complete as possible. However, as there exists a dearth of data 

for the smaller streets, the policy adopted was comprised of using 

all available counts and estimating traffic flow on the remaining 

streets from the local traffic data in the area, the type of neighbor -

hood, and reference to counts on similar streets. 

Figures 2. 1 and 2. 2 show the estimated spatial distribution 

of freeway and non-freeway traffic in the Los Angeles area in thou

sands of vehicle miles per day for late 1969 in the modeling region. 

2. 2. 4. 2 Temporal Distribution of Traffic 

It is commonly accepted that the hourly variation in weekday 

traffic flow may be represented over a 24-hour period by a bimodal 

distribution having peaks at the morning and afternoon rush hours 

and a high plateau between these peaks. However, the parameters 

needed to describe this distribution - -the height of each peak, the 

height of the plateau, the time interval encompassing each peak- -vary 

from street to street. Shopping areas have a high frequency of traffic 

between peak hours. Streets in lower middle class neighborhoods 

experience earlier morning and afternoon peaks than do streets in 

upper middle class neighborhoods. Downtown streets carry light 

traffic following the afternoon peak, whereas suburban and residen

tial arterials have higher traffic loads at this time. Ideally then, one 

would like to classify streets in accordance with a workable identifi

cation scheme, applying an appropriate distribution for each class. 

Classification was more easily postulated as theory than 

applied in practice. Various street classifications were examined 
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Figure 2. 1 Spatial Distribution of Freeway Traffic 

(thousand vehicle miles per day) in Los Angeles in 196 9 

Source : Appendix A of Roth et al. ( 1 9 71) 
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Figure 2. 2 Spatial Distribution of Non-Freeway Traffic 

(thousand vehicle miles per day) in Los Angeles in 1969 

Source: Appendix A of Roth et al. (1971) 

Zb[_j_ \ _L_ _ j 60 l25 : 50 j I f I I I . I : ! I . I I -- . 7--;--, -, 
1 1 J_,-, r?. ·_6 ·· 7 -~ · _c; __ •. _1(; ___ 11 ,,1~_,3 -'~,!£. -'" •7 18 'l..l...E 2, z2 23 1~ 2:,-

25 ::_~~T __ ~4J. 1~9- L14~ -~~2 - ~~3~ l- _4~T..?~. ~1 ~-i __ o : . . _o \_ _~: __ 2_ ---~ ___ _ 2_ .... ___ 2 ! . 1 ! _ -~ __ of- _o ___ 2~- _?~_ 0 2S 

24 60 '. 1551202! 223 ; 2s2 221 : 1s2 1 as ! 66!a4 73 : 7 ; 2 o o 2 o ~ a! 0 O! al 2 · o.24 
---~------ - -----,-----1- - ···--····- ·- ···--· ·- -· -·- ---· r -·•·· ----:-···r · 

2 3 137 . 255 I 238 ; 238 : 266 295 : ~51 i 233 • 54 ; 20 27 i 157 50 o o 1 o : o · o o ; o ; o: o 2 3 
------· -- ··-·- : - i -_' ··---f----- -- •·•- -- - ---- - - - -------~--~-- ---~---~-

21 239 . 250 l 249 : 2so · 264 414 328 , 276 212 , 21.5 4 131 · 5a 91 113 21 2 : o : o o: 1 1 ._ 2 · a; 0 2 '2. 
1-----,--...-~----r-- - ·- '---+--- -- -~---- --+--··•·- ----:---- --·· - ----·------ ----:---,--

350 268 : 280 247 ;180 204 . 204 21 173 241 212 156 91 57 . 6' 6 O '. o 2.1 2.1 139 ' 118 I 107 194 , 182 

2~ 25 , 30 ! n : 12 59 

----- - -- ·- · ' . ' 
IG g 25 0 2 ! 30 

63 , 121 i 155 . 116: 25 245 · 242 191 162 318 308 241 218 183 . 77 126 149 151 76 32i) 0 
_ _.. __ +-- ·;----,- --•---- - ·•---- --- - - --"··· ~--- --.- - - -- ----- --- .. ----- --- -- - - . --
70 : 32 I 260 · 478 '375 2s9 164 . 116 190 236 221 · 236 1as . 160 . 130 155 . 232 , 143 66 n 11 ---: --r---. ·-- -1-·- ------ -- · •···-------,- - · .. ~- . -- -------·---·- ----·--·-------~---

18 o i 1a i o i 7 : 98 203 I 403 ! 549 s12 •sn 473 
1 

226 ' 211 : 229 2as 243 · 2so 242 · 114 190 2ao · 244 · n : 10' 99 .''8 
I----,- · ~- ·-- ; :--- · --~----+-_ _;____ ---,--------·· ·-- ----, ---- ·r---• -..-1 - · ·------ -• - --- . --

IJ ~7 , ~- ~ 99 ==~ 231 ~~~~59 478 :468 642 579 290 199 186 7\.:.08 _:_73 ' 131: 180 ~..:.-~0.3 17 

'! 254 . 338 '. 261 412 ·413 512 328 324 293 264 195 . 127 43 39 ; 227 121 45 : - 53 , 27 ; 5 ,1, 
I j..l _ ..... _____ _J.,,_-4 _________ ~---------+----------+-------~-; ,~·, ... __ __,... 

14! ____ ---~ ::_:_:7_~~!:~ -~~~~ ~~3~==~-_:_9.:_i _ _:~9- ~ __ 4_2 -~~ l ~ 37 · i,_s Jf,. 

13 ____ -----~2--,r:--1 2_6_1 1 296. 391 2as 314 254 292 2ss 3a6 263 229 234 . 101 • 240 -=-=~~~03 21 : 9! 1 13 

311'479 477 364 292 273 299 198 185 69 21 82 

89 · 255 . 328 358 176 265 ' 293 257 '. 298 241 . 230 135 . 114 1 62 129 : 114 95 57 4. ll 
·· - ·· - · . ·-•-- ·- - - -··-·-·•-·· ' --- .- . ·...... .. ·· ·· 1 .. •·- ! I • 

210 121 210 . 312 1301 93 96 104 ' 210 179 290 , 191 : 02 ; 48 30 II 
. , -

" i 

12 

IC : ! ' . 

c;~t_: -i_-=~--~ ~-
s ; I : 

1 i I · : 
t: .-.-;..----t-·· ·· --j-



-69-

according to geographical area, type of street (business, residential, 

warehouse, etc.), and distance from major working centers, all 

with a notable lack of success. The first and third classification 

schemes were probably unsuccessful because of the large number of 

employment centers in Los Angeles. Most large cities experience 

morning flows into vs. out of town (and afternoon flows out vs. into 

town) in ratios of between 2 and 3 to 1. In Los Angeles the ratio is 

more nearly 1 to 1. The second scheme suggested proved most dif

ficult to implement, as the effort of classification is so large. 

Prior to examining classification schemes, however, a test 

was made of the hypothesis that the traffic counts on 25 randomly 

selected streets (stratified with respect to the magnitude of daily 

traffic flow) represent draws from a common population--the 11grand 11 

distribution.* As rrright be inferred from the need to examine class -

ification schemes, the variability among the distributions of traffic 

on the various streets was sufficiently great that, on statistical 

grounds, traffic flows could not be represented by a "grand" distri

bution. However, it was soon realized that the 2 mi. X 2 rrri. grid 

squares, the smallest spatial unit under consideration, commonly 

contained streets of many classifications. Thus, an attempt was made 

to develop a "grand" distribution which, if not statistically justified 

from street to street, was applicable to groupings of streets defined 

by the grid system. 

* Data were taken from the 24-hour traffic count sheets of the City 
of Los Angeles Department of Traffic. Counts were summarized as 
number of vehicles passing over a pneumatic tube for each IS-minute 
interval throughout the day. For the analysis performed, these sta
tistics were lumped into hourly intervals. 
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In order to develop this grand distribution, an hourly distri -

bution of vehicle counts (i.e., the fraction of daily traffic assign

able to each of 24 hourly periods) was derived based on an average 

of 52 randomly selected city streets (again, the sample being strati

fied according to the magnitude of daily traffic flow), the counts on 

individual streets being weighted in proportion to the magnitude of 

traffic flow on the street. The resulting distribution was then multi

plied by total vehicle mileage per day for a particular grid square. 

These calculated hourly vehicle mileages were then compared with 

hourly vehicle mileages for the same grid square, determined using 

actual hourly traffic counts. The calculated discrepancies in vehicle 

mileage for each time period for the prototype grid square are given 

in Table 2. 1. 

Table 2. 1 
Calculated Discrepancies in Vehicle Mileage for a Prototype Grid 

Square (in the Wilshire/LaBrea area) 
Using the Grand Temporal Distribution 

* Time Period 

** 6-7a.m. 
7-9 a. m. 
9-11 a. m. 
11 a. m. -4 p. m. 
4-6 p. m. 
6-8 p. m. 

Discrepancy 

-10.5% 
0. 3 

- 7.0 
4.0 

- 6. 0 
- 3. I 

Approximate Percentage 
of Daily Traffic Flow 

3 
13 
10 
30 
16 
11 

~!< 
Local time. PDT when daylight savings time is in force, PST at 

other times. 

** Hourly traffic counts remain approximately constant within the 
time intervals listed. 

(Note: Traffic flows for the 6-7 a. m. period are highly variable. 
While the 10. 5% discrepancy is somewhat large, its net effect will be 
small due to the low traffic flow characteristic of that time of the 
day.) 
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The temporal distribution for freeways, not considered as 

a part of the analysis just described, was more easily treated. 

15 minute count data were acquired for a 24-hour period at 30 

locations scattered throughout the Basin. As counts were available 

for 7 to 14 day periods, an average figure was computed for the 

Monday to Thursday period. These averages exhibited only minor 

variations when compared to an overall computed average temporal 

distribution. Thus, this overall distribution was taken as repre

sentative of temporal variations in traffic flow on the freeways. The 

temporal distributions for both freeways and non-freeways are shown 

in Table 2. 2. 

Finally, the temporal distributions for traffic were shifted 

one hour later in time for three grid squares in the downtown Los 

Angeles area [those having the following column and row numbers: 

(12, 1 7), ( 11., 1 7), and ( 12, 16) (see Figure 1. 1) J. For example, the 

fraction of daily surface traffic assignable to the period 6 a. m. to 

7 a. m. throughout the air shed is applied to the period 7 a. m. to 

8 a.m. for these three grid squares. This shift provides a simple 

means to account for the fact that these squares contain few r esi

de:µc es and thus., in the net, receive vehicles rather than discharge 

them during the morning hours. 

2. 2. 4. 3 Exhaust Emissions 

As noted, the Federal Driving Cycle (FDC) was adopted as 

the basis for computing exhaust emission factors. The emission 

rates used have been estimated by the Environmental Protection 

Agency (Sigworth., 1971 ). (Thus, it was not necessary in this instance 



-72-

Table 2. 2 

Temporal Distribution of Traffic in the Los Angeles Airshed 

Hourly Period* (local time) Fraction of Daily Traffic 

Freeways 

12-5 a. m. 
5-6 
6-7 
7-8 
8-9 
9-10 

10 a. m. -2 p. m. 
2-3 
3-6 
6-7 
7-12 

Surface Streets 

12 -6 a. m. 
6-7 
7-9 
9-11 

11 a. m. -4 p. m. 
4-6 
6-8 
8-12· 

• 0388 
. 01 78 
. 0591 
. 0768 
. 0648 
. 0536 
. 1977 
. 0569 
• 2238 
. 0598 
. 1511 

. 0407 

. 0293 

. 1302 
• 1004 
. 3044 
. 1639 
. 1081 
. 1231 

* Distributions are approximately uniform for the daylight time 
periods indicated. However, traffic is not uniformly distributed 
within the periods 7 p. m. to 5 a. m. for freeways and 8 p. m. to 
5 a. m. for surface streets. These groupings are included only for 
completeness. 

to carry out the calculations required for evaluating equation (2. 9). 

They had already been done.) In the vehicle emissions model out

lined above, freeways and non-freeways (surface streets, including 

major and minor arterials and residential streets) are treated sep

arately. "Hot -start" em.is sion factors are used to calculate freeway 
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emission rates; a weighted average of hot and cold-start factors 

form the basis for calculating surface street emission rates. The 

cold-start emission factors are those reported by Sigworth (1971 ). 

Hot-running emission factors (with the exception of NO *) were 
X 

estimated through the following equation: 

where 

h 
yPt+(l-y)Ti, 

C 
yP t + ( 1 - y)T t 

t = CO, HC (2.10) 

y = fraction of automobile registration (assumed equal 

to vehicle mileage attributable to automobile traffic) 

= o. 87 

h C 
Pi,' Pi, = hot and cold-start emission rates £or automobiles, 

as reported by Martinez et al. (1971, p. 9, Table 5 ). 

(While the cold-start rates given in this report are 

less recent, and probably less representative, 

estimates than those of Sigworth (1971), they do 

permit estimation of the ratio of hot-running to 

cold-start emission rates. Note that these figures 

were used to estimate only this ratio.) 

T t = emission rates from trucks and bus es (grams /mile), 

T CO = 150 grams /mile 

THC = 11 grams /mile 

* At the time when these emission factors were computed, some 
available data indicated that NOx emission rates increase as the car 
warms up; other data indicated that they decrease. Because of the 
uncertainty in the data, NO emissions were assumed to be invariant 
with engine operating temp&ature. 
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TNO = 7 grams/mile (as NO 2 ) 
X 

based on the data of Springer (1969). 

and the values of P~, P~ and Ti for CO and HC are given in 

Table 2. 3. 

Table 2. 3 

Hot and Cold -Start Emission Rates (Martinez et al. , 1971) 

co HC 

Ph 
£ 

82. 49 gm/mi 16.81 gm/mi 

pc 
£ 

116.60 18.25 

Tl 150 11 

Estimated average hot and cold-start emission factors for 1969 are 

given in Table 2. 4. 



-75 -

Table 2. 4 

Exhaust Emission Rates for the 1969 Vehicle Population 
in Los Angeles Based on the Federal Driving Cycle (Grams /Mile) 

Species 

co 

HC (exhaust and blow-by 

a 
only) 

NOx., as N0
2 

b, c 

as NOc 

68.6 

10.8 

4.16 

2. 71 

a For hydrocarbons (Papa, 1967; Kircher, 1972) 
molecular weight (reactive species) 47. 8 
molecular weight (unr eacti ve spec{es) 21. 1 
fraction reactive (mol %) 6 7. 4 

91. 0 

11. 7 

4. 16 

2. 71 

fraction unreactive (mol %) 32. 6 
where it is assumed that methane, ethane, propane, benzene, and 
acetylene are unreactive. All other hydrocarbons are assumed to 
be reactive. 

b The values presented are based on those measured in vehicle 
surveillance studies in Los Angeles in December 1971, for model 
years 1957 through 1971. Using these data, the average NOx emis -
sion rate., as of September 196 9, was calculated to be 4. I 6 grams/ 
mile (as N02). The fact that these measurements were made in 
1971, and not in 1969, biases the result. However, no attempt was 
made to account for this. 

c The two values., 4. 16 and 2. 71., represent grams /mile emissions 
on the basis of the exhaust NOx and NO, respectively. As shall be 
seen later, the actual split for automobile exhaust is taken to be 
99% NO and 1 % N02 • This split represents the actual input to the 
model. 

h C 
Both QJ and Qt are based on the FDC., which is defined to 

simulate a trip having an average speed of about 19. 6 miles /hour. 

It is assumed that vehicles _ on surface streets travel at approximately 

-
this average speed throughout the day (and throughout the airshed). 
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However, freeway emissions are treated as a function of average 

speed, which varies both spatially and temporally. Attention is 

now turned to the treatment of freeway and non-freeway automotive 

emissions. 

A. F~eeway Emissions - the emissions rate/average speed 

corr elation 

In the original formulation of the vehicle emissions model 

(Appendix A of Roth et al., 1971 ), it is assumed that emission rates 

from freeways may be treated as constants, independent of driving 

conditions and route speeds. A major weakness of this formulation 

is that it fails to account for both the high emission rates that occur 

during the rush hour congestion and the reduced emission rates 

associated with higher average speeds. Rose et al. (1965) have 

shown that, while variations in emission rates are attributable to 

factors such as route conditions and the percentage of time in accel

erate, decelerate, idle, and cruise modes (these factors being re

flected in traffic volume, average route speed, and the nature of the 

local terrain), average emission rates for Los Angeles corr elate 

well with average route speed alone. Furthermore, this single 

index is sufficient to provide estimates of emission rates. Their 

correlations are based on a linear relationship between the logarithm 

of average emission rates and the logarithm of average route speed. 

These findings form the basis for the correlations derived in this 

study. 

The following information was required to develop the emis -

sions rate/average speed correlation presented in equation (2. 3): 
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I. The slopes of emissions rate/average speed curves for 

CO, hydrocarbons, and nitrogen oxides. However, as 

these values are estimated from tests of vehicles of 

1955 to 1963 manufacture, a i, and bi, have been modified 

in a manner to be described. 

2. Average emission rates for hot-running conditions at a 

known average speed. These rates, given in Table 2. 4, 

were estimated as described in the preceding section. 

3. Average freeway speed as a function of time for both 

directions on all freeways in the Los Angeles Basin. 

These data were obtained from the State Division of 

Highways (Arcineaux, 1971 ). 

4. Average vehicle flow as a function of time for both 

directions on all freeways. Individual flows were esti

mated from the data base discussed in Sections 2. 2. 4. 1 

and 2. 2. 4. 2. Values of x {equal to ns /nf) were computed 

using these data. 

The data for items 1 and 2 were needed to estimate the emission 

rate as a function of average speed, the data under 3 and 4, average 

speed as a function of location and time. Values of vs' ~, and x 

are given in Appendix C. 

Unfortunately, emissions /average speed data w~re very 

scarce at the time when this inventory was prepared. Thus, while 

Rose's data were somewhat out of date {less than SO% of the vehicles 

on the road in September 1969 were represented by this test group), 

they represented the best available data that pertained to the period 
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of interest. However, when correlations based on these data were 

used to estimate average emission rates at high speeds under hot

running conditions, the estimates were judged to be rather low. For 

example, while the values of 91 and 68. 6 grams /mile represent FDC

based average CO emission rates under cold and hot-running condi

tions, respectively, an average rate of only 26. 5 grams /mile at 

65 mph is predicted using a correlation based on Rose's slope 

(bCO = -. 89). Thus, it was decided to modify Rose's values for use 

in the present work. 

The modifications cited are based on the premise that, since 

the California and the Federal Driving Cycles have been the standard 

for testing new emissions control systems, automobile manufacturers 

design their systems with the expectation that they will be tested at 

low average speeds (22. 2 mph and 19. 6 mph, respectively for the two 

test cycles). Thus, contrasting 1963 (the last year of manufacture 

for Rose's test vehicles, a time during which vehicles were uncon

trolled) with the present, it may be expected that average emission 

rates at low average speeds have decreased more rapidly, from 

model year to model year, than average emission rates at high aver -

age speeds. The net effect would be that the bi values that were 

estimated for CO and hydrocarbons at the time of Rose's study 

would increase with each engine or exhaust system modification, 

becoming less negative with each succeeding year. 

Unfortunately, no data were available on which to base an 

estimate of a revised slope. In the absence of appropriate information, 

the slopes bi reported earlier were estimated using two points, the 
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hot-running emission rates at 19. 6 mph, and the rates at 60 mph, 

the latter computed from 

where Q~ (19. 6) are FDC values, modified for hot -running conditions, 

and 07(60) are the rates computed using Rose's correlation equation 

and his estimates of the slopes. The factor of 1 / 3 is an estimate of 

the relative decrease in emission rates at high average speeds. It 

must be made clear that this factor might be anywhere between 0. 1 

and 0. 5; the value of 1 /3 is merely a guess and is certainly subject 

to revision as data become available. 

B. Non-freeway emissions 

Average emission rates for vehicles operating on surface 

streets are computed from equations (2. 6) and (2. 7). Values of y(t) 

appropriate.for Los Angeies are presented in Table 2. 5. 

Table 2. 5 

Fraction of Cars Started During Given Time Periods 

that are Cold-Started 

Time period y 

0:00 - 6:00 0.90 

6:00 - 9:00 0.85 

9:00 - 11 :30 0.25 

11:30 - 13:30 0.30 

13:30 - 16:30 0.20 

16 :30 - 18 :30 0.50 

18:30 - 21 :00 0.15 

21 :00 - 24:00 0.20 



-80-

A factor f3 ;,{t) was introduced in equation (2. 3) to account for 

the effect on average emission rates of sudden variations in the 

number of vehicle starts. The need for this modification is best 

illustrated through a simple example. 

Assume that all vehicles on the road are operated as pre

scribed by the FDC, namely that they are run for 23 minutes, and 

that steady-state engine temperature is attained about 8-1/2 minutes 

after start -up. Emissions from an individual vehicle, as a function 

of time, might thus be described as shown in Figure 2. 3. If it is 

further assumed that 1) trip starts are distributed uniformly in time, 

and 2) all vehicles on the road were "cold" when started, then, at 

any time, about 100 (8. 5 /23)%, or 37%, of the vehicles on the road 

have not yet achieved steady-state operating temperature. Under 

these conditions the aver age emissions for all vehicles is given by 

the horizontal dotted line in Figure 2. 3. 

Suppose now that 10, 000 vehicles are currently in operation, 

under the circumstances cited above, in some region of interest. 

Suppose further that an additional 5000 vehicles are started in the 

next three minutes (all cold-started). The immediate effect of adding 

these additional vehi cles to the pool of autos in use, each emitting at 

relatively high rates owing to their "cold 11 operation, would be to 

temporarily increase the average emissions of all 15, 000 vehicles 

in operation to a value in excess of that given by the dotted line. 

Suppose, however, that vehicle starts are maintained at the 

increased rate of 5000 starts every three minutes for the next several 

hours. After about 20 nrinutes (i.e., 23 minutes less 3 minutes), it 
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would be found that trips are terminated at the same rate that they 

are initiated, and that, as before, 37% of vehicles on the road are 

still in the "warm-up" period. The average emissions rate for all 

vehicles is once again given by the dotted line despite the fact that the 

total number of cars in operation has increased dramatically. 

Thus, the effect o_f suddenly increasing the rate of vehicle 

starts, and maintaining that rate at a constant level thereafter, is 

to temporarily increase the fraction of cars in warm-up to a value 

greater than O. 37. Since vehicles in warm-up emit carbon monoxide 

and hydrocarbons at a higher rate than do hot-running vehicles, the 

average emission rate of all cars in operation increases. After 

sufficient time passes to equalize the rate of start-ups and trip 

terminations (23 minutes)., the original value of the average emission 

rate again applies. 

The phenomenon that this example illustrates, the in ducement 

of variations in the average emission rate due to variations in the 

rate of vehicle start -ups, is best exemplified during the morning 

rush hours. The rapidly increasing rate of vehicle starts in the 

early morning has the effect of increasing average emission rates 

until some time when the rate of starts begins to taper off. Soon, 

more trips will be terminated than initiated, and the average emis -

sion rate will drop., not only returning to its original level, but falling 

below that given by the dotted line in Figure 2. 3. Eventually, however, 

an approximately steady rate of vehicle starts will be attained (imme

diately following the 11rush" period), and the average "dotted line' 1 

rate will again apply. 
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The effects of variations in the rate of vehicle starts is 

accounted for through the correction function, r3 ,e,(t), that appears 

in equation (2. 6). The curves shown in Figure 2. 4 describe the 

variation in r3 ,e, (t) with time for carbon monoxide and hydrocarbons. 

The derivation of these functions is discussed in Appendix D. Three 

points may be noted about these functions. First, since the hot and 

cold-running emission rates for NO are assumed to be equal, 
X 

r3N
0

(t) = 1 for all t. Second, even though the rate of trip starts 

varies throughout the day (as may be seen in Figure 2. 5), the effect 

of these variations is considered only for the period 6 a. m. to 9;23 

a. m. The effect on r3 ,e, (t) of the "midday bump" in Figure 2. 5 is not 

included, as the majority of vehicles operating during that period 

* . are hot-started and the bump 1s small compared with the rush-hour 

bumps. In addition, the effect of the "evening bump" is also not 

included since validation of the model is not planned for that time 

period. Third, it should be evident that, in order to properly eval

uate ~ ..e, (t ), large quantities of data are needed. Pertinent data include 

those involving driving patterns in the Los Angeles area, trip length, 

average speed, time between trips, etc. Also needed are emissions 

data as functions of time for both cold and hot-starts. As such data 

are, for the most part, unavailable, the model is based on what data 

could be obtained. In the absence of full information, reasonable 

simplifying assumptions were made in order to derive ~ .e,(t). 

* Note that if all vehicles are hot-running and there is a sudden in-
crease in vehicle starts (all 11hot"), then there will be no effect on the 
average emission rate. For the effect to be noticeable, a reasonable 
percentage of vehicle starts must be "cold.11 
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Figure 2 • .3 Estimated Variation in Carbon Monoxide Exhaust 
Emission Rate as a Function of Time. 

(1) 
'"'O 

W = Assumed warmup time (8. 5 minutes) 
T = Length of Federal Driving Cycle (23 minutes) 

(The dashed line is the average cold-start emissions 
rate. The solid line is an estimate of the actual 
emissions over the 23 minute test assuming an 8. 5 
minute warmup.) 
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Figure 2. 4 Correction Factor l3 ..e,(t) for Carbon Monoxide and 

Hydrocarbon Mo~or Vehicle Emissions 
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Figure 2. 5 Distribution of Weekday Trip Start Times 

in Los Angeles (Kearin et al., 1971) 
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C. Summary 

A smnmary of the assumptions made in the treatment of 

freeway and non-freeway automotive emissions is given in Table 2. 6. 

Table 2. 6 

Summary of Assumptions Relating to Automotive Emissions 

Freeways 

Average emission 
factors* 

Hot -running factors 

Correction for nonuniform 
distribution included 

Emissions/ speed modification 
included 

* 

No 

Yes 

Average emission rate based on the FDC. 

2. 2. 4. 4 Crankcase Emissions 

Non-freeways 

Weighted average of 
cold-start and hot -
running factors 

Yes 

No 

Estimates of the blow-by emissions rate have been made by 

EPA (Sigworth, 1971 ). Their estimate for the blow-by rate from an 

uncontrolled automobile (pre-1961 domestic or pre-1965 import) is 

4. 1 grams /mile. The PCV devices on 1961, 1962, and 1963 domestic 

vehicles are assumed to be about 80% effective in controlling blow-by; 

emissions from these vehicles are thus about O. 8 grams/mile. The 

PCV devices on 1964 and later cars are assumed to be 100% effective, 

and hence there are no blo~-by emissions from these vehicles. 

Unfortunately, there appears to be no way of finding the num

ber of 1955-1962 domestic autos which have been resold between 

1964 and 1969, thus necessitating the installation of a PCV valve. 
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The number of pre-1961 domestic autos fitted with PCV valves is 

estimated to be 60 6/o of the total. Using the vehicle age distribution, 

pre-1961, 1961 to 1963 domestic, and pre-1965 imported automobiles 

are estimated to comprise approximately 19 6/o, 20%, and 76/o, respec

tively, of the total automobile registration. Hence, blow-by emis -

sions from the average vehicle in the Los Angeles Basin (automobiles 

comprise 8 76/o of all vehicles) in 1969 were: 

0. 87 (0. 4 X 0. 19 X 4. 1 + 0. 07 X 4. 1 + 0. 20 X 0. 8) = 0. 7 grams /mile 

2. 2. 4. 5 Evaporative Emissions 

Evaporative losses from autos are very difficult to measure 

and are subject to wide variations in magnitude resulting from dif

ferent auto operating conditions, weather conditions, and automobile . 

design. The subject is discussed by Hurn (1968, page 62). Using 

Hurn 1s figures, the total daily evaporative loss per vehicle is about 

72 grams/day. 

In order to distribute the evaporative emissions, it was 

assumed that these losses occur mainly during the hours 7 a. m. -

7 p. m. PDT and that they are evenly distributed over this period. 

Hence, the evaporative emissions rate from the 4, 135, 000 automo

biles registered in Los Angeles and Orange Counties in 1969 was 

4, 135., 000 X 72 (grams/vehicle/day) or 4,135,000 X 6 (grams/hour). 

The evaporative emissions in each square are assumed to be 

proportional to the number of non-freeway vehicles miles in that 

square. Non-freeway vehicle mileage was chosen as being more 

representative of driving conditions leading to high evaporative 



-88 -

emissions than any other available parameter. In particular, the 

spatial distribution of non-freeway mileage should correspond rea

sonably well with the spatial distributions of both parked cars and 

cars in stop-and-go driving conditions. The total non-freeway 

vehicle mileage in the Los Angeles airshed in 1969 was 72, 367, 000 · 

miles. Thus the evaporative emissions for grid cell (i, j ), in kg /hr, 

are 

m .• 
lJ 

X 4, 135 z OO O X 6 X 1 0 - 3 = 0 343 
72, 367 · mij 

where m . . = thousands of non-freeway vehicle miles per day driven 
lJ 

in grid cell (i, j ), as given in Figure 2. 2. 

2. 3 Air craft Emissions · 

Aircraft operating from the fifteen airports in the Los Angeles 

Basin contribute approximately O. I% of nitrogen oxides, O. 6% of 

organic gas es and 1 % of carbon monoxide from all sources in the 

Basin (See Table 2. 15 ). Whereas the contribution of aircraft emis -

sions to the total contaminant load in the Basin is small, the per -

centages of pollutants in the local environs that are attributable to 

aircraft operations is quite significant. Furthermore, several of 

the contaminant monitoring stations are located in the vicinity of 

airports. Thus, it was necessary to clevis e a special model to 

account properly for the local impact of aircraft emissions. In 

addition., there is currently some interest in the modeling of pollutant 

behavior in the vicinity of airports. The model presented in this 

section should be helpful to those undertaking such a task. 
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The aircraft emissions model consists of two major com

ponents: a ground operations and airborne operations model. 

Emissions from ground operations are treated as surface fluxes, 

while emissions from airborne operations are treated as elevated 

volume sources. The first part of this section is devoted to a des crip

tion of the emissions model, and the second part consists primarily 

of relevant data. 

Aircraft operations are classified as ground operations and 

airborne operations. Ground operations consist of three distinct 

modes: 1) ta.xi mode (taxi between runway and satellite and idle at 

satellite), 2) landing mode, and 3) takeoff mode. Airborne operations 

are comprised of two modes: 1) approach mode (descent from inver

sion height). A flight, whether for fixed wing aircraft or rotocraft, 

is defined as consisting of the five modes cited. 

In the formulation of an aircraft emissions model, the follow

ing assumptions are made with regard to the treatment of aircraft 

operations: 

1. For every aircraft arrival, there is one departure. 

Furthermore, arrival and departure rates are equal 

within a given time period. (Pertinent time periods 

are shown in Table 2. 11.) 

2. Aircraft follow straight line flight paths from inversion 

* height to touchdown and from lift-off to inversion height. 

* Since the modeling region is bounded aloft by the base of the ele -
vated inversion (or some assigned mixing depth), only that portion 
of the flight path under the inversion need be considered in the present 
formulation of the airshed model. 
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(Many light aircraft never reach the inversion height 

and, in fact, do not follow straight line paths above 

250 meters. However, information concerning these 

departures from linear flight paths is not available.) 

3. The angles of as cent and des cent of all air craft at a 

particular airport are assumed to be fixed -and equal 

to those angles associated with the class of craft 

(e.g., medium-range jet transport, business jet, etc. ) 

having the highest fraction of total operations at that 

facility. [This assumption is reasonable for twelve 

of the fifteen Los Angeles Basin airports, since at these 

facilities the fraction of total operations assignable to a 

particular class of aircraft exceeds 0. 81. {See Table 

2. 1 0. ) The exceptions are Los Angeles International 

LAX), Hollywood/Burbank (LK), and Culver City (CC) 

Airports. At LAX Class 1 and Class 2 aircraft, trans -

ports having similar flight paths comprise 63% of total 

daily flights and contribute by far the greatest fraction 

of contaminants. Class 6 aircraft represent 68 6/o of air 

traffic at LK, while at CC total daily traffic is very light. J 

4. Flight paths originate and terminate at the most frequently 

used runway at each airport. 

5. The proportion of aircraft of a given class that arrive 

and depart from each airport is invariant with time. 

(Aircraft classes are defined in Section 2. 3. 1.) 
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6. The temporal distribution of airborne operations at a 

Basin airport, if not known, may be r epr es ented by the 

temporal distribution measured at an airport at which 

the mix of aircraft, by class, most closely resembles 

the mix of aircraft at the airport in question. [Temporal 

distributions are available for the following airports: 

Los Angeles International (Class 1 aircraft predominate), 

Van Nuys (Class 6 ), and Hollywood /Burbank (Class 6 ). 

Of the remaining twelve airports, ten are predominantly 

Class 6 (the exceptions being Los Alamitos and Culver 

City), and the Van Nuys distribution is assumed to be 

r epr es entati ve of flight ope rations at these air po rt s. J 

It should be noted that emissions along flight paths contained within, 

but originating from airports lying just outside of, the airshed 

boundary are ignored (e.g., Ontario International, El Toro Marine 

Base, etc. ) 

Turning now to aircraft emissions, the model is based on the 

following assumptions : 

1. For each class of air er aft, pollutants are emitted at a 

uniform rate during each of the five operating modes. 

Thus, for airborne operations, the amount of contami

nants injected into a cell is proportional to the length 

of ·the flight path occupying that cell. 

2. Emissions from aircraft can be treated as continuous 

releases, emitted at a uniform rate and averaged over a 

one -hour time period., one hour being the resolution of 
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the temporal distribution of airport traffic. 

-2. 3. 1 Ground Operations Model 

The amount of contaminant species ,R, emitted into a surface 

grid cell during ground operations is equal to the summed products 

of average emissions rate and residence times in each of three 

modes --taxi, landing, and take-off. The rate of emissions, in kg/ 

min, from grid square (i, j) due to ground operations for the hourly 

period p . is given by: 

where 

and 

g 1 { a ~ i f,R, 
B "p = 60 dp el_J_ u n N u 

)v u=l u uv=l vu 
C l. 

vuJ 

vis an index denoting the ground operation modes 

1 taxi 

2 landing 

3 take-off 

u is an index denoting aircraft class 

1 long-range jet transport 

2 medium-range jet transport 

3 bu sines s jet 

4 turboprop transport 

5 piston engine transport 

6 piston engine utility 

7 turbine engine helicopter 

= fraction of total daily flights assigned to hourly 

period p 

(2.11) 
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8.. = fraction of airport area assignable to grid square (i,j) 
1J 

n = number of flights per day of class u aircraft 
u 

N = average number of engines per class u aircraft 
u 

f£ = kilograms of pollutant £ emitted per kilogram of fuel 
vu 

consumed by class u aircraft operating in mode v 

C = kilograms of fuel consumed per engine for class u 
vu 

aircraft operating in mode v. 

2. 3. 2 Flight Operations Model 

The mass of species J, emitted into grid cell (i, j, k) during 

the approach mode is assumed to be proportional to the length of 

the flight path occupying that cell. The corresponding rate of emis -

sions (kg /min) is given by: 

where 

7 t 
1 { a "" · - - £ u L = -60 d L .. ku nN f Cu-t-,- ; 

p lJ u=l u u u u 
(2. 12) 

t = time spent in des cent from inversion height to touch -u 

t' u 

down by class u aircraft 

* = time spent in descent from 915 met er s above ground 

elevation to touchdown by class u aircraft (see 

Table 2. 7) 

££ = kilograms of pollutant J, emitted by air er aft of class u 
u 

per kilogram of fuel consumed during des cent (see 

Table 2. 8) 

* An elevation of 915 meters is used to conform to the data reported 
by Northern Research (1968) on aircraft emission characteristics 
during approach and climb-out. 
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kilograms of fuel consumed per engine on class u 

aircraft during des cent from 915 meters above 

ground elevation (see Table 2. 9). 

fraction of the length of the flight path assignable to 

cell (i, j, k). 

The mass of species t emitted into cell (i, j, k) during climb-out is 

also given by equation (2. 12), where t and ft now apply to an air-
u u 

craft ascending from lift-off to inversion height, and t and C to u u 

an aircraft ascending to 915 meters above ground elevation. 

In general, it can be shown that, for an airshed model of the 

type described in this report, ground operations make a significant 

contribution to the contaminant concentrations in the immediate 

vicinity of the source, whereas flight operations make a negligible 

contribution. In application to Los Angeles, for example, only the 

ground operations model was included. There may be instances, 

however, in which airborne operations should be considered; · there

fore, this portion of the model is also included in the preceding dis -

cus sion. 

2. 3. 3 Emissions and Airport Data 

Required data may be classified as information pertaining to 

1) aircraft location, and 2) aircraft emissions. Included in the 

former category are airport location and, for each airport, flight 

paths and runway and taxi-way coordinates. Major aircraft emission 

studies have been reported by Lemke et al. (1965 ), Hochheiser and 

Lozano (1968), Lozano et al. (1968), Northern Research and Engi-

neering Corporation (1968 ), Bastress and Fletcher (196 9), and 
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Scott Res ear ch Laboratories (1970 ). The Northern Res ear ch and 

Engineering (NREC) study is the most recent and comprehensive 

of the reports cited. The emissions statistics of NREC as well as 

those of Scott (1970), including pertinent emissions data and aircraft 

performance characteristics for flight operations, take-off, and 

landing provide the basic inputs to the aircraft emissions model. 

These characteristics include, for each class of craft, the average 

distance over which the operation is performed, the time required, 

and, for approach and climb -out., the angles of des cent and as cent. 

These data are summarized in Tables 2. 7-2. 9. 

The average number of flight operations occurring per day at 

each of the 15 Los Angeles airports is tabulated, by class of aircraft, 

in Table 2. 1 0. The distribution of daily operations by hour, for the 

three major airports, is given in Table 2. 11. The primary flight 

paths for each airport, are given in Appendix B of Roth et al. (1971 ). 

Finally, it is assumed, for lack of better information, that aircraft 

exhaust has approximately the same hydrocarbon composition as 

automobile exhaust, and thus the same molecular weights for the 

reactive and unreactive groupings. 
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Table 2. 7 

Aircraft Performance Characteristics During Approach 

and Climb-out Operations (Northern Res ear ch, 1968) 

1 Approach Landing 
/ 

A B 
Aircraft at Touchdown 
915 metersa 

C 
Stop 

TAB Time to travel A to B 

"- Angle of Des cent 

Aircraft TAB A 

I 
,.------~ I 
I Take-Off I Climb-Out 1 

1 

D E F 
Start Take

off 
Lift-off Aircraft 

at 915 
meters 

TEF Time to travel E to F 

r/J Angle of As cent 

TEF </J 
Class (Minutes) (Degrees) (Minutes) (Degrees) 

1 3.6 3. 46 2. 2 4.01 

2 3.0 3.61 1. 9 5.00 

3 I. 6 5. 41 o. 5 8 . 08 

4 4.5 3. 16 3.6 3.07 

5 4.6 3. 61 5.0 2 . 20 

6 3.8 6.48 2.5 5. 15 

7 6.5 2. 1 7 6.5 2. 1 7 

a above ground elevation 
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Table 2. 9 

Emission Factors, 
1, 1, 

1968) f and f (Northern Research, 
vu u 

Emission factors, f 1, £ 
and f 

vu u 
(kilograms/ 1000 kilograms of fuel) 

Aircraft Operating 
Class Mode co Organics NOX (as NQ2) 

u = 1 Idle & Taxi 174 75 2. 0 
Approach 8. 7 16 2. 7 
LTCa o. 7 0. I 4.3 

2 Idle & Taxi 50 9.6 2.0 
Approach 6.6 I. 4 2. 7 
LTC I. 2 o. 6 4.3 

3 Idle & Taxi 118 11. 5 2. 0 
Approach 11 o. 6 2. 7 
LTC 4 o. 3 4o 3 

4 Idle & Taxi 24.8 8. I 3. 7 
Approach 1. 6 0 2. 9 
LTC 2.3 3.2 3. 1 

5 Idle 896 32 7 
Taxi 910 43 2 
Approach 825 104 3 
LTC 1050 110 1 

6 Idle 896 · 32 7 
Taxi 910 43 2 
Approach 825 104 3 
LTC 1050 110 1 

7 Idle & Taxi 118 11. 5 2. 0 
Approach 11 0.6 2. 7 
Climb-out 4 Q. 3 4. 3 

aLand., Take -Off, and Climb -Out 
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Table 2. 10 

Average Number of Daily Flights at Los Angeles Basin Airports 

Aircraft Class 

Airport 1 2 3 4 5 6 7 

Brackett 0 0 6 0 0 288 10 
Compton 0 0 0 0 0 191 0 
Culver City 0 0 12 0 0 21 20 
El Monte 0 0 0 0 0 700 0 
Hawthorne 0 0 0 0 0 428 0 

Hollywood /Bur bank 0 47 19 4 25 225 10 
Long Beach 0 0 2 0 67 591 25 
Los Alamitos 0 0 50 0 50 0 0 
Los Angeles Int 11. 264 249 9 57 21 159 58 
Orange County 0 12 0 0 0 850 0 

San Fernando 0 0 0 0 0 100 0 
Santa Monica 0 0 0 0 0 525 25 
Torrance 0 0 0 0 0 500 0 
Van Nuys 0 0 0 0 14 720 125 
Whiteman 0 0 0 0 0 200 0 

Table 2. 11 

Temporal Distribution of Daily Flights at Los Angeles Basin Airports 

Los Angeles Int'l. 

Time 
Period 

Fraction 
of Daily 
Traffic 

11 pm-1 am 
1-7 
7-8 

8 am-6 pm 
6-8 
8-9 
9-11 

• 048 
• 051 
• 043 
• 62 9 
.109 
• 048 
• 072 

Van Nuys 

Time 
Period 

10 pm-8 am 
8-9 
9-10 

Fraction 
of Daily 
Traffic 

10- 12 noon 
12-4 

.01 7 

.014 

.056 
6156 
.511 
.078 
.103 
.036 
.021 
.008 

4-5 
5-7 
7-8 
8-9 
9-10 

Hollywood/ Bur bank 

Time 
Period 

11 pm-1 am 
1-7 
7-9 
9-12 noon 

12-1 
1-4 
4-8 
8-9 
9-11 

Fraction 
of Daily 
Traffic 

• 026 
. 021 
. 06 3 
. 19 3 
• 08 7 
. 164 
• 314 
. 062 
. 070 
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2. 4 Fixed Source Emissions 

Whereas the emission rates from a motor vehicle population 

may be specified with reasonable precision - the primary difficulty 

being the determination of a r epres entati ve driving cycle-emissions 

data for individual fixed sources are often poorly known. Information 

relating to the emissions of various pollutants as a function of the 

quantity of fuel burned in power plants or of the process throughout 

of a refinery or factory is often difficult to obtain. Thus, general 

models, such as those for motor vehicle emissions, are inappropriate 

for fixed sources; rather, all that is required is accurate information 

on mass emissions from each important fixed source in the area. 

Therefore, the fixed source emissions inventory discussed in this 

section is only applicable in in the Los Angeles air shed. 

The eleven power plants situated in the Los Angeles airshed 

accounted for approximately 23% of the total daily NO emitted into 
X 

the airshed in 1969. The fifteen oil refineries contributed 7% of the 

NO and 26/o of the organic gas emissions (see Section 2. 5). Although 
X 

emissions from these large point sources can result in elevated 

ground concentrations in their immediate vicinity, the appropriate 

calculations have not been incorporated in the present grid model to 

account for this effect. However, because of the high emission rates 

from these sources and their special emission characteristics., it 

is unrealistic to treat them simply as area sources. This section is 

devoted to a discussion of the methods for incorporating the emissions 

into the overall grid model and a summary of pertinent data relating 
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to emissions from power plants, refineries, and other miscellaneous 

fixed sources. 

2. 4. l Power Plant Emissions 

High emission rates from point sources can result in sub

stantial local ground- level concentrations. For power plants of the 

size found in the Los Angeles Basin and under typical meteorological 

conditions, maxim um ground- level concentrations occur about two 

miles downwind of the plant. In treating power plants simply as 

area sources, it is not possible to predict these high concentrations 

and the locations of their occurrence using a grid of two-mile resolu

tion. However, a separate sub-grid scale treatment of the power 

plant plume may be necessary in model validation when the air 

quality data with which predictions are to be compared are collected 

at monitoring stations in the immediate vicinity of a power plant. 

However, since none of the air quality measurements used for the 

model validation were likely to be influenced by the presence of 

power plants, plume dispersion calculations were not included in the 

model for the current validation studies. 

While power plant emissions are not treated as plumes in the 

model, it is inappropriate simply to consider them as well mixed in 

the cell into which they are injected. lnsteei.d, these emissions are 

distributed as volume sources downwind of the plant, in cells where 

the plume width has grown to be of the order of the cell size. The 

allocation procedure is outlined in this section. In contrast, refinery 

emissions are treated as area sources; they are discussed in Section 

2. 4. 2. 
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A Gaussian dispersion model was used to evaluate the pos

sibility of treating point source emissions as volume sources 

centered in grid squares downwind of the square in which the point 

source is located. Pollutant concentrations are assumed to be 

normally distributed in the horizontal and vertical planes with dis -

persion parameters ~ and er , respectively. The half-width, b, y z 

of the plume is defined as 2. 15 cr and is the horizontal distance from 
y 

the plume centerline. The parameters cr and cr are functions both 
y z 

of downwind distance and of atmospheric stability. Correlations of 

cr and cr with these variables are given by Turner (1969). y z 

Having defined the half-width, b, an estimate of the plume 

spread as function of downwind distance may be obtained using the 

plume dispersion model. The result of this calculation indicates 

that the plume width for Pasquill stability class B (the most prevalent 

during daytime hours) is about two miles at 3. 75 miles downwind. It 

is therefore reasonable to treat emissions as volume sources in 

adjacent 2x2 mile grid squares downwind of the plant. Furthermore, 

typical values of er suggest that at this distance the plume is well 
z 

mixed up to the inversion base (assumed to be located at a maximum 

elevation of 800 meters). The volume sources are therefore distri

buted evenly in the column of cells up to the inversion base. 

Emissions from a point source located in the ground cell 

(i, j, 1) may be distributed using the following simple algorithm. A 

straight line is drawn starting at the source location parallel to and 

in the direction of the wind in that square. This line extends to the 

farthest edge of that square either touching or immediately diagonal 
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to the square containing the source. The emissions from the point 

source are then apportioned as volume sources in the two or three 

columns of cells through which this line passes. The strength of 

the volume source in each cell is proportional to the length of the 

line contained in that cell, with the sum of the volume sources being 

equal to the strength of the point source. 

While in many circumstances the model, as stated, is accept

able, it displays a major flaw under low wind conditions. At wind 

speeds of one to two mph, emissions are advected too far and too 

quickly by the model, thus providing estimates that are too low near 

the source and too high downwind. To alleviate this problem, the 

following constraints are added to the model formulation. The 

fraction, ri/(r
1 

+ r 2 + r
3

) of power plant emissions is allocated to 

each of the three downwind grid squares in such a way that 

and 

r 
1 

+ r 
2 

+ r 
3 

$. (60 min.) x (wind speed in meters/min.) 

are satisfied (see Figure 2. 6a). If the situation depicted in Figure 

2. 6b occurs, the segment r
4 

is ignored and apportionment is carried 

out in pro portion to the lengths r 
1

, r 
2

, and r 
3

. Note that both in

equalities above must apply. 

Of the eleven power plants in the Los Angeles Basin, four 

are operated by the Southern California Edison Company, four by the 

Los Angeles Department of Water and Power, and one each by the 

cities of Pasadena, Bur bank, and Glendale. Data relating to plant 
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location, electric capacity, and emissions are given in Table 2. 12. 

Data on the diurnal variation of power plant emissions are available 

in Tables 2. 13a and 2. 13b. 

2. 4. 2 Refinery Emissions 

Pollutants emitted by oil refineries are released from an 

array of stacks which are usually distributed over a large area. For 

this reason, and because individual refinery emissions data are not 

available, refinery emissions are treated as surface sources in the 

cell into which they are injected. The daily emissions are distributed 

uniformly over 24 hours in proportion to the crude capacity of each 

refinery (see Table 2. 14). The spatial distribution of refinery emis

sions is illustrated in Figures 2. 7-2. 9~ 

2. 4. 3 Distributed Fixed Source Emissions 

Distributed fixed sources (defined as all fixed sources, with 

the exception of power plants and oil refineries) account for approx

imately 11% of NOx and 34% of organic gas emissions from all 

sources in the Los Angeles airshed. Pollutants emitted from these 

sources are treated as surface fluxes into the appropriate ground 

level grid cell. Locations and emissions data for distributed fixed 

sources for 1969 are available in Profile of Air Pollution Control in 

Los Angeles County (Los Angeles County Air Pollution Control 

District, 1969) and Emissions Inventory-1969 (County of Orange Air 

Pollution Control District, 1970). The estimated spatial distribu

tions of RHC, URHC, and NO emissions from these sources are 
. . X 

given in Figures 2. 10-2. 12. The total quantities of emissions from 

distributed fixed sources are summarized in Table 2. 15. 
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Figure 2. 6 Apportio.nment of Power Plant Emissions 

in Downwind Grid Cells 

win1/ 
rY 

y a 
. r2 

Power 
Plant 

{a) 

win~ 
r3 

~-
r, 

~ ~ 
Power 
Plant 

( b) 
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Table 2. 12 

Summary of Los Angeles Basin Power Plant Data for 1969 

Electric Average Total 
Coordinates of Capacity NOx Emissions Rate 

Name Plant Locationa (megawatts) (as N0
2

) (kg/hour} 

Southern California Edison 

Los Alamitos 
El Segundo 
Redondo Beach 
Huntington Beach 

Los Angeles Department 
of Water and Power 

Harbor 
Haynes 
Scattergood 
Valley 

City of Pasadena 

Broadway & Glenarm b 

City of Burbank 

Magnolia & Olive b 

City of Glendale 

San Ferxndo & 
Highland 

15.90, 7.45 
6. 60, 12. 35 
7.50,10.25 

19. 40, 3. 20 

11. 20., 7.50 
16. 05, 7.20 

5 . . 9 5, 14. 15 
7.55,23.85 

14.55,19.75 

9.80,21.55 

10.85,20.75 

1950 
1020 
1530 
880 

355 
1580 

312 
512 

230 

174 

153 

2085 
995 

2008 
1226 

334 
609 

78 
186 

31 

211 

60 

a In Figure 1. 1, the center of the grid square in column I and row J 
is considered to have the coordinate I, J. 
b I 

Street locations, rather than name. 
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2. 5 Contaminant Emissions Inventory of the Los Angeles Air shed 

in 1969 

In this section a summary is given of the approximate mag

nitudes of the different emissions sources operating in the Los 

Angeles airshed during 1969. Average daily emission rates of NO , 
X 

organic gases, and CO are shown in Table 2. 15. These data, with 

the exception of automotive, aircraft, and power plant emissions, 

were obtained from the appropriate County Air Pollution District. 

Automotive emissions were computed from the product of the vehicle 

mileage in the parts of each county within the modeling area and the 

average emissions rate per _vehicle mile. The power plant data were 

determined as discussed in Section 2. 4. 1. Emissions from aircraft 

were specified by using equation (2. 11} and Tables 2. 8-2. 10. 

To use this inventory in conjunction with an airshed model, it 

is necessary to specify the fraction of total NO emissions from each 
X 

class of sources that is NO
2

. As the measurement of the individual 

oxides is rarely made, the magnitude of the NO/No
2 

split can only 

be estimated. The following figures were employed in the validation 

study to be reported in Chapter 4 (Sawyer, 1972): 

Automobiles . 

Power Plants 

Aircraft 

Other fixed sources 

1 

5 

l 

2 

In previous tables and figures (Tables 2. 4, 2. 9, 2. 12, 2. 14, 2. 15 

and Figures 2. 9 and 2. 12) NOx emission rates are specified as NO 2, 
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that is, as if the emissions were 100% N0
2

. For actual input to the 

model, the NOx mass emission rates consist of both NO and N0
2

, 

computed according to the NO/No
2 

split above. 

Table 2. 15 Emissions of NO ., Organic Gases, and CO in the 
X 

Los Angeles Airshed (tons/day) in 1969 

a Organic Gases 
Emission Source NO Reactive Unreactive 

X 

Motor Vehicles 520 1331 214 

Aircraftc 1 12 2 

Petroleum 

Refining 25 25 25 

Production 10 60 

Marketing 10 122 

Power Plants 171 4 

Oil Refineries 40 4 

Other Industries 29 2 

Domestic b 41 

Incineration 1 1 

Ships and Railroads 3 1 

Meta,ls 3 

Minerals 6 1 

Organic Solvent Usage 394 138 

TOTAL 860 1884 452 

co 

8127 

81 

30 

1 

1 

4 

3 

8247 

a 
As N0 2 . The split between NO and N0

2 
must be considered when 

these values are used as the actual input to the model calculations. 

b Domestic, commercial., and industrial facilities on firm natural 
gas schedules. 

c Ground operations only. 
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2. 6 Discussion of the Model and Inventory 

A necessary step in the development of any model is an 

assessment of the levels of uncertainty in each of the input variables 

and the effect of these uncertainties on the predictions of the model. 

Thus, the objective of this section is to estimate the levels of accur

acy with which the source emissions inputs to an urban airshed model 

can be determined and to enumerate, thereby, those emission factors 

which can be expected to lead to the most uncertainty in the predictions 

of the modeL A discussion will be given relating to the expected level 

of accuracy in the most important components of the Los Angeles 

emissions inventory, namely automotive and fixed source emissionso 

2. 6. l Automotive Emissions 

f s 
For a given grid square the vehicle miles per day, M and M , 

travelled on all roads in the square can be computed from equation 

(2. 8 ). It is estimated that Mf and Ms for each grid square are 

accurate to 5-106/o. Thus, a figure of 400,000 vehicle miles/day, 

for example, should be interpreted as 400, 000 ± 40,000 if the accur

acy were± 1oi Based on discussions in Section 2. 2o 4. 2, the esti

mated uncertainties in the grand temporal distributions are: 

f 
d: 2-4% p ' 

The matter of determining a driving cycle representative of 

a particular urban area is discussed in Section 2. 2. l. To illustrate 

the importance of the choice of driving cycle, the differences among 

emissions as measured by hot-start and cold-start CDC and FDC are 

illustrated in Table 2. 16. It is apparent from Table 2. 16 that measured 

emission rates are strongly dependent on the testing procedure employed. 
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Table 2o 16 

Comparison of Automobile Emission Rates Using the 

Hot and Cold-Start CDC and Cold-Start FDC 

Approximate increase in emission 
rates when measured by cold-start 
CDC, as compared with hot-start 
CDC (all vehicles). 

HC + 30% 

co + 0-10% 

NO - s% 
X 

Approximate increase in emission 
rates when measured by 1972 Fed
eral procedure as compared with 
cold-start CDC .. 

Pre-1966 1966-1969 
vehicles vehicles 

+ 40% + 90% 

+ 60% +100% 

+ 60% + 30% 

Values of Q 1, (Grams /Mile) 

CDC FDC FDC 
Species Hot-Start Hot-Start Cold-Start 

co 63.9 68. 6 91. 0 

HC (exhaust + 9.0 10.8 11. 7 
blowby) 

NO (as NO) 2.9 2.7 2.7 
X 



It is believed that by far the greatest uncertainty in the calcu

lation of motor vehicle emissions is the representativeness of a driving 

cycle in a particular locale. Recently the FDC has replaced the CDC 

as the standard emissions test procedure. Nevertheless, the repre-

s entati venes s of the FDC or any other cycle has yet to be demonstrated. 

It is recommended that studies such as those reported by Srrtlth and 

Manos (1972) be undertaken for cities for which urban airshed models 

are to be developed. Consideration should also be given to using a 

series of test cycles, rather than any particular cycle, to represent 

driving patterns in a metropolitan area. 

2. 6. 2 Fixed Source Emissions - Power Plants and Refineries 

The principal problem associated with fixed source emissions 

is a lack of data. Few measurements of effluent concentrations are 

made, and there are virtually no data available that reflect the effect 

of process variations on emission rates. In addition., temporal 

variations., particularly in the operation of power plants, are often 

considerable, yet unpredictable, since they frequently depend on such 

unreliable and capricious factors as the weather. 

In general, highly simplified assumptions are made in esti

mating emission rates from large "point sources 11 in an urban area. 

For example, emission rates from refineries are usually assumed to 

be directly proportional to the crude throughput rate. This rate is 

not only assumed uniform over a day (uniform temporal distribution), 

but usually represents an average taken over a period of one month to 

a year. Data related to emissions from power plants are generally 

easier to obtain and are often fairly complete. However, measurements 
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made for one day are generally assumed to apply for all days, cor -

rected for daily temporal distribution and ' seas on (summer vs. 

winter); the validity of this assumption remains in question. 

The following types of data are needed to estimate emission 

rates from power plants: 

2. 

3. 

4. 

5. 

6. 

electric capacity of plant (megawatts) 

mass flow of flue gas (kg /hr) 

volume flow of flue gas (m 
3 

/min.) 

effluent temperature 

volume concentration of NO and SO (ppm) 
X 2 

temporal distribution of operation 

Similar data are needed to estimate emissions from refinery process 

units, although temporal variations (on a daily basis) are likely to be 

unimportant. In addition, emissions and evaporative losses of both 

reactive and unreactive organic gases must be estimated, the latter 

being particularly difficult to determine. 

In general, then, emissions data from power plants, while of 

variable quality (from quite good to rather poor), a r e generally 

available. Refinery emissions data are usually unavailable, and 

thus estimates of emissions from this class of sources are highly 

uncertain (perhaps up to ± 100% or more). Inaccuracies in emission 

rates from large, concentrated or point sources can have a noticeable 

impact on model prediction, particularly in the case of NO . 
X 
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CHAPTER 3 

NUMERICAL INTEGRATION OF THE GOVERNING EQUATIONS 

3. 1 Introduction 

The simulation model for estimating ground level concentra

tions of photochemical pollutants is based on the equations of con

tinuity for a turbulent fluid in which chemical reactions occur. The 

basic form of these equations, with initial and boundary conditions, 

is given by equations (1. 5) - (1. 9). Since the three-dimensional 

modeling region is bounded vertically by the terrain and the base of 

the elevated temperature inversion, the vertical coordinate, z, is 

scaled by the mixing depth., 6H, to transform the region into a rec

tangular parallelepiped. The final forms of the transformed continu

ity equations and initial and boundary conditions are given by equations 

( I. 12) and ( I. 1 7) - ( 1. 21). These equations are coupled since they 

share a common argument in the chemical, reaction rate expressions 

R £ (c 
1

., c
2

, ••. , cN). In general, one is faced with the task of solving 

N coupled, nonlinear partial differential equations in three spatial 

dimensions. Because the partial differential equations are ·nonlinear, 

the solution must be obtained numerically, rather than analytically. 

Thus., the objective of this Chapter is to present and discuss the 

numerical integration technique employed in this study to solve the 

governing equations of the model. 

In the pr es ent version of the model, the dynamic behavior of 

six chemical species is followed, including reactive (RHC) and un

r eactive (URHC) hydrocarbons, NO., N0 2, 0
3

, and CO. The extent 
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to which "unr eactive 11 hydrocarbon and CO participate in chemical 

reactions is generally small, and hence the reaction rate term, R J,' 

is set equal to zero for these two species. Consequently, the govern

ing equations reduce to a system of four coupled, nonlinear partial 

differential equations for RHC, NO, N02, and o
3

, and two systems 

of uncoupled, linear partial differential equations for CO and URHC. 

Many methods have been reported in the literature for the 

solution of parabolic partial differential equations. Five class es of 

methods to be considered are: 

1. Finite-difference methods (Richtmyer and Morton., 196 7); 

2. Particle-in-cell methods (Sklarew et al.., 1971 ); 

3. Method of Egan and Mahoney (1972 ); 

4. Finite-element methods (Guymon, 1970; Guymon et al., 

1970; Shum, 1971 ); and 

5. Galer kin-type methods (Price et al., 1968; Douglas and 

Dupont, 1970; Culham and Varga, 1971 ). 

Although each of the methods cited have been employed to solve the 

advection-diffusion equation without photochemistry in one and, in 

some instances, two spatial dimensions, only recently has experience 

been reported in the use of one of the methods (the particle-in-cell 

method) for solving the complete three -dimensional air shed equations 

with photochemistry. Finite -difference methods were selected for 

use in this study because 1) at the time a method had to be chosen 

there was a dearth of reported experience in the application of the 

other methods for the so~ution of large systems of coupled., nonlinear 

equations in three spatial dimensions; 2) special ma:hods for treating 
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multidimensional problems had been developed for finite-difference 

methods; and 3) finite-difference methods had enjoyed widespread 

use in the numerical solution of fluid flow and diffusion problems. 

It should be noted, however, that there is currently substantial 

int er est in the application of the other four class es of methods sine e 

they may provide a means for obtaining more accurate numerical 

solutions utilizing comparable amounts of computing time. 

The remainder of this Chapter is divided into four sections. 

In Section 3. 2, considerations pertinent to the selection of a specific 

finite-difference method are discussed. A detailed exposition of all 

finite-difference equations employed is given in Section 3. 3. Since 

systems of linear equations arise from the use of implicit difference 

schemes, the algorithms employed to solve these systems of equa

tions are presented in Section 3. 4. In the final section, the discus -

sion will focus on the experience gained in the application and testing 

of finite -difference methods for use in photochemical simulations. 

3. 2 Selection of a Finite-Difference Technique 

Many finite-difference methods have been developed for the 

solution of parabolic partial differential equations. In evaluating 

available methods, one must consider the following characteristics 

of each: 1) stability, 2) accuracy, 3) computer storage requirements, 

4) computing time requirements --expressible as the ratio of com

puting time to simulation time, and 5) adaptability of the method to 

the solution of the governing equations. In addition to specifying 

finite-difference approximations for each term in the governing 
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equations, one must also consider the treatment of the multidimen

sional nature of the equations. 

Finite-difference techniques are often classified as explicit 

or implicit, depending on whether each succeeding integration step 

is direct (explicit) or based on the simultaneous solution of differ

ence equations (implicit). While implicit techniques are generally 

computationally more burdensome than explicit methods, in many 

instances they offer the advantage of being stable ov:er larger ranges 

in spatial and temporal step sizes. Other finite-difference methods 

exist which are difficult to classify in this way. Typically, these 

techniques may have some characteristics of implicit methods yet, 

because of some unique aspect of the particular technique, involve 

less burdensome calculations than are normally expected with an 

implicit method. Two such techniques were considered for use in 

solving the governing equations, the method of alternating directions 

and the method of fractional steps. 

The basic procedure that was ultimately adopted for treating 

the three -dimensional nature of the governing equations was selected 

by elimination. Considering the five criteria cited above, the rea

soning was as follows : 

1. Use of classical implicit methods would involve the solu

tion of extraordinarily large systems of linear and 

nonlinear equations. For the Los Angeles simulation, 

two systems of over 2000 linear equations and one 

system of over 8000 nonlinear equations would have to 

be solved at each integration step. This method was 
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eliminated based on the expectation that computation 

times would be excessive. 

2. Explicit schemes were ruled out because of the highly 

nonlinear nature of the reaction rate terms which are 

more suitably treated implicitly. In addition, during 

the early morning hours the mixing depth is character -

istically only a few hundred feet deep. Thus, the vertical 

grid spacing is small, and a prohibitively small time 

step would be required for stability. 

3. The alternating direction method was attractive since it 

possess es the stability characteristics of implicit tech

niques and yet involves the solution of only relatively 

small systems of equations. A major simplification and 

savings in computation times is thereby realized, when 

compared with classical implicit methods (see Richtmyer 

and Morton (I 96 7) for further details). Unfortunately, 

knowledge of the concentration distribution (over 2000 

values for each pollutant) at three levels of time (current 

and two previous ) are required. In order to store this 

information, use of external memory would be required, 

resulting in a more complicated computer code, extended 

computation times, and increased costs. 

4. The method of fractional steps involves the fragmentation 

of an n-dimensiona_l partial differential equation (with 

time as a variable) into n-1 two -dimensional partial 

differential equations. The fragment involving vertical 
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transport may be treated implicitly to eliminate stability 

problems associated with an explicit formulation coupled 

with a small vertical grid spacing in the early morning 

hours. As each fragment is two -dimensional, implicit 

difference formulations result in only relatively small 

systems of simultaneous equations. Another convenient 

feature of the method is that the concentration distribu

tion at only one time level need be stored; thus, computer 

storage requirements are minimized. 

The method of fractional steps thus appears to be preferable to the 

other class es of techniques for the particular problem under consid

eration. The method is discussed in detail by Yanenko (1971 ). 

One of the primary considerations regarding the use of finite

difference methods to solve the governing equations is the manner 

in which the advection terms are to be approximated. Since vertical 

transport is generally dominated by turbulent diffusion and since 

horizontal transport is dominated by advection, of particular inter est 

is the finite-difference approximation employed for the terms 

oulillc t 
as 

ov6Hct 
and 

317 
in equation (1. 1 7). These terms are commonly 

approximated by first-order finite-difference expressions; however, 

it is well known that the truncation error for a low-order method has 

the characteristics of a diffusion process (Bella and Grenney, 1970; 

Lantz, 1971 ). This additional diffusion, often termed numerical or 

artificial diffusion, may in some instances be larger than the actual 

turbulent diffusion. To minimize these truncation error effects, high

order finite-difference approximations must be employed. 
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In order to obtain a quantitative estimate d the relative 

merits of high-order advective schemes, two numerical advection 

experiments were performed using representative first, second, and 

fourth-order finite-difference approximations. In the first experi

ment, assuming that: 

1. horizontal diffusion may be neglected; 

2. pollutants are well mixed vertically; 

3. all source and chemical reaction rate terms are equal 

to zero; and 

4. the mixing depth., MI., is a constant~ 

equation (1. 17) may be written as 

= 0 ( 3. 1) 

which is the so -called advection equation. The method of fractional 

steps was applied to the solution of equation (3. 1 ), as discussed by 

Crowley (1968)., employing the second and fourth-order difference 

schemes described by Crowley (1968) and Fromm (1969), respectively . 

The first experiment consisted of advecting a conical concen

tration distribution across the Basin using a uniform windfield. The 

initial concentration distribution and the lo cation of the pollutants 

after five hours is illustrated in Figure (3. 1). The following condi

tions were applied to the test: 

Wind: Uniform., 6,/T mph, from the southwest 

0 
(moving northeast at 45 ) ; thus u = 6 mph, 

v = 6 mph 

Grid Spacing: 6S = 6~ = 2 miles 



Initial Concentration 
Distribution: 

Time Step: 
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Right circular cone with concen

tration of 2 ppm at apex, 1 ppm 

at base, and 1 ppm at all other 

points (see Figure 3. 1) 

10 minutes 

The combination of wind speed and direction and size of the time 

step are such as to move the concentration distribution exactly one

half a grid spacing per time step in both the s and ri directions. The 

errors in the peak concentration that accumulate over a five-hour 

period, the time required to traverse 606/o of the Basin, are indicated 

in Table 3. 1. Note that the fourth-order method proved to be sub

stantially more accurate in predicting peak concentrations than the 

second-order scheme. Furthermore, using the fourth-order approx

imation, after one ·hour all other predicted concentrations were ac

curate to within 26/o, and after five hours, to within 46/o. Although the 

first-order scheme was not tested, the errors in the peak concentra

tions would be greater than those reported in Table 3. 1 for the 

second-order method. The reader is referred to the results of a 

similar experiment employing both first and fourth-order techniques 

reported by Sklarew et al. (1971). In general, these test results 

are in agreement with similar numerical experiments using high

order methods carried out by Molenkamp (1968 ), Crowley (1968 ), 

and Sklarew et al. (1971 ). 
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Figure 3. 1 Test Distribution and its Path of Transport 
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T ABLE 3.1 

RESULTS OF TESTS OF HIGH-ORDER NUMERICAL TECHNIQUES 

Second-Order Fourth-Order 

Time (hr) Peak Cone. (ppm) Error (ppm) Peak Cone. Error 

0 2.0 o. 0 2.0 0. 0 

1 I. 83 -0. 1 7 1. 87 -0. 13 

2 I. 78 -0.22 1. 86 -0. 14 

3 1. 74 -0.26 1. 86 -0. 14 

4 I. 68 -0. 32 1. 85 -0. 15 

5 I. 69 -0. 31 1. 84 -0. 16 

The second numerical experiment was designed to demonstrate 

to what extent the choice of a high or low-order horizontal advective 

difference scheme would affect predicted concentrations in an actual 

airshed simulation. To carry out this test, two six hour CO simu

lations were performed using both first and fourth-order difference 

approximations for the horizontal advective terms. Initial and 

boundary conditions, emissions, and meteorological inputs were 

typical of those employed in the 1969 validation studies. In addition, 

the full three -dimensional model was us ed. The results from the 

two simulations may be summarized as follows: 

1. The maximum difference in hourly-averaged predicted 

concentrations was observed in one grid cell to be 

6 ppm. The predictions in this cell using the first and 

fourth-order schemes were 18 and 12 ppm, respectively. 
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This discrepancy occurred between 0600 and 0700 PST ; 

the simulation was started at 05 00 PST. 

2. The majority of predicted hourly-averaged concentrations 

differed by 2 ppm or less. 

3. After six hours of simulation, the maximum difference 

in predicted concentrations, averaged between 10 A. M. 

and 11 A. M. PST, was found to be 3 ppm. This differ -

ence was observed in two ground level grid cells. 

Since substantial differences in predicted concentrations were ob

served in a few locations, high-order advective difference schemes 

may be required to minimize the maximum numerical error at any 

location on the grid. Low-order difference approximations may be 

sufficient if relatively large numerical errors can be tolerated in 

some areas on the grid. 

To assess the impact of low and high-order advection schemes 

on photochemical calculations, simulations similar to those described 

above for CO were carried out for RHC, NO, N02 and o
3

. Although 

no integration difficulties were encountered using the first -order 

advection scheme, complete simulations could not be performed 

employing either the second or fourth-o rd_er schemes given by 

Crowley (1968) and Fromm (1969), respectively. During the course 

of the simulations using these high-order methods, negative NO con

centrations were predicted in grid cells located offshore, adjacent to 

coastal grid cells containing power plants . Due to the combination 

of substantial NO emissions in these coast al cells and low NO back

ground concentrations over the ocean, relatively large gradients in 
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the NO concentration field occur in these areas on the grid. Negative 

concentrations may be predicted when the calculated net transport 

of pollutant out of a cell is greater than the amount of pollutant 

originally in the cell. This unfortunate behavior of high-order 

methods often occurs in the vicinity of steep concentration gradients 

and has been observed by Roberts and Weiss (1966) and Sklarew et 

al. (1971 ). When negative concentrations occurred, the Newton 

iterative technique employed in the integration procedure (to be 

described more fully in the next section) failed to converge. 

Since the centered second and fourth-order approximations 

cited above proved unsatisfactory for use in this study., an uncentered 

second-order difference scheme given by Price et al. (1966) was 

tested. It was found that using this method, no difficulties were 

encountered in performing photochemical simulations. That is, 

the method was capable of predicting positive concentrations in the 

vicinity of the coastal power plants. Although the uncentered 

method is somewhat less accurate than the centered second-order 

approximation given by Crowley (1968), and although use of the 

fourth-order scheme would be preferable to minimize numerical 

errors, the uncentered second-order method was adopted for use 

in this study as a compromise between achieving accuracy on the 

one hand, and avoiding the possible calculation of negative concen

trations on the other. The possibility of employing the fourth-order 

method in conjunction with an imposed lower bound on any predicted 

concentration was dismissed since this alternative would have the 

effect of adding additional "sources 11 of pollutant to the model. 
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3. 3 The Method of Fractional Steps Applied to the Integration of 

the Governing Equations 

In this section a detailed discussion is given of the numerical 

solution of equations (1. 17), six partial differential equations in 

three spatial dimensions and time. The problem is complicated 

by the fact that four of the equations are coupled and nonlinear due 

to the appearance of the chemical reaction term R ;_,· To apply the 

method of fractional steps, the original four -dimensional equation 

(S, 17, p, T) is fragmented into three two-dimensional equations in 

(S, T), (ri, T) and (p, 1"), respectively. The chemical reaction and 

source terms, R ;_, and S l' are included in the (p, 1") fragment. The 

solution of the (S, T) and ('Tl, T) fragments is explicit, while the 

solution of the (p, T) fragment is implicit. To compute an integration 

time step, the equations representative of the (s, T), (n, T), and (p, T) 

fragments are solved successively. Before presenting the details 

of the finite -difference equations, how ever, a brief description is 

given of the grid network and the nomenclature employed in this 

section. 

3. 3. I The Computational Grid 

Originally, a 25 X 25 X 5 grid network was adopted for the 

Los Angeles simulation study, where 6s = 6n = 2 miles, and 6p = O. 2 

(s and 17 can be scaled by the length of the airshed, but this only 

introduces additional arithmetic operations into the finite-difference 

equations). Upon examining the 25 X 25 horizontal grid layout, it was 

found that 198 of the 625 grid squares were over the Pacific Ocean 
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and the San Gabriel Mountains --two areas having no emissions 

sources. Consequently, these grid squares were eliminated from 

the original grid to form the region over which the actual computa

tions were performed. This amounted to a savings of approximately 

30% in the required computing time. The ground-level grid layout 

is illustrated in Figure I. I. Thus the computational grid consists 

of 2135 grid cells (427 horizontal grid squares X 5 vertical levels). 

Each grid cell is addressed by the integer triple (i, j, k), where i, j, 

and k correspond to the s, ri and p coordinate directions, respec

tively. 

3. 3. 2 Nomenclature 

The exposition of finite-difference schemes generally requires 

the use of subscripts and superscripts to denote spatial and temporal 

aspects of a particular variable. This application is no exception 

and, in fact, is somewhat more complicated than most. The con

centration distribution on the grid shall be denoted by 

where l is an index denoting chenrical species, 1 ~ ;., ~ 6, 

l = I RHC 

2 NO 

3 03 

4 NO2 

5 co 

6 URHC 

and 
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i, j, k are indices designating the grid cell location 

in the s-n-p coordinate system 

where IW' IE, JS' and JN indicate the column or row 

number of cells adjacent to the west, east, south, or 

north borders, and K is the number of vertical levels. 

n is an index in time, n ~ 0 

m refers to the iteration number, m ~ 0 

Subscripts and superscripts are used on other variables in an 

analogous manner. 

3. 3. 3 Finite-Difference Equations 

The method of fractional steps is applied to the solution of 

equations (1.12) and (1.17) - (1.21) as follows. First, equation (1.17) 

is split into three two -dimensional equations in (S, 'T ), ('r], 'T ), and 

(p, T). The three equations are given by: 

( 3. 1 ) 

( 3. 2) 

( 3. 3) 

n+l n 
The calculation of nC. . k given values of nG . k requires three 

x, 1, J, x, 1, J, 

steps: 

Step l: Integration in the S direction 
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Step II: Integration in the ri direction 

Step III: Integration in the p direction 

The actual finite-difference expressions employed in the three-step 

integration procedure are given below. 

STEP I: Integration in the s Direction 

The concentration distribution at the n
th 

time level, fn 
i, j, k' 

* is advanced to the first intermediate time level, f by inte-
i, j, k, 

grating equation (3. 1) over the time interval 6r. The explicit, second-

order finite-difference expressions adopted for the spatial derivatives 

are based on those described by Price et al. (1966}. 

where 

or 

and 

(3. 4) 

n 
a. 1 . k ( ) = 1-2,J, 3 en en 

2 1 i-1, j, k - I i -2, j, k 

n 
,. a. 1 . k 
u"r Fn 1 - 2, J, 
6S I i -½, j, k = 2 ( n n ) 3 e. . - e. . 

I 1, J, k I 1+1,J,k 

+ y~ 1 . k ( n e:1 l . k- 11 e:1 . ) if a?· 1 • k < 0 ·· 1-2,J, .x., 1- ,J, .x., 1,J,k 1-z,J, 

n 
a. 1 . k 1-2,J, 

= 

= 

n n 
u. 1 . k ML I . 6'f 

1 -z., J, 1 -z, 1 
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In equation (3. 4) the following assumption is made with 

regard to the evaluation of 6H at the first intermediate time level: 

* ~H .. 
1, J 

= 
n 

6H .. 
1, J 

Since the effects of temporal rrrixing depth changes on pollutant con

centrations are best treated in Step III, the movement of the inversion 

is deferred to that point in the computational scheme. 

When applying equation (3. 4) in grid cells adjacent to the 

western or eastern borders (Swor SE), the expressions for the 

boundary conditions given in equation (1. 20) are employed. Thus, 

grid cells adjacent to the western border (SW) are treated as follows: 

where 

and 

n 
+ Yr +.!. . k w 2, J., 

'f n 1 
a, I -½, j, k ~ 0 

w 

.f n 0 
1 al _l . k < 

w 2, J, 

( 3. 5) 
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2 

if al +.!. . k < 0 
w 2, ], 

In equation (3. 5) the original term .R,C~ _1 . k is replaced by 
w 'J, 

n 
.R,gI _..!. . k' the value of the concentration outside the modeling 

w 2, J, 

region. The treatment at the eastern border (SE) is analogous to 

that given for the western border above. It should be noted that in 

moving from grid cell to grid cell in the s direction, one need only 

compute 

for grid cell (i, j, k) since 

b.T n 
Ar;: /)F. 1 . k 
U ':, )(J 1-z, J, 

is available from the calculations performed in grid cell (i-1, j, k). 

STEP II: Integration in the Y) Direction 

In this step, the first level intermediate concentrations 

* ,,C .. k are advanced to the second level intermediate concentrations 
x., 1, J, 

nc~*- k by the finite-difference analog of equation (3. 2). These 
.x., 1, J, 

equations are the Tl direction counterparts of those given for Step I. 

** ,,C .. k 
)(J 1, J, 

( 3. 6) 



where 

and 
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n ( * >~ \ + 6 .. 1 k nC . . 1 k- nC . . k) 
1, J-2, x., 1, J- , x., 1, J, 

if ff· 1-k~O 
1, J - 2' 

n 

D.'f F* 1 = f3i, j-½, k (3 c~~. k- c~. 1 k) 
A n • • k n l J n 1 J+ Llfl x., 1, j -2, 2 x., 1 ' x, ' ' 

n 
6 .. 1 k 

1, J -2, 

= 

= 

n / n 
KH 6H .. 1 6:r 

• • _!_ k 1, J -2 
1, J - 2, 

Using the expressions for the boundary conditions as given in equa

tion (1. 21 ), grid cells adjacent to the southern border (ri
8

) are 

treated as follows: 

c** 
£ i., J , k 

s 
= 

where 

if ~ :1 J _ _!_ k ~ 0 
1, s 2, 
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n 
f3. J I k 

1, s -2, ( * c* '\ 
2 3 n cl., J , k - n • J 1 k / ,'() X, 1, +, 

s s 

if 13:1 J 1 k < 0 
1, s -2, 

n 
l3. J 1 k 

1, +2, ( * ) 
~ 3 n Cl., J , k - n g:1- J 1 k 

,'() X, 1, -2' s s 

if 13:1 J 1 k 2:: 0 
1, +2, 

s 
n 

f3i, J +½, k 
s 
2 

if f3 :1 J +1. k < 0 
1, s 2 , 

The treatment of grid cells adjacent to the northern border (riN) is 

analogous to that given for the southern border above. 

STEP III: Integration in the p Direction 

>'~* 
Having established values of nC· . k from Step II, the inte-

)(J 1, J, 

gration sequence is completed by solving a finite-difference approxi-

mation of equation (3. 3). These equations have been formulated in 

an implicit (Crank-Nicolson) manner to avert stability problems that 

might arise in the treatment of the diffusion term when the mixing 

depth is shallow. In addition, the implicit formulation is also more 

suitable for treating the nonlinear chemical reaction terms. 
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= 

(3. 7) 

** n ) 6T + nR . . k !:iH. . + l ( 8n+l "Hn+l Sn "Hn \)_ 
)v 1., J ' 1, J 2 "Hn + n • • k o . . + n • k o . . 

u. • . )v 1,J, 1., J x., 1,J, 1,J 
1, J 

where 

( C.n ~ 1 + C :1 +_ 1 ') 
t 1.,J,k-l £ 1,J,k 

+ n+l ( Cn+l _ Cn+l \ µ. . 1. . . .. 1., J, k- 2 i, 1.,J., k-1 J., 1., J, k ) k = 2, 3, ••• , K 

k = 2, 3,. o., K 

and 

n 
W .. k 1 l::.T 

...Ln 1, J, - 2 
1/) • • k r = "p 

1, J, -2 D 

n 2 
!:iH .. !:ip 

1, J 

Fr om equation ( 1. 18 ), the boundary conditions at the ground are: 

(1) p = 0 
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where k = ½ is equivalent to p = Oo The boundary conditions aloft 

are given in equation (1.19) and may be expressed in finite-difference 

foa.-m as follows: 

6:r n+l ( n+l ) n+l n+l 
~ 0 = ¢. . I g. . 1 if </, • . K l 

F .. K+r 1, J, K+2 £ 1, J, K+2 1, J J +2 
6p 1, J, 2 

6rr n+l ( <fi.:1 +_1 r) c:1 +_1 if <1,:1 +_1 1 > 0 /S:p /i, j, K+½ = 
1, J, K +2 £ 1, J , K 1, J, K+2 

( ,in ) n "£ ..Jn 
= \IP• • K+l ng. • K+l 1 VJ •• K 1 ~ 0 

1, J, 2 )(; 1 , J, 2 1, J, +2 

6.'f ** -;::- nF. . K I DP J:J 1, J, +2 
if <1,1: . K 1 > 0 

1, J, +2 

where k = K+½ is equivalent to p = 1. 

Note that the values of w:1 . k are obtained from equation (1. 24). 
1, J, 

At this point the following two topics require further dis -

cus sion: 

A. Step Ill applied to inert species 

B. Step III applied to chemically reactive species 

A. The Treatment of Inert Species 

For those species which are treated as being chemically 

inert, the rate terms 
n 

nR. . k are set equal to zero. 
J:J 1, J, 

The difference 

equations for Step Ill reduce to a system of linear equations involving 

n+l 
the values of nC . . k, for 1 ~ k ~ K. The linear system for species 

x., 1, J J 

£ can be written as follows: 
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bl cl 

0 
az bz CZ 

0 

n+l 
le .. 1 1, J, 

Cn+l 
£ i, j, 2 

n+l 
nC . . K 
x., 1, J, 

Y1 

Yz 

= 

where the elements of the matrix and the column vector on the right -

hand ~ide of the equation can easily be determined using the finite -

difference expressions given in Step III. The algorithm used to solve 

this tridagonal system of linear equations is described in Section 3. 4. 

B. The Treatment of Chemically Reactive Species 

The computation of vertical transport coupled Vii th chemical 

reaction is the most complicated step in the numerical procedure, 

and thus this aspect of Step III will be discussed in more detail. 

Recall that reactive hydrocarbon (RHC), NO, N0
2

, and o
3 

are all 

coupled through the chemical reaction terms. Therefore, one is 

confronted with solving a system of nonlinear algebraic equations 1n 

4K unknowns, where K is the number of vertical levels. In the pr es ent 

simulation effort, five vertical levels are employed, and so twenty 

nonlinear equations in twenty unknowns must be solved, where the 
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n+l 
unknowns are the values of nC· . k' 1 ~ k ~ 5, for RHC, NO, N0 2, 

j(J 1, J, 

To solve the system of nonlinear equations, a Newton iterative 

d . d T b . . t d h · men+ l proce ure is use . o eg1n, one 1n ro uces t e iterates, n •• ,_. 
)(J 1, J, K 

Using equation (3. 3), the initial values of the iterates, ~C~+_l k' are 
)(J 1, J, 

given by the following slightly modified Taylor s eri'es expansion 

6.H:1. 
= C ** 1, J + /Yr 

t i, j, k Llli:1 +_ 1 6 p 6.H ~ + ~ 
1, J 1, J 

n n ) + nS . . k 6H. ·; 
;c, 1, J, 1, J 

(3. 8) 

The difference expressions for the terms in equation (3. 8) are given 

in the discussion of Step III above. Higher iterates are obtained by 

setting 

m+lcn+l 
. £ i, j, k 

= + (3. 9) 

Next, the right-hand side of equation (3. 9) is substituted into the 

difference equations for Step III in place of 
11
c:1+_l k' and all quadratic 

x., 1, J, 

terms involving ~o c:1+.l k are neglected. The resulting system of 
j(J 1, J, 

linear equations can be written in the following form: 



-146-

mB El moX mp 
1 1 1 

A2 
mB E2 0 moX mp 2 2 2 

= (3. 10) 

0 
where¾, mBk, and Ek are 4 X 4 matrices, and mo~ and mpk are 

column vectors. The coefficient matrix is block-tridiagonal, and 

systems of equations in this form can be solved efficiently. The 

chemical reaction rate expressions are readily derived from the 

mechanism given in Table 1. 3. The elements of each matrix and 

column vector in equation (3. 10) are defined below. 

k = 2, 3, .•. , K 

where 

1 
= 

. n+l ) µ .. kl.. 
1, J, - 2 

and I is the 4 X 4 identity matrix. 

k=l,2, ... ,K-1 



where 

where 

b = 
k 
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1 ( c;l.n-J:l 1 

ek = 1, JZ k+2 
26H1:+~ 

n+l ) µ. . 1 
1, J, k+2 

1, J (3.11) 
m L:lT mD Bk= bk I + 2 k 

1 ( q,1}- +_l k 1 1 ) 
1 + --- 1, J, +2 + n + k = 1 

ZtH:1+_1 2 µi, j, k+½ 
1, J 

l + 1 ( c;l~ ~~ k+½ - c;l~ ~~ k-½ t n + I + n + I ) 
+ 1 2 · µ. . k l. µ. . k l. 26H:1. 1 , J, -z 1 , J, +2 

1, J 

, dl 1 dl2 

mD d21 d 22 
= 

k 
d31 d32 

d41 d42 

dl3 dl4 

d23 d24 

d33 d34 

d43 d44 

k = 2, 3, •.. ,K-1 

k = K, 

n+l w_ . 1 ::;; o 
1, J, K+2 
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dll = k
11

O + k 12oH + k
13

o
3 

dl2 = d21 = dl4 = d41 = 0 

dl3 = k 13 RHC 

d 22 = k
3

o
3 

+ k
6

No 2 + k
9
Ho

2 
+ k

14
Ro

2 

d23 

d24 

d31 

d32 

d33 

d34 

d4z 

d43 

= 

= 

= 

= 

= 

= 

= 

= 

k
3

NO 

k 6No - k 1 

kl303 

k303 

k
3
NO + k 4No 2 + k

13
RHC 

k403 

k
6
No 2 - k

3
o

3 
- k

9
Ho

2 - kl4ROz 

k
4

NO
2 

- k
3

NO 

d44 = k
1 

+ k
4

O
3 

+ k 5NO
3 

+ k
6

NO +k
10

Ho
2 

+ k
15

Ro
2 

RHC = 
mcn+l 
1 i, j, k 

NO = mcn+l 
2 i, j, k 

03 = 1:_1cn+l 
3 i, j, k 

= 

The expressions for the steady-state species 0, OH, HO
2

, 

RO 2, and NO
3 

appearing in the matrices mDk are evaluated using 

m.,..n + 1 
the values of n~- • k • See Appendix B of Reynolds et al. (1973) 

XJ 1, J, 

for the expressions relating the concentrations of the steady-state 



-149-

species to the concentrations of RHC, NO, N0 2 and o
3

. The re

maining terms in equation (3. 10) are defined by: 

(3.12) 

where 

m-
lpk 1 pk 

m-
zPk zPk 

pk and 
m.-

= pk = m-
3Pk 3Pk 

m-
4Pk 4Pk 

and 

+ 6 
T ( ** n n + 1 n + 1 n n ) 

2 "Hn+l nR . . k6H .. + 11 S . . k 6H .. + nS . . k6H . 
D •• x, l,J, 1,J x, 1,J, 11 J x, 1,J, 1,J 

1, J 
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= 

6:r (m n+l n+l) 
+ +l n R .. k 6H .. 

2 t-iH1: . N 1, J, 1, J 
1, J 

Note that each iteration involving the solution of equation (3. 10) re-

m m-
quir es only the additional evaluation of Dk and ~ before the 

system can be solved, since all other terms are invariant from one 

iteration to the next. Thus, the matrices ~' bkI, and Ek and the 

column vectors Pk are established once per integration time step. 

m m-
To perform an iteration, Dk and Pk are evaluated, and using 

equations (3.11) and (3.12), the definition of the linear system given 

by equation (3.10) is completed. The method used to solve this block

tridiagonal system of linear equations is described in Section 3. 4 . 

Upon solving equation (3o 10) for values of ~oc:1-+_l k' equa -
x, 1, J, 

n+l 
tion (3 . 9) is used to obtain an improved estimate of nC. . k" The 

XJ l, J, 

iterati ve process is terminated when 

for all £ and kin each column of grid cells. For the present simula

tion study, 8 = O. 01. 

This completes the presentation of Step III of the numerical 

integration procedure. Attention is now focused on stability char -

acteristics of the difference equations. The basic statement that can 

be made with regard to stability is that if each step is stable, then 
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the entire procedure is stable. Thus, each step is examined indi-

vidually to determine the conditions for stability. Step I is analyzed 

first. To facilitate the analysis, the values of u, 6H, and KH are 

assumed constants, and using the stability criteria given by Price 

et al. (1966), the following expression is obtained: 

A similar expression for Step II is obtained after making the analogous 

assumptions 

Typically, the left-hand sides of these expressions are less than 0. 3 

for a grid spacing of two miles and a time step of four minutes 

(values of the spatial and temporal step sizes employed in this study). 

Step III is more difficult to analyze since the equations are 

both coupled and nonlinear. One can, however, state the conditions 

for stability when the equations are linear, that is, when Rt= O. 

Since the Crank-Nicolson treatment is employed in this step, the 

solution is stable for all values of 6:r. One must rely on numerical 

experimentation and experience to as certain if the treatment of the 

full nonlinear set of equations is stable. As of this writing, no evi

dence of instability has ever been observed in over a dozen photo -

chemical simulations. 

The final aspect of the finite-difference solution technique 

worthy of further consideration is the error introduced by using dis -

crete difference approximations for the various spatial and temporal 
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partial derivatives in the governing equations. As noted previously, 

particular attention must be given to the treatment of the horizontal 

transport terms. While a complete truncation error analysis of the 

method would be a substantial algebraic undertaking, the following 

abbreviated analysis gives a reasonable estimate of the nature and 

magnitude of the numerical errors. Consider the difference approxi-
ou c 

mation in Step I for the advection term ~ , where for simplicity 

it is assumed that tH is a constant and thus cancels from all terms 

involving horizontal transport in the governing equations. The hori

zontal advection approximation may be written as follows: 

n 
Buel, 

~ i,j, k 
( 

n n ) 3 c. . - c. . 
l 1, J, k i 1 -1, J; k 

n 
1-2 , J, 3 n n u. 1 . k ( ) 

2ts l ci.-1, j, k - t ci-2, j, k 

Expanding each term in the right hand side of the above approximation 

and combining terms results in the following expression: 

u4 
a2

u 
2 

Buel, 
ts

2 a3
u 1 1 OU 0 CJ, 

~ + 
as 3 C £ + 8 

as 2 - 4 ~ as2 

+ 1 8
3 

C £, ) 
O(ts

3
) 6 u-- + 

as 3 

Paying particular attention to those terms not involving the third 

derivative of either c £ or u, the truncation term can be rewritten as: 
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where the terms included in O(~s
2

) do not have any physical signifi

cance. Note that the difference scheme causes advection velocity 

~sz az 
errors on the order of ----g- ~ , and also note that the numerical, 

as 2 
or artificial., diffusivity is given by ~1 ~~ . If a similar analysis 

were performed on the first-order finite-difference representation 

of the advection term., it would be found that the velocity error is 

-~£ ~ ., and the numerical diffusivity is ~
2
S u. Thus, it is apparent 

that the effect of using a higher -order advection technique is to 

cause the errors with physical significance to be functions of higher 

derivatives of the wind velocity. 

To obtain an estimate of the magnitude of the errors in the 

au a
2

u 
transport velocity and dispersion., typical values for -ai:- and --

-:i as2 

may be substituted in the error expressions, cited above. Approxi-

mating the order of magnitude of the derivatives of u by the following 

expressions: 

au = /:1u 
~ IX 

2 
au:::,., ~u 
as 2 - ~sz 

and assuming that /:1u is 2 mph over a grid spacing of 2 miles, the 

velocity error and numerical diffusivity are given by 

~s2 a2u = /:1u • 25 mph -8-
as2 8 = 

~sz au ~u~s 2 
-:r ~ = -4- = 720...!!!__ 

sec 

From these estimates it is apparent that the error in the transport 

velocity is certainly comparable, if not less, than the inherent 
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uncertainty in the wind data its elf. Unfortunately, the numerical 

diffusivity is much larger than the assumed value of 50 m
2 

/sec . 

employed in this study. However, the numerical diffusivity cited 

above is comparable to value of 500 m 
2 

/sec employed by Shir and 

Shieh (1973) and Eschenroeder (1973), and the value of 800 m
2 

/f,ec 

employed by Lamb (1972). While the true magnitude of the hori

zontal turbulent diffusivity is somewhat in doubt, it is clear that 

further improvements in the numerical method must be made if the 

horizontal diffusion process is to be treated accurately. Recall, 

however, that the primary mechanism for horizontal transport is 

advection, and considering the uncertainties in the meteorological 

and emission inputs to the model, the numerical method described 

in this section should be sufficiently accurate for this initial formu

lation of the mod el. 

3. 4 Methods for Solving the Linear Systems of Equations 

In Step III of the numerical integration procedure, two 

systems of linear equations must be solved, each of the form 

Ax= y 

where the characteristics of the matrix A distinguish the first 

system from the second. The two forms assumed by matrix A are 

tridiagonal and block-tragonal, respectively. A tridiagonal matrix 

of order n can be written in the following manner: 
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0 

0 A A A n-1, n-2 n-1,n-l n-1,n 

· A n, n-1 A n,n 

The block-tridiagonal matrix assumes the same form, but the distin

guishing feature is that each element, A. ., is its elf an m x m matrix. 
1, J 

Thus the order of the matrix in this case is n•m. Note that the tri-

diagonal matrix is actually a block-tridiagonal matrix with m = I. 

The algorithm employed to solve the blo~k-tridiagonal system is 

equivalent to that used to solve the tridiagonal system, but each shall 

be treated separately for two reasons. First, the recursion formu

las for the tridiagonal system are particularly simple to formulate; 

whereas, the recursion formulas for the block-tridiagonal system 

involve matrix inversions which need to be discussed in further detail. 

Second, it is desirable to formulate the algorithms using notation 

similar to that found in the computer codes described in Reynolds 

(1973). 

3. 4. 1 The Algorithm for the Tridiagonal System 

As the algorithm adopted for the solution of a tridiagonal 

system of linear equations is described in detail by Conte (1965), 
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only a summary of the recursive formulas is given here. To 

solve the following system of linear equations: 

a 
n 

b 
n 

X 
n 

Yz 

= 

the solution vector xis obtained from the following four -step pro -

cedure: 

(2) Compute w. and z. from 
1 1 

w = b. - a. c. 1 / w. 1 1 1 1 1- 1-

i = 2, 3, ••. ,n-1 

z. = (y. - a.z. 1 )/w. 
1 1 l 1- l 

(4) Solve for the solution vector 

x = (y - a z 1 ) / w n n n n- n 

X . = Z . - C .X . +l / W · n-1 n-1 n-1 n-1 n-1 
i = 1, 2, ••. ,n-1 
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3. 4. 2 The Algorithm for the Block-.Tridiagonal System 

The algorithm described in this section is fashioned after 

that given by Isaacson and Keller (1966). Consider the following 

block-tridiagonal system of linear equations: 

Ax = f 

is written as: 

Bl Cl XI fl 

A2 x2 £2 

0 
= 

0 A B C n-1 n-1 n-1 xn-1 f n-1 

A B X f 
n n n n 

(3. 13) 

A., B., and C. are m x m matrices, and x. and f. are m-component 
1 1 1 1 1 

column vectors. The coefficient matrix is written as the product 

of lower and upper triangular matrices in the following manner: 

A= LU= 

0 

0 

A D 
n n 

I 

0 

0 
I 
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If each element in A is equated with each element in the matrix formed 

by the produce LU, the following identities can be written: 

Dl = Bl 

rl 
-1 

Cl = Dl 

D. = B. - A. r. 1 i = 2., 3, ••• , n 
1 1 1 1-

r. -1 
C. i 2, 3, ••• , n-1 = D. = 

1 1 1 

Defining a new vector y, note that equation (3. 13) is equivalent to 

Ly= f 

Ux = y 

(3. 14) 

(3.15) 

(3. 16) 

( 3. 1 7) 

One proceeds by solving equation (3. 16) for y, and then solving equation 

(3. 1 7) for x, which is the desired solution. The first step can be 

written as: 

-1 
y. = D. ( £. - A. y. l ) 

1 1 1 1 1-

and the second step is given by: 

X = y 
n n 

(3. 18) 

i = 2, 3, .•. , n (3. 19) 

i 1,2, ••. ,n-l 

The algorithm given above is formally correct, but it can be improved 

upon computationally in the following way. The following equivalent 

expressions are written for equations (3. 14) and (3. 18), and equations 

( 3. 15) and ( 3. 1 9): 
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( . \ 
D. r.: y. ) 

1 1. 1 
i = 2, 3, •.. , n 

>:~ 
where the parentheses and dotted line indicate a partitioned matrix. 

The algorithm is now summarized in its final form. 

( 1 ) Set = 

(2) Solve for I' 
1 

and y 
1 

(3) 

(4) 

(5) 

Set D. = B. - A. r. l 
1 1 1 1-

i = 2, 3, ••. , n 

7. = £. - A. y. I 
1 1 1 1-

Solve for r. and y. 
1 1 

Set 

D. (r. :y.) = 
1 1. 1 

(c.: 7.) 
1. 1 

X 
n = Yn 

i = 2, 3, ••. , n 

x . = y . - r .x . l i = I, 2, ..• , n -1 n-1 n-1 n-1 n-1+ 

The m+l linear systems in steps (2) and (4) are solved by Gaussian 

elimination. 

* The partitioned matrix (r I: y 1) is formed by combining the m x m 

matrix r 
1 

with the m x 1 matrix y 1 to form a m x (m + I) matrix. 
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3. 5 Discussion of the Numerical Method 

In the preceding sections a com pr ehensi ve description of the 

computational procedures used to solve the governing equations has 

been given. This section is devoted to a summary of the pertinent 

experience gained in the formulation, testing, and application of the 

finite-difference technique, as these experiences have had a direct 

bearing on the final numerical procedure adopted for use in this study. 

A summary of tests conducted with various high and low-order advec

tion difference formulations has already been discussed in Section 3. 2. 

It was found that a second-order advection scheme described by Price 

et al. (1966) proved to be the most satisfactory of those methods con

sidered. In selecting a difference scheme for use in photochemical 

calculations, one must be concerned not only with the accuracy of 

the method but also with the fact that the method must not pr edict 

negative concentrations, which, of course, lead to physically 

erroneous results. It should also be noted that while some difficulty 

has been encountered in the treatment of horizontal transport, simi

lar difficulties have not occurred in the calculation of vertical ad-

vection and diffusion. Since the vertical concentration distribution 

is relatively smooth, and since turbulent diffusion is the primary 

mechanism for vertical transport, no problems have arisen from 

using finite-difference mPthods to approximate the equations in 

Step III. For convenience, a centered, second-order approximation 
awe J; 

is employed to r epr es ent the ad vection term 
O 

p 

In addition to studying advection approximations for use in 

Steps I and II, tests were also conducted of the finite -difference 
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formulation used in Step III. The primary objective of this test was 

to evaluate the numerical treatment of the nonlinear chemical reaction 

terms. First, all wind velocities and surface emissions fluxes were 

set equal to zero in a particular column of grid cells. Then a uni

form distribution of each pollutant was established in the column of 

cells., followed by the integration of the governing equations. Note 

that the governing equations reduce to the following form: 

£ = 1., 2, ••. , N 

which may be recognized as the ordinary differential equations 

employed in simulating smog chamber experiments. Equations 

(3. 20) 

(3. 20) were solved using the method developed by Gear (1971 ). The 

Gear routine is employed to provide an accurate set of predicted con

centrations with which to compare analogous results obtained from the 

difference scheme used in Step Ill. Using the following initial condi-

tions: 

RHC = 40 pphm 
NO = 20 pphm 
0 = O. 5 pphm 

No3 = 5 pphm 
CO

2 = 10 ppm 

and rate constants typical of those used in simulation studies of the 

Los Angeles air shed, it was found that., after two hours, paired sets 

of results agreed to within 26/o for all species. The finite-difference 

results were obtained using a four -minute time step and a relative 

error tolerance of 1 %., while the results from the Gear routine were 

obtained using a one-minute time step. 
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To determine the effect that the size of the integration time 

step has on the predicted concentrations, two simulations were per -

formed, identical in all respects except for the size of the time step. 

The time period 11 A. M. to 1 P. M. PST was cha sen since the pho -

tolysis rate constants are largest at this time of day. A normal 

simulation starting at 5 A. M. PST was performed and terminated at 

11 A. M. The results obtained at 11 A. M. were then used as the 

initial conditions for the test. The two integrations were performed 

using one-minute and four -minute time steps. For purposes of 

comparison, the percentage difference between the two results in 

each grid cell was calculated at 1 P. M. using the fallowing relation

ship: 

where 

% Difference = C(l)-C(4)1 X 100 % 
C ( 1) 

0 

C (1) = result using a 1 -minute time step 

C(4) = result using a 4-minute time step. 

Both the average and maximum percentage differences were com

puted for each species, and the results are presented below: 

Species 

RHC 
NO 
03 
NOz 
co 
URHC 

Average % Difference 

o. 9 
2.2 
1. 8 
1. 4 
o. 8 
o. 6 

Largest % Difference 

3. 1 
6.9 
6. 3 
2. 1 
4.9 
2. 9 

These results indicate that a four-fold increase in the computational 

effort was accompanied by only a marginal change in the predicted 

concentrations. 
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Based on the results presented a1?ove, a four -minute maximum 

time step was adopted for this study. In some instances, however, 

it is necessary to reduce the size of the time step. For example, if 

a negative concentration is ever predicted, then the size of the time 

step is decreased, and the integration sequence is reinitiated. Note 

that negative numbers may be predicted by the horizontal advection 

scheme if the time step is too large. The time step size is also re

duced whenever the iterative procedure in Step III fails to converge 

in a reasonable number of iterations (say 20). The relative error 

tolerance was chosen as O. 01 to insure that the Newton iterative 

process had converged, or at least that the concentrations were not 

changing by more than one percent. 

The final observation to be made with regard to the numerical 

scheme deals with the order in which equations (3. 1) - (3. 3) are pro -

cessed computationally. Note that there is no particular reason to 

integrate in the s direction first; in fact, it is just as reasonable 

to integrate in the ri direction first. To reduce the possibility of intro

ducing a bias into the predictions that might result from employing a 

fixed integration sequence, the following rule is applied regarding 

the order in which equations (3. 1 )-(3. 3) are integrated: 

Computational Order 

Step I Step II Step III 

odd-numbered time steps: !;-direction 17-direction p-direction 

even-numbered time steps: 17-direction !;-direction p-direction 
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Thus the integration sequence is s-ri-p, ri-s-p, · s-ri-p, etc. In 

Section 3. 3, the algorithm for the s-ri-p sequence is given. The 

algorithm for the ri-s-p sequence differs from the s-ri-p sequence 

only in that values of 

* nC . . k 
)v 1, J, 

are determined from the finite-difference representation of equation 

(3. 2 ), and values of . 

c** 
£ i, j, k 

are determined from the finite-difference approximation of equation 

(3. I). 
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CHAPTER 4 

EVALUATION OF THE MODEL 

A general model for the prediction of the three-dimensional, 

time-dependent behavior of photochemical air pollutants in an urban 

airshed was formulated in Chapter 1. The Los Angeles airshed was 

chosen as the region for initial application and validation of the model 

primarily because of the existence of an extensive meteorological and 

air quality monitoring network in the area. The treatment of the 

wind and inversion behavior in the Los Angeles airshed was presented 

in Chapter 1, together with a kinetic mechanism describing the chem

ical reactions that take place in the atmosphere. · The other major 

component of the model, the source emissions inventory., and the 

numerical integration procedure., were the subjects of Chapters 2 

and 3., respectively., The objective of this Chapter is to present the 

results obtained using the model to predict concentrations of CO, 

hydrocarbons, NO, N0
2

., and o
3 

on six different days in 1969, and 

to compare the predictions with actual air monitoring data. 

The purpose of model validation is to determine to what degree 

confidence may be placed in the predictions obtained from the model. 

To make this determination, the airshed model is used to recreate 

the temporal and spatial distribution of air pollutants in the region of 

interest, preferably on several typical days. Then comparisons of 

the predictions with available measurements are made and conclusions 

are drawn as to the success or failure of the validation effort. 



-16 6-

A discussion of the meteorological inputs is given 1n Chapter 1 

and the source emissions inventory is presented in Chapter 2. In 

addition, a kinetic mechanism for the atmospheric chemical reactions 

was given in Chapter 1. However, rate constants and stoichiometric 

coefficients appropriate for the atmosphere must be determined. 

Therefore, the determination of these parameters through comparison 

of the predictions of the kinetic mechanism with laboratory smog 

chamber data is discussed in Section 4. 2. Of particular importance 

is the estimation of rate constants and stoichiometric coefficients 

for the reactions involving different classes of hydrocarbons, such as 

paraffins, olefins, and aromatics. 

In initial airshed validation studies for CO, it was frequently 

observed that the atmospheric measurements were substantially 

higher than the model predictions, especially during the peak traffic 

hours in the morning. This discrepancy was soon recognized, in 

many instances, to be attributable to the fact that many of the moni

toring stations are situated near heavily-travelled streets and thus 

tend to record elevated CO concentrations. Since the full airs hed 

model has a maximum spatial resolution equivalent to the grid spacing 

used in the numerical solution of the partial differential equations 

(in the present case, two miles), the model is incapable of resolving 

these local effects. Nevertheless, the performance of the model is 

to be judged by comparing its predictions for the average concentra

tions in each four square mile area that contains a monitoring station 

with the data from that station. To account for these subgrid scale 

effects, a microscale model is employed in conjunction with the 
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airshed model, as discussed in Section 4. 3. The microscale model 

is used to predict "local corrections" for model predictions for several 

grid squares in which the monitoring station is located in the vicinity 

of a busy roadway. 

The validation of the full airshed model is carried out in two 

steps. First, the model is evaluated for CO in order to test the 

treatment of meteorological variables, portions of the numerical 

integration technique, and the source emissions inventory. Then 

validation studies are carried out for hydrocarbons, NO, NO
2

, and o
3

. 

Section 4. 4 is devoted to a detailed description of the validation pro

cedure and the results obtained. 

4. 2 Validation of the Kinetic Mechanism 

The kinetic mechanism, discussed in Chapter 1, is a concise 

representation of the chemical reactions that take place in photochem

ical air pollution. For the mechanism to be useful in airshed modeling, 

values of all rate constants and stoichiometric coefficients must be 

determined. The most convenient means for estimating these par am

eters is through the controlled validation of the mechanism using con

centration-time histories measured in laboratory smog chamber 

experiments. To insure that the mechanism is accurate over a wide 

range of conditions, validation studies must be carried out for differ

ent types of hydrocarbons and hydrocarbon mixtures as well as for 

various initial reactant ratios and light intensities. The discussion 

given in this section is a summary of the extensive validation work 

presented in Appendix B of Reynolds et al. ( 1973). Before presenting 
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validation results, a brief description is given of the data base 

employed. 

4. 2. l The Data Base 

The significance of the validation results for a kinetic m echa

nism is, to a large degree, dependent upon the diversity and relia

bility of the experimental data base. Experimental data for this study 

involving both high and low reactivity hydr.ocarbons, as well as simple 

mixtures and auto exhaust, were supplied by the Division of Chemistry 

and Physics of the Environmental Protection Agency. The data were 

comprised of the following four hydrocarbon-NO systems: 
X 

L Toluene - NO at five different initial reactant ratios; 
X 

2. Toluene-n-butane-NO at three different initial reactant 
X 

ratios; 

3. Propylene- ethane-NO at four different initial reactant 
X 

ratios; and 

4. Auto exhaust at two different initial reactant ratios. 

All chamber runs were made between June 1966 and March 1967 by 

the staff of the Chemical and Physical Research and Development 

Program at the National Center for Air Pollution Control (Altshuller 

et al., 1967ab, 1969, 1970). 

The experiments are best specified by a statement of initial 

conditions, as given in Table 4. 1. Duplicate experiments were carried 

out for all but two sets of initial conditions, both for the propylene

ethane-NO system. In general, the experimental run in each repli-
x 

cate pair having the smoother concentration-time profiles and the 
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smaller loss of NOx prior to the NO 2 maximum were selected for 

model validation. Other aspects of the experimental studies, including 

the determination of light intensity and water concentration, wall 

effects, and the accuracy of the analytical measurements are dis-

c us s ed in detail in Appendix B of Reynolds et al. ( 197 3). 

It appears that in general, the data are reproducible, were 

carefully taken, and are as suitable as any currently available for 

validation purposes. Probably the most serious weakness in the 

chamber data with regard to their use in validation is the lack of 

precise knowledge of the light intensity. As will be shown in Section 

4. 2. 2, the magnitude of light intensity has a substantial effect on the 

speed of the overall reaction process, as evidenced by the time at 

which the NO
2 

maximum occurs. 

4. 2. 2 Validation Procedure 

Validation of the kinetic mechanism consists of: 

1. Obtaining estimates of the various parameters in the 

mechanism - - the reaction rate constants and the gener

alized stoichiometric coefficients -- and establishing, 

when appropriate, how these parameters vary with 

changes in the species and composition of hydrocarbons 

in the reactant mixture; 

2. Carrying out sensitivity studies for these parameters, 

i.e., establishing the effect of controlled variations in 

the magnitudes of the various parameters on the concen

tration/time profiles for NO, NO
2

, o
3

, and hydrocarbon; 
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3o Generating concentration/time profiles for the various 

reactant mixtures using specified initial conditions. 

These predictions are then compared with experimental 

results to assess the "goodness of fit." 

In the next sections, the discussion will focus on the basis for selec

tion of some of the more uncertain parameters, notably the rate 

constants for the hydrocarbon oxidation reactions (with 0, o
3

, and 

OH) and the generalized stoichiometric coefficients a, f3, y, and e. 

(See Table l. 3 for a statement of the mechanismo) 

4. 2. 2. l Estimation of Rate Constants 

While the kinetic mechanism is both general and compact, it 

is formulated in such a way that the majority of rate constants may 

be taken from the literature dealing with the study of individual re

action steps. However, due to the generalized nature of the model, 

some rate constants, of necessity, are artifacts, notably those speci

fied for reactions 6, 11, 12, 13, and 15. All other rate constants 

have been estimated from the results of experiments reported in the 

literature; their magnitudes are given in Table 4. 2. 

The rate constant for reaction 6 was selected such that a model 

based on four differential equations, with HN0
2 

at steady state, gives 

predictions comparable with those of a model in which a differential 

equation for HN0
2 

is included. The rationale for this decision was 

discussed in Section l. 5. 

The results of early validation runs indicated that the litera

ture values of k
11 

(O+ RHC}, as given by Johnston et al. (1970), are 

too low to account for the observed oxidation rate of hydrocarbons and 
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Table 4. l Initial Conditions Associated with Experimental 

Chamber Data 

Initial Concentrations, ppm 

EPA No •. HC Type [NO2]o [NO] [HC]
0 . 0 

300 Toluene . 02 I. 25 3.22 

258 Toluene . 05 . 35 2.88 

250 Toluene .04 I. l 7 1. 5 3 

272 Toluene .04 . 55 l. 67 

271 Toluene . 05 . 32 l. 20 

251 n-Butane-toluene .07 l. l 0 4.62t 

253 n- Butane-toluene • 08 • 53 4.9lt 

257 n-Butane-toluene .07 . 2 7 4.26t 

318 Propylene- ethane .06 1. 12 .51* 

325 Propylene-ethane .04 . 35 . 45 t 

321 Propylene-ethane . l 0 l. 31 . 2 75* 

329 Propylene-ethane .05 0 26 0 24 * 
::❖: 

222 Auto Exhaust . 12 l. 95 2. 21 
~:< 

231 Auto Exhaust .23 Z.80 . 61 

t combined total of n- butane and toluene 

:f: propylene only {the ethane was virtually unreactive) 

* combined total of all hydrocarbons in the auto exhaust 
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Table 4. 2 Base Values of Reaction Rate Constants 

kl 0. 266 min -1 
k6 

-4 - 1 - 1 = = 5xl0 ppm min 

k2 2. 76xl0 6 min -1* 
k7 

-3 -1 = = 5xl0 min 

k3 21. 8 ppm -1 min 
-1 

k8 
3 - l - 1 = = l.8xl0 ppm min 

0. 006 ppm 
-1 -1 3 - l - 1 

k4 = min k9 = l. 8xl0 ppm min 

k5 0. 1 ppm 
-1 

min 
-1 

klO = 10 ppm 
-1 

min 
-1 = 

kl4 
3 - 1 min - 1 = 1. 8xl0 ppm 

·>:c 
Pseudo-first order 

Note: Rate constants for reactions 11, 12, 13, 15, and 16-18 are 

given subsequently in Table 4. 4. For values of k
19 

see Appendix 

B of Reynolds et al. (1973). Studies upon which the above values 

are based have been summarized by Johnston et al. (1970). 

the oxidation of NO to NO
2 

when employed in the general mechanism 

given in Chapter l. Oxidation of hydrocarbons by O atoms is most 

important early in the photo-oxidation process. A number of other 

reactions., for example., the oxidation of hydrocarbons by oxygen

containing free radicals., have been excluded from the mechanism 

for the sake of compactness. These reactions., although not thought 

to be particularly rapid, may play an important role early in the smog 

forming process by competing with O atom attack on hydrocarbons. 

Consequently., values of k
11 

higher than those reported in the literature 

have been adopted to account for the early loss rate of hydrocarbon 

observed experimentally. Note., however., that the influence of other 

reactions., such as the OH-hydrocarbon reaction become relatively 
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greater as the smog reactions proceed. The contribution of reaction 

11 to the overall hydrocarbon loss rate thus becomes less significant 

with time. 

In general, it was possible to use literature values for k 12 and 

k
13

, the rate constants for the OH and O 
3

-hydrocarbon reactions, 

for the validation runs [see Johnston et al. (1970)]. In cases where 

o
3 

does not react directly with the hydrocarbon, a small residual 

value of k 13 has been assigned to account for the reaction of ozone 

with hydrocarbon oxidation products. For example,· in the case of 

n-butane, it is possible that various butenes form subsequent to O or 

OH attack on the hydrocarbon. The reaction of these butenes with o
3 

is accounted for through the artificial increase in k
13

. 

Finally, the value of k
15 

was selected so that, on a qualitative 

basis, the predicted concentration/time profiles of organic nitrates 

and pernitrates formed as reaction products conformed with expected 

behavior. The observed rate of loss of N0
2 

after the N02 peak was 

also taken into account in estimating the magnitude of this constant. 

4. 2. 2. 2 Estimation of Generalized Stoichiometric Coefficients 

Stoichiometric coefficients are those parameters introduced 

into each individual reaction step to satisfy the requirement of cons er -

vation of mass. While these coefficients, in general, are easily 

established by carrying out a mass balance for all elements appearing 

in the reaction expression, a problem arises in the treatment of 

vaguely defined species such as the generalized hydrocarbon, RHC. 

The exact number of atoms that comprise this fictitious species 

cannot be specified, and thus it is impossible to derive or compute 
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appropriate coefficients. To skirt this problem, flexible parameters, 

termed t 1generalized" stoichiometric coefficients are introduced 

(such as in the reaction, HC + 0 U aR02 ). These generalized coef

ficients must be established through deductive procedures such as 

"chemical" arguments and trial and error calculations. In the dis -

cussion that follows, the rationale for selecting the generalized co

efficients a, f3, y, and E: introduce~ in the mechanism is presented. 

Consider the selection of a value of a, the number of radicals 

formed in the reaction of hydrocarbons and atomic oxygen. This 

choice is of prime importance, as a strongly governs the chain 

length of the reaction, and the hydrocarbon-atomic oxygen reaction 

its elf is critical in determining the rate of oxidation of NO to N0 2 . 

Values of a used in validation were established by comparison of 

predicted and observed concentrations of NO and hydrocarbon. 

The stoichiometric coefficient y is determined by comparing 

predicted and observed concentrations of a reaction system in which 

an olefin is the principal reacting hydrocarbon. The magnitude of 

the coefficient is selected so as to minimize discrepancies between 

the predicted and observed hydrocarbon loss rate after the N0
2 

peak 

and between the maximum predicted and observed ozone levels 

ultimately attained. Because most C 
3 

and greater hydrocarbons can 

form olefins as degradation products, the value of y is the same for 

all hydrocarbon systems. 

The stoichiometric coefficient f3 in reaction 12 is analogous to 

a and y, in that it governs the number of R0
2 

radicals formed due to 

reaction of hydrocarbons - - in this instance, with hydroxyl radicals. 
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As in the case of the other generalized stoichiometric coefficients, 

13 is treated as a constant for a given hydrocarbon system. In general 

13 will be about one since likely products of the HC-OH reaction are 

one free radical and an aldehyde (in the case of olefins) or water (in 

the case of paraffins). 

The stoichiometric coefficient E:, the number of moles of OH 

formed per mole of R0 2 that reacts with NO, provides a means of 

accounting for the fact that a certain fraction of the R0
2 

chains result 

in the regeneration of an OH radical. While E: is basically an empirical 

parameter, its value, along with that of 13, can be determined from 

experimental data for reaction systems in which the initial charge of 

CO varies from zero to some substantial concentration. The product 

of 13 and e will determine the amount by which the time to the N0 2 

maximum is shortened for a given increaRe in CO concentration. In 

addition to making these qualitative observations, quantitative limits 

for the product l3e can also be specified. In particular, in order for 

CO to exert an accelerating influence on the reaction system, it is 

necessary that that the product l3e be less than one. (This condition 

can be verified by inspection of the rate equation for NO concentration.) 

In general., observed reductions in time to the N0 2 peak are greatest 

in the presence of CO when the hydrocarbon components of the system 

are of low reactivity and least when reactant systems consist pri

marily of highly reactive olefins (Dodge and Bufalini, 1972 ). Also 

note that at the levels found in urban atmospheres, CO cannot be 

expected to exert a significant influence on the smog forming reactions. 
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4. 2. 2. 3 Sensitivity of the Mechanism to Variations in the 

Magnitudes of Parameters 

An important facet in a program of parameter estimation and 

model evaluation is the performance of a sensitivity analysis. The 

main purpose of such analyses is to determine the effect of changes 

in the magnitude of each parameter in the model on the magnitude 

of the predicted response (in this case, concentrations). Sensitivity 

studies are of interest for two reasons: 1) they are quite useful in 

establishing a rank-ordering of parameters in terms of the importance 

of accurately determining each, and 2) they are helpful in relating 

the variation (or lack of precision in determination) of each parameter 

to the uncertainty in predictions of the model. Preliminary evaluation 

of the experimental data base revealed that sever al parameters in the 

mechanism were not known with desirable accuracy, namely, the 

light intensity, the water concentration, and the initial N0 2 concentra

tion. Consequently, a limited investigation of model sensitivity was 

carried out for four parameters: k
1 

(light intensity), k 6 (water con

centration), k
7 

(light intensity), and [N02 ] 0
• The response followed 

was the predicted time to the N0
2 

maximum, T. The parameters 

selected for study had been identified in earlier work as being those 

whose variations would probably have a substantial influence on pre

dictions. The variable T was selected as the decision variable be

cause it had been observed previously that it is particularly sensitive 

to variations in the parameters cited, because other key variables 

such as time to the onset of o
3 

formation are closely linked to it, and 

because it can be conveniently expressed as a scalar. 
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The sensitivity calculations were performed for the toluene-n

butane system for various initial concentrations. The four parameters 

were varied within the limits of their estimated uncertainty bounds, 

and the effects of these changes on T were noted. Typical results 

are presented in Table 4. 3. The mechanism is clearly quite sensitive 

to variations in the N0 2 photolysis rate and initial N02 concentrations, 

but is insensitive to variations in HN02 production and photolysis 

,:c 
rates. Unfortunately, both k

1 
and [N02 ] 

0 
were subject to consider -

able experimental uncertainty. 

In carrying out the validation runs that are discussed in the 

following section, concentration -time profiles were calculated using, 

first., base values of all parameters and second, base values of the 

parameters with k
1 

and [N0
2 

]
0 

varied within their limits of uncer -

tainty so as to minimize the discrepancy between prediction and ex

periment. In this way one can compare the paired results and ascer

tain the degree of variation (really, improvement) in predicted values 

to be expected as a result of parameter variation for the limited, 

yet perhaps highly indicative, case of varying two 11 s ensitive" param

eters. Viewed another way, a demonstration is given of how lack 

of accuracy in certain measurements., in this case initial N02 con

centration and light intensity, can affect predictions, and thus one's 

ability to properly assess the validity of the mechanism. 

* Upon applying the steady state assumption to HN0
2

, it can be shown 
that the concentrations of RHC, NO, N0 2, and o

3 
are all independent 

of the value of k?" This accounts for the "insensitivity" of the mech
anism to variations in k 7 . 
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Table 4. 3 Sensitivity of the Kinetic Mechanism to Light Intensity, 
Water Concentration, and Initial NO

2 
Concentration 

Base Values of Parameters: 
>}: 

[NO2]o O. 07 ppm kl o. 266 -1 
= = min 

[NO] 1. 10 ppm k6 
. -4 -1 -1 

= = Sxl0 ppm min 
0 

[HC] 4. 62 ppm (toluene+ k7 
-3 -1 = = Sxl O min 

0 n-butane) 

Parameter Variation Resultant Change in time 
to NO 2 maximum (minutes) 

-0. 10 

+o. 10 

-25% 

+25% 

-SO% 

+so% 

-SO% 

+so% 

+57 ' 

-28 

+4 

-4 

0 

0 

+21 

-12 

* NO
2 

maximum occurs at 112 minutes for these settings of the 
base parameters. 

4. 2. 3 The Validation Results 

The validation results consist of the comparison of experimental 

and predicted concentration vs. time histories for hydrocarbons, NO, 

NO2, and o
3 

for each of the systems listed in Table 4. I. As men

tioned previously, for each set of data validations were carried out 

using base values of the parameters and base values of all parameters 
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in the mechanism except for k
1 

and [N02 ] 0
, which were varied wit_hin 

their limits of uncertainties to obtain improved (but not necessarily 

optimal) predictions. 

The basic problem in adapting a kinetic mechanism for use in 

an atmospheric model is achieving proper representation of the com

plex hydrocarbon mixture in the atmosphere. This mixture is repre

sented in the mechanism by the two fictitious species RHC and RHC 2 . 

As noted in Section 1. 5, RHC represents cl paraffins and aromatics, 

excluding benzene, while RHC 2 includes all olefins. C 
1 

to C 
3 

paraf

fins, benzene, and acetylene were considered to be unreactive, and 

therefore are not included in either RHC or RHC
2

. The primary 

importance of carrying out validation studies for the toluene-NO , 
X 

toluene-n-butane-NO , and propylene-ethane systems is that rate 
. X 

constants and stoichiometric coefficients for simple hydrocarbon 

mixtures can be established as an initial basis for the atmospheric 

system. 

Space limitations preclude the pr es entation of validation re -

sults on the 14 sets of experimental data. Thus, only one example of 

validation results is presented for each of the four systems listed in 

Table 4.1. Figures 4. la, 4. lb, and 4. le illustrate typical validation 

results for the toluene, toluene -n-butane, and propylene systems, 

respectively. In each of these three systems only a single lumped 

species need be used: in the case of toluene and toluene-n-butane, 

RHC, and in the case of propylene, RHC
2

• The base values of the 

rate constants and stoichiometric coefficients used are given in Table 

4. 4. When more than one hydrocarbon in the same reactivity class is 
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present, the rate constants and stoichiometric coefficients for the 

lumped species are determined by a weighting procedure similar 

to that given below in the discussion of the auto exhaust syster.ri. 

The simulation of an auto exhaust system will serve as a 

basis for establishing the extent to which the mechanism is applicable 

in the atmosphere. As seen in Table 4. 1, two sets of auto exhaust 

irradiation data were available, one based on the exhaust of a Chevelle 

equipped with controls, the second from an uncontrolled Chevelle. 

One notable difference between the irradiation results for the 

auto exhaust gases and those for the "pure" system such as toh.--:.ene

NO was that in the exhaust runs a substantial amount of NO was 
X X 

lost before the NO
2 

peak. Because exhaust contains a large amount 

of particulate matter, it has been suggested that nitrate formation 

might occur on particle surfaces. This is consistent with the results 

of Lee et al. (1971 ), who found that the nitrate content of particulate 

matter in exhaust that had been irradiated through the region of sharp 

decrease in NO and increase in NO
2 

was 175 times that of the particu

late matter in unirradiated exhaust. Other chamber studies of syn

thetic auto exhaust (Wilson, 1972) have shown that the loss of NO 
X 

prior to the NO2 peak is not observed in the absence of particulate 

matter. Consequently, an additional reaction is 

NO2 + PARTICLE ~9 NITRATE 

While the exact chemical details of early NO loss are not yet known, 
X 

inclusion of this type of reaction aids in accounting for the effect 

observed. 



-181-

For the purpose of validating the exhaust data, the two hydro -

carbon classes, RHC and RHC
2

, are employed. In doing so, the 

reactivities of c: paraffins are assumed equal to that of n-butane, 

and the reactivities of all olefins are assumed equal to that of propy

lene. Although these assumptions obviously arc subject to some 

question, they allow estimates of group reactivities to be based on 

values established in validation runs performed previously. More

over, the uncertainties in the hydrocarbon data do not justify a further 

refinement in the rate constants and stoichiometric coefficients at 

this time. 

In order to carry out the validation runs, the rate constants 

and stoichiometric coefficients corresponding to RHC 2 were taken to 

be those of propylene. For RHC, on the other hand, the lumped rate 

constants and stoichiometric coefficients were calculated as the 

weighted average of the parameter values for pure toluene and pure 

n-butane according to the initial concentrations of paraffins and aro -

matics present in the exhaust. The formulas used to calculate the 

various parameters for RHC are as follows: 

~ k,R, .c,R, 

k. " , J = 
J 6 c£ 

£ 

( 4. 1) 

~ O:' £k £, 11 C ,R, 

a = 
kl 1 6 C P, 

£ 

(4. 2) 

6 €£C,R, 
,R, 

€ = (4. 3) 
~ c,R, t 
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~ (3 .R,k £, 1 2 C .R, 

klZ Li Cf, 
f, 

where cf, refers to the initial concentration of species l and 

paraffins 

aromatics 

( 4. 4) 

and j = 11, 12, 13, 15 (j refers to the reaction number in Table 1. 3. 

The base values of the rate constants and stoichiometric coefficients 

for use in equations (4. 1 )-(4. 4) are summarized in Table 4. 4. The 

validation results obtained for EPA experiment 41=222 are given in 

Fi gur e 4. 2 . ) • 

To conclude, it is believed that the reported validation results 

indicate that the mechanism provides an adequa±e, perhaps good, 

description of smog chamber kinetics. In particular, the model 

appears capable of predicting the concentration/time behavior of a 

variety of reactant systems over a wide range of initial conditions. 

The few auto exhaust simulations performed indicate that the mech

anism displays promise for describing the complex mixtures that 

exist in the atmosphere. The guidelines established for estimating 

rate constants and stoichiometric coefficients also have proven to be 

quite adequate. Nevertheless, the kinetic mechanism employed has 

a number of fundamental shortcomings, most notably the need for 

semi-empirical stoichiometric coefficients. A new kinetic mecha-• 

nism for photochemical smog has recently been formulated (Hecht 

and Seinfeld, 1973) which eliminates the weakness es inherent in the 

mechanism employed here. In particular, the mechanism describes 
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Table 4. 4 

Values of Base Parameters Used to Calculate Rate Constants and 

,(< 
Stoichiometric Coefficients for Complex Hydrocarbon Mixtures 

Species k ,e, 11 k ,e, 12 ki, 13 ~,e 15 a ~ ,e 'Y ,e E: i, , , t 

C: Paraffins 1920 5720 . 0001125 9 5 1. 2 4 . 61 

Aromatics 6420 15000 . 000075 30 6 1. 2 4 . 61 
(excluding 

benzene) 

Ethylene 7720 2500 . 00287 3 16 • 2 4 • 22 

Other Olefins 40000 25000 • 0165 3 16 . 2 4 . 22 

* . -1 . -1 Reaction rate constants are given in ppm min 

the important inorganic chemistry in detail, yet minimizes the overall 

r..umber of reactions by taking advantage of the general behavior of 

specific groupings of sirrrilar hydrocarbons and free radicals. Mo st 

importantly, the mechanism is free of arbitrarily assignable stoi

chiometric coefficients. Extensive validation exercises have shown 

that this new mechanism is capable of reproducing a variety of exper -

imental data using literature rate constants. Future air shed modeling 

studies may be carried out with this new mechanism when hydrocarbon 

emissions data with the same level of detail become available. 
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4. 3 The Micros cale Model 

One of the most important considerations in the development 

of an urban air shed model is the selection of an appropriate spatial 

scale. The choice of scale is influenced by a number of factors which 

were discussed in Section I. 2. A survey of available meteorological 

data indicated that a spatial resolution of two miles was appr~priate 

for the Los Angeles study. When the spatial scale is of this size, the 

model is unable to account for the effects of sub-grid scale effects, 

such as variations in contaminant concentrations that occur in the 

vicinity of major roadways and strong point sources. Buildings and 

elevated or depressed freeway structures alter local wind patterns 

and turbulence levels, which contribute to the establishment of local 

concentration levels. Similarly, the presence of high-rise buildings 

along the street borders, the so-called "street canyon," can reduce 

considerably the influence of "main stream" convective transport 

processes on the dilution of street level emissions. Effects such as 

these occur on a scale that is small compared with that typically 

adopted in urban modeling. The inability of an airshed model to re

solve these sub-grid scale effects is of particular concern when vali

dating the model by comparing its predictions with point measurements 

of pollutant concentrations. 

Consider the validation of an urban airshed model, where CO 

is the pollutant of concern. As noted previously, the model is based 

on the assumption that emissions are uniforntly distributed in space 

and time (over an hourly interval) over each 2 x 2 mile cell and that 

meteorological conditions are also invariant over this scale. The 
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direct result of these assumptions is that the predicted pollutant 

concentrations are uniform within each grid cell. The observed 

values of CO, however, typically ~re representative only of the 

CO concentrations in the immediate vicinity of the monitoring station. 

Of the nine monitoring stations operated by the Los Angeles County 

APCD, seven are located within 30 meters of a roadway having a daily 

traffic count in excess of 15, 000 vehicles. Ott (1971) has shown that 

CO concentrations measured at a monitoring station situated along a 

busy city street are approximately twice the background level (100 

meters or more away from the street) and slightly more than half 

that measured at the sidewalk located between the street and the sta

tion. While a properly formulated urban scale model will pr edict 

spatially averaged concentrations with reasonable accuracy, there 

may be little justification for comparing these predictions directly 

with local point observations. Some basis for comparison is required, 

however, if the validity of the model is to be established. Either 

spatially averaged observations must be made, or an additional model 

must be employed that is capable of predicting concentrations at a 

point that are affected by local sources. The microscale model used 

in this study was originally formulated in Appendix C of Reynolds et 

al. (1973); the discussion given in this section will be a summary of 

that report. 

As noted previously, the main source of CO emissions in the 

vicinity of Los Angeles County air pollution monitoring stations is the 

automobile. Thus, to establish a basis for validation, a sub-grid, or 

microscale, model is needed. The model must be capable of 
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predicting the elevation in concentration at the monitoring station, 

above background levels, that is contributed by local automotive 

ernis sions. The sum of this predicted concentration and the background 

concentration predicted using the urban scale model can then be com

pared with observed concentrations for the purpose of validation. 

While the main purpose of developing a microscale model was 

to provide a realistic basis for validating an urban scale model, the 

micros cale model (or "micromodel ") may well be useful in other con

texts. The coarse resolution of the urban scale model does not suggest 

its use in the prediction of dosage in areas of substantial local varia

tion in concentrations, such as along the sidewalk, in street canyons, 

and in areas of public access at airports. The micromodel may be 

of considerable value in estimating dosages in such situations, when 

used in concert with the urban scale model. The micromodel may 

also be of value in establishing a basis for formulating air quality 

standards. As concentrations can vary substantially in the vicinity 

of strong sources, perhaps air quality standards should be based on 

obtaining measurements at locations of greatest exposure - -along 

sidewalks, within the automobile, inside the school yard. To properly 

establish such standards, based on historical measurements, one 

must rely on a model capable of describing local variations. 

4. 3. 1 Survey of Previous Studies 

Because emissions from automobiles constitute a major con

tribution to the total atmospheric pollutant load in urban areas, a 

number of studies have been undertaken in recent years that have been 

concerned with the dispersion of air contaminants in the vicinity of 
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city streets. The important findings of these investigations are 

s urnmarized in this section. 

Carbon monoxide concentrations at "curbside" locations were 

measured by McCormick and Xintaras (1962) in Nashville, Tennessee 

and Cincinnati, Ohio. They found that the temporal variation in CO 

concentration at both sites were correlated with hourly traffic counts 

made at the street along which the concentrations were measured, 

thus confirming the conclusions of an earlier study by Brief (1960). 

Furthermore, they noted that meteorological conditions, such as wind 

speed, wind direction, turbulence level, and atmospheric stability, 

also played an important role in determining the level of CO concen

trations. 

An extensive investigation was later carried out in Germany 

by Georg ii et al. ( 196 7) and Georgii ( 1969). Carbon monoxide con

centrations, traffic density, and pertinent meteorological variables 

were measured at three sites located near three major streets in 

downtown Frankfurt/Main. (Traffic counts on the streets ranged 

between 1200 and 1800 cars per hour during peak hours.) Good corre

lation was established between the diurnal CO concentration and the 

temporal variation in traffic density. They found that one of two 

distinct local flow regimes will be established within a street canyon 

(see Figure 4. 3). Which regime persists is dependent upon whether 

the rooftop wind speed is less than, or is greater than 2 m/sec. The 

results of Georgii et al. are generally confirmed by Schnelle et al. 

(1969) and Johnson et al. (1971). 
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In general, the studies cited above have involved attempts to 

establish empirical relationships between concentrations in the vicinity 

of a roadway and meteorological, emissions, and spatial variables. 

Several investigators have proposed numerical models basyd on the 

use of the atmospheric diffusion equation (Chang et al., 1971; Djuric 

et al., 1971; Hotchkiss, 1971). The next section is devoted to a de

scription of such a model. 

4. 3. 2 Governing Equations of the Microscale Model 

No single model will suffice for describing transport and dis

persion phenomena in the vicinity of a street, largely because dis

tinctly different flow patterns can occur above the roadway surface. 

Thus, in order to describe the dispersion of pollutants in the vicinity 

of roadways and buildings, a distinction must be made between the two 

flow patterns that generally exist in such an enviromnent, as illustrated 

in Figure 4. 3. 

1. Free Flow Regime: air at street level is directly ventilated 

by the prevailing wind at the rooftop. This case may be 

characterized by the fact that directions of the street-level 

wind and rooftop wind are the same. 

2 . Circulatory Flow Regime: air at street level does not have 

direct access to the prevailing wind. Instead, a vortex of 

opposite sense relative to the rooftop wind will be generated. 

In Appendix C of Reynolds et al. (1973), a simple methodology is pre

sented which may be used to determine which regime exists under a 

given set of meteorological conditions. With the exception of the 

downtown station in Los Angeles., only the free flow regime needs to b e 
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considered in the vicinity of air quality monitoring stations of interest. 

Thus, the efforts of this study are restricted to the development of a 

model for this regime. 

Assume that steady state conditions prevail with a constant 

wind speed U directed at a right angle to the roadway. The stream

lines of flow are as illustrated ·in case l in Figure 4. 3. xis taken 

to be a coordinate measured from the centerline of the roadway (x = 0) 

along the wind streamlines, as shown in Figure 4 . 4 where the location 

of a possible monitoring station is indicated. The vertical direction z 

is then normal to the streamlines at each point. It is assumed that 

K-theory is applicable with horizontal and vertical diffusivities constant 

and equal. 

With the above assUinptions, the equation for the mean concen

tration of an inert species is 

The boundary conditions are: 

c(x, 0) = 6 (x) 

K ac I = 0 
az z=O 

c(x,z)-0 

c(x, z) -+ 0 

OO ac 
f - Kaz dx = Q 

-oo 

( 4. 5) 

z = 0 

z = o, x-/ 0 

X -±oo (4. 6) 

Z -+ 00 

where U is the wind speed, K is the turbulent eddy diffusivity, and 
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Figure 4. 4 Coordinate System Employed for the Micromodel 
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Figure 4. 5 Temporal Variation of the Eddy 
Diffusivity K in the Micromodel 
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Q is the emission rate of pollutant per unit length of roadway in 

gm/m - min, assumed to be concentrated at the centerline of the 

roadway. 

The solution of equation (4. 5) subject to equations (4. 6) can be 

shown to be 

2 2 .!. 

( ) _ Q SK [U(x +z )2
] 

c x, z - rrK e o ZK ( 4. 7) 

where ~= Ux/ZK, and K is the modified Bessel function of the second 
0 

kind of order zero. The ground-level concentration (z = 0) is given by 

c(x 0) = ResK (1 sl,) 
' ,rK o 

(4. 8) 

As noted, the solution of equation (4. 5) is based on the assump

tion of a constant vertical diffusivity., invariant with height. Because 

the region adjacent to the surface is very shallow and because mixing 

is vigorous due to the flow., this asswnption is probably fairly good. 

However., during the period over which the change in surface tempera

ture with time is large- -the morning hours following sunrise- -the 

changes in diffusivity with time may also be substantial. To account 

for these changes., it is assumed that K changes with time in a manner 

shown in Figure 4. 5. The functional relationship., as well as the 

magnitude of K (note that the plot is semilogarithmic)., is based on 

the results of Staley (1956). While the values of Kare subject to con

siderable uncertainty., the relationship shown also corresponds with 

the findings of other investigations., for example, Jehn and Gerhardt 

(1950). Note that both U and K may vary from hour to hour to corre

spond with the time resolution of the measured wind and concentration 



data. The situation in which the horizontal and vertical eddy diffus

ivities vary linearly with z has been considered by Walters (1969). 

In solving equation (4. 5) the emissions are assumed to be 

concentrated along the centerline of the street, in effect treating the 

street as a source of infinitesimal width. In reality, typical distances 

of interest from centerline to sampling port are of the order of 10 to 

40 meters. Street widths are of the magnitude of these trans port 

distances, varying from 8 to 30 meters. In order to assess the effect 

of the line source assumption on predicted concentrations, the solution 

of equation (4. 5) is compared to that for emissions from a street of 

finite width. The only change in the governing equation in the latter 

case, when compared with equation (4. 5), is in the boundary conditions, 

wherein the source strength is specified by q, the mass emission of 

pollutant per unit area of roadway, 

z = 0 for Ix I < 2, 
q = 

at z = 0 for \xi 
( 4. 9) 

The remaining boundary conditions are unchanged. 

The solution of equation (4. 5) for the ground-level concentra

tion in the finite width case is 

- Zq c(x, 0) - ,rU J 
U(x+l) 

ZK 

U{x-2,) 
ZK 

(4. 10) 

To assess the effect of the finite street width, the two solutions, equa

tions (4. 8) and (4. 10) were compared for the case in which the traffic 

flow is 1000 vehicles/hour, K = 1 m
2 
/sec, and U = 1 m/sec. The 

results indicate that at a distance of 15 meters, the minimum from 



street center line to any of the Los Angeles monitoring stations con

sidered in this study, the discrepancy in predicted concentrations is 

0. 025 ppm at an average level of 0. 72 ppm, or about 3. 5%. This dis

crepancy decreases as the distance from centerline increases, be

coming zero at distances in excess of 50 meters,. Based on this com

parison, it appears that the assumption of emissions emanating from 

a source of infinitesimal width is justified. 

4. 3. 3 Results of Micromodel Usage 

As discussed earlier, the main purpose of this limited modeling 

effort was to investigate the feasibility of developing a simple model 

capable of describing local or sub-grid scale emissions and transport 

processes and thus their contributions to measured air quality levels. 

Since the scope of the effort was quite restricted, there were neces

sarily a number of considerations of practical importance that were 

not addressed. In particular, application was limited to 

L roadway sources 

2. inert pollutan~s, in this case carbon monoxide 

3. the free flow regime 

4. a selected group of monitoring sites 

5. times of day when corrections are likely to be significant. 

The primary period of interest is between 5 A. M. and 

10 A. M., when heavy traffic and light winds are common. 

Fifteen monitoring stations were operative during the six 

"validation days" in 1969- - 11, 29, and 30 September, 29 and 30 

October, and 4 November. Ten were operated by the LA APCD, three 

by the Orange County APCD, and two by Scott Research Laboratories. 



-199-

Of these the Orange County stations and the Pasadena station were 

not considered for this feasibility study because they were inopera

tive on several of the validation days. The mobile Scott stations were 

not considered because their locations with respect to neighboring 

streets were unknown. Of the remaining nine stations, two (at Reseda 

and Azusa) are located on streets having little or no traffic, one 

(downtown Los Angeles) is situated along a street canyon, one 

(Burbank) is located in a region of complex. and rapidly varying wind 

patterns, and one (Pomona) is located one mile outside of the mode ling 

region. The remaining four stations--Lennox., West Los Angeles, 

Whittier, and Long Beach--were selected for application of the micro

model. 

Hourly averaged CO concentrations attributable to local roadway 

sources were estimated for the period 5 A. M. to 10 A. M. (local time) 

for each of the six validation days using the diffusivity vs. time curve 

of Figure 4. 5. Typical estimated increases in CO concentration above 

background are given in Figure 4. 6. Traffic counts used in these 

calculations were taken from average traffic statistics made available 

by the traffic department of the municipality in which the station is 

located. Wind speed and direction were measured continuously at 

each monitoring station, with the exception of Lennox; however, the 

* recorder sheets were unavailable. Thus, hourly-averaged wind 

statistics were used. 

In evaluating the results, comparisons can only be made be

tween measured concentrations and the sum of predicted concentrations 

)i'Readings taken at the three nearest stations served as the basis for 
estimating wind parameters at Lennox. 
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Figure 4o 6 Predicted CO Concentrations 

with Micromodel Corrections 
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calculated using both the microscale model and the full airshed model. 

For this reason, evaluation of the results is presented in Section 4. 4 . 

It should suffice here to say that the results appear to be quite 

promising, given the restricted nature of the data. However, a full 

and fair evaluation must await the acquisition of a more complete data 

base, more suited to the temporal and spatial resolution of the micro

scale ·model. 

To properly validate a local model, it is most important to 

have available a data base collected for the specific purpose of filling 

this role. In order to distinguish between local and background contri

butions to air quality at a particular location, pollutant concentrations 

should be measured on a temporary basis upwind of the monitoring or 

test siteo In addition, continuous recordings of wind speed and direc

tion and pollutant concentrations should also be made available. The 

data could then be averaged over varying periods of time--say from 

one minute to one hour-- and the model tested in order to establish 

both appropriate averaging periods and the effects of selecting long 

averaging periods. Finally, turbulence measurements would be most 

helpful in obtaining improved estimates of K and its var i ation in time 

during the morning hours following sunrise. 

For more details involving the applications of the model, and 

for more complete discussion of the model and its limitations, the 

reader is referred to Appendix C of Reynolds et al. ( 1973 ). 

4. 4 Evaluation of the Air shed Model 

Validation of the urban air shed model consists of integrating 

the governing equations and comparing predicted concentrations with 
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those measured at local air quality monitoring stations. Validations 

were carried out in the following sequence for each of six days in 

196 9, days for which a rich data base was available: 1) validation for 

carbon monoxide, and 2) validation for hydrocarbons, nitrogen oxides, 

and ozone. Exercise of the model for an inert species, such as CO, 

provides a basis for evaluating the treatment of meteorological vari

ables. Validation for CO, of course, also constitutes a test of most 

aspects of the numerical integration technique and portions of the 

source emissions inventory. Upon successful completion of the first 

task, and upon incorporating the modifications suggested by the re

sults of the CO validation, th .e validation for reactive species may 

proceed. 

The treatment of hydrocarbons in the airshed model requires 

some comment. Because most available air monitoring data are re -

ported only in terms of total organic carbon, and because of the com

putational requirements associated with simulating the behavior of 

two reactive species (such as RHC and RHC
2 

), the atmospheric hydro -

carbon mix is represented in the present study by two hydrocarbon 

species only, RHC and URHC. The species URHC represents all 

unreactive hydrocarbons, including -c
1 

-C 
3 

paraffins, acetylene and 

benzene. In the model calculations, URHC is treated, therefore, as 

an inert species. The species RHC represents all other hydrocarbons 

present in the atmosphere. Thus, RHC includes both species RHC 

and RHC 2 in the kinetic mechanism. As noted shortly, the rate 

constants and stoichiometric coefficients corresponding to RHC are 

determined by equations (4. 1 )-(4. 4). RHC is therefore a lumped 
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composite of RHC and RHC 2 . 

It is the purpose of this section to describe the validation 

procedure, to pr es ent the results of the validation effort, and to 

examine and evaluate these results. 

4. 4. 1 The Evaluation Procedure 

The evaluation procedure for a particular "validation day" 

consists of the following four steps: 

Step I. Preparation of meteorological and emissions data. 

Hourly wind speed, wind direction, and mixing depth maps are pre

pared for each validation day, as described in Section 1. 4. As it is 

assumed that the emissions inventory is applicable for all weekdays 

in 1969, and as all validation days are weekdays, the inventory is 

used as reported in Chapter 2 without alteration. 

Step II. Preparation of other inputs to the model specific to 

the validation day. These include: 

1. Initial conditions. Initial concentrations are specified 

in each ground level grid cell by interpolation using the 

data collected at monitoring stations during the hour at 

which solution is initiated. Maps are needed for CO, NO, 

NO 2, and reactive and unreactive hydrocarbon (RHC and 

URHC). Initial ozone concentrations are calculated 

assuming that the net reaction rate of ozone is equal to 

zero. From the mechanism given in Table 1. 3, the 

following expression may be written for the steady state 

ozone concentrations ( considering only reactions 1 -15): 



where 

[OJ = 
3 

[OJ = 
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(4.11) 

(4. 12) 
k 2 + kl l [ RH C ] 

and [NO], [N0
2

], [RHC] refer to the initial NO, N02, and 

reactive hydrocarbon concentrations in a particular ground

level grid cell. Initial concentrations in cells aloft are 

set equal to the concentration in the ground level cell. 

2. Boundary conditions. The boundary conditions for the air -

shed model are given by equations (1. 18)-(1. 21 ). The 

emissions model and inventory is used to specify the 

surface pollutant flux, equation (1. ,18). Of particular con

cern on the horizontal and upper boundaries of the modeling 

region is the specification of the pollutant flux when species 

are transported into the modeling region. This may be 

accomplished by defining the function g f; given in equations 

(1.19)-(1. 21). Note that g.R, is simply the concentration of 

species .R, at a point just outside the boundary. Values of 

g .R, are allowed to vary both temporally and spatially. The 

horizontal boundary conditions ( east, west, north, and 

south boundaries, where winds enter the modeling region) 

are established by using the concentrations measured at 

the nearest monitoring station as a guide. Variations in 

concentrations with x and y along the boundary at a given 

time in regions remote from monitoring stations are 
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estimated solely on a judgemental basis. It is assumed 

that the boundary concentration is invariant with z for a 

given x, y, and t. Boundary concentrations for O 
3 

are 

calculated assuming o
3 

to be at steady state, i.e. from 

equation (4. 11 ). 

In order to specify the concentration of pollutants 

that enter the modeling region as the inversion rises, 

one must, in the absence of concentration data aloft, 

make some assumption as to the nature of the vertical 

concentration distribution. Thus, at the beginning of a 

simulation, the concentration distribution shown in 

Figure 4. 7 is established over each grid square. In the 

profile shown in Figure 4. 7, AB denotes the initial con

dition, and BCD denotes the assumed concentration pro

file aloft (above the inversion base). As the base of the 

inversion rises, the concentration of pollutant in the air 

engulfed is given by the location of the height of the in

version base and the corresponding concentration on th e 

segment BCD. A profile is constructed for all species 

except ozone. In the case of this pollutant, the concen

tration at the boundary is calculated through use of the 

steady-state approximation involving RHC, NO, and N0
2

• 

Radiation intensity data. Actual measurerr:ents of radi

ation intensity at the ground as a function of time wer ~ 

made by Scott Research Laboratories (1970) at El Monte 

and Commerce on each of the validation days. Averages 



-206 -

Figure 4. 7 Initial Vertical Concentration Distribution 
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of the normalized, solar zenith angle corrected intensity 

measurements made at the two stations were related to the 

NO
2 

photolysis rate constant, k
1

, through a relationship 

given by Eschenroeder and Martinez (1970). As an illus -

tration of the form of the results, Figure 4. 8 shows k
1 

as a function of time on 30 September 1969 as derived 

directly from intensity measurements. The k 1 values 

derived from the intensity measurements at Commerce 

and El Monte are shown in Figure 4. 8. The solid curve 

in Figure 4. 8 represents the k
1 

values used in the vali

dation studies for 30 September 1969. Values of the 

photolysis rate constant for HNO2, k
7

, were calculated 

by multiplying the values of k
1 

by k 7 /k1
, as given in 

Table 4. 2. 

4. Rate constants and stoichiometric coefficients for hydro -

carbon reactions. Referring to the kinetic mechanism 

pr es ented in Section 1. 5, the following rate constants 

and stoichiometric coefficients must be established for 

the hydrocarbon reactions: k
11

, k
12

, k
13

, k
15

, a, ~, 

y, and E:. Re call that in the airs bed mod el only reactive 

and unreactive hydrocarbon species are considered. Thus, 

only reactions 1-15 of the mechanism pr es ented in Table 

4. 3 are us f>d. 

The rate constants and stoichiometric coefficients 

cited above were calculated for each validation clay using 

detailed hydrocarbon measurements taken in the 
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Figure 4. 8 Photolysis Rate Constant for N0 2 De cay 

in Los Angeles on September 30, 1969 
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atmosphere and a weighted-average procedure similar 

to that described in Section 4. 2. Gas chromatographic 

data collected by Scott Research Laboratories (1970) 

at Commerce and El Monte on the validation days were 

used in determining the averaged parameters. In applying 

equations (4. 1 )-(4. 4) with Table 4. 4, the subscript f., is 

defined as follows: 

I paraffins 

2 aromatics 
f., = 

3 ethylene 

4 olefins 

Since little temporal variation in calculated values of the 

constants was obtained for any particular day, daily aver -

age values of the parameters were used in the simulations. 

The values of the constants calculated for 29 September 

1969 are presented in Table 4. 5. Constants for the 

ofher validation days are given by Reynolds et al. (1973). 

The rate constants for the inorganic reactions are given 

in Table 4. 2. 

Table 4. 5 Computed Values of Hydrocarbon Rate Constants and Stoi

chiometric Coefficients for 29 September 1969 

kl I 7300 ppm 
-1 

min 
-1 

12 = Q' = 

k12 9500 ppm 
-1 

min 
-1 

f3° o. 95 - = 

kl3 
-3 -1 -1 

4 = 1. 9xl0 ppm min y = 

klS = 13. 8 e = 0.51 
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Step III. Validation for ca:::bon monoxide. The airshed model 

is exercised from 5 A. M. to 3 P. M. PST for each of the validation 

days. Predicted elevations in concentration in the vicinity of four 

monitoring stations due to local en1issions are added to the airshed 

model predictions. Alterations were made in the 29 September and 

30 September wind fields after initial simulations were carried out 

for these days. No other changes in input data to the model were made 

for these days, nor were any changes made for the four additional 

days upon examining the CO results. Hourly-averaged predicted 

ground level concentrations were calculated for each ground level 

cell, and hourly-averaged predicted concentrations applicable at each 

monitoring station were also calculated. 

Step IV. Validation for nitrogen oxides, hydrocarbons, and 

ozone. Upon satisfactory completion of the carbon monoxide simu-

lation for a particular day, validation was carried out for the reactive 

species. All procedures are as described for CO. 

Comparison of predictions with measured values are made at 

the sites shown in Figure 1. 1. Since monitoring stations are not, in 

general, situated near the center of a ground level grid cell, an inter -

polation procedure is employed to calculate the predicted station con

centration. The computations involved in the interpolation procedure 

are illustrated in Figure 4. 9. 

4. 4. 2 Validation Results 

Validation was carried out for carbon monoxide (CO), nitric 

oxide (NO), nitrogen dioxide (N02 ), reactive plus unreactive (or total) 

hydrocarbon (HC), and ozone (0
3

) for the ten hour period 5 A. M. to 
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Figure 4. 9 Interpolation Procedure for Calculating the Predicted 

Concentration at a Monitoring Station 

where 

J+I 0 0 

l ® 
I 

J 

l\171 
_l_o 0 

. r-Lle-1 - i-.-

I I+I 

® - monitoring station location 

Cstation = [CI, J(l -a)+ CI+l, Ja] (1-(3) 

+ [CI,J+l(l-a)+CI+l,J+la]f3 

l:\sl 
a = t:"f 

!3 
l:\171 

= --
617 

= predicted ground level concentration 
above grid square (I, J) 

cstation = predicted concentration at the 
monitoring station 
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3 P. M. for the following days in 1969: 

11 September 

29 September 

30 September 

29 October 

30 October 

4 November 

Air quality data for 29 September and 30 September are de

scribed in detail in Appendix E of Roth et al. (1971). Data for the 

remaining four days were supplied by EPA. Most of the air quality 

data were collected by the Los Angeles and Orange County Air Pollu

tion Control Districts which together operate a total of thirteen mon

itoring stations in the modeling region. However, as mentioned 

earlier, Scott Res ear ch Laboratories collected air quality data at 

two additional sites during this period. The r eade:r is referred to 

their report, "Atmospheric Reaction Studies in the Los Angeles Basin," 

Volo I-IV (1970), describing the data collection program. 

The air quality measurement techniques employed by the APCD 

have been reviewed with regard to accuracy, specificity, and relia

bility, and the following observations can be made. First, accuracies 

are, in general, no better than ± 10 6/o in the determination of pollutant 

concentrations (for any pollutant), and degree of specificity and reli

ability varies greatly, depending upon the measurement. Second, 

corrections to measurements must be made fer certain pollutants. 

These are as follows: 

CO No correction needed. 

NO The oxidation of NO to NO
2 

prior to colorimetric measurement 

of the product NO2 is 70 to 856/o efficient. Thus, reported NO 

concentrations must be increased by about 25 % for use in 



oxidant 

total 
hydro
carbons 

-213-

validation. 

PAN interferes with measurement of N0 2 . Accuracy of 

measurement is ±10 to 20 %. No correction is r ecom

mended, however, due to lack of information- -knowledge 

of PAN concentration and other sources of uncertainty. 

Presence of N0
2 

increases oxidant readings by 10 to 20 6/o 

of the N0
2 

concentration; S0
2 

decreases readings by an 

amount approximately equal to the SO 
2 

concentration. In 

Los Angeles, N02 will be the most significant interferent, 

although S0 2 will have a substantial effect in the southwest 

portion of the Basin. These interferences are corrected 

for when they are significant. 

Flame ionization (FIA) is specific for carbon, recording 

oxygenated hydrocarbons as well as hydrocarbons. 

Readings are difficult to interpret because 

1. Calibration is carried out using a specific hydrocarbon 

(APCD uses methane), whereas the hydrocarbons 

measured are a complex mixture. While it is as -

sumed that response is proportional to the number 

of carbon atoms, significant deviation from this 

assumption may occur. 

2. Methane is by far the dominant constituent, making 

determination of nonmethane constituents by differ -

ence a highly uncertain matter. In fact, the deter -

mination of nonmethane hydrocarbon concentrations 

from the difference of total hydrocarbon and methane 
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measurements is of little value since nonmethane hydro

carbon consists of both reactive and unr eactive species. 

It is thus concluded that these measurements are too 

uncertain to be of much value. 

In summary, CO and N02 concentrations are used as reported, 

whereas NO and oxidant are "corrected" in the manner indicated. 

Total hydrocarbon measurements are considered to be of little value. 

In applying these corrections, the following exceptions were 

made: 

1. At Commerce and El Monte, the NO and O 
3 

measurements 

made by Scott were not corrected since they were made 

using procedures that do not require a correction. 

2. At Long Beach, oxidant measurements were not corrected 

for S0
2 

or N0
2 

interference due to the uncertainty inher -

ent in applying the correction when the interferents are 

pr es ent in high concentrations relative to the species being 

measured. 

Due to discrepancies in the units used to represent measured 

and predicted hydrocarbon concentrations, special attention must be 

given to the comparative presentation of hydrocarbon concentrations. 

Total hydrocarbon measurements were made on a regular basis at 

four locations in the Basin--Downtown L.A., Azusa, Pasadena, and 

Anaheim. Methane is monitored at three of these stations, the ex

ception being Anaheim. In addition, Scott measured hydrocarbons 

using both flame ionization and gas chromatographic methods at 

El Monte and Commerce. As unreactive (U) and reactive (R) 
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hydrocarbons are treated separately, measured and predicted con

centrations must be placed on the same basis for the purpose of 

comparison. 

As most data are reported as ppm carbon (ppm C), predicted 

hydrocarbon concentrations (ppm) for both reactive and unreactive 

groupings have been converted to ppm C in the following manner. 

From the Scott GC measurements, the average number of carbon 

atoms per molecule for both unreactive and reactive classes of 

hydrocarbons (NCU and NCR' respectively) were computed using the 

following two expressions: 

and 

For total hydrocarbons (in ppm carbon), as measured by the Los 

Angeles and Orange County APCD's and by Scott, available data are 

compared with the quantity 

where [RHC J and [URHC] are predicted hydrocarbon concentrations 

(ppm). For 29 September 1969, NCR and NCU were found to be 4. 76 

and 1. 08., respectively. These values represent the average of all 

determinations of the respective parameters over the period 5 A. M. 

to 3 P.M. PST. 
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Results of the evaluation studies are available in two forms. 

First., hourly-averaged concentrations predicted at each station are 

presented as computer -drawn plots. Typical examples of these plots 

are given in Figure 4. 6 and Appendix E, and indicate to what extent 

the measured and predicted concentrations agree. The dashed lines 

in Figure 4. 6 represent the result of adding the local corrections 

from the microscale model to the predictions from the air shed model. 

To indicate the spatial variation of pollutant concentrations, hourly

averaged ground level concentration maps have been prepared for 

each species. Examples are shown in Figures 4. 10-4. 15. The reader 

is referred to Appendix E for a complete presentation of the validation 

results for all six days. 

4. 4. 3 Discussion of the Results 

Dealing with such a large volume of validation results presents 

obvious problems in analysis. Diagnosing the causes of observed dis -

crepancies between comparative plots is particularly difficult, owing 

to the complexity of the model and the many facets of the modeling 

problem in general. The remarks in this section are confined largely 

to statements of observation, in effect, summarizing the results. In 

some instances it is possible to either explain, or at least speculate 

about., the causes of observed behavior. Subjecting the model to a 

complete sensitivity analysis would, of course, provide a better level 

of understanding of the limitations of the model, and thus, of areas of 

concentration for future work. 

The most notable observation that can be made, perhaps, is in 

regard to the overall consistency of the predictions. In general, the 
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results for any one day are of the san1e quality as those for any other 

day. Thus, while the quality of station-to-station comparisons may 

vary between days, the number of "good," "fair, 11 and 1Ipoor 11 compari

sons for each day is fairly uniform.. However, while overall consis -

tency is observed, there seems to be an absence of systematically 

errant (or for that matter, I1 good 11
) behavioro The only specific 

phenomenon observed is the repeatedly low ozone predictions in down-

town Los .A.ngc1 :~.::i , 

Discussion of the results is facilitated if the following groupings 

are considered separately: 

CO and NO 

o
3 

and NO 

o
3 

and N0
2 

hydrocarbon 

in the morning 

in the late morning 

midday and afternoon 

throughout the day 

Carbon monoxide, nitric oxide, and hydrocarbons are emitted by 

automobiles, the major source of these pollutants in Los Angeles. 

[NO emissions from tall stacks (primarily power plants and refin-
x 

eries) is also an important source, but emissions are elevated and 

generally somewhat farther removed from monitoring station sites. J 

As a result, morning peaks are observed for all three contaminants. 

The hydrocarbon peaks, however, are less sharp (or spread over a 

broader time span), due most likely to the high background levels of 

this pollutant relative to the other two. In any event, all three pollut

ants behave as inert species during the morning ~ours (until 8 o'clock 

or so), and observed CO and NO concentrations tend to have a similar 

pattern of variation during this period. As ozone forms during the 
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late morning hours, NO tends to decrease, and thus, during the 

period 9 A_. M. to midday, the concentration patterns of these two 

pollutants are expected to be related. Finally, during the midday to 

afternoon period, the model should pr edict the buildup of the secondary 

pollutants, N0
2 

and ozone. 

Considering first CO and NO, predictions agree fairly well 

with the measurements, an important exception being at times (and 

locations) of sharp peaks during the morning rush hours. Specifically 

the following observations may be made with regard to the prediction 

of CO and NO concentrations: 

1. Correlation between CO and NO concentrations during the 

morning hours is high. Moreover, patterns of prediction 

are consistent between days, both relative to the individual 

pollutant and relative to each other. 

2. During the "peaking period," generally 6 to 8 A. M., the 

two pollutants, behaving to some extent as inert species, 

have essentially the same pattern of variation and error 

in prediction. When peaks are sharp, predicted profiles 

are generally flatter and lie well below the peak; when 

peaks are less pronounced, discrepancies are frequently 

more than proportionately reduced. But predictions are 

always less the observed concentrations during this period. 

3. The local correction for CO often reduces the magnitude 

of dis er epancies between prediction and observation, 

sometimes fully, sometimes only partially. On occasion, 

however, the correction fails to account for the discrepancy. 
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In some instances the reasons for observed discrepancies can 

be explained; in others only speculation will suffice at the present time. 

The reduced "peakedness 11 of the predictions relative to observations 

is probably due in large part to the problem of disparate scales dis -

cussed earlier. While the resolution of the model is two miles, 

measurements are heavily influenced by local emissions phenomena. 

The model, in effect, "averages" these local variations, thus flat

tening the peaks. Local corrections, as predicted by the microscale 

model described earlier, often, but not always, account fully or in 

part for the observed discrepancies. It thus appears that a model 

capable of describing sub-grid scale processes may be a useful tool 

for resolving difficulties that are due to mismatches in scale. 

Inaccuracies in input variables may also contribute substan

tively to the morning dis er epancies in CO and NO predictions. Esti -

mates of the magnitude of local emissions rates are based on a driving 

cycle that may or may not represent actual driving behavior, either 

Basin-wide or in the vicinity of a monitoring station. Furthermore, 

driving characteristics during the rush hours vary considerably from 

those that typify a full day. An attempt was made to account for this 

(the ~ correction for surface streets and treatment of emissions as a 

function of vehicle speed on freeways), actual variations in emissions 

with time of day are undoubtedly not fully taken into account. Un

certainties in meteorological variables - -wind speed, wind direction, 

and mixing depth- -can also influence the r· esults. Uncertainties in 

wind parameters are highest during periods of low wind, which tend 

to prevail during the morning hours. Errors in wind 'direction of 30 
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to 60° at these times can have a serious impact over periods of one 

hour or longer. Moreover, periods of low winds, as were observed 

on the morning of 30 September, can lead to pronounced morning 

peaks. While it is an easy matter to list additional possible causes 

of the observed discrepancies, one can only speculate at this point 

as to their relative importance. Extensive sensitivity studies are 

needed to better establish the effect of variations in each of the vari

ables cited on the magnitude of .predicted concentrations. Unfortu

nately, such studies have not as yet been initiated. Yet, despite the 

focus on shortcomings of the model in this discussion, it should be 

stressed that predicted CO and NO concentrations compare fairly well 

with observation, particularly when disparities in the scales of com

pared quantities are taken into account. 

Turning now to a consideration of NO
2 

concentration behavior, 

consider the following observations. In general, measured NO
2 

concentrations peak around 8 A. M. to 9 A. M., decreasing thereafter. 

In qualitatively · comparing predicted and measured profiles, a pproxi -

mately 50% matched well. In about 25 % of the cases predictions tended 

to be high (although not necessarily bad), in about 15 % predictions 

were low (although, again, not nee es s arily bad). In the remaining 

cases (about 10%) predictions were poor. Overall, then, comparisons 

were reasonably good and displayed little bias. 

In examining NO2 profiles after the midmorning peak, however, 

a pattern of bias does emerge. In general, predicted NO
2 

concentra

tions exceeded those measured after the observed NO 2 peak, i.e., 

during the late morning and early afternoon hours. This effect may 
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be seen by examining the validation results. A notable exception to 

this general pattern was observed, however, for the Long Beach sta

tion. In this case measured NO 2 concentrations exceeded predicted 

on five of the six validation days. This anomaly may be attributable 

to the fact that there exist strong NO
2 

sources in the vicinity which 

have not been properly accounted for. Included among the possible 

NO2 sources are the accelerated production of the pollutant as a con

sequence of high local concentrations of NO and RHC (which may be 

due to a substantial number of large point sources in the vicinity). 

In considering the general pattern of prediction exceeding 

measurement after the time of the measured NO
2 

peak, one inevitably 

must note that this behavior is consistent with the fact that only a 

limited number of ''sinks II are included in the model. Conversion of 

NO
2 

to products other than nitric acid and PAN, formation of aerosol, 

and adsorption of NO
2 

by vegetation have simply been ignored in the 

present version of the model. A second, less likely causative factor 

is the assumption of an excessive NO flux into the Basin. While this 
X 

question has not been examined in any detail, it appears, however, 

that if the NO flux used is high, it is only by a factor of 10 to 3 0%. 
X 

Analysis of the measured data confirms an expectation that O 
3 

buildup will usually occur after the NO
2 

peak, and that the observed 

NO
2 

and O 
3 

concentration-time curves will be out of phase (i.e., have 

slopes that are opposite in sign for most of the period of inter est). In 

examining the predictions, however, the times of the NO
2 

and o
3 

peaks are generally quite close together, with the NO
2 

peak preceding 

the O 
3 

peak usually by no mare than one hour. No explanation for 
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this unexpected pattern can be offered at present. 

Observations show that the onset of O 
3 

formation generally 

occurs as NO disappears (i.e., NO is less than O. 1 ppm). In con

trast to the disappointing performance of the model with regard to 

the N02 - o
3 

phasing, predicted behavior is quite similar to observed 

behavior in the case of the NO - 0 
3 

phasing. Unfortunately, prediction 

of the time and magnitude of the ozone peak leaves much to be desired. 

In only 2/3 of the cases (87 profiles in all) was the observed time of 

the peak predicted to be within one hour of the measured time, and 

in only 1 /3 of the cases was the magnitude of the observed maxi.mum 

predicted to be within 20% of that measured. There are a number of 

possible causes for this pattern of deviation, as predicted o
3 

level is 

influenced by virtually every variable of consequence that is treated 

in the model. Well planned sensitivity studies, aimed at examining 

the effects of variations in k
1

, in NOx emissions rates, etc. offer 

the only feasible means of diagnosing the problem in any meaningful 

way. 

Finally, consider hydrocarbons. In general, comparison 

between prediction and measurement is quite favorable. In about 

3/4 of the profiles, comparisons are excellent (generally, 0 to 1 

ppmC discrepancy throughout the day). Unfortunately, relatively 

little value is placed on these results, despite their generally good 

quality, because of the high levels of uncertainty in the total hydro -

carbon measurements. Only the GC measurements made at El Monte 

and Commerce are of sufficient accuracy .o provide useful compari -

sons. However, they were not made often enough to provide a suitable 
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data base for validation. 

4. 5 Conclusion 

In the first four chapters of this report, an urban scale mathe

matical model of photochemical air pollution has been formulated 

which may be used to predict ground level concentrations of nitrogen 

oxides, hydrocarbons, carbon monoxide, and ozone. Because of the 

existence of a rich data base for use in defining inputs and validating 

the model, the Los Angeles Basin was chosen as the initial region for 

application of the model. The treatment of all important components 

of the model have been described, including meteorology, emissions, 

atmospheric chemistry, the numerical solution of the governing equa

tions, and the microscale model. 

In general, the validation studies have provided encouraging 

results. Overall, the results have usually been at least qualitatively 

in agreement with observations, and in many instances, good quan

titative agreement has also been achieved. The experimental data 

base is rich, and the validation results are extensive. Many oppor -

tunities for worthwhile analysis therefore exist. But it must be 

emphasized that there is an equal, if not greater need to carry out a 

full and well planned sensitivity analysis. The model, as it stands, 

is complex; it contains facets of varying detail and importance. 

Moreover, as sensitivities of predictions to variations in parameters 

are uncovered, the number of possible causative factors that may 

explain a type of discrepancy between prediction and experiment may 

be reduced, thus simplifying the search for causative relationships 

and means for improving the model I s predictions. 
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CHAPTER 5 

EVALUATION OF THE ENVIRONMENTAL PROTECTION 

AGENCY IMPLEMENTATION PLAN FOR LOS ANGELES 

5o 1 Introduction 

In Chapters 1-4 a mathematical model of photochemical air 

pollution has been developed and initial validation results have been 

presented for Los Angeles. Although models of this type must be 

evaluated by comparing their predictions with past episodes, their 

real utility lies in their use as means for ass es sing the impact on 

air quality of future urban and regional planning decisions. As men

tioned previously., the significant applications of airshed models 

include: 

1. Real-time prediction in an alert warning system; 

2. Examination of the air pollution impact of new sources; 

and 

3. Simulation of the effects of alternative emission control 

strategies on pollutant concentrations in the airshed. 

Real-time prediction capabilities may be utilized in two ways. 

First., short-term pollutant concentration forecasts may be generated 

to determine if air quality standards will be violated in the region. 

Upon prediction of an alert situation., appropriate emergency control 

measures may be ordered and their expected effects forecasted [see, 

for example, Kyan and Seinfeld (1973) J. Second, a mathematical air 

pollution model can be an aid in monitoring pollutant concentrations. 

Presently, air pollution control agencies must evaluate the air quality 
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of a region from measurements taken at a limited number of fixed 

monitoring stations. In the region considered in Chapters 1-4, for 

example, there are 15 measuring sites over a 1712 sq. mi. area, 

that is one station per 114 sq. mi. of populated area. If the concen

trations measured at each station are representative of, say, those 

in a one sq. mi. area surrounding the station, then only about 1 % of 

the populated area is actually subject to air quality surveillance. The 

most important consequence of this potential lack of information is 

that high pollutant concentrations may remain undet e ct e d in the air -

shed. 

To improve the pollutant surveillance capabilities of local 

governmental agencies, urban air pollution models, once validated, 

can be operated on a real-time basis. The model predictions at the 

existing monitoring sit es may be compared with the actual measure -

ments to verify the accuracy of prediction. If violations of air quality 

standards are predicted in areas where no measurements are avail

able, appropriate short-term emission control st rat egi es may be 

instituted. Interfacing a meteorological data gathering program with 

numerical predictions will be the primary developmental work re

quired for this application. 

The assessment of the impact of new emission sources on 

air quality in the airshed is perhaps a more immediate application of 

air pollution modeling in its present state of development. To illus -

trate the manner in which a model may be used for this purpose, 

suppose a new freeway is to be constructed. First, employing typical 

meteorological conditions, a simulation is carried out to determine 
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the nominal pollutant concentrations in the absence of the fre eway. 

Then a new emissions inventory is prepared, including all effects 

of the proposed ft eeway on emissions, such as alt er ed population 

growth rates and the resulting change in vehicle miles travelled 

(VMT). Based on the new inventory, a second simulation is per formed, 

and the pollutant levels under the two conditions are compared. If 

air quality standard violations are predicted, then plans for the pro -

posed freeway can be modified to whatever extent is necessary. 

While real-time prediction and examination of the air pollution 

impact of new sources are significant futu_re us es of urban air pollution 

models, presently the most important potential use of such models 

is simulation of the effects of alternative emission control strategies 

on air quality. Under the provisions of the 1970 Clean Air Act, local, 

state, and}ederal authorities are charged with the responsibility of 

implementing necessary control measures to insure that Federal 

air ouality standards will not be exceeded. As a result, the Environ

mental Protection Agency (EPA) has proposed control strategy imple

mentation plans for those urban areas that are presently in violation 

of the standards. 

Since mathematical models relating emission levels of oxides 

of nitrogen and hydrocarbons to air quality in terms of nitrogen 

dioxide and oxidants were essentially undeveloped at the time when 

control strategies were first promulgated, the so-called rollback 

method was used to relate reactive hydrocarbon (RHC) and NO 
X 

emission reductions to improvements in oxidant and N0
2 

air quality 

(Barth, 1970). Barth employed the rollback approach to determine 
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motor vehicle emission goals for CO, RHC, and NO • The approach 
X 

is based on fir st calculating the fractional reduction a in ambient 

concentrations necessary to achieve desired air quality. If C is 
max 

the present maximum pollutant concentration, cd is the desired 
es 

pollutant concentration, cb is the background pollutant concentration, 

and g is the emission growth factor, then a is computed by 

It is then assumed that emission rates must be fractionally reduced 

by O:'. The key assumption made is that there exists a linear relation

ship between air quality and emissions. 

In applying rollback to propose and evaluate control strategies, 

a is calculated from the following relationship 

where cmb is the maximum concentration of a pollutant of inter est 

observed in the airshed during a specified yearly period, termed the 

base year. The allowable total daily emissions in the airshed, Eda' 

(in tons per day) consistent with the desired air quality level is given 

by 

where Edb is the daily emissions estimate (in tons per day) for the 

airshed during the base year. Before any control strategies are pro

posed, a projected, or baseline, emissions inventory for some future 

year of interest must be assembled, considering all factors that will 
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affect emissions. Given the daily emissions for the baseline inventory., 

sufficient control measures must be proposed which will reduce emis

sions in the future year to the allowable level, Eda' calculated above. 

Use of rollback to establis:1 a control strategy for an airshed 

is a direct process, as illustrated in the block diagram in Figure 5. 1. 

In contrast, the effort involved in determining a final control policy 

employing the airshed model is somewhat more involved since the 

strategy is the result of an iterative procedure, as shown in Figure 5.2. 

Note that in addition to the usual inputs to the model (i.e., meteorology 

and initial and boundary conditions), an initial control strategy must 

be proposed in order to establish the emission inputs. The initial 

strategy could be generated, for example, using the rollback approach. 

Upon examining the air quality predictions from the model., appropriate 

changes are made in the control strategy until the model predicts 

acceptable air quality levels. 

The rollback technique provides a simple means of relating 

emission reductions to air quality improvements. In the case of photo

chemical smog the most obvious deficiency of the method is that maxi

mll.Ill oxidant concentrations are usually assumed to be completely inde

pendent of NOx emissions, and similarly, maximll.Ill N0
2 

concentrations 

are assumed to be independent of RHC emis?ions. An examination of 

the chemi,stry of photochemical smog reveals that these two assumptions 

are not valid. In addition, the spatial distribution of sources and the 

extent to which each source contributes to the maximum pollutant 

concentrations are also not considered in the rollback calculation. 
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Control measures which have the greatest impact on emissions in 

areas upwind of those in which the highest pollutant concentrations 

are experienced will be the most effective. For example, the Los 

Alamitos, Haynes, and Huntington Beach power plants in the Los 

Angeles modeling region have a more profound influence on the high 

NO concentrations in Orange County than do the other power plants 
X 

located in Los Angeles County. Thus, when control strategies are 

planned, it is essential to control those sources that are directly 

responsible for the maximum pollutant concentrations observed in 

the airshed. 

Another difficulty associated with rollback calculations is 

that the choice of the base year may have a substantial influence on 

the calculated allowable emissions in some future year. For example, 

a base year which is "good II meteorologically {that is one in which 

the maxim.urn pollutant concentrations were not high due to favorable 

meteorological conditions) will lead one to the conclusion that allow

able emissions in a future year may be greater than those calculated 

from a base year that is "badn meteorologically. In rollback calcula

tions carried out by the Bay Area APCD in which two different base 

years were selected to determine allowable RHC emissions in that 

area in 1977, it was found that using 1971 as the base year, a sub

stantial VMT reduction would be required in the Bay Area in 1977 

to meet the air quality standards, whereas the second calculation 

employing 1970 as the base year indicated that only a small VMT 

reduction would be required in 1977 {Levaggi, 1973). Clearly, these 

results and the previous discussion point to possible serious 
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weaknesses in the use of rollback calculations for setting long-term 

control strategies. In fact, in his 1970 paper Barth stated, ''Clearly 

what is needed is to fully relate all these effects to emissions and to 

predict future events in growth and required control usi:n.g a compre

hensive simulation model complete with modules reflecting all input 

variables, meteorological variables including air transport param

eters, and ... the chemical kinetics describing the multiplicity of 

reactions which occur. 11 

The remainder of this chapter is devoted to a discussion of 

the application of the mathematical model of photochemical air pollu

tion to evaluate emission control strategies. The objectives of this 

work are: 1) to illustrate the treatment of all model inputs through 

the use of a specific example, 2) to compare results obtained using 

rollback with those obtained on the basis of the simulation model for 

1977 Los Angeles control strategies, and 3) to determine the major 

difficulties to be encountered in using the model to evaluate emission 

contra l strategies. 

Emission control strategies aimed at reducing oxidant and 

N0
2 

levels in the Los Angeles area have been proposed by various 

groups, including the State of California Air Resources Board ( 1972), 

the California Institute of Technology Environmental Quality Laboratory 

(Lees et al., 1972), and the EPA (1973g). Because the EPA plan, as 

described in the July 2, 1973 issue of the Federal Register, appears 

to be the most probable strategy to be adopted at this time, the eval

uation study presented here will focus on this strategy. 
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The EPA control plan for Los Angeles consists of several 

actions to reduce both vehicular and fixed source emissions. The 

plan consists of the following elements: 

1. Limitation of annual gasoline sales in years subsequent 

to 1973 to that amount sold between July 1, 1972 and 

June 30, 197 3; 

2. Mandatory periodic vehicle inspection and maintenance of 

all light-duty vehicles beginning March 1, 1974; 

3. Establishment of exclusive bus and carpool lanes on 

freeways and major streets during the morning and 

evening peak traffic hours; 

4. Immediate ban on the construction of all new parking 

facilities in the Los Angeles area; 

5. Reduction of existing parking spaces by 20 o/o beginning 

January 31, 1974; 

6. Restricted registration of all motorcycles to 1973 levels 

beginning in 1974, and restriction of the operation of two

stroke motorcycles during daylight hours in the months 

from May through October, beginning May 1, 1974; 

7. Installation of vacuum spark advance disconnect (VSAD) 

retrofit devices on pre-1971 light-duty motor vehicles, 

and installation of oxidizing catalyst retrofit devices on 

1966-74 light-duty motor vehicles; 



-240-

* 8. Additional control o:.. fixed sources; and 

9. Additional limitation:..: on gasoline sales, beyond the 

1972-73 sales level cited above, to insure that air 

quality standards wi . .l not be violated. 

Although it is not clear precisely how these measures were 

arrived at, it appears that these represent a group of technologically 

feasible steps which would serve to reduce total mass emissions of 

RHC and NO by percentages which, by means of a rollback calcula-
x 

tion, would reduce pollutant levels to those closely approaching the 

air quality standards. As noted previously, the rollback concept 

affords a means of computing necessary emission levels directly from 

current air quality levels, desired air quality levels, and estimated 

growt? factors. The use of a dynamic mathematical model necessi

tates that the emission levels first be postulated, then all model inputs 

(meteorological data, reaction rate constants, radiation intensities, 

initial and boundary conditions) be chosen, perhaps as representative 

of those of typical days, with the resulting air quality finally predicted. 

If the air quality does not meet the standards, then the emission level 

can be adjusted and the simulation repeated. The values of some . 

* While specific control measures for fixed sources were not included 
in the EPA (1973g) plan, EPA is considering such measures as sub
stitution of unreactive solvents for reactive solvents and use of vapor 
recycle systems. Liu ( 197 3) has recently compiled a fixed source 
inventory for the Basin in 197 7 assuming implementation of control 
measures s:imilar to those considered by EPA. This work has been 
adopted for use in this study. The strategy employed by Liu (1973) 
includes controls on refinery heaters and internal combustion engines, 
substitution of 1, 1, I-trichloroethane for 1, 1, 1-trichloroethylene by 
organic solvent users and use of vapor recycle systems in petroleum 
marketing operations. 
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inputs, particularly the initial and boundary conditions, may them

selves be related to the emissions inventory, since pollutant levels 

in early morning will be governed to some extent by the overnight 

emission ratio. The model simulation has the advantage of providing 

estimates not only of the maximum pollutant concentrations which 

~c 

will occur but also of the pollutant dosages to the population in dif-

ferent areas of the airshed. 

In the study to be described, the meteorological condition of 

September 29, 1969, a day on which high oxidant and N0 2 concentra

tions were experienced in Los Angeles, will be used as a basis for 

evaluating the EPA implementation plan for Los Angeles. Since only 

one set of meteorological conditions will be used, no definitive con

clusions can be drawn with respect to the maximum pollutant levels 

that can be expected in 1977~ Nevertheless, comparison of the pre

dictions for the 1969 and 1977 emission inventories should provide a 

good indication of the general improvement in air quality to be ex

pected if the EPA plan is followed. 

The evaluation of the EPA implementation plan will be carried 

out in the following manner. First, essentially as a base case, one 

simulation is performed in which only currently legislated control 

measures are assurned to be applied in 19770 The second simulation 

will then include all control measures proposed by EPA except addi

tional gasoline sales limitations beyond the 1972-3 limit meptioned 

above. (Additional simulations based on further limitations on 

Current regulations specify that the Federal air quality standard 
of 0. 08 ppm oxidant and the California standard of 0. 25 ppm N0 2 for 
one-hour may only be exceeded once a year. 
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gasoline sales could be carried out if predictions indicate that air 

quality standards will be violated in 1977 at the 1972-3 sales level.) 

In the sections that follow, the discussion will focus first on 

each of the model inputs: emissions (Section 5. 2) and meteorology, 

reaction rate constants, and initial and boundary conditions (Section 

5. 3). Section 5. 4 is devoted to a discussion of the simulation results 

obtained for the Basin in 1977. In addition, the predictions from the 

airshed model for 1977 are compared with those obtained from a roll ~ 

back calculation. The conclusions from this study are summarized 

in Section 5. 5. 

5. 2 Projected Emissions for the Los Angeles Basin in 1977 

Although the estimation of emissions from each source in the 

region of interest is basically a straightforward process, the pre

diction of emission levels in future years is subject not only to the 

usual problems in compiling an inventory (see Chapter 2) but also 

with those associated with forecasting changes in emission rates in 

the future. Growth rates must be properly taken into account and 

emission levels and the degree of effectiveness of control devices 

must be estimated. Clearly, these aspects introduce degrees of 

uncertainty that do not exist for past years. In this section, a 

source inventory is developed for Los Angeles in 1977. In particular, 

detailed emission inventories for two 19 77 cases (the baseline case 

and the EPA implementation plan) are pr es ent ed. In addition, guide -

lines are given which may be used to estimate emissions if gasoline 

sales are limited beyond the 1972-73 sales level. 
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5. 2. 1 1977 Baseline Inventory for Los Angeles 

Emissions in the baseline inventory are intended to be repre

sentative of those expected in the Los Angeles modeling region in 

1977 if no additional control measures other than scheduled motor 

vehicle exhaust emission controls on 1975 -77 model vehicles are 

implemented. 

5. 2. 1. 1 Motor Vehicle Emissions 

As outlined in Chapter 2, motor vehicle emissions are deter

mined by specifying the pollutant emission rate from an "average'' 

vehicle (in grams /mile) and from the number of daily miles driven. 

Hot and cold-start emission rates, as well as the emission/driving 

speed correlation parameters (see Section 2. 2. 1) for the "average" 

vehicle in the Basin in 1977 are summarized in Tables 5. 1 and 5. 2, 

respectively. These factors, discussed in detail in Appendix A, were 

derived from reported and estimated emission rat es for light and 

heavy-duty vehicles and motorcycles. 

The daily VMT for both freeways and surface streets in 1969 

are given in Figures 2. 1 and 2. 2. Since the population in several 

areas of the modeling region is expected to grow, the VMT in these 

areas is also expected to show a similar increase. Liu (1973) has 

estimated that the VMT in the Basin \Vi 11 increase by about 1 7 % between 

1969 and 1977. The VMT increase in each grid square can then be 

computed by apportioning the 17% increase in total mileage according 

to projected population growth in each square. The daily VMT in

creases for freeways and surface streets over the 1969 levels for 

1977 are illustrated in Figures 5. 3 and 5 . 4, respectively. 
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Table 5. 1 

Estimated Hot and Cold-Start Emission Rates (grams /mi.) for 

the 1977 Baseline Motor Vehicle Population in Los Angeles 

Hot-start 

Cold-start 

HC 

2. 14 

3.20 

Table 5. 2 

co 

21. 5 

35.0 

2.60 

2.58 

Estimated Emission/Driving Speed Correlation Parameters 

for the 1977 Baseline Motor Vehicle Population in Los Angeles 

Species 

HC 

HC 

co 

co 

NO 
X 

Driving Speed 
range (mph) 

15-30 

30-60 

15-45 

45-60 

15-60 

at bl, 

7.253 -0.544 

2.746 -0. 25 9 

428.8 -1. 080 

I. 498 0.406 

2.094 1.846 

The temporal distributions of surface street and freeway traffic 

in 1977 are assumed to be identical to those derived for 1969. Simi

larly., the fraction of cold-starts to total starts and the correction for 

the nonuniform distribution of cold-starts are also taken as unchanged 

from the 1969 values. To calculate the total daily emissions from 
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vehicles operated on freeways, the emissions/driving speed corre

lation is used in conjunction with the total daily freeway mileage 

driven on the grid, assuming an average speed of 50 mph. 

Evaporative controls on 1972 and newer cars will reduce emis -

sions substantially, although about SO% of the vehicle population will 

be uncontrolled in 1 977. Evaporative emissions from 1957 - 71 light -

duty vehicles can be estimated from tests of 125 automobiles per -

formed by Automotive Environmental Systems, Inc. (AESi, 1973). 

The evaporative test procedure employed by AESi was comprised of 

two steps to determine both the carburetor and fuel tank losses from 

each vehicle tested. After operating a motor vehicle on the Federal 

Driving Cycle, the engine was turned off, and evaporative emissions 

from the carburetor were collected for one hour. The diurnal loss es 

from the fuel tank were estimated by attaching a heating element to 

the tank, heating the tank in such a manner that the gasoline temper -

ature increases from 60°F to 84°F over a one hour period, and meas -

uring the hydrocarbon emissions over the one hour heating period. 

These measurements of carburetor and fuel tank losses are used in 

this study to estimate the carburetor emissions associated with each 

trip made by a motor vehicle and the daily fuel tank evaporative emis -

sions. Average emission factors for fuel tank and carburetor losses 

are summarized in Table 5. 3. 

Total daily evaporative loss es from each vehicle may be esti

mated by combining the tank and carburetor loss es in the following 

manner. Total daily carburetor losses are obtained by multiplying 

the carburetor emissions by the number of daily hot-soaks. From 
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Table So 3 

Fuel Tank and Carburetor Evaporative Losses from 

>'' 
1957-71 Light-Duty Vehicles" 

Evaporative Losses (grams per test) 
Model Year 

1957-69 

70-71 

* Source: AESi (1973) 

Tank Carburetor 

16. 1 

14. 6 

11. 0 

Table D. 1 in Appendix D, the average vehicle makes 4. 66 trips per 

day, and of these, two are cold-started. Assuming that only half of 

the hot -soak carburetor loss es occur when a vehicle is restarted 

during a hot -start, then the total daily carburetor loss es are obtained 

by multiplying the test results in Table 5. 3 by 3. 33 (i.e., 2+0. 5x2. 66). 

Total daily evaporative emissions from each vehicle are obtained by 

adding the fuel tank losses to the total carburetor losses. The results 

of this calculation are summarized in Table 5. 4. Note that the value 

of 74. 4 grams/day for pre-1970 light-duty vehicles agrees closely 

with the value of 72 grams/ day used in the 1969 validation study 

(see Chapter 2). 

Table 5. 4 

Total Daily Motor Vehicle Evaporative Emissions (grams /day) 

>'.c 

Model Year 

pre-1970 
1970-71 

1972 
post-1972 

>!< 
Light-Duty 

74.4 
52.7 
2.0 
2.0 

gasoline powered vehicles 

>!< 
Heavy-Duty 

74.4 
74.4 
74.4 

2. 0 
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Evaporative emissions for 1973 motor vehicles (EPA, 1973d) 

appear to be quite small, and thus, post-1972 light and heavy-duty 

vehicle emissions are assumed to be 2 grams/day, and pre-1973 

heavy-duty truck emissions are assumed equal to those of uncontrolled 

light-duty vehicles. Motorcycle losses are calculated from EPA 

(1973b) emission estimates, assuming that each motorcycle travels 

3900 miles per year, using the following relationship: 

O. 36 (grams /mile) x 3900(miles /year)_ 3 8 ( / d ) 
365 (days /year) - • grams ay 

Emissions from heavy-duty dies el vehicles are assumed to be negli-

gible. 

To obtain the total daily evaporative emissions emitted into 

the airshed, the emission rates given in Table 5. 4 must be multiplied 

by the total number of vehicles of each class and model year. Using 

1972 vehicle registration statistics (County Supervisors Association 

of California, 1972) and projected registration growth (TRW, 1973 ), 

it is estimated that there will be 4, 919, 700 automobiles, 688, 800 

trucks, and 210, 000 motorcycles in the modeling region in 1977. 

The total number of vehicles in a particular class and model year 

grouping is obtained from the projected number of vehicles cited above 

and from the distribution of motor vehicles, both by class and model 

year, given in Appendix A. Total daily evaporative emissions in 1977 

are estimated to be 204 tons of hydrocarbons per day. The treatment 

of the temporal and spatial distribution of evaporative emissions is 

discussed in Chapter 2. 
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5. 2. 1. 2 Aircraft Emissions 

To estimate aircraft emissions in 1977, three changes have 

been made in the 1969 aircraft inventory, including the addition of 

another class of aircraft, the revision of jet aircraft emission factors, 

and the projection of the number of daily aircraft operations at each 

airport in 1977. Since wide body jets, such as the Boeing 74 7, 

LockheedL-1011, and Douglas DC-10, will be operating at LAX in 

1977, an eighth class of aircraft, characterized by the JT9D engine, 

has been added to the inventory presented in Chapter 2. 

Jet aircraft emission factors have been revised for several 

reasons. First, JT 3D engines on class 2 medium-range jet aircraft 

will be retrofitted with smoke control devices by 1977. Second, EPA 

has recently published general guidelines for estimating jet aircraft 

emissions which, used in conjunction with aircraft time-in-mode 

data for LAX reported by the Los Angeles CountyAPCD, should allow 

LAX jet aircraft emissions to be determined with greater accuracy 

than was heretofore possible. Emissions from a particular segment 

of a complete LTO cycle, such as taxi, idle, and take-off, are e sti

mated by forming the product of the pollutant emission rate 

(kilograms /minute) and the time-in-mode (minutes). Emission rates 

for class 1, 2, and 8 aircraft for each ground operation mode are 

given in Table 5. 5, and the mode times for each class are sum.mar -

ized in Table 5. 6. Since guidelines for class 3 air craft emissions 

were not included in the EPA (1973b) report, no change in the emis -

sion factors given in Chapter 2 was made. In addition, emission 

factors for class 4-7 aircraft were also unchanged. 



-251 -

Table 5. 5 

Jet Engine Emission Rates as a Function of Operating Mode* 
(kilo gr ams /minute) 

Class Engine Mode HC co NOX (as NO2) 

~~ 

I JT3D Taxi-Idle 0 745 • 823 . 011 
I JT3D Takeoff • 035 • 093 1. 118 
I JT3D Approach . 05 9 . 300 .165 
2 JT8D Taxi-Idle . 062 . 25 3 . 022 
2 JT8D Takeoff . 006 . 05 7 1. 497 
2 JT8D Approach • 013 . 138 • 233 
8 JT9D Taxi-Idle • 207 • 772 . 046 
8 JT9D Takeoff • 023 . 06 3 5.45 
8 JT9D Approach . 023 0 24 7 . 408 

Source: EPA (1973b) 

Class 

1 
2 
8 

Table 5. 6 

* Mode Times at LAX (minutes) 

Taxi-Idle 

20.8 
20.8 
20.8 

Takeoff Run 

1.0 
0.8 
o. 7 

Landing Run 

0.4 
0. 3 
0.4 

Sources: Los Angeles County APCD (1971 b), EPA (1973b}, 
and Chapter 2. 

The projected number of total daily aircraft operations at each 

airport is expected to increase each year between 1969 and 1977. 

However, the exact increase or decrease in the total operations of 

each class of aircraft at a particular airport is difficult to estimate. 

Total aircraft operations at each airport in 1977 were estimated in 

the following manner. First, from Los Angeles County APCD (1971a) 

data, the total number of operations for each class of air craft at each 
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airport in 1970 was determined. From conversations with sever al 

managers of small airports throughout the Basin, it is estimated 

that total operations will increase at an annual rate of about 2. 5 6/o . 

Thus, the estimated daily operations of each aircraft class at all 

airports, except LAX and Hollywood/Burbank, were increased by 

2o 5 % compounded over 7 yearso FAA projections (Hubert, 1973) of 

total annual operations at LAX and Hollywood/Burbank in 1975, 1976, 

and 1984 were used to scale the 1970 operations at these airports for 

use in 1977. The estimated daily operations at each airport in the 

Basin in 1977 are summarized in Table 5. 7. 

Table 5. 7 

Projected Daily Aircraft Operations in 1977 

at Los Angeles and Orange County Airports 

Airport/ Class 1 2 3 4 5 6 7 8 

Brackett 0 0 0 0 0 396 2 0 
Compton 0 0 0 0 0 267 1 0 
Culver City 0 0 14 0 0 25 24 0 
El Monte 0 0 0 0 0 449 0 0 
Hawthorn e 0 0 0 0 0 416 2 0 

Hollywood/Burbank 0 54 22 3 8 4 3 7 16 0 
Long Beach 0 0 7 0 2 84 7 4 2 0 
Los Alamitos 0 0 357 0 59 0 0 0 
LAX 401 378 14 33 29 258 44 26 
Orange County 0 14 0 0 0 1011 0 0 

San Fernando 0 0 0 0 0 144 5 0 
Santa Monica 0 0 1 0 0 546 2 4 0 
Torrance 0 0 0 0 0 682 4 0 
Van Nuys 0 0 8 0 1 1010 89 0 
Whiteman 0 0 0 0 0 208 0 0 



-253 -

5. 2. 1 o 3 Fixed Source Emissions 

Although the contribution of fixed sources to the total emissions 

inventory in 1969 was relatively small, as increasingly stringent 

Federal standards cause motor vehicle emissions to decline in the 

future, fixed sources, unless controlled to the same extent as motor 

vehicles, will make larger relative contributions to total emissions 

in subsequent years. Since few guidelines are available for estimating 

future fixed source emissions directly, projections made in this study 

are based on indirect relations hips, such as the assumption that in-

er eased motor vehicle fuel consumption will cause refinery emissions 

to increase proportionately. The three types of stationary sources to 

be considered in this section are power plants, oil refineries, and 

other miscellaneous fixed sources. 

Power plant emissions are affected by the demand for elec

tricity and the type of fuel burned. However, information with regard 

to future electrical demand and fuel usage at each power plant are 

generally not available. Fortunately, projected NO emissions in 
X 

1977 at each of the power plants to be operated by the Southern Cali

fornia Edison Company and the Los Angeles Department of Water and 

Power were furnished by the respective power companies (Felgar, 

1973; Sanderling, 1973). Emissions from power plants operated by 

the Cities of Pasadena, Burbank, and Glendale were estimated by in

creasing the reported emissions as of April 1973 (Los Angeles County 

APCD, 1973) by 38% as suggested by Nevitt (1973). The daily NO 
X 

emissions projected for each power plant in 1977 are summarized in 

Table 5. 8. 
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Table 5. 8 

Projected Power Plant Emissions in 1977 (tons /day) 

Power Plant 

Alamitos 
El Segundo 
Redondo Beach 
Huntington Beach 
Long Beach 
Harbor 
Haynes 
Scattergood 
Valley 
Pasadena 
Burbank 
Glendale 

27.0 
12.2 
18.0 
15. 9 

4. 1 
6. 1 

37.6 
18.7 
9.4 
2. 6 
3. 6 
3.7 

The temporal distribution of power plant emissions for 1977 is taken 

to be the same as that employed in 1969. 

The major sources of uncertainty in the power plant emissions 

are 1) the electrical demand, and 2) the type of fuel that will be 

available. Since there is some question as to the amount of natural 

gas and the type of fuel oil that will be available in 1977, the emission 

figures cited in Table 5. 8 will be subject to revision at such time when 

fuel supply schedules are finalized. 

Since the construction of no new oil refineries in the Basin is 

expected by 1977, only changes in emissions from existing refineries 

are considered in this study. Due to the lack of guidelines for esti

mating future refinery emissions, it is assumed that emissions will 

increase in proportion to increases in gasoline fuel consumption. 

Assuming a 4. 5% annual growth of gasoline consumption (EPA, 1973h), 

refinery emissions are estimated to increase by about 36% from the 
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corresponding 1969 values cited in Chapter 2. Because all emissions 

are assumed to increase by the same percentage, no attempt w as 

made to alter the relative spatial distribution of emissions. Note 

that all refinery emissions, including RHC, URHC, and NO , will 
X 

increase by 36 %. 

Emissions from all fixed sources other than power plants and 

refineries have been estimated by Liu (1973). These sources include 

industrial and domestic boilers, petroleum marketing operations, and 

organic solvent usage. Using the work of Trijonis (1972) as a guide , 

and assuming that emissions resulting from petroleum marketing 

operations are proportional to fuel consumption, the 1969 RHC and 

NO emissions given in Chapter 2 are estimated to increase by 23. 9% 
X 

and 28. 6 %, respectively. URHC emissions are also assumed to in-

crease by 23. 9% . 

5. 2. 1.4 Total Inventory Summary - 1977 Baseline 

A complete summary of the total estimated daily emissions for 

1977 in the modeling regi on is given in Table 5 . 9. As an aid in com

paring the 1977 baseline inventory with that for 1969, the per centag e 

change of the total emissions for each pollutant is also included. 

Table 5. 9 Total Daily Projected Emissions 
in the Los Angeles Modeling Region in 1977 (tons /day) 

Source NOX(as NO2) RHC URHC co 

Motor Vehicles 406 444 52 2882 
Aircraft 6 26 6 79 
Power Plants 159 
Oil Refineries 88 34 37 
Misc. Stat. Sources 134 640 246 

Total Emissions 793 1144 341 2961 

% change from 1969 -8% -39 % -25 % -64% 
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Thus, while significant reductions of RHC and CO emissions 

are projected for 1977 subject only to existing legislation as of 1973, 

only an 8% decrease in NO emissions is expected. 
X 

5. 2. 2 1977 EPA Control Strategy - Phase 1 Emissions Inventory 

Phase I of the 1977 EPA control strategy includes those meas

ures listed in Section 5. I, with the exception of further gasoline 

sales limitations beyond the 1972-73 levels. In this section the pro -

j ected emissions inventory achievable with this plan is pr es ented. 

5. 2. 2. 1 Motor Vehicle Emissions 

Due to the extensive control measures proposed for motor 

vehicles, all aspects of the 1977 baseline motor vehicle emissions 

inventory given in Section 5. 2. 1 must be revised. 

A major difficulty in estimating motor vehicle emissions is 

that retrofit device emission reduction factors have not been reported 

for all types of driving conditions (that is, reductions based on hot -

start, cold-start, and steady cruise tests). For lack of bett er infor -

mation, it is assumed here that reported emission reductions for a 

~~ 

particular device apply to all driving modes. The effectiveness of 

parking limitations and exclusive bus/ carpool lanes on reducing VMT 

is also largely unknown. Thus, the emission reductions estimated 

here are, at best, speculative and subject to revision as better in

formation becomes available. 

The procedure for calculating "average II hot -start, cold-start, 

and steady cruise emission rates for use in the present inventory is 

:,!c 
' This assumption is obviously questionable for those devices that 
employ catalysts because of the temperature dependence of the 
catalyst efficiency. 
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the same as that given in Appendix A. However, the emission rates 

of certain vehicle classes will be different than the 1977 baseline 

case due to the required installation of retrofit devices. For those 

motor vehicles affected, the uncontrolled emission rates in Appendix 

A must be reduced by the combined effectiveness of the VSAD, the 

oxidizing catalyst, and the inspection/maintenance programs. Each 

of these programs is now discussed. 

VSAD Retrofit 

On October 30, 1973 the State of California ARB voted to im

plement the VSAD retrofit program. The VSAD device is scheduled 

for installation on all 195 7 -65 light -duty vehicles with engines larger 

than 140 cu. in. upon change of ownership and on all 1966 -70 light

duty vehicles. (Since foreign automobiles and trucks tend to have 

small engines, it is assumed that all 1957-65 foreign light-duty 

vehicles have engines smaller than 140 cu. in.) The percentage 

emission reductions employed in this study are summarized in Table 

5. 10. Assuming that 80% of the 1957-65 vehicles will have changed 

ownership by 1977 (EPA, 1973a), the overall percentage reduction 

in emissions from 1957-65 domestic vehicles is obtained by multi

plying the approximate values in Table 5. 10 by 0. 8. 

9xidizing Catalyst Retrofit 

To reduce HC and CO emissions, the installation of oxidizing 

catalyst retrofit devices will be required on those 1966- 74 light-duty 

vehicles capable of running on lead free gasoline. Holmes et al. 

(1973) have estimated that 20% of the pre-1971 and 75% of the 1971-74 
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Table 5. 10 

Percentage VSAD Emission Reductions 

for Domestic and Fore=lgn Light-Duty Vehicles 

Model Year HC co NO 
X 

Dom. For. Dom. For. Dom. For . 

25t 0 9t 0 23t 0 1957-65 

1966-70 23 * ** 3 6 
~c ~c:* 44* 3 42 

* Source: Lees et al. (1972) 

t Source: Horowitz (1973b ); emission reductions also subject to 
change of ownership factor (see text) . 

** Source: State of California ARB (1973) 

*~c: 

model year vehicles will be eligible for these devices. HC and CO 

reductions average 50%, while NO emissions are unaffected (TRW, 
X 

1973). 

Mandator_y Inspection/Mainte~ 

In an effort to reduce emissions from pre -197 s-vehicles 

caused by mechanical malfunctioning and to insure that the sophisti 

cated post-1974 emission control systems are operating properly, 

a mandatory inspection/maintenance program is proposed for the 

Basin. Although the exact nature of the inspection has not yet been 

specified, it will probably be similar to either the idle or key mode 

tests (Horowitz, 1973a). In tests comprised of subjecting a fleet of 

vehicles to mandatory inspection/maintenance procedures, it was 

found that HC, CO, and NO emissions were reduced by 12%, 10%, 
X 

and 0%, respectively (TRW, 1973). 
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Motorc_ycle Registration Limitation and OEeratio~ 

Hydrocarbon em.is sions from motorcycles, especially two -

stroke motor cycles (16 grams/mi; EPA, 1973b) are greater 

than those from post-1970 light-duty automobiles and trucks. In 

order to discourage a significant shift to motorcycles upon institution 

of gasoline sales limitations, EPA has proposed to limit the total 

number of motorcycles in the Basin to the total number registered 

in 1973. On the basis of past vehicle growth data, this limitation 

can be expected to reduce the total number of motorcycles by about 

96/o from that which would otherwise have been present in 1977. In 

addition, it is proposed that operation of two -stroke motorcycles 

not be allowed between the hours of 6 A. M. and 8 P. M. from May 

to October. Thus, two-stroke motorcycles were assumed to be in

operative during the 5 A. M. to 3 P. M. PST simulation performed 

in this study. 

Exel us i ve Bus/ Car£ool Lanes 

To dis courage use of low occupancy motor vehicles during 

peak traffic hours, one lane on all three-lane freeways and two lanes 

on all four -lane freeways would be reserved for exclusive use of 

bus es and carpools (vehicles containing three or more persons) be

tween the hours of 6:30 A. M. and 9:30 A. M. , and 3:30 P. M. and 

6 :30 P. M. In addition, one lane on all three-lane surface streets 

will also be reserved for buses and carpools during these hours. 
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* Assessing the impact of bus/carpool lanes is difficult. 

The following assumptions have been employed in this study 

to estimate the VMT reduction associated with exclusive bus/carpool 

lanes. First, the VMT associated with freeway traffic travelling in 

the 1Islow I1 direction is assumed to be reduced by 20% during the hours 

6:30 A. M. to 9:30 A. M. and 3:30 P. M. to 6:30 P. M. This percentage 

reduction could be accomplished if 1) one -third of the people travelling 

in the slow direction form carpools, or 2) 15% of the people originally 

travelling in the slow direction take buses and 10 6/o form carpoolso 

Case 1) simply states that everyone travelling in one lane of a three -

lane freeway forms a carpoo1. The traffic congestion in the two 

regular lanes would be no greater than that which would normally 

occuro Congestion in the exclusive lane would be less than usual, 

resulting in faster driving speeds. Since freeway driving speeds 

in the 11£ast II direction are generally high (see Appendix C), the ex

clusive lanes are assumed to have no effect on the VMT associated 

with freeway travel in the 1Ifast 11 direction. 

The formation of exclusive lanes on surface streets is assume d 

to have a negligible effect on surface street VMT o However, surface 

street VMT would be reduced to some extent by those people causing 

* With freeways already congested, removal of one or two available 
freeway lanes would stimulate an increase in carpooling and public 
transit usageo Wo r k schedules could be revised to spread the traffic 
volume over a larger time interval. The ceiling on gasoline sales 
(to be discussed subsequently) is estimated to reduce VMT by 15%0 
Those persons that can reduce their individual daily VMT 156/o by 
carpooling or using public transportation will not be forced to reduce 
the VMT associated with other activities. Thus, the limited supply 
of gasoline may also encourage carpooling and transit use. 
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the as sw:ned 20 o/o VMT reduction on freeways cited above. The 

estimated VMT reduction on surface streets between 6:30 A. M. and 

9:30 A. M. is 10 o/o. This reduction was calculated by first computing 

total freeway VMT reduced during this time period. For an average 

home to work trip, the ratio of surface street miles to freeway miles 

is 1. 75 (TRW, 1973). If no VMT were required to form the carpools 

or get people to the buses, then the total surface street VMT savings 

would be computed by multiplying the number of freeway miles not 

driven by 1. 75. To account for some VMT due to carpool formation, 

the surface street mileage reduction calculated above is multiplied 

by 0. 75. This savings in surface street VMT is found to be 10 o/o of 

the original 6~30 A. M. to 9 :30 A. M. mileage. 

_Regulation of Off-Street Parkin_g 

To further encourage carpooling and transit ridership, EPA 

has proposed to reduce existing publicly owned ot"f-street parking 

spaces by 20 o/o. In addition, anyone wishing to construct new or 

additional parking facilities must show that such construction will 

not cause a large VMT increase and subsequent violation of air 

quality standards. Sine e the 20 o/o reduction cited above does not 

apply to private parking facilities, the Basinwide parking reduction 

will be less than 20 o/o. It is assumed in this study that the regulation 

of off-street parking will cause no additional reductions in VMT; that 

is, this strategy will only strengthen the plausibility of the VMT 

reductions associated with exclusive bus/carpool lanes and gasoline 

sales limitations. 
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~oline Sales Limitation at 1972-73 Leve~. 

The most effective means for reducing the Basinwide VMT 

is the limitation of gasoline sales. For Phase I of the EPA strategy, 

annual gasoline sales will not be allowed to exceed the total amount 

sold between July 1, 1972 and June 30, 1973. To compute the per

centage reduction in VMT, note that gasoline consumption is in

creasing by 4. 5 o/o each year and that the projected total Basinwide 

VMT increase is 17 o/o between 1969 and 1977. Assuming that the 

total VMT is proportional to gasoline consumption, the result of 

the gasoline sales limitation will be to reduce VMT by 15 o/o. 

Due to the 11essential" nature of home to work trips that take 

place between 6 :30 A. M. and 9 :3 0 A. M., it is assumed that the only 

VMT reduction during this three hour period is caused by the imple

mentation of exclusive bus/carpool lanes. After treating the 

"essential" work to home trips during the evening in an analogous 

manner, the remaining Basinwide VMT must be reduced by 17. 5 o/o 

in order to obtain an overall 15 o/o daily VMT reduction. 

The contributions from gasoline and dies el powered vehicles 

to the "average" hot and cold-start emission factors are given in 

Table 5. 11. Diesel vehicle emissions are calculated by multiplying 

the factors in Table 5.11 by the 1977 baseline surface mileage in 

each grid square; gasoline vehicle emissions are c ale ulated by m ul

tiplying the factors in Table 5. 11 by the adjusted 1977 baseline 

mileages (i.e., modified to reflect the percentage VMT reductions 

from the exclusive lane and gasoline sales limitation strategies). 

This treatment insures that diesel emissions will not be affected by 
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strategies aimed at reducing VMT associated with gasoline powered 

vehicles. 

Table5 . ll 

Hot and Cold-Start Emission Factors Estimated for the 

1977 EPA Phase I Strategy (grams/mile) 

HC co NOx (as N0 2 ) 

Gas Diesel Gas Diesel Gas Diesel 
Cold-Start 2.09 • 03 25.4 . 2 1. 95 . 35 

Hot-Start 1. 39 • 03 16. 1 . 2 1. 96 . 35 

The figures given in this Table are the relative contributions from 
gasoline and diesel powered vehicles to the "average" moto r vehicle 
emission rate obtained from equation (A. 1) in Appendix A. 

Freeway emissions are treated analogously; the emissions/driving 

speed correlation parameters for both gasoline and diesel vehicles 

are summarized in Table 5. 12. 

Table 5. 12 

Emission/Dr ivi ng Speed Correlation Parameter s Estimated 
,:, 

fo r the 1977 EPA Phase I Strategy 

D r iving Speed a,R, b ,e, 

Pollutant Rang e (mph) Gas Diesel Gas Diese l 

HC 15-30 5 . 206 9 . 823xl0 - 2 -.587 -. 5 53 

HC 30-60 L 821 4 o48 4 x l0 
- 2 

- . 278 - . 3 2 2 

co 15-45 2.205 x l0 
z 

6 . 691 -.980 -1. 266 

co 45-60 L 279 4.645xl0 
-3 

• 37 2 . 6 44 

NO 15-60 -3 -4 
l.523xl0 2.76lxl0 l. 868 1. 855 

X 

* The figures in this Table are for use in calculating the relative 
contributions of gasoline and dies el powered vehicles to the "average" 
freeway emission rates. 
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Daily evaporative losses from motor vehicles are estimated 

as follows. Emissions from the fuel tank are assumed to be un

affected by the control strategies, but carburetor lasses are to be 

reduced by 156/o, corresponding to the Basinwide VMT reduction. 

This is analogous to assuming that the total daily trips, and hence 

carburetor losses, are also reduced by 156/o. The total evaporative 

enrissions are estimated to be 184 tons per day. 

5. 2. 2. 2 Aircraft Emissions 

The EPA control strategy will affect neither the aircraft 

emission factors nor the flight operation data presented in Section 

s.2.1.2. 

5. 2. 2. 3 Fixed Source Emissions 

Although specific control measures for fixed sources were 

not proposed in the June 15, 1973 implementation plan, EPA is cur

rently considering such measures as installation of vapor collection 

and disposal systems and substitution of non-reactive solvents for 

the reactive solvents presently employed by o r ganic solvent userso 

Employing the work of Trijonis (1972) as a gui de, Liu (1973) has 

estimated that implementation of the EPA control strategy will re -

duce RHC and NO emissions from oil refineries by 58 % and 61 %, 
X 

respectively, and that RHC and NO emissions from other fixed 
X 

sources will be reduced by 81 % and 54 6/o, respectively. These percen-

tage reductions are with respect to the 1977 baseline inventory dis -

cussed in Section 5. 2. 1. 3. Power plant emissions will not be 

affected by the EPA strategies. 
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5. 2o 2. 4 Total Inventory Summary 

The total daily emissions from sources in the modeling region 

are listed in Table 5. 13. As an aid in assessing the impact of the 

EPA control plan, the percentage change in emissions, both from the 

1969 and 1977 baseline inventories, are also included in Table 5. 13. 

Table 5. 13 

Total Daily Projected Emissions Resulting from Implementation 

of Phase I of the 

Source 

Motor Vehicles 
Aircraft 
Power Plants 
Oil Refineries 
Misc. Stat. Sources 

Total Emissions 

% Change from the 1977 
Baseline Inventory 

% Change from the 1969 
Inventory 

EPA Control Strategy (tons/ day) 

NO RHC URHC 
X 

314 322 28 
6 26 6 

159 
34 14 
62 115 246 

575 477 311 

-28% -58 % -9% 

-33% -75 % -31 % 

co 

1831 
79 

1910 

5. 2. 3 1977 EPA Control Strategy - Phase II Emiss i ons Inventory 

Phase II of the EPA control strategy consists of further limi

tations on gasoline sales to whatever extent is nee es sary to insure 

that the Federal air quality standards are not violated. Because 

present mass transit facilities in the Basin are quite limited, it is 

doubtful that a VMT reduction greater than 30% could be achieved 

without a significant expansion in mass transit facilitieso However, 

as a means for reducing VMT in the Basin, the gasoline sales 
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limitation strategy would be very effectiveo The following discussion 

indicates those sources which would be affected by this strategy. 

In order to prepare an inventory based on a given percentage 

reduction in gasoline sales, the following changes must be made in 

the Phase I inventory discussed in Section 5. 2. 2. First, the total 

daily VMT must be reduced to that level which is compatible with the 

gasoline supply. Second, evaporative ernis sions from both motor 

vehicles and gasoline marketing sources must also be reduced accord

ingly. Liu (1973) has estimated that 20% of the RHC emissions from 

miscellaneous stationary sources and over 90% of the RHC and NO 
X 

ernis sions from oil refineries are proportional to gasoline sales. 

After evaluating Phase I of the EPA control strategy (to be 

discussed in Section 5. 4), it was decided that simulations employing 

additional gasoline sales limitations would not be undertaken in this 

studyo Thus, the discussion given in this section is included primar -

ily for completeness, and may serve as a basis for preparing a 

Phase II emissions inventory in future simulation studies. 

So 3 Meteorological and Chemical Input Parameters for the 1977 

Simulations 

As mentioned previously, the simulations to be performed fo r 

the 1977 emission levels are to be based on a day with the meteorology 

of September 29, 1969. Thus, wind speed and direction, mixing 

depth, turbulent diffusivity, and solar radiation intensity inputs are 

identical to those used in the model evaluation studies for this day. 

The remaining inputs to be specified are reaction rate constants and 
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initial and boundary concentrations. 

The only reaction rate constants possibly requiring revision 

are those associated with reactive hydrocarbons, particularly if 

changes occur in the types of hydrocarbons emitted from sources. 

Unfortunately, detailed information with regard to the hydrocarbon 

composition of new and future automobile, aircraft, or fixed source 

emissions has not been reported. Thus, it will be assumed for this 

study that the relative amounts of each reactive hydrocarbon species 

are unchanged from those found in measurements taken on September 

29, 1969, and therefore that all rate constants and stoichiometric 

coefficients for reactions involving RHC are the same as those used 

in the 1969 evaluation studies. 

The initial and boundary concentrations employed for the 1977 

simulation were obtained by modifying those used in the September 29, 

1969 validation. Since CO and URHC are essentially inert, it is 

assumed that initial and boundary concentrations of these two species 

are reduced from the 1969 values in di re ct proportion t o the reductio n 

in total emissions of CO and URHC in 1977 . Lacking bett er guidelin es, 

it is also assumed that RHC and t otal NOx (i.e ., NO + N0
2

) concen 

trations appearing in the initial and boundary conditions are reduced 

fr om t heir 196 9 values in proportion to the 1977 emission reductions. 

The key problem is estimating t he rat io of the concentrations of NO 

to N02 and the ozone concentration in the initial and boundary condi

tions for the 1977 studies. 

Since the initial and boundary NO /N0
2 

ratio and ozone concen

tration prove to have an important effect on predicted concentrations 
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throughout the day, two cases were studied that reflect the limits 

that these concentrations might be expected to obey. Recall that 

ozone initial and boundary concentrations have been calculated from 

the ozone steady state relationship (see Chapter 4), so that, if this 

relationship is assumed to hold, specifying the ratio of N0 2 to NO 

fixes the ozone concentration. 

Case 1. The first method of calculation is based on the assumption 

that NO and N0
2 

concentrations at sunrise and at the boundaries of 

the airshed will be reduced from the 1969 values in direct proportion 

to the reduction in total NO emissions in the Basin, i.e., 
X 

( 5. I ) 

( 5. 2) 

where the subscripts 69 and 77 refer to the initial or boundary concen

trations in 1969 and 1977, and ¢NO is the ratio of the total daily NOx 
X 

emissions in 1977 to those in 1969. Recall that if a steady-state 

relationship is assume d to exist among NO, N0
2

, and O 
3

, the ozone 

* concentration may be approximately computed from 

[03] = ss 

k
1 

[N0
2

] 

k
3 

[NO] 
( 5 . 3) 

From equations (5. I) and (5. 2), it is seen that the ratio of [}Jo
2

J to 

[NO] does not change from I 969 to 1977 in this case, and consequently 

that the initial and boundary ozone concentrations will be virtually 

:>le 
In the exact expression there is a small dependence of [0

3
] on 

[RHC ]. ss 
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unchanged from 1969 to 1977 (except for the small dependence of 

[0
3

]
88 

on [RHC]). Thus, this method of calculation does not lead 

to lower ozone concentrations at sunrise or outside the airshed in 

1977 in spite of the reductions in NO and RHC emissions. This 
X 

method of calculation pr?vides an upper limit on the estimated initial 

and boundary ozone concentrations in 1977. 

Case 2. The second approach for specifying the NO, N02, and o
3 

initial and boundary conditions is suggested by the rollback concept, 

in which ozone concentrations are assumed to be proportional to RHC 

emissions. If the total NO concentrations, either initially or at the 
X 

boundary, are assumed to be proportional to NO emissions, then 
X 

the following two expressions may be written for [NO J 
77 

and [N0
2 

]
77 

(again assuming that ozone obeys the steady-state relation): 

[NOJ77 + [N02]77 
= ¢NO 

[N0]69 + [N02]69 X 

[NOz J 77 / [NO J 7 7 

[N02]69/[N0]69 
= ¢RHC 

where ¢RHC is the fractional reduction in RHC emissions in 1977 

from 1969. 

(5. 4) 

(5. 5 ) 

Typical NO, N0 2, and o
3 

concentrations predicted in Cases 1 

and 2 are presented in Table 5. 14. Case 1 predicts a ratio of [ N0
2 

J 

to [NO J four times as large as Case 2, and consequently an ozone 

concentration four times as large as Case 2. Clearly, the initial 

and boundary concentrations that will occur in 1977 are the result of 

very complex proce sses, such as the previous day's conditions and 
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the meteorology at night. These t\10 simple methods of estimation 

certainly do not take these factors into account. It is to be stressed 

that the basic object of these two cases is to illustrate the range of 

values that can be obtained using "reasonable" assumptions. In both 

cases the weakest point is the reliance on the steady-state relationship 

for calculating ozone concentrations. The O 
3 

concentration depends 

directly on the light intensity through the rate constant for N0
2 

photol

ysis, k
1

. At sunrise k
1 

is changing rapidly (recall Figure 4. 8) and 

the choice of the proper value of k
1 

to use in equation (5. 3) is diffi

cult even assuming the relation is v=:1.lid. In the next section sin1ulation 

results will be presented corresponding to both Cases 1 and 2. These 

simulations indicate the level of sensitivity of the computed concentra

tions to the initial and boundary conditions. 

Table 5. 14 

Typical NO, N0
2

, and o
3 

Concentrations (ppm) Predicted Along 

the Palos Verdes Coastline at 12 A. M. by Cases 1 and 2 

Case 1 

Case 2 

0. 0034 

0.0097 

0.0207 

0. 0146 

6. 0 

1. 5 

0. 1228 

0. 0304 

Note: Concentrations in this Table were derived for the 1977 EPA 

Phase I inventory. From Table 5. 13, 

¢RHC = 0. 25 

¢NO = 0.69 
X 

Values for the rate constants used were: 

k
1 

= 0. 44 min -l 
-1 -1 

k
3 

= 21. 8 ppm min 
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5. 4 Simulation of the 1977 Baseline and EPA-Phase I Cases 

Combining the various meteorological, emissions, and chem

ical inputs described in the previous sections, simulations were 

carried out for the 5 A. M. - 3 P. M. PST period for each of the two 

emission inventories discussed in Sections 5. 2. 1 and 5. 2. 2 and for 

each of the two cases of initial and boundary concentrations. Com

puter -generated plots of predicted hourly-averaged CO concentrations 

at Reseda and Downtown Los Angeles are presented in Figure 5. 5. 

On Figure 5. 5 and subsequent plots the letters A, B, and C designate 

predictions employing the 1969, 1977 baseline, and 1977 EPA-Phase I 

emissions inventories, respectively. Predictions of NO, NO
2

, and 

0 
3 

concentrations are given in Figures 5. 6 a - 5. 1 Ob. In each set, 

the figures labeled 11a 11 and 11 b 11 denote the use of Cases 1 and 2, re

spectively, for the initial/boundary condition computation. Predicted 

hourly-averaged ground-level concentration maps for o
3 

and NO
2 

are 

shown in Figures 5. 11 - 5. 16b; the use of the letters 11a 11 and "b" is 

the same as in Figures 5. 6a-5. 10b. The emission inventory ass.o

ciated with each map is given in Table 5. 15. 

Table 5. 15 

Emission Inventories Associated with Figures 5. 11 - 5. 16b 

Figure Number 

5. 11 

5. 12a-b 

5. 13a-b 

5. 14 

5. 15a-b 

5. 16a-b 

Emission Inventory 

1969 

1977 Baseline 

1977 EPA-Phase I 

1969 

1977 Baseline 

1977 EPA-Phase I 
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Fir st, it is of interest to examine the magnitude of any dis -

crepancy that may exist between concentrations predicted by the 

mathematical model and those predicted by the simple rollback 

methodology. For example, the maximum hourly-averaged CO 

concentration predicted in 1969 was 1 7 ppm. From Table 5. 9, CO 

emissions for the 1977 baseline inventory are only 36% of the 1969 

emissions. Therefore, assuming the maximum CO prediction in 

1969 to be reduced by 64%, the rollback estimate for the maximum 

1977 baseline CO concentration is 6 ppm. Maximum hourly-averaged 

ground-level CO, N02, and o
3 

concentrations predicted over the 

region are presented in Table 5. 16 together with those predicted by 

reducing the 1969 levels by the percentage reduction in emissions of 

CO, NO , and RHC, respectively. Because CO is essentially inert, 
X 

good agreement between the model and rollback predictions is to be 

expected. For the reactive species, N0
2 

and o
3

, however, the con

centrations predicted on the basis of sirnple rollback are gene rally 

higher than those predicted by the air shed model. 

Although the N0 2 predictions for the 1977 baseline inventory 

are in close agreement with those calculated on the basis of rollback, 

the same statement is not applicable to the N0
2 

results for the 1977 

EPA-Phase I strategy; predictions from the airshed model are about 

one -half of those obtained from rollback. These results indicate the 

importance of considering the impact of RHC emission reductions on 

N02 concentrations. As RHC em.is sions are reduced, the time re -

quired for the oxidation of NO to N0
2 

increases, thus retarding the 

photochemical processes. 
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Table 5. 16 

Comparison of the Maximum Hourly-Averaged Ground-Level 

CO, N0
2

, and o
3 

Concentrations Predicted by Rollback 

* 

co 
Max. Cone. 

(PPM) 
% Reduction 

from 1969 

N0
2 

Max. Cone. 
(PPM) 

% Reduction 
from 1969 

03 

Max. Cone. 
(PPM) 

% Reduction 
from 1969 

1969 
AM 

17 

• 38 

. 54 

and the Airshed Model 

1977 Baseline 1977 EPA-Phase I 
Rb AMl AM2 Rb AMl AM2 

6 

65% 

. 35 

8% 

. 33 

6 

65% 

. 36 

5% 

. 1 9 

4 

. 35 . 25 

.16 .14 

70% 74% 

4 

76% 

. 15 

60% 

. 14 

4 

76% 

. 09 

.04 

Results under the Rb column are based on the rollback assumptions; 
results under the AMI and AMZ columns are based on predictions 
from the airshed model using the first and second NOx IC/BC 
algorithms, respectively, discussed in Section 5. 3. The percentage 
reductions for rollback entries may vary slightly from the corre -
sponding reductions in emissions as a result of round-off errors in 
the maximum concentration calculations. 

With the exception of the EPA-Phase I inventory using the 

Case 1 IC/BC algorithm, the o
3 

p;~edictions from the airshed model 

are in most cases considerably low~r than the corresp::mding roll

back predictions. The agreement in that one case is coincidental 

since the maximwn o
3 

concentration of 0. 14 ppm occurred adjacent 

to the boundary near the coast and is a direct res ult of the boundary 
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condition used. In fact, Figures 5.11, 5. 12a and 5. 13a reveal that 

o
3 

concentrations near the coast are relatively independent of the 

emission inventory, a result of the use of the Case 1 IC/BC algor

ithm. The extent to which this result is an accurate reflection of the 

1977 situation would, of course, depend on overnight and background 

conditions, effects which have not been accounted for here. 

Based on the results presented in Table 5. 16, the rollback 

method seems to provide a conservative estimate of the percentage 

reduction of the maximum NO
2 

and o
3 

concentrations in the airshed, 

at least for two projected emission inventories in which RHC emis

sions are subject to more control than NO emissions. If these re-
x 

sults are accurate, control measures adopted from rollback calcula-

tions may be unnecessarily stringent. To reduce the maximum o
3 

concentration of . 54 ppm in 1969 to . 08 ppm in 197 7 using roll back~ 

an 85i reduction in the 1969 RHC emissions would be required 

(100%- . 08/. 54 x 100%). From the inventory summaries given in 

Tables 5. 9 and 5. 13, t his required reduction_ in emissions may be 

accomplished by employing the EPA-Phase I strategy with an addi

tional 75% reduction in RHC emissions from motor vehicles. If 

fuel tank evaporative emissions are assUined to be unaffected by 

limitations on gasoline sales, then an 88% reduction in gasoline sales 

will be required to reduce motor vehicle RHC emissions by 756/o 

(i.e., an 88% reduction in the amount of gasoline allowable for sale 

under the EPA-Phase I control strategy in 1977). Thus, the 1977 

baseline VMT must be reduced by 906/o (i.e., 100% - (1-. 88)(1-. 15) 

x 1006/o). Of course, a smaller VMT reduction would be required if 
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further controls were imposed on aircraft and fixed source RHC 

emissions. 

In contrast to this result, note from Table 5. 16 that the 

maximum 0 3 concentrations predicted for the EPA-Phase I strategy 

model ranged between . 04 and . 14 ppm, depending on the algorithm 

used to compute the NO initial and boundary concentrations. Upon 
X 

examination of the spatial distribution of ground-level o
3 

concentra-

tions for the 1977 EPA-Phase I strategy given in Figures 5. 13a and 

5. 13b, it will be noted that all o
3 

concentrations except those 

adjacent to the coast in Figure 5. 13a, are within the Federal stand

ards (0., 08 ppm). If the true behavior of the airshed lies somewhere 

between the two sets of results presented in Figures 5. 13a and 5. 13b, 

then implementation of the EPA-Phase I plan may be sufficient to 

bring o
3 

concentrations in the Basin into compliance with the Federal 

standards o 

A complete listing of current California and Federal air qual

ity standards for CO, NMHC (non-methane hydrocarbon), N0
2

, and 

0
3 

are given in Table 5. l 7. In addition, the maximum predicted 

ground-level concentrations, averaged over the appropriate time 

intervals, for each simulation performed in this study are also in

cluded in Table 5. 17. These results indicate that at least one of the 

standards for each pollutant was violated in 1969. For the 1977 base

line inventory, CO is the only pollutant predicted to meet the standards. 

All predictions from the 1977 EPA-Phase I control strategy simulations 

fall below the standards, with the possible exception of the annual N0
2 

concentration and the hourly o
3 

concentration. 
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It must be emphasized that the evaluation of the EPA-Phase I 

strategy given above is based on the assumption that the airshed 

model developed in this report accurately represents the emissions, 

transport, and chemical reaction processes that take place in the 

atmosphereo Although it is clear that in principle the use of such a 

model is preferred to that of simple rollback calculations, the re

sults presented here must be considered a preliminary evaluation 

of the EPA-Phase I control plan and will be subject to revision as 

improvements are made in the model. 

5. 5 Conclusions 

This chapter has been devoted to an illustration of the potential 

use of the mathematical model developed and evaluated in Chapters 

1-4 through a study of the 1977 EPA implementation plan for Los 

Angeles. In addition, the treatment of and sources of uncertainty 

in the model inputs and the assessment of the proportional rollback 

methodology currently used to relate emission reductions to air 

quality improvements were considered. 

The major sources of uncertainty in performing a simulation 

of future emission levels were identified as: 

1. Uncertainties in emissions 

a. Future vehicle emission rates 

b. Effectiveness of retrofit control devices 

c. Composition of hydrocarbon emissions 

d. Number and distribution of vehicles in the Basin 

e. Impact of exclusive bus/carpool lanes and parking 

limitations 
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L Quantity of fixed source emissions 

2. Uncertainties in initial and boundary concentrations. 

As control strategies are implemented and the effects on 

emissions observed., projected emissions may be more precisely 

specified. The uncertainties in the specification of initial and 

boundary concentrations can be reduced by choosing the size of the 

region modeled large enough so that on~y background concentrations 

may be needed. The influence of initial conditions may be diminished 

by performing multi-day simulations. 

A preliminary evaluation of the 1977 EPA implementation plan 

has been made. Based on a limited number of simulation results., it 

appears that pollutant concentrations in the Los Angeles Basin in 

1977 may be reduced sufficiently to meet the California and Federal 

air quality standards for CO., hydrocarbons., N0
2 

and o
3 

if the basic 

EPA control strategy is adopted (i.e. all measured proposed by 

EPA except further gasoline sales limitations beyond the 1972-73 

limit). It must be emphasized, however., that because of uncertain

ties in emission predictions., the adequacy of the kinetic mechanism, 

and the overall validity of the airshed model., any statements made at 

this time as to the future air quality in the Los Angeles Basin must 

be regarded as speculative. Further evaluation of the airshed model 

is required before it can be systematically used in control policy 

dee is ion-making. 
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Figure 5. 5 
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Figure 5. 6a 
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Figure 5. 6b 
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Figure 5. 7a 
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Figure 5. 7b 
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Figure 5. 8a 
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Figure 5. 8b 
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Figure 5. 9a 
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Figure 5. 9b 
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Figure 5. 10a 
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CHAPTER 6 

RECOMMENDATIONS FOR FUTURE STUDIES 

In the previous five chapters, a detailed discussion has been 

presented describing the basic components of the photochemical 

airshed model developed in this study. The model was evaluated by 

first simulating a ten-hour period on each of six days in 1969 and 

then comparing the model predictions with actual measurements of 

pollutant concentrations. To illustrate the utility of the model, the 

1977 EPA control strategy proposed for the Los Angeles Basin was 

exarrrined using the model in order to ascertain the plan's impact on 

air quality. Throughout the discussion of the development, evalua

tion, and application of the model, reference has been made to the 

fact that improvements in several aspects of the model and its usage 

are needed. In this chapter a number of recommendations are made 

for future research and development efforts which should both im- · 

prove the performance and extend the capabilities of the model. 

The recommendations to be made will focus on the treatment 

of meteorological variables, atmospheric chemistry, pollutant emis -

sions, numerical analysis, model validation, and model applications. 

Suggestions aimed at improving the treatment of meteorological 

variables are considered first. 

Treatment of Meteorological Variables 

As mentioned in Chapter 1, the preparation of meteorological 

inputs, including wind speeds and directions and mixing depths, is a 

very time-consuming task, especially if the inputs are specified 
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manually as they were in this study. There is a clear need for the 

implementation of an automated input routine to facilitate the speci

fication of the meteorological variables at each grid point. The 

routine should accept the available measurements as inputs, and 

through use of an interpolation procedure, calculate the required 

meteorological parameters. In a study carried out by Liu et al. 

(1973), automated input routines such as those envisioned above have 

been developed and applied to the calculation of wind speed and direc

tion and mixing depth in the Los Angeles air shed. Although wind 

fields and mixing depths were only calculated for one day in 196 9, 

the results were encouraging. It is thus recommended that the pro

cedures employed by Liu et al. (1973) be further developed and vali

dated, as needed, so as to provide a convenient means for inputting 

the necessary meteorological parameters into the airshed model. 

Another meteorological parameter in need of further 

study is the turbulent diffusivity. Note from Chapter 1 that the 

"plateau" value of the vertical diffusivity is considered only t o 

be a function of wind speed. Employing measured diffusivity 

data reported by Hosler (1969), Eschenroeder et al. {1972) have 

found that the vertical diffusivity does not correlate well with wind 

speed alone. They did find, however, that a reasonable corre-

lation could be achieved between the diffusivity and the vertical 

temperature gradient. Thus, it is recommended that the treat

ment of the diffusivity be reformulated to reflect its dependence 

on the stability of the atmosphere. Ragland (1973) has recently 
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given several expressions for the height dependence of the vertical 

diffus:ivity in the surface layer. Further work will be required, how

ever, to correctly specify the vertical diffusivity in the remaining 

portion of the planetary boundary layer. While considerable study of 

the vertical diffusivity has been reported, very few guidelines exist 

for the estimation of the horizontal diffusivity. The development of 

an algorithm for the computation of the horizontal diffusivity is needed 

for inclusion in both the airshed and microscale models. 

The Chemical Kinetics Mechanism 

One of the most important components of a photochemical air -

shed model is an accurate, yet concise, kinetic mechanism describing 

the chemical reactions that take place in the urban atmosphere. One 

of the shortcomings of the mechanism described in Chapter 1 is the 

use of generalized stoichiometric coefficients which are determined 

by trial and error computations involving the use of the mechanism 

to simulate smog chamber experiments. Hecht and Seinfeld (1973) 

have recently proposed a mechanism which averts the use of general 

ized coefficients through the introduction of lumped hydrocarbon 

species. For example, a hydrocarbon mixture would be segmented 

into four lumped species - - olefins, aromatics, paraffins, and alde -

hydes. While such a treatment of the hydrocarbon mixture may be 

desirable from a chemical viewpoint, it does introduce several 

problems as far as actual implementation in an air shed model is 

concerned. First, additional hydrocarbon species must be followed 

in the air shed model, increasing computation times. Second, de -

tailed hydrocarbon measurements will be needed to specify both 
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initial and boundary concentrations for each hydrocarbon class, and 

in addition, emission rates must also be estimated for each lumped 

species. While practical considerations may limit the desirability 

of including this new mechanism in the air shed model at the present 

time., the mechanism should be made as concise as possible and 

thoroughly validated., especially for hydrocarbon mixtures similar 

to those found in the urban atmosphere., so that it may be included in 

the airshed model at a future time when the appropriate measurements 

and faster computing machines and algorithms become available. 

Another aspect of the chemical mechanism worthy of further 

study is the temperature dependence of the reaction rate constants. 

In this report, the rate constants were assumed to be invariant with 

changes in temperature throughout the day. In the Los Angeles 

airshed., for example., the temperature at points near the coast may 

be substantially different from that at points in the inland valleys 

during the day. To ascertain the importance of temperature effects, 

a series of smog chamber experiments could be performed in which 

the temperature is allowed to vary from, say, 60° to 100° F (the 

temperature in any given experiment would be held constant). If 

temperature effects were found to be important, then the appropriate 

steps could be taken to determine the temperature dependence of the 

reaction rate constants in the mechanism. 

Pollutant Emissions 

The key needs for improved estimation of pollutant emissions 

are I) the determination of representative driving cycles for each 

type of motor vehicle., 2) information with regard to the spatial and 
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temporal distribution of fixed source emissions, and 3) detailed data 

on the types and amounts of hydrocarbons emitted from each source. 

The primary importance of examining the driving characteristics of 

motorists in a particular urban area is to assess whether or not 

emission estimates obtained from vehicJ.es tested using the California 

or Federal Driving Cycles will accurately reflect motor vehicle 

emissions. If driving patterns in a particular area are found to 

differ substantially from the CDC or the FDC, then emissions from 

a representative sample of the vehicle population should be measured 

using the appropriate driving conditions. 

While the determination of the spatial and temporal distribution 

of fixed source emissions is basically a straightforward process, 

efforts to compile such an inventory for Los Angeles were hampered 

by the fact that the appropriate data were not available. However, 

the Los Angeles County APCD (1973) has recently released a detailed 

listing of major fixed sources in the county, including estimates of 

daily hydrocarbon, NO and CO emissions. This information and 
X 

future data to be made available by the APCD will make it feasible 

to compile a more reliable fixed source inventory for Los Angeles. 

Finally, more detailed data are needed with regard to the 

types and quantities of hydrocarbons emitted from each source, 

especially for the reactive hydrocarbons. This information is neces -

sary to properly calculate the reactive/unreactive hydrocarbon split. 

In addition, recent studies in the developrnent of mechanisms to 

represent the chemical reactions that take place in the atmosphere 

indicate that several types of reactive hydrocarbons may have to be 



-30 5 .. 

followed in order to adequately simulate the photochemical processes. 

As mentioned in the previous section, one such mechanism would 

require detailed emission estimates for paraffins, olefins, aromatics, 

and aldehydes. 

Numerical Methods 

In view of the fact that the present ratio of simulated to real 

time for photochemical simulations (on an IBM 370/155) is only 8:1 

and., in addition, given the possible need to expand the number of 

chemical species to be followed, an improved numerical integration 

method will be required which is significantly faster than that em

ployed in this study, especially if the model is to enjoy widespread 

usage in evaluating either emission control strategies or regional 

planning decisions. Another important aspect of the numerical inte -

gration procedure is the accuracy of the method. As the parameters 

in the model are known more accurately, it will be important to have 

available numerical methods whose accuracy is such that the error 

in the predicted results is largely due to the errors inherent in t he 

model parameters rather than those attributable to numerical in

accuracies. 

Motivated by the desire to find faster and more accurate alter -

natives to the conventionally employed finite -difference methods, 

several investigators have either developed new techniques or ex.:. 

tended existing methods which are potentially suitable for inclusion 

in an airshed model (a list of references is given in Chapter 3). In 

particular, initial studies of the particle-in-cell, finite element, and 

Galerkin-type methods have given an indication that simulations 
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employing these techniques may provi,Je more accurate numerical 

results in less computer time than those using finite-difference 

methods. However, only the particle-in-cell technique has been 

completely adapted for use in three -dimensional photochemical 

calculations. Thus, it is recommended that each method cited in 

Chapter 3 be thoroughly evaluated with regard to its suitability for 

solving the governing equations of the model. Then a set of com

parative tests should be performed to determine the accuracy and 

computational speed of each method. 

Model Evaluation 

While photochemical simulations were carried out in this 

study for six days in 1969, there is a need to perform further vali

dation simulations. At present it is difficult to ascertain which param

eters in the model are responsible for the discrepancies between 

prediction and measurement, especially when many of the param

eters can only be specified with limited accuracy. Thus, to properly 

assess the validity of the model, a comprehensive set of emissions, 

meteorological, and air quality measurements are needed with which 

to test the model. 

Until a reasonable set of data becomes available, sensitivity 

studies should be performed to determine the extent to which each 

parameter affects the predicted results. For example, it would be 

of interest to vary each of the emissions, meteorological, and chem

ical parameters in the model within their range of uncertainty. 

Future efforts aimed at improving the model could then be limited to 

those features found to significantly influence the predicted 
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concentrations. In addition, a sensj! ivity analysis may also be used 

to indicate the degree of detail required in each portion of the model. 

For instance, if wind shear effects \ ere found to be important, then 

a more sophisticated treatment of the windfield aloft than that em

ployed in the present study would have to be developed. 

The final recommendation with regard to model evaluation is 

that multiday simulations should be performed. Note that model 

usage has been limited to the simulation of ten-hour daylight periods. 

Multiday runs will, in the immediate future, serve as an aid in the 

identification of possible sources of error in the model. Errors 

incurred in a short term (say, less than 12 hours) simulation will 

not accumulate to the extent they would over a three or four day 

period. As an example, suppose the concentrations of total nitrogen 

oxides were observed to accumulate to much higher values than meas -

ured after a simulation of several days. This might suggest that 

either NO emissions are too high, or that sinks of NO have not 
X X 

been properly accounted for in the model. 

Model Applications 

While the present study has primarily focused on the devel

opment of an airshed model and aside from the fact that further 

efforts must be made to improve the model, the most interesting 

and potentially useful future studies will be those associated with 

the actual application of the model for use in either performing short 

range forecasts of ground level concentrations or evaluating emission 

control strategies ·for various urban areas. In the former application, 
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means will have to be developed to forecast the meteorological in

puts to the model for up to several days in the future. The latter 

application will be very important in both the near and distant future . 

In the near future, there will be a need to examine the control 

strategy implementation plans proposed for several urban areas in 

conjunction with the requirements of the Clean Air Act. In the long 

term, studies can be performed to determine effects of regional 

planning decisions on air quality in future years such 1990 or 2000. 
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APPENDIX A 

THE CALCULATION OF AVERAGE MOTOR VEHICLE EXHAUST 

EMISSION RATES FOR LOS ANGELES IN 1977 

A. 1 Introduction 

Since motor vehicles will contribute significantly to the photo

chemical air pollution problem in the Los Angeles Basin for many 

years, a comprehensive emissions inventory applicable during this 

period must include exhaust emissions from these important sources. 

The two quantities needed to describe the total exhaust emissions 

injected into the air shed are 1) the rate at which each pollutant is 

emitted from the "average II motor vehicle (grams /mile), and 2) the 

number of miles travelled on both surface streets and freeways in e ach 

ground-level grid cell (miles /day). Because driving conditions on 

surface streets and freeways tend to differ, the rate at which pollut -

ants are emitted from a vehicle will depend on the type of roadway 

on which it is operated. Driving on surface streets involves a full 

range of idle, cruise, acceleration, and deceleration operating mode s , 

and thus emissions are be st quantified by measuring the amount of 

pollutants emitted while the vehicle is operated on a "driving cycle, 11 

such as the California or Federal Driving Cycles. On freeways, how

ever, vehicles may be subjected to somewhat more stable operating 

conditions (i.e., the driving speed tends to fluctuate less). Emissions 

may be quantHified in this instance by measuring the rate at which 

pollutants are emitted at several cruising speeds and from this data, 

determining an emissions /driving speed correlation. In this Appen

dix the discussion will focus on the methodology employed to calculate 
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the various emission rates cited above for all types of vehicles to 

be operated in the Los Angeles Basin in 1977. 

To compute hot and cold-start emission rates and the emis -

sions /driving speed correlations for use in the 1969 model validation 

study, several assumptions were made because the appropriate meas -

urements were not available (see Chapter 2). Subsequently, a study 

of light-duty vehicle emissions was sponsored by EPA and carried 

out by Automotive Environmental Systems, Inc. (Fegraus et al., 1973; 

AESi, 1973). In this study, 1000 motor vehicles from six cities, in

cluding Denver, Chicago, Houston, St. Louis, Washington, and Los 

Angeles, were tested for emissions of NOx, CO, CO
2

, and hydro

carbons using the following test procedures: 

1. 1972 Federal Test Procedure (FTP), 

2. 1975 FTP; and 

3. Steady cruise operation at idle, 15, 30, 45, and 60 mph. 

Since only 1957-71 model year vehicles were tested by AESi, other 

means must be developed to estimate emissions from 1972 - 7 7 

vehicles. The assumptions made and algorithms employed will b e 

discussed later in this Appendix. 

Average hot-start, cold-start, or steady cruise emission 

rates may be obtained by averaging the emissions from each type of 

motor vehicle using the following equation 

8 77 
6 µ. L x .. m .. e tij 
i= 1 

1
j=65 lJ lJ 

E = (A. 1) t 8 77 
) ~ µ. 2-~ x .. n:1 .. 

i=l 
1 

j=65 l.J lJ 
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where £, i, and j are indices denoting chemical species, vehicle 

class, and model year, respectively, and 

E £ = average emission rate of species £ (grams /mile) 

µ. = fraction of motor vehicles belonging to class i 
1 

x.. = fraction of class i vehicles manufactured in model 
lJ 

year j 

m.. = annual or daily mileage (miles /year or miles /day) for 
lJ 

class i, model year j vehicles 

e £ij = emission rate of species £ from class i, model year j 

vehicles (grams /mile) 

The eight classes of motor vehicles considered in this study are 

listed in Table A. 1. Vehicles are further grouped according to model 

year, designated by the index j, where j = 65, 66, ... , 77 corresponds 

to pre-1966, 1966, •.. , 1977 model years, respectively. The appro

priate values of e ,, .. to be used in equation (A. 1) are either hot-start, 
x,lJ 

cold-start, or steady cruise emissions, the choice depending on the 

type of average emission factor desired. 

Table A. 1 Motor Vehicle Class Definitions 

Class Type of Vehicle 

1 

2 

3 

4 

5 

6 

7 

8 

light -duty domestic automobiles 

light-duty foreign automobiles 

light-duty domestic trucks 

light -duty foreign trucks 

heavy-duty gasoline trucks 

heavy-duty diesel trucks 

two-stroke motorcycles 

four -stroke motorcycles 
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Since vehicles produced by various manufacturers may exhibit 

different emission rates, the value of en·. for a particular class and 
.x,lJ 

* model year may be determined from the following equation 

Nm 

e n1·J· = 6 Tl· "k e ,, .. k 
)CJ k= 1 lJ .x,lJ 

where k is an index denoting the manufacturer, and 

Nm = number of different manufacturers 

(A. 2) 

Tl· .k = fraction of class i, model year j vehicles produced by 
lJ 

manufacturer k 

e 1,ijk = emission rate of species 1, from the average class i, 

model year j vehicle produced by manufacturer k 

(grams /mile) 

In this study equation (A. 2) is not used directly because re

ported ernis sion rate data are more appropriately interpreted as 

yielding values of e .lij directly. Although values of e £ijk for light 

duty automobiles may be estimated from the AESi (1973) data, these 

estimates may be subject to considerable error since the number of 

vehicles tested was necessarily small. For example, only one 1970 

Buick was tested in Los Angeles; whether or not the emissions from 

this vehicle are representative of all 1970 Bu.icks in the Basin is 

uncertain. The number and type of vehicles selected for testing in 

the AESi study were carefully chosen, however, to reflect the nation

wide distribution of light-duty automobiles in 1971. By averaging the 

* Note that use of equations (A. 1) and (A. 2) assumes that the annual 
(or daily) mileage of a particular class and model year vehicle is 
independent of the manufacturer. 
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test results for a given model year, a reasonable estimate may be 

obtained for the value of en .. for light-duty vehicles. Since the 
x,lJ 

objective of this study is to examine air quality in Los Angeles, only 

the Los Angeles test data are used to estimate the emission rates of 

1957 -71 vehicles. 

The remainder of this Appendix is devoted to a discussion of 

all parameters appearing in equation (A. 1 ). First, the distribution 

of vehicles., both with respect to class and model year, is derived 

in Section A. 2, and in Section A. 3 data pertaining to the annual mileage 

accumulated by each type of vehicle are presented. Section Ao 4 is 

devoted t~ a detailed dis cuss ion of cold-start, hot-start, and steady 

cruise _emission rates for each class of vehicles considered in this 

study. Finally, the average emission rates obtained from equation 

(A . . l) are summarized in Section (A. 5). 

A. 2 Distribution of Vehicles by Class and Model Year 

Two procedures may be employed to determine the class and 

model year vehicle distributions. The first, and most sophisticated, 

involves the use of sales and scrappage models. Basically, the 

number of vehicles sold (or to be sold) in the region of interest is 

predicted by the sales model, while the fraction of vehicles of a 

particular model year still in service in some future year is obtained 

from the scrappage model. A model of this type for trucks and buses 

is discussed by Tingley and Johnson (1973). Unfortunately, no such 

model for the Los Angeles Basin is readily available, and the develop

ment of an appropriate model is beyond the scope of this study. 
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Another approach which may be used involves the determina

tion of the present (or recent) distribution of vehicles in the modeling 

region. This distribution is then assumed to apply in some future year 

of interest. For this methodology to be successful, however, sales 

and scrappage rates must remain at those levels which will cause 

no future change to occur in the given age and class distributions. 

To what extent this criterion will be valid in the Basin is unknown. 

In view of the fact that an alternative method is not available, the 

second scheme discussed above has been adopted for use in this study. 

This methodology has also been used by the State of California ARB 

(Bratton., 1973) and the EPA (EPA, 1973a) for predicting the future 

distribution of motor vehicles. 

The statewide distribution of motor vehicles, by model year, 

for .class 1-6 vehicles on July 1, 1972 was obtained from the State 

of California ARB (Bratton, 1973). Assuming that these data will also 

apply on July 1, 1977, and also assuming that the statewide distribu

tion is applicable in the Los Angeles Basin, values of x .. used in 
lJ 

equation (A. 1) are given in Table A. 2. The age distribution of motor -

cycles is assumed to be uniform since emission data as a function of 

model year are not available .. Thus, x .. = • 0769 (i.e., 1. 0 /13) for 
. lJ 

7 ~ i ~ 8. * 

* A more detailed age distribution for motorcycles, as of 1971, is 
given in the 1972 California Statistical Abstract, published by the 
State of California. 
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Table A. 2 Estimated Distribution of Automobiles and Trucks, 
:>!~ 

by Model Year, on July 1, 1977 

Model Year /Class 

1977 

1 

. 0727 

• 0750 

. 0825 

• 0904 

. 0880 

. 0775 

• 0868 

. 0934 

2 

• 0941 

3 

. 0757 

4 

.1658 

5 and 6 

. 0762 

. 0802 

. 0812 

• 0856 

. 0684 

. 0571 

~~ 

1976 

1975 

1974 

1973 

1972 

1971 

1970 

1969 

1968 

1967 

1966 

pre - 1966 

• 0794 

• 0653 

• 0513 

• 0313 

.1064 

• 1 712 

• 1229 

. 1393 

. 0950 

• 0802 

. 0614 

• 0472 

. 0395 

• 0323 

• 0231 

. 0197 

• 0741 

• 0765 

• 0814 

. 0853 

• 06 75 

. 0553 

.0637 

• 0693 

. 0633 

.,0522 

• 0414 

. 0295 

• 2390 

• 2414 

• 1 725 

. 1086 

. 0591 

• 0539 

• 0390 

• 0268 

. 0228 

• 0213 

• 0112 

. 0123 

. 0653 

. 0642 

. 0688 

. 0623 

. 0529 

. 0425 

. 0309 

. 2288 

The data presented in this Table were derived from the California 
statewide vehicle population on July 1, 1972. Source: State of 
California ARB (Bratton, 1973). 

Having discussed the age distribution for each type of vehicle, 

attention is now focused on the distribution of vehicles by class, that 

is, the values ofµ. in equation (A. 1 ). 1972 vehicle registration sta -
1 

tistics for Los Angeles and Orange Counties have been published by 

the County Supervisors Association of California (1972). However, 

only the total number of automobiles, trucks, and motorcycles are 

reported. Data on the statewide distribution of automobiles and 

trucks were obtained from the State of California ARB (Bratton, 

1973). Thus, the percentage of the total automobile population in the 

Basin of domestic origin is assumed to be equal to the corresponding 
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statewide percentage. The truck population is treated analogously. 

On a statewide basis in 1972, domestic automobiles represented 

81. 02% of the total automobile population, while class 3-6 trucks 

represented 73. 99%, 7. 90%, 13. 72%, and 4. 39%, respectively, of 

the entire truck population. The motorcycle population is assumed 

to be comprised of 38% two-stroke and 62% four-stroke motorcycles 

(EPA, 1973b). Employing the percentages cited and the registration 

statistics for automobiles, trucks, and motorcycles, the distribution 

of vehicles, by class, may be derived. These values ofµ. are as -
1 

sumed to apply on July 1, 1977 and are summarized in Table A. 3. 

Table A. 3 

Estimated Distribution of Vehicles, by Class, on July 1, 1977 

Class 

1 

2 

3 

4 

5 

6 

7 

8 

A. 3 Annual Mileage 

Fraction of the Total 
Vehicle Population 

• 6851 

. 1605 

. 08 76 

. 0093 

. 0162 

.0052 

. 0137 

• 0224 

To properly compute an average emission rate, the emissions 

from each vehicle must be weighted with respect to the annual (or 

daily) mileage it will accumulate. This weighting is important 
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because late model year vehicles may be driven over twice the 

annual mileage as that of older vehicles during a given year. Fur -

ther, heavy-duty vehicles tend to accumulate more mileage than 

light-duty vehicles, and thus their contribution to the average emis -

sion · rate must be weighted accordingly. Annual mileages for auto

mobiles and trucks as a function of vehicle age were _obtained from 

the State of California ARB (Bratton, 1973). These data, adapted for 

use in 1977, are presented in Table A. 4. 

Upon examining the reported annual mileages of heavy-duty 

diesel trucks, it was found that the average vehicle is driven about 

52, 500 miles per year, with new vehicles reported to travel 89, 000 

miles ~nnually. Much of this mileage, however, is probably not due 

to travel in the Basin, but may arise instead from intra and inter -

state freight shipping. In an effort to determine the average number 

of miles driven each year by diesel vehicles within Los Angeles 

County, estimated daily diesel fuel consumption data were obtained 

from the Los Angeles APCD (MacBeth, 1973). It is estimated that 

20, 732 diesel vehicles consumed 185, 000 gallons of fuel per day in 

Los Angeles County in 1972. Assuming that diesel vehicles obtain 

5. I miles per gallon of fuel (EPA, 1973c), the average yearly mileage 

may be computed in the following manner: 

185,000 (gal/day) X 5.1 (miles/day) X 365 (days/year)= lb,b0O miles 
vehicle 20, 732 vehicles 

year 

Thus, all annual mileage data for diesel vehicles obtained from the 

State of California ARB were scaled by the ratio of 16,600 miles/year 

to 52,500 miles/year. The entries for class 6 vehicles in Table A. 4 
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reflect this scaling of the original ARB data. 

Table A. 4 

Estimated Annual Mileage to be Accumulated 

by Motor Vehicles in 1977 (miles /year) * 

Model Year/ Class 1 and 3 2 and 4 5 6 

1977 14, 400 12, 500 19,600 ' 28, 140 

1976 14, 100 12, 500 19, 600 28, 140 

1975 12, 900 11, 600 18, 000 25,800 

1974 11, 400 11, 400 18, 000 25,800 

1973 8, 600 10, 300 14, 000 2 0, 110 

1972 6,800 9,500 14, 00 0 20, 110 

1971 5, 700 8,400 11, 00 0 15, 8 70 

1970 4,800 5,900 11, 000 15, 8 70 

-I 969 4,000 4,000 8,400 12, 140 

1968 3, 600 3, 100 8, 400 12, 140 

l967 3, 500 2,400 4, 300 6, 130 

1966 3, 500 2, 100 4, 300 6, 130 

pre-1966 3, 500 2, 000 4, 300 6, 130 

* Source: State of California ARB (Bratton, 1973). Diesel mileages 
scaled from the original ARB data (see text). 

A. 4 Exhaust Emissions 

This section is devoted to a discussion of the methodology 

employed to estimate values of en·. for use in equation (A. 1 ). An 
..tilJ 

attempt has -been made to base all estimates on actual measurements 

whenever possible, but unfortunately, several emission rates must 

be determined from computations based on assumptions whose validity 

cannot be completely verified. The difficulties to be encountered 

in estimating emissions from vehicles which have yet to be produced 

are obvious. Very little data are available which may be used to 
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establish the speed/emissions correlation for either past, present, 

or future heavy-duty vehicles. As the results of present and future 

vehicle emission measurement programs are reported, many of the 

emission estimates given in this section may be subject to revision. 

The remainder of this section is divided into three parts in 

which emissions from light-duty vehicles, heavy-duty vehicles, and 

motorcycles are discussed separately. 

A. 4. 1 Light-Duty Vehicle Emissions 

Four classes of light-duty vehicles are defined in equation 

(A. 1 ), including domestic and foreign automobiles and trucks. 

Assuming that the Federal Driving Cycle is a reasonable represen

tation of the driving conditions encountered on surface streets in the 

Basin, hot and cold-start emission rates for 1957-71 light-duty 

vehicles may be estimated from the AESi (1973) study. The ernis -

sions /driving speed correlation may also be derived from the steady 

cruise emissions at 15, 30, 45 and 60 mph reported in this study. 

Due to the limited number of foreign automobiles tested and 

the fact that no light -duty trucks were included in th e Los Angeles 

vehicle sample, a single emission factor for each model year is 

calculated for all class 1-4 vehicles by averaging the available test 

data for that year. As additional measurements become available 

for class 2 -4 vehicles, then separate enris sion rates may be deter -

nrined for ea ch of the four classes. The four classes have be en 

treated distinctly, rather than forming one large class of light-duty 

vehicles, for two reasons. First, the federal emission standards for 

post-1974 light-duty trucks are not as strict as the standards for 
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automobiles, and second, different exhaust control retrofit devices 

are scheduled for installation on foreign and domestic vehicles. 

Thus, as a matter of computational convenience, four classes of 

light-duty vehicles are treated in this study. 

Before discus sing the emissions data and the various algo -

rithms employed in this study, it is best to fir st briefly review the 

1972 and 1975 FTP. The 1972 FTP is comprised of measuring 

emissions from a cold-started vehicle operated on a dynamometer 

to stimulate a "typical'' urban trip [i.e., the Federal Driving Cycle 

(FDC)], of 7. 5 miles length and 22 minutes, 52 seconds duration. 

The pollutants emitted during the initial 505 seconds and the re -

maining 867 seconds are referred to as the cold-transient and cold

stabilized emissions, respectively. The cold-start emission rate 

for species i,, e I, may be obtained directly from test results based 

>'< 
on the 1972 FTP using the following equation' 

where M ct 
i., 

M cs 
i., 

For 

= 

= 

C 
et 

mass 

M ct + M cs 
J; i., 

= 
7. 5 miles 

of pollutant £ emitted during the 

portion of the 1972 FTP (grams) 

mass of pollutant i., emitted during the 

portion of the 1972 FTP (grams) 

exhaust emission certification, post-1974 

(A. 3) 

cold-transient 

cold-stabilized 

model year 

light-duty vehicles will be tested according to the 1975 FTP, which 

is an expanded version of the 1972 FTP. After cold-transient and 

In actual practice, all emissions are collected in a single bag, 
and the total mass (M zt + M f s) is reported. 
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cold-stabilized emissions are collected, the vehicle is allowed to 

soak for about 10 minutes. Then emissions are measured as the 

vehicle is operated through the first 505 seconds (or transient 

portion) of the FDC. Pollutants emitted during this segment of the 

test are called the hot-transient emissions, where "hot II refers to 

the fact that the vehicle is hot -started. Cold and hot -transient emis -

sions are combined with the cold -stabilized emissions to yield the 

following emission factor 

= 

ct ht cs 
0.43 M,e, + 0.57 M,e, + M,e, 

(A. 4) 
7. 5 miles 

ch 
where e .R., = rate of emission of pollutant ,e, based on the 1975 

FTP (grams /mile) 

M~t = mass of pollutant ,e, emitted during the hot-transient 

portionofthe 1975 FTP (grams). 

The hot-start emission rate is obtained by measuring emis -

sions from a hot-started vehicle operated on the FDC in a manner 

similar to the 1972 FTP. The emission rate is computed from 

where 
h 

e .R., 

h 
e .R., = 

Mht Mhs 
.R., + ,e, 

7 o 5 miles 

= hot-start emission rate for species .R., based on the 

FDC (grams /mile) 

(A. 5) 

M~s = mass of pollutant ,e, emitted during the hot-stabilized 

portion of a hot-start test (grams). 

Thus, the measurement or estimation of cold and hot-transient and 

cold and hot -stabilized emissions is required to establish the cold 

and hot -start emission factors from equations (A. 3) and (A. 5 ). 
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As an aid in presenting exhaust emissions, light-duty vehicles 

have been segmented into the following three model year groups: 

pre-1972, 1972-1974, and 19,75-1977. Emissions from each group 

of motor vehicles are discussed below. 

A. 4. I. I Pre -1972 Vehicles 

As mentioned previously, emissions from pre-1972 vehicles 

are based on tests of 1 74* vehicles operated in the Basin. Emissions 

from each vehicle were determined using both the 1972 and 1975 FTP; 

steady cruise emissions at 15, 30, 45, and 60 mph were also reported. 

In addition, 55 vehicles were subjected to a complete hot-start emis -

sions test. Therefore, cold-start emissions are available for each 

of the 1.74 vehicles tested, but the hot-start data are incomplete. 

In an effort to estimate hot-start emissions from those vehicles 

which were not subjected to a complete hot-start test, the following 

assumption is made. If hot-stabilized emissions are not reported 

for a particular vehicle, then it is assumed that the cold-stabilized 

emissions may be substituted for the hot-stabilized emissions in 

. hs cs h 
equation (A. 5). That is, assurrung Mt ==Mt , then et may be ob-

tained from 

h 
e 1' ~ (A. 6) 

7. 5 miles 

Thus, using either equation (A. 5) or (A. 6), the choice depending on 

the availability of hot-stabilized emission measurements, values of 

h e 1' may be calculated for each vehicle teqted by AESi. To justify 

* Actually, 175 vehicles were tested in Los Angeles, but vehicle 
number 53 has been removed from the sample (Sachtschale, 1973). 
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this assumption, hot-start emission rates were computed using 

equations (A. 5) and (A. 6) for each of the 55 vehicles for which this 

was possibleo On the average, emissions differed by only 76/o . Based 

on these results, the algorithm cited above seems to provide a rea

sonable means of estimating hot-start emissions when hot-stabilized 

emissions are not available for use directly.. The cold and hot-start 

emission rates for HC, CO, and NO calculated from a computer 
X 

generated summary of all AESi data taken in Los Angeles (Sachts chale, 

1973) are summarized in Table A. 5. Steady-cruise emissions at 15, 

30, 45, and 60 mph may be found in the AESi (1973) report. 

Exhaust control device deterioration must be considered for 

HC and CO emissions from post-1965 vehicles and NO emissions 
X 

from post-1969 model year vehicles. Deterioration factors for each 

model year as a function of the age of the vehicle have been compiled 

by EPA (1973b). However, these factors are for use with low-mileage 

emissions. Since most vehicles tested by AESi were not at low

mileage, the EPA deterioration factors must be modified to account 

for the deterioration present at the time of the AESi study. The 

appropriate deterioration factors, d ,Q,j' which must be multiplied 

by the emissions in Table A. 5 to yield the final values of en·. for use 
.x,lJ 

in equation (A. 1) are given by 

where d£j(l977) = deterioration factor for model year j vehicles 

on July 1, 1977. 
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Table A. 5 

Estimated Cold and Hot -Start Emission Rates for 

Light-Duty Vehicles in Los Angeles in 1977 (Grams /Mile) t 

Model Year 

i' 
1977" 

1977** 

* 1976 

1976 
)i'(* 

1975 
~< 

1975 ** 

1974 

1973 

1972 

1971 

1970 

1969 

1968:f: 

1967 

1966 

pre-1966 

HC 

0 42 

2. 17 

. 42 

2. 1 7 

• 73 

2. 1 7 

2. 17 

2. 1 7 

2.43 

3. 51 

5.22 

5.87 

5.36 

6.22 

8.73 

11. 81 

Cold-Start 
co 

3.4 

18.6 

3.4 

18.6 

5.3 

18.6 

18.6 

18.6 

22. 9 

51. 9 

62.6 

87. 1 

75.3 

81. 4 

78. 1 

106.3 

NO 
X 

. 31 

1. 49 

.60 

1. 49 

1. 49 

1. 49 

1. 49 

1. 90 

2. 31 

3.82 

4.51 

5.45 

3.90 

3.30 

3.24 

2.94 

HC 

• 08 

. 73 

. 08 

. 73 

. 14 

. 73 

. 73 

1. 03 

1. 48 

2.65 

3.77 

4.26 

3.84 

4.60 

7. 10 

10.02 

Hot-Start 
co 

• 59 

5.4 

• 5 9 

5.4 

. 91 

5.4 

5. 4 

7. 7 

12. 2 

35. 0 

41. 6 

53.3 

46.2 

55.2 

54.2 

87.5 

NO 
X 

. 31 

1. 49 

.60 

1. 49 

1. 49 

1. 49 

1. 49 

1. 90 

2. 31 

3.89 

4.68 

5. 39 

4. 13 

3.50 

3.40 

2.91 

t Emissions for 1972-1977 vehicles are at low-mileage. All other 
emissions were obtained from AESi (1973) and a computer-generated 
listing summarizing all exhaust emission measurements made by 
AESi in Los Angeles (Sachtschale, 1973). Thus, pre-1972 emissions 
are not at low mileage. HC and CO emissions from 1966-1977 vehi
cles and NOx emissions from 1970-1977 vehicles are subject to ex
haust control device deterioration (see text). 

t Emissions from vehicle number 53 in the AESi (1973) data base are 
not included. 

* Emissions for automobiles 

** . . Em1s s1ons for trucks 
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d .R,j (1972) = deterioration factor for model year j vehicles at 

the time of the AESi study. 

Calculated values of d .R,j for pre -1972 light-duty vehicles applicable 

on July 1, 1977 are summarized in Table A. 6. 

Table A. 6 

Deterioration Factors for Pre-1972 Light-Duty Vehicles in 1977 
>:~ 

Model Year HC co NO 
X 

1971 1. 16 1. 30 1. 14 

1970 l. 13 1. 1 7 1. 00 

1969 1. 10 1. 14 1. 00 

1968 1. 10 L 18 1. 00 

196 7 1. 05 1. 16 1. 00 

1966 1. 04 1. 04 1. 00 

pre-1966 1. 00 1. 00 1. 00 

* These deterioration factors are only suitable to use with the 
emission rates given in Table A. 5. 

A. 4. 1. 2 1972-1974 Vehicles 

Since studies of emissions from in-use 1972-74vehicles in 

Los Angeles have not been reported, other means must be develope d 

to estimate emissions from these vehicles. Cold-start emissions 

for 1973 vehicles may be estimated from the certification test re

sults published by EPA (1973d). As certification emissions are 

obtained by multiplying low-mileage emissions by the degradation 

factor at 50, 000 miles, the low-mileage emission rates for 1973 

appearing in Table A. 5 were estimated in the following manner. 

First, representative HC, CO, and NO emissions were determined 
X 

from an examination of the data for Ford, Chrysler, General Molors, 
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and Volkswagon motor vehicles. These certification emissions, 

when divided by the degradation factors for four year old 1973 

vehicles given by EPA (1973b), yield an estimate for 1973 low-

* mileage emissions. Emissions for 1972 and 1974 vehicles, calcu-

lated in an analogous manner, are assumed to be somewhat greater 

than and equal to, respectively, 1973 emissions. 

Since emission standards for 1972-74 vehicles are based on 

the 1972 FTP, it is not possible to use the standards directly to 

estimate hot -start emissions. In addition, there is evidence indi

cating that the cold-start will contribute a substantial portion of the 

HC and CO emissions from 1972-1977 vehicles (Wendell et al., 1973; 

NAS, 1973). Estimates of the percentage of the total CO cold-start 

emissions that are emitted during the first two minutes of vehicle 

operation are given by Wendell et al. (1973). These data are employed 

in this study to provide a "conservative 11 estimate of the ratio of 

cold-transient emissions to the total cold-start emissions, y., for 
J 

model year j. Thus, for 1 ~ i ~ 4, 72 ~ j ~ 74, and .t corresponding 

to HC and CO, 

'Y· = 
J 

ct 
Mn·· 

XJl] 
ct cs 

M,, .. +Mn·· 
.x.,lJ · .-(JlJ 

(A. 7) 

where values of y. are given in Table A. 7. By further assuming that 
J 

the ratio of hot-transient emissions to hot-stabilized ernis sions for 

1972-74 vehicles is unchanged from the corresponding ratio for 1971 

* From vehicle age and mileage accumulation data obtained from 
the ARB (Bratton, 1973), vehicles in California accumulate 50, 000 
miles in about 4 years. 
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vehicles, and also assuming that Mn:~ = M ~~ , the hot-start emis -
x,lJ x,lJ 

sion factors for 1972-74 vehicles may be estimated from 

where 

h 
e £ij = 

C 
(l+on)(l-y.) en·· 

x, J x,lJ 

= low-mileage cold-start emissions 

(A. 8) 

= ratio of hot -transient emissions to hot-stabilized 

emissions for species £ from 1971 vehicles (obtaine d 

from the AESi data); values of o £ for HC and CO are 

found to be O. 97 and 0. 72, respectively. 

The calculated values of e ~- obtained from equation (A. 8) are pre -
x,lJ 

sented in Table A. 5. 

As a partial check of the assumptions leading to equation 

(A. 8), hot-start emissions were calculated for 1971 vehicles using 

equation (A. 8) and then compared with the actual measured hot-

start emissions as given in Table A. 5. Computed hot-start emis -

sions for HC and CO were found to be 2. 65 and 33.· 9 grams per mile , 

respectively, which are in reasonable agreement with the m easured 

values given in Table A. 5. Although this test is far from d e fini tive, 

the results are encouraging. Of course, the computed hot-start 

emission rates should be replaced by actual measured emissions as 

new test data become available. 

Hot -start NO emissions from 1972-74 vehicles are assumed 
X 

to be equal to the corresponding cold-start values given in Table A. 5 . 

This assumption is based on the observation that hot and cold-start 

emissions from 1971 vehicles are approximately equal (see Table 

A. 5 ). 
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Table A. 7 

* Ratio of Cold-Transient Emissions to Total Cold-Start Emissions 

Model Year (j) 'Y· 

1971 0.62 

72 0.69 

73 0, 76 

74 0.83 

75 0.90 

76 0.90 

77 0.90 

* Adapted from Wendell et al. (1973) 

Steady cruise emissions at 15, 30, 45, and 60 mph for 

1972-74 vehicles are estimated by assuming that the ratio of hot

start emissions to steady cruise emissions at a particular speed for 

1971 vehicles remains unchanged for 1972-74 model year vehicles. 

Thus, steady cruise emissions are calculated using the following 

relationship: 

h 
e ti/v) = e 2,ij 

e .ti71 (v) 

h 
e .£i7 l 

where e ,, .. (v) = steady cruise emissions at driving speed v 
.x,lJ 

(grams /mile) 

(A. 9) 

Exhaust control device deterioration factors, obtained from 

EPA (1973b) must be multiplied times the emission rates discussed 

in this section. This completes the specification of emission rates 

for 1972 - 7 4 light -duty vehicles. 
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A.4. 1. 3 - 1975-77 Model Year Vehicles 

Hot and cold-start emissions from 1975-77 vehicles are 

difficult to estimate for several reasons. First, the standards are 

based on the 1975 FTP, a test which involves both hot and cold-start 

emissions. Second, the Administrator of EPA has waived the strict 

1975 standards for HC and CO and the 1976 standards for NO (EPA, 
X 

1973e; EPA, 1973f). However, interim standards have been estab-

lished for all vehicles to be sold in California so as to require auto

mobile manufacturers to equip these vehicles with catalytic devices. 

Thus, California vv.i.11 serve as the initial 11proving grounds 11 for the 

devices to be installed on all vehicles on a nationwide basis one year 

later. Since catalyst technology is changing rapidly and only a few 

emission tests have been reported for prototype 1975-76 vehicles 

(Martinez et al., 1971; NAS, 1973 ), emission rates based on any 

test procedure will certainly be subject to revision when mass pro -

duced vehicles and devices become available for testing. It will also 

be important to test in-use vehicles because actual driving conditions 

may lead to faster deterioration of the control devices than i s indi c a t e d 

by the 1975 FTP certification results. 

Since emission standards are based on the 1975 FTP, it i s 

convenient to begin by estimating low-mileage emissions based on this 

test. To convert HC and CO estimates to hot and cold-start emis -

sions, a number of assumptions must be made. First, assuming 

cs hs 
M i,ij = M i,ij (i.e., stabilized emissions are independent of the type 

of start), equation (A. 3) may be written in the following form 



ch 
e f,ij 
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ct ht s 
0. 43 M n·. + 0. 5 7 Mn .. + Mn·. 

~ .x,l] .x,lJ Nl) 

7. 5 miles 
{A. l O) 

s 
where Mn·. is the mass of pollutant emitted during the stabilized 

..-:.,lJ 

portion of the FDC. Using the data presented by Wendell et al. (1973) 

to relate cold-transient emissions to stabilized emissions (see 

Section A. 4o 1. 2), the following expression may be written: 

ct 
M i,ij = 

s 
M.e,·· 1-y. lJ J 

y. 
(A. 11) 

where values of y. are given in Table A. 7. By further assuming that 
J 

the ratio of hot-transient emissions to stabilized emissions for 1975-77 

vehicles will be equal to the corresponding ratio for 1971 vehicles, 

then 
Mht 
_lli = 

s 
Mn·· 

)(JlJ 

(A. 12) 

where o .e, is equal to 0. 97 and 0. 72 for HC and CO, respectively, as 

determined from the AESi (1973) emissions tests . Given values of 

ch 
e lij' yj' and of,' equations (A. 10)-(A. 12) yield the following expres -

sions for the mass of pollutant emitted during each part of the 1 9 75 

FTP 

ct 
M lij = 

s 
M i,ij = 

ht 
M i,ij = 

ch 
( 7. 5 mile s ) x e i,i . y. 

. 4 3 yj + (1 -y} ( 1 + O. 5 7 o .e,) 

ct 
Mn .. (I-y.) 

..-:.,lJ ] 

Y. 
J 

(A. 13) 

(A. 14) 

(A. 15) 
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ch 
The values of en·. used in equation (A. 13) are given in Table A. 8 • 

.K.ilJ 

Table A. 8 

Estimated Low-Mileage HC and CO Emission Rates for 1975-77 

Light-Duty Vehicles Based on the 1975 FTP 

Model Year 

1977 

76 
75 

HC 

0.23 

0.23 

0.40 

Emissions (grams /mile) 
co 

I. 8 

1. 8 

2.8 

.Source 

EPA (1973b) 

EPA (1973b) 

NAS (1973) 

Cold or hot -start emission rates are obtained by adding the cold or 

hot-transient emissions to the stabilized emissions a.nd dividing the 

sum by 7. 5 miles, as in equations (A.~) and (A. 4). 

As a partial test of the algorithm given above hot and cold ~ 

start emission rates were calculated for 1971 vehicles and compared 

with the actual measured emissions given in Table A. 3. The compar

isons are illustrated in Table A. 9. Based on the reasonable compar -

isons achieved, the algorithm described above has been used in this 

study to provide interim estimates of hot and cold-start emission rates 

for 19 7 5 - 7 7 light -duty vehicles. 

Since data pertaining to NO emissions from 1971 vehicles 
X 

show little dependence on the type of start, it is assumed that hot 

and cold-start NO emissions from 1975-77 vehicles will be equal. 
X , 

To what extent this assumption will hold for post-1975 vehicles using 

catalysts to control NO emissions is unknown. Under these condi
x 

tions, emission estimates based on the 1975 FTP may be used directly 

to specify the hot and cold-start NO emission rates. 
X 
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Steady-cruise emissions at 15, 30, 45, and 60 mph were cal 

culated employing the same procedure discussed in Section A. 4. 1. 2 

for 1972-74 light-duty vehicles. 

Table A. 9 

Comparison of Calculated and Measured Emissions for 1971 Vehicle s 

Test 

Cold-Start 

Cold-Start 

Hot-Start 

Hot-Start 

Pollutant 

HC 

co 
HC 

co 

A. 4. 2 Heavy-Duty Vehicle Emissions 

Calculated Measured 

grams /mile 

3.53 

52.6 

2.64 

34.4 

3. 51 

51. 9 

2.65 

35. 0 

Two classes of heavy-duty vehicles are considered in this stu dy, 

including both gasoline and diesel fueled trucks. Emissions for gas -

oline trucks have been estimated by EPA (1973b), but no attempt ha s 

been made to distinguish between hot and cold-start truck e mis s ion s . 

T hus, the hot and cold-start gasolin e t ruck emission s us e d i n this 

s t udy are b oth equal to the emis s i on r ates given i n t he repor t c i t ed 

above. In addit i on, the appr opriate degradation factors are a lso in 

clu ded in the EPA report . 

Since emissions for diesel vehicles as a function of mode l yea r 

are not given in the EPA (1973b) report, values of these parame ters 

were obtained from the State of California ARB (Bratton, 1973). The 

estimated emissions, including de gradation, as of July 1, 1977, are 

presented in Table A. 10 . As with gasoline trucks, the entries in 

Table A. 10 are used in both hot and cold-start emission calculations . 
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Table A. I 0 

>'.c 
Estimated Heavy-Duty Diesel Truck Emissions on July 1, 1 977 

Model Year HC co NO 
X 

(grams /mile) 

pre-1973 4.4 26.0 43. 0 

73 2.4 15.0 46o0 

74 2.8 15.0 45.0 

75 1. 2 12. 0 15. 0 

76 1.0 11. 0 15. 0 

77 0.8 9.0 13. 0 

~'c 
Source: State of California ARB (Bratton, 1973) 

Unfortunately, very little information is available to se r ve a s 

a guide for estimating the steady-cruise emissions at 15., 30, 45, and 

60 mph. Thus, the following algorithm has been devised for t he cal 

culation of interim emission estimates. The basic assumption m a d e 

in this study is that the ratio of hot-start emissions to steady-cruis e 

emissions at a particular speed is the same for both light and h eavy

dut y vehicles . This relat ionship may be expressed i n t he fo llowing 

manner 

h 
e .R,ij (v) = e ,f,ij (A . 16) 

for 5 ~ i ~ 6 and any driving speed v. This assumption is espe c ially 

difficult to justify in view of the fact that the driving cycles for li ght 

and heavy-duty vehicles are not identical. Thus, steady-cruis e 

emissions obtained from equation (A. 16) will certainly be subject to 

revision when the appropriate data become available. 



A. 4. 3 Motor cycle Emissions 

Emissions from two and four-stroke motorcycles are sum

marized in the EPA (1973b) report. Since emissions are not given 

as a function of model year, it is assumed that all motorcycles of a 

particular type emit pollutants at the same rate. 

A. 5 Emissions Summary 

By employing equation (A. 1) and the data either presente d or 

alluded to in Sections (A. 2 )-(A. 4 ), aver age hot and cold-start e mis -

s i on rates , as well as steady-cruise emissions, have been calculated 

for Los Angeles as of July 1, 1977, and are presented in Table A. 11. 

Table A. 11 

Estimated Average Emission Rates for Motor Vehicles in 

Los Angeles as of July 1, 1977 

(grams /mile) 
Test HC co NO 

X 

cold-start 3.20 35. 0 2.58 

hot -start 2.14 21. 5 2.60 

15 mph 1. 66 24.0 0. 32 

30 mph 1. 14 9. 9 1. 13 

45 mph 1. 04 7. 0 2.64 

60 mph 0.95 7. 9 3.83 

Steady-cruise emissions are related to the vehicle speed 

through use of the following correlation 

where ,~: t (v) - ·· ernis sion rate of species £ aL 

speed v (grams /mile) 

V = driving speed (mph) 
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and a;, and b;, are constants to be determined from the values of E ;,(v) 

given in Table A. 11. If the above correlation is reasonable, then a 

log-log plot of emissions vs. driving speed should yield a straight 

line. As illustrated in Figure A. 1, NO emissions are correlated 
X 

well over the entire driving speed range. HC and CO emissions, 

however, exhibit marked deviation from linear behavior at 15 and 

60 mph data points, respectively. While emissions for these species 

generally lie on a line for three consecutive speeds, the correlation 

does not seem to hold over the entire driving speed range. In an 

effort to minimize the discrepancy between the correlation funct i on 

and the predicted emissions, two sets of "constants II are given for 

HC and CO, where the particular set to be used in a particular situa

tion will depend on the driving speed. The straight lines from which 

a;, and bi were derived are illustrated in Figure A. 1; the computed 

values of a;, and b ,R, are given in Table A. 12. 

Table A. 12 

Emissions /Driving Speed Correlation Paramet e r s 

for Motor Vehicles in Los Angeles in 1977 

Species Driving Speed a ,R, 
Range (mph) 

15-30 ,7. 25 3 

30-60 2. 746 

b f 

-.544 

-.25 9 

HC 

HC 

co 
co 
NO 

15-45 4.288xl0 2 
-1. 080 

45-60 1. 498 • 406 

15-60 2. 094 1. 846 
X 
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Figure A. I Emissions Vs. Driving Speed for the Average 

Motor Vehicle in Los Angeles in 1977 
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APPENDIX B 

METEOROLOGICAL DATA FOR SEPTEMBER 29, 1969 

This Appendix is devoted to a listing of all wind speed, wind 

direction, and mixing depth inputs used in the validation study for 
\ 

September 29, 1969. The wind speeds given in Figures B. 1-B. 11 

are hourly averages (averaged from the half-hour to the half-hour), 

have the units of mph, and are multiplied by a factor of 1 O. Wind 

directions illustrated in Figures B. 12-B. 22 are also hourly averages 

(averaged from the half-hour to the half-hour), have the units of 

degrees, and represent the direction, measured clockwise from 

north, in which the pollutants are advected. Values of the mixing 

depths, in feet, at each hour are given in Figures B. 23-B. 33. 
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APPENDIX C 

DISTRIBUTION AND SPEED OF TRAFFIC 

ON LOS ANGELES FREEWAYS IN 1969 

In this Appendix., figures are given illustrating the speed of 

traffic flow in both the slow and fast freeway directions at hourly 

intervals between 6 A. M. and 9 A. M.. A spee·d of 60 mph is assumed 

to apply on all freeways in both directions before 6 A. M. and between 

9 A. M. and 3 P. M. Linear interpolation., in time., may be employed to 

estimate the speed in a particular grid cell at times other than those 

designated on the figures. The ratio of the mileage driven in the slow 

direction to that driven in the fast direction is given in Figures C. 9 -

C. 12 . These values are assumed constant over the time interval 

given on each figure. Figures C. 1 - C. 12 are derived from the 

work reported in Appendix A of Reynolds et al. (1973). 
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Average Vehicle Speed in "Slow" Direction (v ) 
s 

at 7:00 Ao Mo 
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Figur e C o 3 Ave rage Vehicle Speed in "Slow" Direction (v ) 
s 

at 8: 0 0 Ao M o 
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Average Vehicle Speed in 11Slow 1 1 Direction (;- ) 
s 

at 9:00 A. M. 
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Figure C. 5 Average Vehicle Speed in 11Fast 11 Direction (vf) 

at 6 :00 A. Mo 
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Figure C. 6 Average Vehicle Speed in 11Fast 11 Direction (vf) 

at 7:00 A. M. 
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Figure C. 7 Average Vehicle Speed in "Fast" Direction (vf) 

at 8:00 Ao Mo 
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Figure C. 8 Average Vehicle Speed in "Fast 11 Direction (~) 

at 9:00 A. M. 
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Figure C. 9 Ratio of Number of Vehicles Traveling in "Slow" 

Direction to the Number Traveling in ''Fast 11 

Direction, x, at 6 :00 A. M. 
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Figure C. 10 Ratio of Number of Vehicles Traveling in 11Slow 11 

Direction to the Number Traveling in 1'Fast" 
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Figure Co 11 Ratio of Number of Vehicles Traveling in ttSlow" 

Direction to the Number Traveling in "Fast 11 

Direction, x, at 8 :00 A. M. 
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Figure C. 12 Ratio of Number of Vehicles Traveling in 11Slow 11 

Direction to the Number Traveling in ''Fast 11 

Direction, x, at 9 :00 A. M. 
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APPENDIX D 

CALCULATION OF l3 i,(t) 

The relationship for [3 i, (t ), the correction for the nonuniform 

distribution of trip starts, is derived in the following manner: let 

t = time of day 

T = length of FDC (minutes) 

c(t) = distribution of vehicle trip-start times, such that 

the number of vehicles started between times t and 

t + dt equals c (t )dt 

'T = time elapsed after vehicle startup (minutes) 

e ~ ( 'T) = emissions from a vehicle at time 'T after a cold- start 

(grams /mile) 

e-~('T) = emissions from a vehicle at time 'T after a hot-start 

(grams /mile) 

y(t) = ratio of cold-starts to total starts during time interval 

dt 

The number of vehicles started between time t-r-d'T and t -'T is 

given by c(t-r)d'T. The emissions rate of species i, from a vehicle at 

time t, cold-started at the time t-'T, is sci,(r). Assuming that the aver

age trip length for all vehicles is T, the total emissions rate of species 

l at time t is given by 

/
T h 

[y(t-r)s~('T) + (1-y(t-r))e _e,{r)]c(t-T)dr 
0 

and the average enrissions rate from each vehicle by 
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[T [y(t-r)e~(r) + (1-y(t-r))fjr)]c(t-r)d'f 
(D. 1) 

[T c(t-'f)d'f 

The correction factor is then defined as 

(D. 2) 

where Q~(t) is given in equation 2. 7. 

In order to integrate equation (D. 1), it is necessary to estab

lish a functional form for e~ and s~('T). Recent data obtained from the 

EPA (Sigworth, 1972) show that engine operating temperatures reach 

steady-state levels about 8. 5 minutes after a "cold-start." Based on 

this information, it is assumed that a simple relationship exists 

between e~('f) and time, as shown in Figure 2.3. A linear decrease in 

the emissions rate is postulated during the first 8. 5 minutes of oper

ation, after which the emissions rate is assumed constant. This 

constant rate is equal to s~(r ), and, being constant over time is also 

equal to Q~. The slope of the s\(rr) curve during the warmup period 

is calculated by equating the area under the solid line to the area 

under the dashed line in Figure 2. 3. 

In order to calculate f3 1,(t) for carbon monoxide and hydro -

carbons using equations {D. 1) and (D. 2 ), the temporal dependence of 

c(t) must be determined. Kearin et al. (1971) recently carried out 

a survey of average driving patterns for six urban areas in the United 

States. In their survey, based on a sample of 946 drivers (169 drivers 
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* in the Los Angeles area), they were able to estimate for each area 

average trip distances, trip elapsed times, average speed, elapsed 

time between trips, number of trips per day, and other pertinent 

variables. Of particular interest is their estimated distribution of 

weekday trip-starts for the Los Angeles area, which is reproduced 

in Figure 2. 5. 

The calculation of i3 ,R,(t) is carried out as follows. Let the 

total number of trips started in the fifteen minute interval, denoted 

by n, be equal to c • Assuming the trip-start rate to be uniform n 

during each fifteen minute interval, the integrals in equation (D. 1) 

can be approximated by: 

where 

n = 

= 

(D. 3) 

denotes a fifteen minute time interval 

Average emissions rate of species ,R, evaluated at 

the midpoint of time interval n. 

Average emissions rate of species ,R, from an auto

mobile over the time period between 7. 5 and 22. 5 

minutes after a cold-start. 

~:< Kearin et al. note that " ••• when one considers the number of auto
mobile trips made daily in even the smallest of the cities s ampled, it 
becomes clear that our sample sizes are puny ...• " Thus, while lhc 
statistics employed in this analysis are lhe most useful available, lheir 
reliability is clearly subject to question, and they must be used with 
caution. 
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Average emissions rate of species t from an auto

mobile over the time period between zero and 

7. 5 minutes after a cold-start. 

Using the emissions factors given earlier, €land e;, are estimated 

to be: 

Species - f'v 

€ ;, €;, 

(grams/ mile) 

co 69. 1 136.2 

HC 10.82 13.52 

In using the results of Kearin et al., the weekday is segmented 

into eight time periods, as suggested by the slope of the curve in 

Figure 2. 5. A constant value of y, the ratio of cold-starts to total 

starts, is assigned to each period. These values of y given in Table 

D. 1, the values of Q~ (t) given in the same table, the emissions curve 

of Figure 2. 4, and the distribution of vehicle startups c shown in 
n 

Figure 2. 5 form the basis for evaluating equation (D. 3) to obtain 

f3c0 (t) and [3HC(t). The results of these integrations are given in 

Figure 2. 4. 
h 

Note, again, that [3NO (t) = 1, as QNO = 
X X 
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Table D. 1 Temporal Distribution of Cold-Starts 

* yn 
Q:>~* 

C . . J, 
n fraction of em1s s1ons rate 

% of daily cold-starts to (grams /mile) 
n Time Period trips started total starts co HC 

1 0:00 - 5 :59 2.0 0.90 88.8 11. 61 

2 6:00 - 8:59 21. 0 0.85 87.6 11. 5 7 

3 9:00 - 11:29 6. 9 0.25 74.2 11. 03 

4 11: 30 - 13:29 1 O. 7 0.30 75. 3 11. 07 

5 13:30 16 :29 12. 1 o. 20 7 3. 1 10. 98 

6 16:30 - 18 :29 24.7 o. 5 0 79. 8 11. 25 

7 18:30 - 20:59 16. 1 o. 15 72. 0 10 . 94 

8 21 :00 - 23:59 6.5 0.20 73. 1 10 . 98 

Note: Kearin et al. (1971) have estimated that a vehicle in Los 
Angeles makes an average of 4. 66 trips per weekday. Of 
these 4. 66 trips it is estimated that 2 are cold-started and 
2. 66 are hot-started. Thus: 

8 
6 

n=l 

8 
y c = 4 2. 9 2, and I'; ( 1 -y ) c = 5 7. 0 8 

n n n=l n n 

Using the figures from the above table: 

* 

8 
6 y C Rj 43%, 

n n 
n=l 

8 
and I: (l-yn)cn Rj 57% 

n=l 

Estimated from Figure 2. 5. 

** These entries should be multiplied by f3,e (t) (Figure 2. 4) to obtain 

the surface street emissions factors,Ef,(t). {f3 ;,{t) = 1, except for 

the period 6 :00 - 9 :-2 3 A. M. ) 
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APPENDIX E 

SUMMARY OF 1969 VALIDATION RESULTS 

The figures in this Appendix represent a complete summary 

of all comparisons of predicted and measured concentrations for 

those monitoring sites operating on the six validation days. The 

results for each day are grouped together, as indicated in the follow

ing table. 

Validation Day Figures 

September 9, 1969 E. 1 - E. 7 

September 2 9, 1969 E. 8 - E. 14 

September 30, 1969 E. 15 - E. 21 

October 29, 1969 E. 22 - E. 28 

October 30, 1969 E. 29 - E. 35 

November 4, 1969 E. 36 - E. 42 

Those pollutants measured at monitoring stations operated in the 

modeling region by the Los Angeles and Orange County Air Pollution 

Control Districts and Scott Research Laboratories (1970) are sum

marized in Table E. 1. 
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Table E. I 

Pollutants Measured at Air Puality Monitoring Stations 

Operative in the Los Angeles Basin in 196 9 

Total 
Station co NO NO 2 Oxidant Hydrocarbon Methane 

Reseda X X X X 

Burbank X X X X 

Pasadena X X X X X X 

Azusa X X X X X X 

El Monte X X X X X 

Downtown LA X X X X X X 

Pomona X X X X 

West LA X X X X 

Commerce X X X X X 

Lennox X X X X 

Whittier X X X X 

La Habra X X X 

Long Beach X X X X 

Anaheim X X X X X 

Santa Ana X 
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Figure E. 1 
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Figure E. 2 
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Figure E. 3 

AZUSA 
ID 1/11/611 

l!J1£1aA(D IC 
-MDJCrol IC 

l • 

~ 
s • • • II • • • • • 

I I 10 . II 12 
. " Ill 

Tl!£ <PST> 

OOWNTO~N LA 
ID 1/11/69 

l!I IOSlftD IC 
- r!'EDICrol IC 

r 
• • • • • • 

~ • 
• 

I 10 II 12 13 1, 

Tl!£ (PST> 



-394-

Figure -~• 4 
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Figure E~ 5 
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Figure t .. 6 
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Figure E. 7 
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Figure E. 8 
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Figure E. 9 
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Figure E. 10 
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Figure E. 11 
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Figure E. 12 
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Figure E. 13 
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Figure E. 14 
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Figure E. 15 
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Figure E. 16 
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Figure E. 1 7 
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Fi gure E. 18 
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Figure E. 1 9 
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Figure E. 20 
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Figure E. 21 
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Figure E. 22 
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Figure E.23 
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Figure E. 24 
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Figure E. 25 
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Figure :.26 
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Figure E. 2 7 
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Figure E. 28 
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Figure E. 2 9 
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Figure E. 31 
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Figure E. 32 
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Figure E. 33 
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Figure E. 34 
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Figure E. 35 
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Figure E. 36 
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Fi gure E. 37 
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Figure E. 38 
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PROPOSITION 

Convective Difference Approximations and 

Their Upstream Counterparts 

Abstract 

A convective difference approximation may be combined 

with its upstream counterpart to yield a more accurate difference 

scheme. A method for determining the best combination of such 

approximations is proposed based on a truncation error analysis. 
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Much current work in numerical analysis is devoted to 

developing new methods and determining the potential of existing 

methods. This proposition falls into the latter category. Fromm 

(1968) has demonstrated that it is possible to combine a convective 

difference approximation with its upstream counterpart to reduce 

phase errors. Taking Fromm's basic idea, it will be shown that 

numerical errors can be reduced further. 

The focus of this study is finite -difference approximations 

· to hyperbolic partial differential equations. A typical example of 

such an equation is the Helmholz vorticity equation for an ideal fluid: 

ow + ow +VOW 0 ( 1 ) at u- = ox ay 

where 
av OU 

= vorticity w - OX - ay 

u = x component of velocity 

V = y component of velocity 

The velocities are related to the stream function t by the following 

relationships: 

u = ~ 
ay V = 

Substitution of (2) into the definition of vorticity gives: 

-w = + q 
ay 

(2) 

(3) 

Equations (1) and (3) are a complete set of coupled equations which 

can be used in numerical fluid flow calculations. We shall restrict 

our attention, however, to the numerical treatment of equations 

similar to ( 1 ). 
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We shall first examine the one-dimensional analog of equa

tion (1 ), that is: 

ow 
at + 

ow 
u ox = 0 

where u is taken to be a constant. 

Introducing the following finite -difference notation 

consider the following adve ction characteristic diagram: 

1-1 
)( 

( 4) 

n+l 
The value of w i is found by following the characteristic back to 

the ntt time level. Thus, 

where 

Because w; is usually not located at a mesh point, a Taylor series 

is used to obtain: 

n+l 
Wt 

2 
a w \ (s) 
8x

2 
xintt 
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Since x I - x* = u6t, equation (5) can be written as 

2 2 2 
w n + 1 ~ w n _ u (jt aw l + u 6t a w I 

t t ax x,,,nM 2 n 2 "t 
)(/ ux x I' nu 

We approximate the spatial derivatives by centered differences 

yielding the Lax-Wendroff scheme: 

where a ::;: 

Upon substituting a Fourier component solution 

Arn exp(ik 1'6x) 
X 

into equation (6 )~ we obtain: 

r = 1 - ia Sin(k 6x) + a
2 

(Cos (k 6x)- 1) 
X X 

( 6) 

For stability the magnitude of r must be less than or equal to one, 

that is: 

r r :5: 1 

for all k , where r is the complex conjugate of r. The condition 
X 

for stability car;.,be shown to be: 

I a I :5: 1 

Although advection should not change the amplitude of the 

function exp(ik 1'6x), the Lax-Wendroff method de creases it by a 
X 

factor of Ir I each time step. This type of error is known as 

damping. Since w(x, t) = exp(i¾(x-ut)) is a solution of (4), the 
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true phase shift, <I> 
0

, after a time interval M is given by the following 

expression: </> = -k utit 
0 X 

The phase shift in the numerical solution, <!>
1

, is given by: 

,1. _ t -1 Im(r) 
VJl - an Re(r) 

Thus the phase error 6 ~ introduced by the numerical method may be 

represented as follows: 

It can be shown that the Lax-Wendroff method has a lagging phase 

error. Fromm(l 968) made the observation that if an advanced time 

solution were known, then one could calculate a solution from it, and 

the phase error would appear as a leading phase error. Consider 

the following advection characteristic diagram: 

~+i. h.+.i ,u-1. 
-.....L.c)""-"_z;;__--,'-----+--'wo..._..::.i_~---#---.d,__---+-<.,_ _ _,._~+1 

~ 

-,te--~...:;;_-----ff--.d.:-=---tJ,----#-,..:.=:i--+---..::::::Lc)~+t 

X 
.-t-z. 

The advanced time solution corresponds to the solution at the 

ptit = ntit + tix time level., which is easily determined. Thus, we 
u 

write: 
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n 
w £-1 
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aw 

1 
= ax x £- l' n 6t 

Writing equation (7) in finite -difference form yields: 

(8) 

The difference scheme in equation (8) has a leading phase error. 

Since equations (6) and (8) have opposite phase characteristics, we 

take a linear combination of both estimates of w f +1
, resulting in the 

. n+l 
following equation for w £ 

(9) 

where O ::;; a ~ 1. In studies with a = O. 5, Fromm (1968) has demon

strated that (9) introduces much smaller phase errors than the Lax

Wendroff scheme. If the phase errors of (6) and (8) were directly 

proportional to !':,t, then we would choose a equal to a, as proposed 

by Fromm (1969 ). At this point it is of interest to examine the phase 

and damping properties of (9) with respect to the choice of a. In a 

computational situation, we are given a value of a at a mesh point. 
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We seek a functional dependence of a on a that will minimize the 

numerical error of the integration. 

Substituting a Fourier component solution into (9) yields 

r = 1-iaSin 8 (1-a) - aaiSin 8 (Cos 8 -i Sin 8 ) 
X X X X 

+ (l-a)a
2

(Cos 8 -1) + a(a
2

-2a)(Cos 8 -l)(Cos8 -iSin8 ) 
X X X X 

where 8 = k 6.x. We next expand each term on the right hand side 
X X 

of equation (9) in a Taylor series about the point w;: 
n+l n " owl + a

2
t,x

2 clwl _ £a-3aa+3aa2}6.x
3 

a
3wl 

Wt = W i - Q'. DX 8 6, 2 2 6 n 3 
. X XV n t ax XV n~t u.x ~,nt,t 

We thus choose a such that: 

2 3 
a - 3aa + 3aa = a 

Solving this equation for a yields the desired relationship: 

a = 
l+a 

3 
( 10) 

We now examine the phase and damping properties of (9) using 

two previously suggested methods for determining a~ Fromm (1968) 

and Fromm (1969), and the relationship proposed in equation (10). 

The three methods are surrur ..... arized below: 

a = o. 5 Fromm (1968) (lla) 

a = Q'. Fromm (1969) ( 11 b) 

l+a 
equation (10) ( 11 C) a = 3 
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Figure 1 is a plot of lrJ
2 

vs. a fork 6x = -rr/4. Note that 
X 

the damping error is symmetric about a = O. 5. We observe that 

(11 b) has the best damping characteristics, which was also found 

for values of k 6x equal to 2rr/3, rr/2, -rr/3, and -rr/5. Scheme (llc) 
X 

has better damping properties than (l la) for all values of k 6x given 
X 

above. Thus from a damping point of view, the schemes must be 

ranked in the following order: 

(llb) best 

(11 c) 

(l la) 

Figure 2 is a plot of the phase error vs. a for k 6x = rr/4. 
X 

The phase error is anti-symmetric about a = O. 5, and also note that 

(l la) has a leading phase error for this Fourier component. Exam

ination of the phase characteristics for the five values of k 6x cited 
X 

above yields the following ran kings : 

k 6.x = Zrr/3, -rr/2, rr/3 
X 

(l la) best 

(llc) 

(11 b) 

k 6x = rr/4, rr/5 
X 

(llc) best 

( 11 a) 

( 11 b) 

Note that a switch in the rankings takes place between rr/3 and rr/4. 

Equation (11 c) is found to have the best phase characteristics for 

the long wave length components. 
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At this point we see that (llb) has the best damping properties 

and the poorest phase properties. To determine which scheme is to 

be preferred, we examine the combined damping and phase errors. 

In particular., consider the difference between the correct treatment 

of the Fourier component and the numerical treatment, E., given by 

the following equation: 

-iu6tk 
E = le x-rl 

Figure 3 is a plot of the combined error vs. a for k 6x = rr/ 4. We 
X 

note that (l lc) has the best combined error characteristics. This 

was also found for values of k 6x equal to 2rr/3, rr/2, rr/3, and rr/5. 
X 

It is thus recommended that (11 c) be used to determine the value 

of a in equation (9). 

We now turn our attention to the two -dimensional problem 

given by equation (1 ). We shall use the method of fractional time 

steps (Marchuk, 1964) to obtain the numerical solution. Introducing 

the following notation 

n wt, m = u:/...l6x, m6y, n6t) 

The computational scheme proceeds in the following two steps: 

(12) 
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( ,_, ,-..., \ (f3 ~ m - 1) 2 /.--.., ,_, ,-._, ' I 

X 1 W -w · l+ ' tw -2w +w · i' (13) , t, m-2 t, m / 2 \ £,m-2 £,m-1 £,m/.) 

where 
n 

6t u 
n .t, m 0 ~ a ~ 1 Q' = £, m 6x 

V 6t n ;,, m 
0 ~ b ~ 1 f3 ,e,, m = 6y 

Consider the following two -dimensional analogs of equations 

{l la-1 lc) for choosing a and b: 

a = b = 0.5 

a = a, b = f3 

l+a b-~ a = 3 ' - 3 

The Fourier component solution now takes the form: 

Substitution of ( 15) into ( 12) and ( 13) yields: 

r = fll-iaSin8x(l-a) - aaiSin8 (Cos8 -iSin8 ) 
X X X 

2 2 
+ ( I -a )a (Co s 8 -1 ) + a ( a - Za ) (Cos 8 -1 ) 

X X 

( Cos 8 -iSin8 ) lj. • ~ 1 -if3Sin8 ( 1 -b) 
X X l y 

2 
- b f3iSin8 (CosO -iSin8 ) + (l-b)f3 (Cos8 -1) 

y y y y 

+b(f3
2

-Zf3)(Cos8 -l)(Cos8 -iSin8 )LJ 
y y y 

( 14a) 

(14b) 

(14c) 

( 15) 
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where 8 = k 6x 
X X 

8 = k 6y 
y y 

Stability is achieved if I a\ ~ 1 and \ f3 \ ~ 1. The true phase shift is 

given by: 

- k ut:it - k v6t 
X y 

while the phase shift in the numerical solution can be represented as: 

.J. = t . - 1 Im ( r ) 
11'1 an Re(r) 

The method also introduces damping as before. For convenience, 

we set 8 = 8 in equation (16) and examine the phase and damping 
X y 

properties for values of a and f3 such that 

0 ~ a ~ 1, 

Scheme (14b) is found to have the best damping properties., 

as it did in the one dimensional case. We also observe that schemes 

(14a) and (14c) have the best phase characteristics . Thus, we must 

examine the combined phase and damping error. Upon examination 

of the combined error for 8 = 8 = Zrr/3, rr/2, rr/3, rr/4 and rr/5, the 
X y 

following algorithm for choosing a and b is recommended: 

if 1 f3 < 1. } Q:' < 2, 2 

use (14c) 
Q:' > 1 f3 > 1. 2., 2 

if Q:' > 1 f3 < 1. } 2, 2 

use (14b) 
1 f3 > 1. Q:' < 2, 2 
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This algorithm is pictured in the diagram below: 

l,O 

o.s 

I 

a..:.i+d--
3 

b-=~ 
3 

4- - - - - - - 7 - -

3 

0 

I 
I 
I 
I 

I 

I 

I 

0.5 t.0 

The better damping properties of (14b) outweigh the phase advantages 

of (14c) in the upper left and lower right quadrants. There are no 

phase errors on the line a+ 13 = 1 for any of the three schemes. Thus 

the scheme with the least damping will be the most accurate on this 

line. 

A method for choosing the linear combination of a difference 

approximation and its upstream counterpart based on a truncation 

error analysis is proposed. The method should give better results 

in one space dimension than other proposed methods. An extension 

to two space dimensions is given with recommendations for choosing 

the manner in which the linear combination should be formed. 
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FIGURE 1 

Damping Properties 
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FIGURE 2 

Phase Properties 

i 

! 

- i - :-: ·.: ... :7 :: :. · ::· ;: .:~: ·.-.: 
I 
I . _ _. ._L ._ ·· ··------·~---

•·----.-·•..- -· 

-~--..-.......----,------+-...:_---+-...:_-+~-~_;_~:--~:- · --,--I-...--____;~~- ·-- ---· - . . 

-. -:- ·:.-·- -r ···--- ···· ·-· . - - - -- _-L--·- -·-
- ,· . - - . ' . . --:----;--:-~:=- -. -_ I -~--- - • : .- - ; - ·- -- -- · - - ------ ··· ----

. ~~- i - . -·· · . :: ~- .-: --~-- ± - !·:.-_.:_ :· 
- - - - . ; -- · ·. ·· · . . ~':. i · ! r· 

. ·_. ; __ ·: - ·--::: i ;? f::_: T- -- -------·-r·:_·· : -=~ ------_:. -
: . -~ . . I 1 . I ' I 

- ----'--+...:___:_: t ._· :·: ·:-.1 · . .. · __ ___ :· ----'--- ....l.~4-· _-· ~· __ ___ _ · __ _ 

- . : . . ~ - __ ; -: '. '. - . j -_:( . I ! - . . , 

'.;-~··t--i~ -_-t-·-~-.. -
.i 

____ : _: _ _ ____ _ 

-- -i----; . i 
. :i- -·· · ·-·1 . 

-- ----·---- ----- - ----•-· · -- -- -
•·, t ! 

• • .l -- ·- · •••• 
I • 

- . _____ . __ ____ ___ . _____ ..:, ___ _ 

8 

- . , . . . 
I . . . . • - - -- ----· --- - - -- ---- -
1 I ; 

·- ·-- , ----+- · ---- -

Curve 
A 
B 

.C .. 

o.5 
ex 

f+oc 
3 

o. 1 o.4 



9 

8 

7 

6 

5 

4 

3 

2 

I 

-458-

FIGURE 3 

Combined Phase and Damping 

Properties 
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PROPOSITION 

On Predicting Spatial and Temporal Characteristics of the 

Base Height of an Elevated Temperature Inversion 

Abstract 

A relatively simple means £or predicting the dynamic behavior 

of the depth of a planetary boundary layer capped by an elevated stable 

inversion layer is presented. The depth of the mixed layer, as a 

function of x, y, and t, is obtained from the solution of two coupled 

partial differential equations. The effect of penetrative convection 

at the interface between the stable and unstable layers is also con

sidered in the formulationo 
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The objective of this study is to develop a means for predicting 

the height of the base of an elevated temperature inversion situated 

over an urban area throughout the course of a day. In the proposed 

formulation, consideration is given to both temporal and spatial vari

ations in the base height. To facilitate implementation of the method, 

assumptions consistent with planetary boundary layer observations 

are imposed, although an att.empt has been made to represent the 

in1portant phenornena believed to be responsible for the development 

of the mixed layer. 

Several alternative approaches have been proposed for pre

dicting mixing depths o The fir st, and most sophisticated, is that 

involving the numerical solution of the mass, momentum, and energy 

equations written for the planetary boundary layer. This approach, 

which is being developed, for example, by De ardor ff (197 3 ), requires 

extensive amounts of computing time and is presently primarily a 

research tool rather than a practical, easily implemented methodology. 

In contrast, other investigators have simplified the problem by noting 

the characteristics of the vertical temperature structure of the mixed 

layer. 

Typically, during daylight hours a super adiabatic temperature 

gradient exists in the surface layer within the first few tens of meters 

of the atmosphere. In the region between the top of the surface layer 

and the base of the elevated inversion, the temperature gradient can 

usually be closely approximated by the adiabatic lapse rate, although 

near the inversion base the gradient may tend to be slightly stable. 
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Air in the capping inversion layer is, of course, characterized by a 

stable tempe rature gradient. In Figure 1 we illustrate an idealized 

vertical temperature profile. Between the mixed and stable laye rs 

is a transition zone, called the inter facial entrainment layer (Car son, 

1973). Since the thickness of this layer is relatively thin (a few tens 

of meters; see Stull, 1973), it is convenient to represent the change in 

temperature going from the mixed layer to the undisturbed stable layer 

above by a step discontinuity in the vertical temperature profile. 

This treatment of the interfacial layer has been employed in several 

recent studies (Lilly, 1968; Carson, 1973; Tennekes, 1973)0 

Figure 1. Idealized Vertical Temperature Profile 
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Anderson (1972) and Kokin et al. (1973) have utilized the fact 

that the adiabatic lapse rate generally represents the vertical temper

ature gradient throughout most of the mixed layer and have employed 

the following algorithm to estimate the height of the inversion base. 

Data from vertical temperature soundings are used to characterize 

the thermal structure of the "undisturbed" stable layer. To calculate 

the mixing depth at any location in the region, one first obtains an 

estimate of the "surface" temperature at the point of interest (for 

example, through interpolation of reported meteorological monitoring 

station data). Then the adiabat passing through the "surface" temper

ature at the observation level is examined, and the point (elevation) 

at which this adiabat intersects the "undisturbed" temperature profile 

of the stable layer is used as the height of the inversion base. 

The advantages of this approach are that it is easy to imple

ment and does not require the solution of differential equations. In 

addition, the elevation of the inversion base may be determined at 

only those places of particular interest, rather than at each point on 

a horizontal grid encompassing the entire urban area. However, 

there are several drawbacks to this technique. First, it is necessary 

to estimate a value for the "surface" temperature. While reasonable 

approximations can conceivably be obtained for particular days in the 

"past" by interpolation of recorded meteorological data, greater 

difficulties will be encountered in attempting to use the methodology 

in a "future" predictive sense. That is, rather sophisticated tech

niques will be required to estimate "surface" temperatures one or 
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more days in advance. Another aspect of this approach worthy of 

note is that the height at which the 11 surface 11 temperature is meas

ured should be greater than the thickness of the surface layer. This 

is necessary to properly estimate the vertical temperature profile 

1n the free- convection layer. Even if appropriate meas ur em ents 

are available, we note from Figure l that the inversion height in 

this instance would be estimated to be at the point A. Thus, there 

may be a tendency to underestimate mixing depths. Using results 

obtained by Carson (1973), the error involved may range from 10 to 

25 percent of the actual height of the inversion base. 

We have reviewed two approaches which may be used to 

estimate mixing depths and have found that both possess certain draw

backs which, atpresent, will limit their usefulness in actual practical 

application. It is proposed here that an approach of somewhat less 

sophistication than a complete planetary boundary layer simulation 

model be developed to calculate the dynamics of the inversion base. 

In this study we shall consider the lowest few kilometers of 

the atmosphere to be segmented into two regions. The lower, or 

mixed, layer is assumed to be bounded below by the ground and aloft 

by the base of a stable inversion layer. The upper, or stable, layer 

is that region above the inversion base extending to a height of several 

kilometers. To facilitate this presentation, it will be assumed that 

the thermal structure of the stable layer is only a function of z (the 

height above the ground) and t (time), and that this dependence is 

determined from direct measurements or other means. A second 

issue of concern is the treatment of the wind field in the boundary 
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layer. Again to restrict the scope of this effort, it will be assumed 

that the wind velocity, as a function of space and time, is known 

(for example, from measurements or the results of a simulation 

model). 

To estimate the depth of the boundary layer, we will need to 

know the temperature field in the boundary layer is a function of 

space and time. The appropriate starting point for this calculation 

is the following form of the heat equation: 

where 8 = 

V = 

w~ = 

~ (w' 8' ) + -S oz R 

potential tern perature 

wind velocity vector, 

turbulent flux of potential temperature 1n the z 

direction, 

( 1) 

= radiative heating (or coo ling) term, and the over bar 

denotes spatial averaging (se e D eardorff, 1973) . 

In writing equation (1) we have assumed: 

atmospheric flow is incompressible, 

horizontal turbulent fluxes of potential 

temperature may be neglected compared to horizontal 

advective fluxes, 

molecular diffusion of potential temperature is small 

compar ed to turbulent diffusion. 

Furthermore, the air will be assumed to be dry; the presence of 

appreciable amounts of water vapor can be accounted for by employing 

the virtual potential temperature (Tennekes, 1973; Deardorff, 1973). 
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F~nally, treatment of the radiation term, SR, is disc us s ed by 

Bergstrom and Viskanta (1973). 

As we have noted earlier, the vertical temperature gradient 

throug hout most of the boundary layer (with the e x ception of the sur

face layer) is appro x imately equal to the adiabatic lapse rate. Thus, 

we shall consider 8 to only be a function of x, y, and t, thereby sig

nificantly reducing the effort that will be required to solve equation 

(1). Consistent with this treatment of 8 , w e also assume that the 

horizontal components of V are not functions of Z. It is sugg ested 

that vertically averag ed values of the horizontal components be 

employed. Imposing the assumptions cited above, equation (1) 

reduces to: 

38 + - 88 + - 88 
aT u ox v-

ay 

(w 18 1
~ - (w7 8 ') 

0 + SR (2) = h 

u, v = vertically averag ed wind components in the x and y 

directions, respectively, 

(w 1 8 1
) = turbulent flux at the g round, 

0 

(w 1 8 1)h = turbulent flux at the base of the stable layer. 

We also note that SR now represents the vertically averaged contribu

tion from radiative heating . Means for specifying the turbulent flux 

terms will be discussed shortly. Having derived an equation for 

estimating 8, we need another relationship for h. 

To derive an additional equation involving h, we shall now 

treat 8 as a g eneralized function of x , y, z, t and integ rate equation 
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(1) across the interface from h-8 to h+e Thus, we can write the 

following equation: 

h+
8 [88 -- 8 J / at + 9. Y._ 8 + az (~ - SR dz = 0 

h- 8 

which, upon invoking the Leibnitz rule and taking the limit as 8 ➔ 0, 

reduces to 

where 

and 

8h + - oh + - 8h at u ax V By = w 

limit 
8 ➔ O 

(w 181') 
h-8 

8 (z, t) = potential temperature m the stable layer, 
s 

8t (x, y, t) = potential tern peratur e in the boundary layer 

(i.e. 8 in equation (2)) 

( 3) 

In deriving equation (3), it is assumed that turbulence is suppressed 

in the stable layer so that 

= limit (w 18 1
) 

8 ➔ O h-e 

The term (w'8 1
) in equation (3) corresponds to the term (w 18 1)h 
h-

in equation (2). Once values of (w"Te'}
0 

and (w 18 1)h have been specified, 

equations (2) and (3) may be solved numerically for 8(x, y, t) and 

h(x, y, t)o 

At this point it is appropriate to discuss, in a general manner, 

the initial and boundary conditions for equations (2) and (3). First, the 
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initial conditions are that 8 (x, y, t ) and h(x, y, t ) be specified, where 
0 0 

t is the time at which the integration is to start. For boundary con-
o 

ditions, one should specify the potential temperature and mixing 

depth at any point on the horizontal boundary where the wind flows 

into the modeling re g ion. No boundary condition is required at a 

point of horizontal flow out of the region. 

We now turn our attention to the treatment of the turbulent 

A technique for estimating (w' 8 1
) based 

0 

on an energy balance at the earth-air interface is g iven by Leahey and 

Friend (1971). Several investigators (Ball, 1960; Lilly, 1968; Carson, 

1973; Tennekes, 1973) have argued that the turbulent flux at his pro

portional to the flux at the ground, that is 

= -A(w' 8 1) 
0 

where cited values of A range between 0 and l. Tennekes (1973) 

suggests that A probably lies between 0. land 0. 2, while results pre

sented by Carson (1973} indicate that A may be a function of time 

ranging from O to 0. 5. Unfortunately, a definitive means for esti

mating A is presently not available. It is recommended here that an 

11interim 11 value of 0. 2 be employed until better information becomes 

available (see Tennekes, 1973). 

In closing, it is recommended that the method for predicting 

mixing d e pths proposed in equations (2) and (3) underg o further vali

dation and evaluation. The validation procedure may be carried out 

in three stages: 
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validation for conditions in which the boundary layer is 

homog eneous 1n the horizontal plane, 

validation for the conditions along an air trajectory over 

land, and 

full validation for a large urban area, such as the San 

Francisco Bay, Los Angeles, or San Diego areaso 

It is of interest to note that equations (2) and (3) are a more general 

form of those employed by Carson (1973) to estimate mixing depths 

under horizontally homogeneous conditions. In simulations of the 

temporal behavior of the inversion at O'Neill in 1953, Carson was 

able to achieve reasonably close agreement with available measure

ments. With these encouraging results, it is suggested that equations 

(2) and (3) be employed to estimate mixing depths for urban areas in 

which significant spatial variations of inversion height occur, such as 

major West Coas e metropolitan areas. For computational conven

ience, these calculations may first be performed along a trajectory. 

Vertical temperature measurements reported by Scott Research Lab

oratories (1970) and Blumenthal et aL (1973) for the Los Angeles area 

may be of value in validation effortso If the mixing depths along tra

jectories can be estimated accurately, then regional-scale simulation 

of the temporal and spatial behavior of the depth of the mixed layer 

may be undertakeno 
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PROPOSITION 

Relating Air Quality Measurements to 

Populace Exposure 

Abstract 

Primary air quality standards pertain to populace exposure to 

air pollutants. It is suggested that current air monitoring practice 

may not necessarily provide accurate indices of this exposure. A 

simple means for relation air quality measurements to populace expos

ure is developed, and implementation of the technique is discussed. 
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Under provisions of the Clean Air Act, national primary and sec

ondary air quality standards have been established by the Environ

mental Protection Agency (EPA). The primary standards reflect con

taminant dosage levels which, if not exceeded, would protect the 

public health with an adequate margin of safety from any known or 

anticipated adverse effects of a pollutant (EPA, 1971a). Second-

ary standards, on the other hand, are designed to protect the public 

welfare (i.e., vegetation, materials, animals, visibility, personal 

comfort, and well being) from the hannful effects of a pollutant: 

Compliance with the standards is ascertained from the measurements 

taken at air quality monitoring stations. It is contended here that 

current air monitoring practice does not provide accurate indices 

against which to detennine compliance with air quality standards. 

To substantiate this claim, we first need to briefly review how 

standards are determined and where monitoring stations are "sited." 

Since public health is of paramount importance, we shall restrict 

the focus of this study to consideration of primary standards only. 

Primary air quality standards are derived from the results of 

toxicological and epidemiological studies. For example, the CO 

standard is based on studies of the decrement of human perfonnance 

at various carboxyhemoglobin levels in the bloodstream, and the NOz 

standard is derived from an epidemiological study involving school 

children in Chattanooga, Tennessee. While the actual numerical 

values of the standards adopted are somewhat controversial (see 

'Heuss et al. (1971) and Barth et al. (1971) for a further discussion 

of some of the issues and additional references for health-effects 



-474-

studies), one fact is clear. That is, the primary air quality stan-

dards reflect population dosage levels. Thus, compliance with _prima

ry air quality standards should be judged on the basis of populace 

exposure. 

At the present time, air quality data collected at pollutant 

moni taring stations is used to ascertain compliance wi_th federal s tan

dards. However, it is interesting to note that there are several ob

jectives of monitoring air quality. Guidelines issued by EPA (1971b) 

state that regional air quality surveillance must provide infonnation 

which may be used to: 

1. judge compliance with and/or progress toward meeting 
rurbient air quality standards, 

2. activate emergency control measures to prevent air 
pollution episodes, 

3. observe pollution trends throughout the region in
cluding the nonurban areas, 

4. provide a data base for development and evaluation 
of urban, land use, and transportation plannpig stu
dies, abatement strategies, and diffusion model 
validation studies. 

Considering the four objectives cited, the EPA report suggests moni

toring stations be situated in the following locations: 

1. the area of highest pollutant concentrations, 

2. densely populated areas, 

3. around the periphery of the region (to assess air 
quality entering the area), 

4. areas of projected population growth, 

5. strategic areas where the impact of control 
measures may be ascertained. 
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A further discussion of the practical problems associated with plan

ning a monitoring network is presented by Hamburg (1971). Because 

of the rultiplicity of air surveillance objectives and due to the 

usual problem of limited funding, moni taring stations cannot always 

be situated in the best location for measuring populace exposure. 

In Allegheny County, Pennsylvania, for example, it was decided by 

County officials that sites should be selected primarily to monitor 

emissions from large industrial sources (Stockton, 1970). Locating 

stations to accurately represent exposure levels does not appear to 

have been of ruch concem in this instance. 

Even when a moni taring station is intended primarily to measure . 

exposure levels, there will always be some difficulty in finding an 

appropriate site. This difficulty arises because pollutant concen

trations vary substantially over relatively small spatial scales 

(say, a few miles). Of particular concern is the fact that people 

frequent ntunerous characteristic areas, or microenvironments, through

out the course of a day. For example, typical rnicroenvironments in

clude the inside of a home, car, school, office or store, the side

walk adjacent to a street, and the outdoors, associated either with 

work or leisure. Thus, different people living or working in the 

general vicinity of the same moni taring station may be exposed to 

significantly different pollutant levels. As an example, consider 

the potential differences in CO exposure that may exist between a 

housewife situated in a residential area as opposed to a cab driver 

or traffic policeman working for long periods of time near a street. 
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Quantitative evidence supporting the above contentions is pro-

vided in a study of the distribution of CO concentrations in San 

Jose, California, reported by Ott (1971) and Ott and Eliassen (1973). 

In this work, CO concentrations were measured in the downtown area 

as well as surrotmding residential and industrial locations. It was 

fotmd that CO samples taken at nonnal breathing height while walk

ing along the sidewalk in the downtown shopping area were, on the 

average, 60% higher than the corresponding monitoring station mea

surements. Further examination of the data indicated that pedes

trian exposure on downtown streets could exceed the federal stan

dard, while the reported monitoring station data was significantly 

below the standard. Other measurements taken at randomly selected 

sites not near major streets were only one-half as large as the 

reported monitoring data. It would be difficult to conclude that 

air quality data collected in San Jose is truly reflective of 

actual populace exposure. Similar problems exist in Los Angeles 

Cotmty where several stations are located on heavily-travelled 

streets. Consequently, the measurements reported at these sites 

are often only representative of concentrations in the local en

virons. 

Another issue of concern is that "ambient air" is defined as 

"that portion of the atmosphere, external to buildings, to which the 

general public has access" (EPA, 1971a). As far as exposure to pollu- · 

tants is concerned, it really does not matter whether a person is 

inside or outside of a building. In view of the fact that many people 

spend in excess of 80% of their time indoors (Benson et al., 1972), to 
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properly quantify populace exposure, rreans must be developed to 

relate outdoor air quality to that found indoors. Generally, in

door pollutant concentrations are controlled by outdoor levels and 

by other factors, such as interior activities, atmospheric condi

tions, tiire, location, type of building, and air conditioning and 

filtration systems (Benson et al., 1972; General Electric, 1972; 

Derham et al., 1974). Based on a review of available data, Benson 

et al. suggest that indoor concentrations of CO, particulates, and 

other nonreactive gases can be assumed equal to outdoor concentra

tions, although indoor levels may be somewhat lower than outdoor 

concentrations when outdoor levels are high. The ratio of indoor 

to outdoor SOz concentrations, however, may be as low as 0. 2 

(Neese, 1970), which is accotmted for by the fact that wall cover

ings tend to sorb the pollutant. Data reported by Derham et al. 

(1974) indicate that indoor NO concentrations are approximately 

equal to outdoor levels. We should expect, however, that concen

trations in buildings in the innnediate vicinity of heavily

travelled streets or large point sources will be substantially 

higher than those situated farther away from major sources. Thus, 

significant ·· spatial variations in indoor concentrations may exist 

throughout a particular area. 

To stnnmari ze the previous discussion, we have noted that: 

1. primary air quality standards relate to populace 
exposure, 

2. nnnitoring stations are not necessarily sited for 
the purpose of detennining exposure, and 
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3. significant variations in pollutant concentrations 
may exist throughout particular areas. 

The impact of points 2 and 3 is that current air monitoring prac

tice does not necessarily provide accurate estimates of exposure. 

In partimlar, no definitive information is available with regard 

to the mean, range, and distribution of populace exposure for any 

urban area. Until infonnation of this type is obtained on a regu

lar basis, it will be difficult to detennine whether or not accept

able air quality exists in an area. The remainder of this report 

is devoted to a discussion of a possible methodology for relating 

air quality measurements to populace exposure. 

We begin by noting that the estimation of pollutant dosage for 

any individual in a commmi ty would be extremely difficult, requi r

ing detailed knowledge of pollutant concentrations virtually every

where (both indoors and outdoors) in the area. In this instance, 

an iildi vidual' s exposure would best be detennined through use of 

a dosiometer~ a small badge-like pollutant dosage detector. Unfor

tunately, such devices are not readily available at this time for 

all pollutants. In order to obtain a reasonable estimate of current 

populace dosage levels, and perhaps some insight into what previous 

levels have been, we first segment the population of an area sur

rot.nlding a monitoring station into various vocational groupings, 

such as: 

• housewives/shoppers 
• school children 
• office workers 
• construction workers 
• factory workers 
• traffic policemen 
• cab and truck drivers 
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In addition, we segment the region of interest into a mnnber of micro

environments which are characteristic of those places inhabited by 

the members of the various vocational groups cited above. Micro

environments in typical urban areas might include: 

• inside/outside residential areas 
• inside/outside schools 
• inside office buildings 
• on the sidewalk in business areas 

inside a motor vehicle 
inside/outside factories 

The exact list of vocational groupings and microenvironments would~ of 

course, depend on the particular corrununity. The objective now will 

be to estimate the average dosage for each vocational group. The 

desired relationship for the average exposure to pollutant p over 

the time interval from t 0 to t 1 is given by: 

t1 

<lp(t0 , t1) = ~ i,i faim (t)CpmCt) dt 

i,m t 
0 

where the subscripts i, m, and p refer to the vocational group, 

microenvirorurent, and pollutant, respectively, and 

c1p =average populace exoosure, 

µ1 = fraction of the population belonging to 
vocational group i, 

fraction of group i in microenvironment 
m at time t, 

characteristic concentration of pollutant p 
in microenvironment rn at time t~ 

In order to evaluate the above expression for~' data for~ 

should be available from either the Department of Labor or the 

local Chamber of Connnerce. To estimate a. (t), it is recorrnnended 
1m 



-480-

that a survey of several merrbers of each vocational group be tmder

taken in each comnn.mi ty to detennine which rnicroenvirorurents are 

frequented by each group throughout the day. Finally, the most 

difficult parameter to estimate will be the concentration in each 

microenvironment. Ideally, we seek a ftmctional relationship be

tween this concentration and that reported at the monitoring station. 

An experimental study similar to that perfonned by Ott (1971) in 

San Jose would be appropriate for determining an average correla

tional relationship between the two measures. Another alterna-

tive would be to use local physical models to calculate the eleva

tion in pollutant concentrations above the area-wide average concen

trations caused by strong, nearby sources. For example, a street 

canyon model could be employed to calculate the concentration along 

a heavily-travelled street. 

The simple model discussed above involving a single community 

may be extended to treat larger urban areas. In this case, it will 

be important to characterize daily population movements. For example, 

office workers may live in one community and commute to and work in 

another. This factor will be important for estimating relatively long 

tenn exposure (say over a 24 hour period) but will be of somewhat 

lesser significance in computing the dosage over a 1 hour tirre span. 

Because of the dearth of actual exposure data, there is an im

rrediate need to carry out a measurement study to ascertain the magni

tude of the discrepancies that may exist between actual populace 

exposure and that calculated from monitoring station data. In particu

lar, exposure profiles should be prepared for various vocational 
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groups, which would make it possible to examine both the mean and 

the range of populace exposure. To facilitate implementation of 

the study, a relatively small, self-contained corrnmmity should be 

chosen in order to minimize the effort and associated cost of the 

program. If significant differences are fot.md in actual and calcu

lated dosage levels, then similar studies should be carried out in 

other urban areas. 
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