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ABSTRACT

This study is an analysis of the carbon monoxide problem existing
in Tucson, Arizona. The analysis includes the development of a multi-box
model for predicting the levels of carbon monoxide to which the average
population is exposed. The study also includes monitoring of carbon
monoxide in areas of high traffic density. The results of this effort
should help develop a data base for Tucson so that the Pima County Air
Pollution Control District can initiate a locally based plan for con-
trolling carbon monoxide.

The predictive model uses a fixed coordinate approach so that the
Tucson airshed is divided into a grid of cells (boxes) each having a
height equal to the mixing layer of the atmosphere. The conservation of
mass principle is applied to each box in the grid accounting for the
mechanisms of advection and diffusion, the sources of carbon monoxide,
and the change of storage of mass all as functions of time. The chemical
reaction mechanism is neglected since carbon monoxide is relatively inert.
A set of algebraic equations are obtained when a finite difference approxi-
mation is applied to each derivative in the continuity equation. A
Crank-Nicholson implicit technique is used to obtain the final form of the
equations which are then solved numerically to obtain the carbon monoxide
concentration in each box as a function of time. The mixing height, wind
speed, wind direction, and source strength are the time dependent input

parameters.
xiid
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The multi-box model‘assumes that the predicted concentration for
each box is the same at any height from the ground up to the height of
the mixing height. A pseudo three dimensional dependency is obtained by
assuming a logarithmic distribution for the concentration in the vertical
direction so that a ground level concentration can be calculated for each
box. These predicted ground level concentrations can be compared to
ambient measurements of carbon monoxide taken throughout the Tucson basin.
The ambient air levels are determined using a non-dispersive infrared
analyzer,

The comparison between predicted results and measured data is
good when the sampling location is in an area of low traffic density,
i.e., residential area. 1In areas of high traffic density measurements of
carbon monoxide show in general that the l-hour average ambient standard
is not being exceeded.

The multi~box model for the entire airshed predicts average
concentrations for 4 square mile boxes. Since this macro-model distyib-
utes the sources of carbon monoxide uniformly over each box, the pre-
dicted levels can not represent measured data in areas of high traffic
density. 1In order to predict levels in regions of moderate sources a
single 4 square mile macro-box is subdivided into 64 smaller boxes.

This micro-model accounts for the sources locally in each box, but still
predicts levels for a finite size box. The grid refinement is limited by
the multi-box assumption of homogeneous vertical mixing. However, the
micro-model is able to predict concentrations in areas of higher source’

strength than the macro-model.



The models are useful in predicting area-wide increased levels
due to large transient sources, i.e., stadiums and shopping centers.
Of special interest is the model's availability for prediction of levels
during possible episode periods and in regulating and controlling land-

use in order to achieve and maintain the ambient air quality standards.



CHAPTER 1

INTRODUCTION

In passing the Clean Air Act of 1970 Congress established mechan-
isms for setting certain minimum standards for air quality, that would
ensure clean air nationwide, and for enforcing and maintaining those stan-
dards. Following the instructions in the Act, national air quality
standards were set using the best medical and technical evidence available
at that time. The primary standards, to be met by mid-1975, were set at
levels calculated to prevent any damage to human health from air pollu-
tion, including an adequate margin of safety. The secondary standards,
to be met in a '"reasonable time," were set to avoid any known effects of
air pollution on public welfare. Decreased visability and plant; damage
are examples of such effects.

The Act instructed the States to prepare implementation plans due

in January 1972 to meet those standards (Federal Register, April 1971a).

It quickly became apparent that some States would need land-use and trans-
portation controls in order to meet the carbon monoxide and photochemical
oxidant standards in certain urban areas. The Environmental Protection
Agency therefore gave these States until February 1973 to submit their
plans and permitted an extension to mid-1977 for meeting the air quality

standards involved (Federal Register, May 1972 ).




The National Resources Defense Council sued EPA on the grounds
that the States should not be allowed either a longer time period to pre-
pare their plans or an extension of the 1975 deadline for meeting the
standards. So on January 31, 1973, the United States Court of Appeals for
the District of Columbia Circuit ruled that EPA did not conform to the
strict requirements cf the Clean Air Act of 1970, and therefore, the

Appeals Court established a new timetable for the plans (Federal Register,

March 1973a), The States were required to submit the plans to EPA by
April 15, 1973, whereafter EPA had until June 15, 1973, to either approve
or disapprove. If disapproved, the deadline for EPA to promulgate sub-
stitute regulations was October 15, 1973, 1In the second major part of
the ruling, the Appeals Court agreed with EPA that extensions could and
should be given if control technology was not yet available (Federal

Register, April 1973b).

Phoenix-Tucson Air Quality Control Region

A transportation control plan was required for the Phoenix-Tucson |
Intrastate Air Quality Control Region in order to attain the photochem-
ical oxidant and carbon monoxide standards. This AQCR dincludes the five
counties of Maricopa, Pima, Pinal, Gila, and Santa Cruz, encompassing some
29,753 square miles, 1.5 million people, and 800,000 motor vehicles. The
State of Arizona submitted a control plan for the Phoenix-Tucson region

on April 11, 1973 (Federal Register, April 1973b). The State plan for con-

trolling photochemical oxidant was fully approved by EPA. However, the
portion of the plan dealing with the control of carbon monoxide was dis-

approved because of (1) doubts that the proposed strategies would in fact



lead to the attainment of the standards and (2) the lack of interim and
alternative measures required in order for an extension beyond mid-1975

to be granted (Federal Register, June 1973c).

The State plan (as related to carbon monoxide emissions) basi-
cally consisted of (1) increased air quality surveillance, (2) mandatory
vehicle testing, inspection, and maintenance for all light duty vehicles,
i.e., those less than 6000 pounds, (3) a retrofit of all pre-1975 light-
duty vehicles with additional emission control devices, (4) conversion
of the fuel systems of some 10,000 government vehicles to liquefied
petroleum gas, and (5) a re-evaluation of the effects of these control
strategies after one year based on extensive air quality monitoring con-
ducted by the State, Maricopa County, and Pima County air pollution con-

trol agencies.

EPA Control Plan for Carbon Monoxide

After rejecting the portion of the Arizona Implementation Plan

(Federal Register, June 1973c)for controlling carbon monoxide emissions,

EPA was required under the Clean Air Act to propose substitute regula-

tions. On July 7, 1973, EPA (Federal Register, July 1973d) proposed the

following control strategies which would be used in addition to the
strategies proposed in the State plan, and which would allow Arizona to
qualify for the two-year extension:

1. 20% reduction in off-street publicly owned parking spaces.

2, Limitation on new privately owned parking spaces.

3. Formation of bus/carpool lanes for freeways and major

streets.
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4. Voluntary formation of employee carpools with use of a State
operated computer.
5. Limitation of the total quantities of gasoline available at
service stations.

6. Limited motorcycle registration.

The preceding control strategies were designed to make driving
conditions so difficult for the commuter that he would voluntarily seek
other means for getting to work. The EPA calculated that these controls
would reduce the total vehicle miles traveled (VMT) by about 32%, com-
pared to 1977 projections for VMT.

The EPA plan for the Phoenix-Tucson Air Quality Control Region
was based on 1971 data obtained from only one point within the five-
county region, that point being the Maricopa County Health Department
site in Phoenix. The highest 8-hour average reading of carbon monoxide at
this site was 31 milligrams per cubic meter, recorded on November 10,
1971. Comparing this with the national standard of 10 milligrams per
cubic meter, for an 8-hour average, it was calculated that by 1977 a
reduction of 44.5% would be required in the concentration of carbon mon-
oxide in the air. A rollback model was used to determine the needed
reduction in emissions to attain the national standards. The model cal~
culates the maximum allowable emissions for carbon monoxide using the

following expression:

Maximum
= Allowable
Emissions

National CO Standard x Emissions in
Second Highest Air Quality Level ™ Base Year




A percent reduction in emissions can then be obtained using the maximum
allowable emissions with the actual emission for the base year. The roll-
back model uses the second highest air quality level since the national
standard can be exceeded once a year. The excess emissions were to be
reduced by a decrease in vehicle miles traveled. Assuming that only
light duty vehicles are amenable to VMI reductions, it was determined
that a 327 reduction in VMT would be required by 1977. According to EPA,

the control strategies in their plan should provide the needed reduction.

Pima County Plan

On September 10, 1973, a public hearing on the EPA Transportation
Control Plan for the Phoenix-Tucson Intrastate AQCR was held in Tucson

(Federal Register, Oct. 1973e). At that time the general public had an

opportunity to comment on the proposed regulations set forth by EPA. The
Pima County Air Pollution Control District presented their proposal for
meeting the national standards for carbon monoxide. In the plan, Pima
County recommended being considered as a subregion separate from the
other four counties in the Phoenix-Tucson Region. On September 12, 1973,
the hearing moved to Phoenix after which the EPA studied the written
comnents and testimony presented at the public hearings before reaching a
final decision on what control measures were to be promulgated.

On December 3, 1973, EPA finally accepted the Arizona Implementa-
tion Pian for controlling carbon monoxide and also gave the state a two—
year extension to May 31, 1977, to meet the national air quality standard

(Federal Register, Dec. 1973f). Tucson is to be included in the Phoenix-

Tucson AQCR until the Pima County Health Department is able to obtain its
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own data base to show a difference in the air quality between Tucson and
Phoenix. A data base of at least one year is required before EPA will
consider the possibility of Pima County being a subregion in the Phoenix-
Tucson AQCR., However, the Pima County Health Department is optimistic
that upon presentation of their own data base for Tucson, EPA will allow
Pima County to become a subregion of its own in controlling carbon mon-
oxide emissions. If and when this should occur the Pima County Plan would
then become effective in the Tucson area for controlling carbon monoxide
emissions.

In determining the control strategies needed for the Pima County

Plan, several inputs were required. These included:

1. Approximately 3-1/2 months of carbon monoxide sampling near
the intersection of 22nd Street and Craycroft, and 1-1/2
months of sampling in downtown Tucson at 151 West Congress,
with traffic densities, wind speeds and direction measured
simultaneously at both locations,

2. Use of the data obtained at the two locations for calibra;
tion of a mathematical model which was subsequently used,
together with traffic densities, for calculating concentra-
tions of carbon monoxide at locations of maximum traffic
densities during "worst" winter-time meteorological condi-
tions, and

3. An emission inventory of carbon monoxide from stationary and

mobile sources for the entire County, using EPA approved
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emission factors and calculation methods and the latest traf-
fic data provided by the Pima Association of Governments

Transportation Planning Agency.

These three items were presented in "Controlling Emissions of
Carbon Monoxide within Pima County, Arizoma," (1973) which was prepared
by the Pima County Air Pollution Control District. It is not clear in
the report how the mathematical model was calibrated as stated in item 2.
The model used the standard Gaussian diffusion approach, treating an
intersection as a line source as explained by Turner (1969). The model
assumes the wind is blowing perpendicular to the street and directly
towards the monitor. Further, a minimal wind speed is chosen to predict
a worst case situation. The model predicts the pollutant concentration
at only one location and neglects horizontal diffusion of the pollutant.
This is only a good approximation when the convection is large, but dur-
ing conditions of high winds the pollutant levels are usually low.
Although the model is not too sophisticated it can be calibrated by vary-
ing the vertical diffusion coefficient until the calculated results
match the data. The results from the model and data did show that a
potential air pollution problem for carbon monoxide does exist within
Pima County--particularly in the Tucson urban area. However, the problem
is not necessarily the same as in Phoenix since Tucson has less than one-~
half the population of that city, is 1500 feet higher in altitude, and
has 30Z higher average wind speeds. The emissions, meteorology and land

area involved are all different.
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The Pima County Plaﬁ basically consists of implementation within
Pima County of those portions of the State plan which were approved by
the EPA, plus interim control strategies specifically for Pima County.
These new proposals would replace for Pima County those interim controls
proposed by the EPA for the entire Phoenix~Tucson Air Quality Control
Region. The alternate strategies proposed by Pima County for the Tucson
urban area consist of the following:
1. Increased voluntary use of carpools for work and school
oriented commuters.
2. An improved and expanded bus system which would attract
more work and school commuters as well as shoppers.
3. A computerized traffic system in the Tucson area which
would decrease emissions through increased average traffic
speeds.
4, A public education program to aid successful implementation
of the strategies.
5. Continuous monitoring of air quality and progress made in

attaining the objectives of the plan.

These control strategies would not be stringent enough to attain
the national standard by 1975 if the standard is presently being exceeded.
However, according to the Pima County Air Pollution Control District, the
standard could be achieved in 1977 with only a 9% reduction in VMT, and
the plan should yield a 20% reduction. The evidence presented in the

plan shows how the national standards for carbon monoxide can be achieved
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in Pima‘County by 1977 without economically and socially disruptive legis-

lation.

Objectives of the Present Study

During the several months in which the Pima County Air Pollution
Control District has monitored carbon monoxide (May to September, 1973) at
two locations in Tucson, the national ambient air quality standards have
not been exceeded. However, results from the use of an FPA-approved dif-
fusion model for calculating concentrations of carbon monoxide from a
line source during adverse winter—time meteorological and climatological
conditions indicate that the national standards may be exceeded in the
Tucson urban area during the periods between November and March, with the
most frequent excesses occurring during January.

From all of the above history it is clear that there is a need
for measuring levels of carbon monoxide at locations of suspected high
concentrations, particularly in the winter. There is also a need for a
more sophisticated predictive model for carbon monoxide. The model
should be able to predict levels throughout Tucson accounting for turbu-
lent diffusion and treating the case of low wind (near-calm) conditions.
This dissertation will be devoted to developing a more comprehensive
data base to account for the deficiencies in the data base used to develop
the Pima County Plan for controlling carbon monoxide emissions. This
data base will include:

1. Approximately six months of carbon monoxide sampling at vari-

ous locations where concentrations are expected to be highest
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along with data obtained from the Pima County Air Pollution
Control District at two locations within the city,

2., A predictive model for average concentrations of carbon mon-
oxide throughout the Tucson urban area under any meteorologi-
cal conditiomns,

3. An emission inventory of carbon monoxide from stationary and

mobile sources for the Tucson area.

In order to analyze the carbon monoxide concentrations in Tucson,
the urban area is divided into many boxes whose height, as a function of
time, is equal to the mixing height in the atmosphere. The mass continuity
equation is applied to each box. This equation accounts for convection
and diffusion of the pollutant as well as the sources of carbon monoxide
in each box. An emissions inventory is obtained so that the emissions
of carbon monoxide due to mobile and stationary sources can be used as an
input to the predictive model. A set of algebraic equations is obtained
when a finite difference approximation is applied to each derivative in
the mass continuity equation. These equations are solved numerically on
the computer to obtain the carbon monoxide concentration in each box as a
function of time. These numerical results are compared with data taken at
several locations in Tucson. The data are obtained with a non-dispersive
infrared analyzer.

The predictive model can be used as an important aid in urban and
regional planning if the model's validity can be shown. This model can:

(1) simulate the effects of alternate air pollution control

strategies on pollutant concentrations in the airshed,
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(2) plan for land use so that projected freeways and indus-—
trial sites may be located where their air pollution poten-
tial is minimized,

(3) determine the long-term air pollution control strategy
which accomplishes desired air quality objectives at least
cost, and

(4) make real-time predictions so that an impending air pol-
lution episode may be anticipated and proper preventive

action taken.

Health Effects of Carbon Monoxide

Carbon monoxide is relatively inert and, therefore, is a good
tracer gas to use for verification of the predictive model. EPA is
concerned about carbon monoxide because in moderate concentrations it can
have serious health effects. An important health property of carbon
monoxide stems from its reversible reaction with hemoglobin to form car-
boxyhemoglobin. The carboxyhemoglobin level is dependent on the carbon
monoxide (CO) concentration in the air, the duration of exposure, and the
level of physical and metabolic activity. An 8-hour CO concentration of
10mg/m3 (9ppm) will result in a 1.3 to 1.4 percent carboxyhemoglobin
level and a l-hour CO concentration of 4Omg/m3 (35 ppm) will result in a
carboxyhemoglobin level of from 1.3 to 2.9 percent depending on the level
of activity. These two CO concentration levels are those adopted as the
national primary ambient air quality standards.

Recent studies (Dinman, 1968; Cohen, Deane, and Goldsmith, 1969;

"Effects of Chronic Exposure ...," 1969) indicate a significant proportion
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of the population, those with coronary artery disease, are extremely sus-
ceptible to the effects of carbon monoxide. Increases in average car-
boxyhemoglobin levels from a background of 1.3 percent to a level of 2.9
percént have been shown to produce significant electrocardiographic changes
and increased severity of angina pain for subjects engaged in very mild
physical activity. A study in Los Angeles (Hexter and Goldsmith, 1971) has
generally confirmed these results by demonstrating that men with heart
disease, exposed to levels of carbon monoxide found in freeway traffic,
experienced decreased exercise tolerance and shortened time before the
development of angina pain while exercising. In addition, exposure to
carbon monoxide resulting in carboxyhemoglobin levels of 2 percent has
been shown to have effects upon the ability to discriminate time inter-
vals between auditory signals (Beard and Wertheim, 1967). Accordingly,
the current standards afford a relatively small margin of safety for
individuals with heart disease, some of whom are adversely affected at

equilibrium carboxyhemoglobin levels of 3 perxcent.

Summary of Content

Since there is a small margin of safety in the national stan-
dard for the air quality of carbon monoxide, the present work is of
importance in determining the extent to which the residents of Tucson
could be susceptible to the health effects related to carbon monoxide
exposure. This is of importance for Tucson since there are many elderly
retired people living here with some type of heart problem.

The dissertation contains in Chapter 2 a review of previous

models in an attempt to find an accurate but not overly complicated model
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to be applied to the Tucson area. A mathematical analysis of the physics
involved in the predictive model is the subject of Chapter 3. An emis-
sion inventory for carbon monoxide which is an input for the airshed
model is contained in Chapter 4, Chapter 5 presents the numerical model
along with the procedures to obtain the solution. The numerical results
are in Chapter 6, while the experimental data are presented in Chapter 7.
Chapter 8 discusses the comparison between the numerical and experimental
results. The conclusions obtained from the study on carbon monoxide in
Tucson are discussed in Chapter 9 along with some recommendations for

future work.



CHAPTER 2

SURVEY OF PREVIOUS DIFFUSION MODELS

Since it is impossible to measure the carbon monoxide levels at
every location in a large urban area, it is necessary to have a model
to predict the approximate levels that might be expected at any time.
The model does not necessarily have to predict the maximum levels
obtained since these wvalues can be measured in the areas of largest
source strength, i.e., highest traffic density. Such a model would be
of importance both in predicting the levels of carbon monoxide under
adverse meteorological conditions and for land-use planning.

Several types of models are used to describe the dispersion of
atmospheric contaminants. Among these are the box, plume, and puff
models. They differ in the way that the mechanisms of dispersion are
treated. A model represents mathematically the atmospheric convection,
dispersion, and chemical reaction processes which occur. For the prob-
lem of predicting carbon monoxide concentrations, the chemical reaction
mechanism can be neglected since carbon monoxide is relatively inert in

the atmosphere.

Box Model
The simplest type of model is the so-called box model. Within
the box the pollutant concentrations are assumed to be homogeneous. The

vertical dimension of the box is the height of the mixing layer of the

14
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atmosphere. The box model assumes that the emitted pollutants are
instantaneously and uniformly mixed, and the transport mechanism is
characterized by a uniform wind. This idea was applied by Reiquam (1970,
1971). An airshed was divided into a two dimensional network of
interconnected boxes or well-mixed cells. The cell volume and wind were
allowed to vary with time. Reiquam used this model to estimate monthly
average pollutant concentrations for the Willamette Valley of Western
Oregon. In addition, the model was evaluated in a modified form in a

small Norwegian valley in which a single point source was present.

Gaussian Plume and Puff Models

The Gaussian plume and puff models characterize the next level of
complexity. These models describe the concentration distribution of a
species downwind of a point, line or area source. The Gaus;ian (binormal)
distribution is assumed for the concentration of the pollutant in the
vertical and cross~wind directions about the plume centerline downwind
from the source., In the usual applications of these models, the wind
shear is neglected. A sink term can be included. The measures of plume
and puff spread are based on experimental studies, are independent of the
height, and are a function of atmospheri; stability class.

The Gaussian model was applied by Frenkiel (1956), who is consid-
" ered to be a pioneer in mathematical modeling of urban air pollution, for
his analysis of atmospheric pollution in the Los Angeles basin. The
effluent from a number of large area sources was assumed to emanate from
a point at the center of each source. The effluent emitted from the con-

tinuous point source during an hour was treated as a single puff. The
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elementary Gaussian diffusion model was used superimposing the concentra-
tion arising from each point source. Estimates were made of the diurnal
variation of the pollutant concentrations at various locations in the Los
Angeles basin.

In 1959, Neiburger developed a model accounting for the meteor-
ological influences of light winds and thermal inversions in Los Angeles.
The Gaussian diffusion model was used, but the pollutants in the area
source could only diffuse up to an impenetrable inversion lid. Further,
the pollutants were assumed to disperse instantaneously and uniformly
all the way up to the inversion lid. Horizontal spread was limited to
that caused by the advective transport of the mean wind since horizontal
turbulent diffusion was neglected. The model was applicable only fo£ pre-
dicting average concentrations for large regions.

Following these early studies a series of simple urban air pollu-
tion models were described in papers by Leavitt (1960), Pooler (1961),
Clarke (1964), Turner (1964), Miller and Holzworth (1967), and Koogler et
al, (1967). These studies have much in common. They each approach the
urban area-source concentration problem by way of the usual Gaussian
point source diffusion model., Differences occur only in the details of
how the area source summation is carried out and in how various meteor-
ological parameters are included.

In the study by Miller and Holzworth (1967), a more realistic
approach to the treatment of diffusion in the mixing layer was consid-
ered than had been done by Neiburger (1959). The model assumed that
vertical diffusion followed the Gaussian distribution in the mixing layer

until the plume intersected the inversion lid, whereas Neiburger assumed
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immediate vertical mixing and uniform distribution in the mixing layer.
The Miller and Holzworth model also assumed that the sources emit contin-
uously at the surface and are uniformly distributed over the urban area.
The model is limited to estimating mean concentrations for an entire
urban area and cannot predict pollutant concentrations on a small scale.

A group at the Travelers Research Center developed a receptor-
oriented mesoscale air pollution model for the State of Connecticut.

This study was published by Bowne (1969). The model used a grid of 5600
area cells having multiple sources in each cell. The mean ground level
concentration averaged over a 2-hour interval was predicted for each grid
area.

The TRC model determines the pollutant concentration within the
volume of air over a given grid square at a given time by following the
volume backward in time along its trajectory. The amount of material
injected into the volume by the sources that can contribute along the
trajectory is then computed. This computation is made by using the emis-
sion rate of the source during the time period that the volume of air was
over that source. The large-scale wind fields which determine the trajec-
tories are analytically represented by stream functions. As the pollu-
tants move along thelr trajectories, diffusion from each area or point
source was represented by the binormal distribution. However, within
each volume the conqentrations were assumed to be uniform; this assump-
tion is consistent with the spatial resolution of the model. The stan-~
dard deviations used in the model were empirical values based upon the
atmospheric stability and the travel distance for the appropriate trajec-

tory from a contributing source to the area of interest. The loss of
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a pollutant due to reaction or deposition was accounted for by a simple
exponential decay term. The model was first reported on by Hilst (1967).
The model was extensively validated in the study by Hilst (1970).

Argonne National Laboratory (ANL) began developing a computer-
ized, transient, urban air pollution dispersion model in 1968. The model
was developed for operational use in an air resources management system
and has been reported in various stages of evolution by Croke et al. (1968)
and Croke and Roberts (1971). The report was completed in February 1971.
Meteorological parameters used in the model are varied at hourly inter-
vals so this is the time interval used in averaging the predicted con-
centrations of pollutants.

The model accounts for the diffusion and convective transport
mechanisms by considering individual puffs of effluent instead of plumes.
The puff results from an instantaneous release of a discrete amount of
effluent from point or area sources. The puffs are assumed to diffuse
with a Gaussian distribution and the standard deviations for each of the
three directions of diffusion were obtained from two sources of empirical
curves; these were the Pasquill-Gifford curves in Turner (1969) and the
Turner curves in Roberts, Croke, and Kennedy (1970). The transport of
the puffs is obtained from the piecewise - constant hourly wind vectors.
The Gaussian puff formula is treated as a mathematical kernel. The con-
centration resulting from a continuous-source plume is then obtained by
integrating the puff result over time with a convolution integral. Since
all puff formulas must be integrated over time for continuous pollutant
sources, this type of dispersion model is often referred to as an

"integrated puff" model.
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The integrated puff'model has the advantage of being able to eval-
uate the effect of a sub-area source on locations within the area as
well as external to the area. The model is capable of simulating near-
zero wind speed conditions. The model was applied to Chicago where a
large data base was available for validation studies. The Chicago tele-
metered air-monitoring network has collected over three years of data
consisting of 15 minute averages from eight stations for 802 concentra-—
tions, wind speed, and wind direction. The model as applied to Chicago
is presented in Proceeding of the Second International Clean Air Congress
by Roberts et al. (1971).

A mathematical diffusion model was developed at New York Univer-
sity (NYU) only a few months before Argonne National Laboratory started
their work using a very similar approach. The NYU model was a very
sophisticated source-oriented model based upon the three-dimensional
Gaussian puff diffusion assumption with piecewise-constant input quan-—
tities in time and required a digital computer for solution. The NYU
model was less general than ANL model since the standard deviations of
the diffusing Gaussian puffs were obtained using empirical formulas
whose parameters were evaluated using New York City data, whereas the ANL
model employed the widely used empirical curves. The NYU model was pre-
sented at the Symposium on Multiple-Source Urban Diffusion Models by

Shieh, Davidson, and Friend (1970).
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Model Using Numerical Solution of Mass
Continuity Equation

The models thus far discussed have employed either a homogeneous
or a Gaussian distribution for the pollutant in the three directions of
dispersion. These models can treat only non-reacting species and usually
cannot account for variations in meteorological parameters. The models
are steady state or at most quasi-steady state solutions for pollutant
concentrations. The limitations of these models can be partially removed
by use of a dynamical model involving the solution of the partial differ-
ential equation for the conservation of mass. This approach permits the
inclusion of chemical reactions, time-varying meteorological conditions,
and complex source emission patterns., The solution can simulate the con-
centrations in time throughout a computational grid representing the
urban area.

The mass conservation equation can be solved using either a mov-
ing cell or fixed coordinate approach as pointed out by Seinfeld,
Reynolds, and Roth (1972). 1In the moving cell model a hypothetical col-
umn of air is followed through the airshed as it is advected by the wind.
The air column may or may not be well mixed vertically. The pollutants
are injected at the base of the column, and chemical reactions can take
place within the column. In the fixed coordinate model the airshed is
divided into a three dimensional grid of stacked cells. A set of coupled
equations is solved numerically after applying the mass continuity equa-
tion to each cell. From a fluid mechanical standpoint the moving cell

approach is Lagrangian while the fixed coordinate approach is Eulerian.
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In the moving cell model the concentration changes in the hypo-
thetical parcel of air are computed as the parcel traverses the airshed.
The model assumes no horizontal transport of material across the bounda-
ries'of the air column, no horizontal wind change with height, and
neglects vertical advection. Additionally, the parcel of air is assumed
to maintain its integrity while traversing the airshed.

The moving cell technique is used basically for computing concen-—
tration histories along a given air trajectory. Eschenroeder and
Martinez (1972) used this approach assuming a nonuniform distribution for
the concentration of pollutants in the vertical direction. Their model
accounted for chemical reactions due to the interaction of the pollutants
in the air. They showed that the histories of reactive hydrocarbons,
oxides of nitrogen, and ozone were consistent with the variations observed
at air monitoring stations in the Los Angeles basin. The moving cell
approach was also employed by Wayne et al. (1971) for the Los Angeles
basin. 1In their model the column of air was assumed to be mixed homoge-
neously so the equations to be solved reduced to a set of ordinary dif-
ferential equations. The moving cell approach is not feasible for use
as an airshed model since a large number of trajectory calculations would
be required to predict concentrations as a function of time and location
throughout the airshed.

In the fixed coordinate approach a set of N equations is solved
numerically with time to obtain the pollutant concentration for each cell
in the airshed grid. The numerical solution can be obtained by the con-
ventional finite difference method, the particle in cell (PIC) method, or

the variational method. The variational method involves assuming the form
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of the concentration distribution which usually is an expansion of known
functions, and then evaluating the coefficients in the expansion. As
pointed out by Seinfeld et al. (1972), this is a relatively new method
for solving the three dimensional time-dependent partial differential
equation for conservation of mass.

The particle in cell (PIC) technique treats the continuous con-
centration field as a collection of mass points or particles, each repre-
senting a given amount of pollutant and each located at the center of
mass of the volume it represents. The mass particles are moved by advec-
tion and diffusion. The particles are located within a fixed three
dimensional grid according to the mass distribution of the material. Dur-
ing a time step in the numerical solution, the particles move a distance
equal to the product of the mean wind and the time step. New barticles
are emitted during the time step from the sources in each cell, and then
the particles in each cell are allowed to react chemically. At the end
of the time step the average concentration in each cell is determined by
totalling the mass of particles occupying the cell and then dividing by
the cell volume. This procedure is continued to get the concentrations
in each cell as a function of time. The PIC technique has been applied
by Sklarew, Fabrick, and Prager (1972) to model air pollution in Los
Angeles.

The most common method for solution of the set of continuity
equations, obtained from the airshed grid for the fixed coordinate
model, is the finite difference technique. The finite difference approx-
imation transforms the partial differential equations into a set of

algebraic equations which are then solved to give the pollutant
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concentration in each cell. This method is repeated for subsequent time
steps to obtain the distribution of the pollutant concentration with time
in the airshed. The finite difference technique has been widely used.

Mahoney and Egan (1971) employ this approach in developing a
mesoscale air pollution model. They developed a model to investigate the
effects of short term changes in emission strengths and meteorological
parameters, Their model is based on the solution to an advective-diffusion
equation representing the transport and dispersion of one or more pollu-
tants. A two-dimensional "driven" approach is assumed. The calculated con-
centrations are considered to be "driven" or forced by the external param-
eters. The distribution of the pertinent meteorological parameters is
considered to be imposed externally, with known values, and the pollutant
source distribution is also assumed to be known,

In the two-dimensional model the vertical advection term is
neglected in comparison to the horizontal advection, and the horizontal
diffusion is neglected in comparison to the vertical diffusion. The
solution is obtained using a finite difference formulation employing a
"lock" method. By the "lock" method is meant that the material (pollutant)
is retained in a single grid cell for several time steps, until the
pollutant has had sufficient time to traverse the entire width of the grid
cell due to advection, and then the material is entirely transported into
the next cell. The impulsive error due to this method is overcome by
averaging the concentration distributions over a few sequential time
steps.

Another air pollution model using a finite difference approach to

the solution of the mass continuity equation was developed for the San
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Francisco Bay area by MacCracken et al. (1972). The model uses the
simple box approach where the cells are considered as well-mixed. The
pollutants in each box are assumed to be homogeneously mixed up to the top
of the box, which is the mixing height of the atmosphere. The conserva-
tion of mass equation is applied to a chemically conservative pollutant in
each box of the airshed. This reduces the problem to solving a set of two-
dimensional time dependent partial differential equations. A finite dif-
ference approximation is then applied to the spatial derivatives, and the
equations are transformed to ordinary differential equations where time
is in the independent variable. The set of ordinary differential equa-
tions is solved using a relatively new mathematical method developed at
Lawrence Livermore Laboratory,

The MacCracken model predicts concentrations of carbon monoxide
(CO) for the airshed of the San Francisco Bay area as a function of time.
The results of the numerical solution give only an average concentration
for each box. A logarithmic distribution is assumed for the concentra-
tion of CO in the vertical direction so a ground level value for CO can
be calculated. From sparse meteorological data for the complicated
topographical region time-varying inversion heights and horizontal wind
fields are determined for use in the airshed model. An extensive emis—
sion inventory for CO was obtained for inputting time and spatially vary-
ing pollutant sources. The observed and calculation CO concentrations

for a l-hour average seem to agree fairly well.



25

‘Tucson Model

The models discussed have developed to a rather sophisticated
level of complexity. The simplest model assumed the pollutant distribu-
tion was uniform. The next level yielded the concentration according to
the Gaussian distribution which is a specialized solution of the transient
diffusion equation. The most fundamental model involves a numerical solu-
tion of the time dependent mass continuity equation. The latter approach
is needed in order to simulate time varying concentrations as for the
Tucson airshed.

In the model to be developed here, the Tucson airshed is divided
into a network of interconnected boxes each with a square base and a
height equal to the mixing layer in the atmosphere. The model treats
carbon monoxide which is relatively inert and assumes the pollutant is
homogeneously mixed in each box. This assumption reduces the problem to
solving the two dimensional time dependent mass conservation equation.
This is similar to the approach employed in the Lawrence Livermore
Laboratory (LLL) - MacCracken model. The differences arise in the method
used to perform the numerical analysis. The mass continuity equation is
applied to each box in the grid. A finite difference approximation is
applied to each derivative in the equation leaving a set of algebraic
equations to be solved. The LLL model applies the finite difference
approximation to the spatial derivatives only and instead obtains a set
of time dependent ordinary differential equations for solution. The
resulting solution in either case gives the average concentration of car-

bon monoxide in each box as a function of time. A ground level
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concentration for each box can be calculated assuming some distribution
for the pollutant in the vertical distribution. The "driven" approach is
incorporated into the Tucson model, that is, the meteorological param-
eters are externally put into the model. The mathematical analysis in
developing the physics of the pollutant dispersion is presented in the

next chapter.



CHAPTER 3

ANALYSTS

In developing the urban airshed model, a mathematical representa-
tion for the unsteady motion of the air pollutant concentration is
required. In the atmosphere the air pollutant is transported both by the
mean motion of the wind and by turbulent and molecular diffusion towards
areas where its concentration is small. The pollutant is emitted by

stationary and mobile sources and may be produced by chemical reactions.

Basic Governing Equation

The conservation of mass principle is used to obtain the basic
partial differential equation governing the time evolution of the air
pollutant concentration. The mass conservation equation for Ca(x,y,z,t),

the concentration of pollutant a, is written as

BCa BCa BCa BCa 3 aca
at tu 3x tv 3y tow 3z SE.(KX Bx) (3.1
aC aC
3 a ] a
+ 3y (Ky _—ZE) + 3z (Kz —E) + Sa(x,y,z,t)

+ P (C,Cs --vy C_,t)

where u, v, and w are the three velocity components which are functions
of x, y, z, and t; Kx, Ky, and Kz are the three eddy diffusion coeffi-

cients and can be a function of x, y, 2z, and t. Sa(x,y,z,t) is the
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source field for pollutant a. Pa(Ca,Cb, cees Cn,t) is the chemical
reaction expression for pollutant a . Sa and Pa both have units of
gm/hour-m3.

Numerous assumptions are involved in obtaining equation (3.1).
Most importantly, the continuity equation is uncoupled from the equa-
tions of momentum and energy. This is done by assuming that the pres-
ence of pollutants in the atmosphere do not cause variations to occur in
temperature and velocity. The molecular diffusion is negligible in com-
parison to the turbulent diffusion. Another assumption is that the
atmospheric flow approximates that of an incompressible fluid. Since the
wind velocities and concentrations are fluctuating variables, their
magnitudes are treated as mean values averaged over a certain time inter-
val which is small compared to the time scale for pollutant source which
is measured in hours, And finally, it is assumed that the turbulent
fluxes are linearly related to the gradients in the mean concentration.

The solution of equation (3.1) gives the mean concentration of
the air pollutant a as a function of time at any point (x,y,z). A source
emissions inventory and pertinent meteorological data are needed as
inputs to the equation. The magnitudes of the turbulent eddy diffusiv-
ities and any chemical reaction mechanism are also needed before the
solution of (3.1) can be obtained. The general differential equation is
very difficult to solve, and to date, some simplifications have been

needed to achieve a workable model.
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Fixed Coordinate Approach

A basic and extremely simplified approach to solving (3.1) is to
apply the equation to a chemically conservative pollutant in a single
large.box so that spatial variations in the terms can be ignored. This
approach was employed by Smith (1961) and a two part solution is obtained
for the pollutant concentration. There is an unsteady term based on an
exponential decay of the initial concentration. A corresponding steady
state term is included where the concentration is equal to S/HLU. This
assumes a zero background concentration. S is the source strength, H is
the height of the box, and L is the width perpendicular to the uniform
wind velocity U. The use of this approach has been mainly limited to
calculations of spatial and long term temporal averages and is completely
inadequate for air pollution episodes and for calculating local air pol-
lution concentrations.

A more sophisticated fixed coordinate approach, to account for
local conditions, is to divide the urban area into a grid of square boxes
with a base area of L2 and a height H. The height H can represent the
vertical extent of the mixing layer of the atmosphere. This approach is
used by MacCracken et al. (1972). There the pollutant treated was inert
and assumed to be homogeneously and uniformly mixed in each box. This
approach is sometimes referred to as a multi-box model. This idea of the
multiple box model can be envisioned in Fig. 3.1.

Using the box structure with the idea that the pollutant in each
box is homogeneously mixed to the top of the box, i.e., through the mixing
layer, the z dependence can be eliminated from (3.1). The mass conserva-—

tion for an inert pollutant using the multi-box approach becomes
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aC aC 3C _
ot tu 9x tv dy
) 3C 3 ac S(x,y,t)
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gx (Kx ox + 3y (Ky ay) v (3.2)

C is the concentration for an inert species, u and v are the two mean
horizontal velocity components which will be a function of time only.
S(x,y,t) is the source field, and V is the volume of each box so that
V= LZH.

If in addition we assume that the horizontal turbulent diffusiv-

ities are a constant and equal in both the x and y directions, such that

K =K = KH’ equation (3.2) reduces to

x oy
aC 3¢ 3¢ _
st T UtV sy T
o%c | o%c, | s@x,y,t) (3.3)
KH ( + ) +
2 2 v
9x ay

The idea of treating each box as a well mixed cell reduces the
mass conservation equation from a three dimensional time dependent prob-
lem to a two dimensional time dependent problem. The solution of (3.3)
can be obtained by applying a finite difference approximation to each
derivative in the equation. By externally inputting the velocity com-
ponents along with the horizontal eddy diffusivity and source field, the
concentration of an inert species can be calculated as a function of time
at any location (x,y). At that location (x,y) the calculated concentra-
tion is by assumption the same for any height z from the ground up to the

top of the mixing layer H. Since the concentration is not really
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uniform in the vertical direction, a distribution for the concentration
in the z direction is needed so that an actual ground level concentration
can be determined. This will be discussed later in the chapter. An
initial condition is needed at zero time and four boundary conditions are
required in order to obtain the solution to (3.3). These conditions will

also be presented in the latter part of this chapter.

Mass Balance

The concentration of the air pollutant can be obtained by finite
differencing equation (3.3) and applying the results to each box. A
more basic approach is to apply the conservation of mass principle to
each box, that is, a mass (concentration) balance is made on each control
volume. Eachk control volume is centered about a node (i,j) in space with
its neighboring nodes. This idea is visualized in Fig. 3.2. Each con-
trol volume represents a box of volume LZH. Note that each control vol-
ume has only four adjacent nodes since this problem has been reduced to
two spatial dimensions using the multi-box approach. The node point
value of the concentration C is the average over the control volume.

Using the control volume approach, the conservation of mass

principle can be written as

INCREASE IN INFLOW OUTFLOW
STORAGE = OF - OF (3.4)
OF MASS MASS MASS

The mechanisms for inflow and outflow of mass are advection and diffusion.
The advection is the transport due to the wind velocity U which has com-

ponents u and v in the x and y directions, respectively. The pollutant
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sources emitted from the surface can also account for an inflow. The mass
balance is written for the control volume for a time interval At and all
terms are evaluated at t+At/2. This gives an average between the previous
time t and the new time t+At. This approach is called the Crank-Nicholson
method (Carson and Emery, 1969).

The increase of storage of mass at node (i,j) is

8C t+AL /2 9

T (L™H)

i,
The inflow of mass due to advection in the x and y direction is

)t+At/2 )t+At/2

+ V(Ci—l,J

ucey 4 ] @

Likewise, the outflow advection from the control volume is

)t+At/2 )t+At/2] (1H)

[u(Ci 3

b

+ v(C, .
1]

In writing the advection terms, the u and v velocity components are taken
as constant for the time step At and also are assumed to not vary spa-
tially throughout the grid. In the advection terms the concentration C
advected into the node is not the value at the boundary, but the value

of C at the upwind node. 1In the outflow by advection, the value of C at
the node (i,j) is transported to the adjacent downwind nodes. This
approach gives the same results as would be obtained by treating the con-
vection terms in equation (3.3) using an upwind finite difference (i.e.,

backward difference).
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To calculate the fléw of mass due to diffusion, a diffusion rate
law is needed. The simplest diffusion law is the linear law that says
the diffusion flux rate of C, which is called m, is proportional to the

gradient of the concentration C(i.e., Fick's law).

aC

h=-kZ

9x

The minus sign indicates that a C which increases in x causes diffusion
in the negative x direction. K is the turbulent eddy diffusion coeffi-
cient with molecular diffusion meglected.

The inflow of mass due to diffusion in the x and y direction is

ac t+AL /2 5C t+ A—;
(X o 2 S I
isj" 'i' i- E,J

Similarly, the outflow of mass due to the diffusion from the node (i,j)

is
ac t+%£ 5C t+At/2
[—KH ™ - K 5 ] (1)
.1 yib o1
i, j+ 7 i+ 233

In obtaining the diffusion terms the gradients of C are evaluated at the
boundaries between the nodes. KH is the horizontal eddy diffusion coef-
ficient.

The inflow of mass due to the pollutant sources at the surface

is S This is the mass per unit time obtained by summing all the

i,3°

sources emitted from a surface of area L2 for the node (i,j). The

information needed to obtain S for each box will be presented in
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for carbon monoxide from all sources.
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That chapter deals with determining the emissions inventory

Using the above expressions in equation (3.4), the relation for

the conservation of mass for the control volume becomes

3 t+At/2 (LZH) W e t+At/2 )
3t i,j-1 i,j
i,]
e+ 55
+ V(Ci—l,j - ci’j) (LH) (3.5)
fx, (gg_ t+At/2 . §£-|t+At/2) .
i, j+ 5 1,j—~§
sc lt+At/2 5c t+-%£
+ K, (5§-| . - 5§'l ) ) (1w + Si,j
i+ 53 i~ 353

A Taylor series expansion can

derivative terms remaining in equation (3.5).

analysis is carried out in Appendix A

be used to approximate the partial
The mathematics of this

and the results are presented here.

t+At /2 t+At t
c. . -C. .

oC i,j i,]
3t |, . At

1,]

and

t+ éz& (c -c, )t g—t
ac - _i,j"1 i,j
ox i,j+-% L

The other three remaining spatial der
to the latter equation above. These

a forward finite difference (Roache,

ivative approximations are similar
above results have the same form as

1972). The concentration C at each
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node is evaluated at t+(At/2) so an approximation must be made in order
to integrate and obtain a value for C at the end of the time step At. A
Crank-Nicholson approximation is used as discussed in a paper by Carson

and Emery (1969). The assumption involves a simple averaging which gives

t+ot/2 _ 1 .t t+At
C. . = (C; . +C, . 3.6
1,1 2 1,3 1,7 ) ( )
The concentration at the mid-time step is the average of C at the prev-
ious time t and the new time t+At. Using equation (3.6) along with the

approximations for the partial derivatives in equation (3.5), a final

expression is obtained.

Ct+ét(l-+ 88 + 2cosa + 2sina)
i,j '
t+At t+At .
Ci,j—l (28 + 2coso) - Ci—l,j(ZB + 2sina)
t+At t+AL
- Ci,j+1 (28) - Ci+l,j (2B)
t 1 . .
= Ci,j (6-— 88 -~ 2cosd-2sina)
t t
28 +
+ Ci,j—l( B + 2cosa) + Ci—l,j(zs + 2sina) 3.7)
+ct . (28) + ¢t .(28) + 4cC
i,j+1 i+l, 3 SS,1j

The algebra involved to obtain (3.7) is presented in detail in Appendix

A. Equation (3.7) relates the concentrations at the new time t+At to
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their value at the previous time t. The terms in parentheses are all non-
dimensional.

A non-dimensional time 86 is defined which relates the wind speed
U to the numerical time step At and the width of the square box L. The

parameter is given by

_ UAt

=i (3.8)

]

The criterion used in determining the magnitude of 6 will be discussed in
Chapter 5. The number 4 is added only to simplify the final form of
equation (3.7). Another non-dimensional parameter is defined which gives
the order of magnitude relationship between the advection and diffusion

mechanisms involved in the problem, This relation is given by

(3.9)

C.‘!<
=)

where

l.'"l:n?ﬁ

V. =

D (3.10)

VD is defined as the diffusion velocity and is equal to the eddy dif-

fusivity divided by the width of the box L. The parameter B usually

has a magnitude less than one for the simulation of atmospheric motion,
The wind velocity U can be divided into two components which are

parallel to the x and y directions. The angle o is defined such that

the wind velocity U is parallel to the x direction when a = 0°. The

value of o is positive counterclockwise as can be seen from Fig. 3.2.

The velocity components are then defined as

u = U coso
and |
v = U sina
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where u and v are the components in the x and y directions, respec-
tively.

. This is

A final term to be defined in equation (3.7) is CSS i3
H

the steady state concentration of a control volume centered at node

(i,j) having a source strength S under the assumption that the control
volumes surrounding (i,j) all have a zero concentration. The horizontal
diffusion is also neglected in obtaining the result. The control volume
has a height H, and L is the width of the square base of the control
volume having a uniform wind velocity U. This steady state concentration
was obtained by Smith (1961) for a single box. The expression for that

case is given by
C. = (3.11)

Equation (3.7) is written for each control volume (box) in the
grid. A set of algebraic equations is then obtained which must be solved
simultaneously to get the concentration in each box at the end of one
time step At. This procedure is repeated to obtain the concentration in
each box as a function of time. Once an initial distribution for the
concentration field and the distribution for the source strength in the
grid are determined, the solution for the first time step can be obtained.
These new concentrations calculated from the set of simultaneous equa-
tions are now used as the initial concentration distribution for the next
step, The procedure is continued to get the concentration distribution
for each successive time step. The numerical procedure involved in cal-
culating the concentration distribution from the set of simultaneous

algebraic equations is discussed in Chapter 5.
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Zero Advection Case

There are certain meteorological conditions under which air pol-
lution concentrations are usually high. These cases are of interest for
predicting the possible local maximum levels that could be observed.
When the wind is relatively calm, the mechanism of advection due to the
wind becomes small and diffusion is the only mechanism for motion of an
inert air pollutant. Due to the motionless state of the wind the air
pollutant emissions can accumulate. This zero wind (calm condition)
problem cannot be handled, as pointed out by MacCracken et al. (1972),
using the Gaussian plume model. The Gaussian model predicts an infinite
value for the concentration at the source and zero everywhere else as
the wind speed approaches zero. The zero advection case can be handled
by the method used in this study, that is, the numerical solution of the
mass continuity equation.

To handle this calm condition, the wind speed U is set equal
to zero. If this is done, B becomes infinite and 6 goes to zero;
therefore, equation (3.7) cannot be used. The analyses must start back
at equation (3.5) which is the mass balance obtained for the control vol-
ume in Fig. 3.2. Starting with this equation and setting u and v equal

to zero, the following result is obtained

t+At/2 t+ —%—5 t+ %—t_
s | 2 - @ | 3
e | . B =K Gol g -5 P @)
1,3 i,3+ 7 i,j- 5
ti /2 t+At/2
+ (ég. 3C
Y Gy 1. "5l 1) am (3.12)
it 5, Y Ti- 5]
+S

i,]
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This equation (3.12) can now be used to obtain the concentration for the
case of zero wind speed U. The simplification of (3.12) proceeds in the
same manner as did equation (3.5). The partial derivatives are approxi-~
mated as before using a Taylor series expansion with the results pre~
sented in Appendix A. The value of the concentration at t + %E-is the
average between its values at t and at t+At. TFollowing this line of
analysis a final expression is obtained for the case of no advection.
The algebra involved in obtaining this equation appears in Appendix A and

the equation is presented below as

t+At , t+At
Ci,5 A0 =08 50 * Gy * O Y Gy

— t -
= Ci,j(l bo) + Cow, 1 (3.13)

t

000 53 *Cig,5 7 C 541t Cin, g

Equation (3.13) contains the concentrations at t+At on the left
side with their corresponding values at t on the right side. A non-

dimensional time parameter ¢ is defined such that

KHAt VDAt
i R 7 3.14)
L
where
VD = ;E (3.10)

¢ relates the diffusion speed VD to the numerical time step At and the
width of the square box L. The factor of 1/2 in equation (3.14) is

included only to simplify the final form of equation (3.13).
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Another term appearing in equation (3.13) is Czw ij; This is the
b
resulting concentration for a time interval At for the case of no advec-
tion. The expression is given by

c, = %‘—t , (3.15)
L H

Equation (3.15) says that the concentration for a node (i,j) is equal to
the source strength for that node multiplied by the time of its emission
At, divided by the volume of the box. This again assumes that the sur-
rounding boxes have a zero concentration. This result (3.15) gives the
concentration density for a time of emission At for the case of zero
advection and diffusion for a box of volume L2H having a source strength S.

Equation (3.13) can be solved in a similar fashion to equation
(3.7) to obtain the concentration distribution for the grid as a function
of time. The resulting distribution should contain higher levels than
would be obtained using equation (3.7) since equation (3.13) now accounts
for the zero wind condition.

By applying a backward finite difference to each partial deriva-
tive in equation (3.3), the same result is obtained as equation (3.7)
which was developed using a mass balance on a control volume. The same
is true for the case of no convection; in this case the final result by

either approach is equation (3.13).

Boundary Conditions

In order to solve any differential equation, certain initial
and/or boundary conditions are needed. To obtain a solution to the mass

continuity equation (3.3) using the multi-box approach, four boundary
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conditions and one initial condition are needed. Equation (3.3) is a
parabolic partial differential equation in the independent variable~time,
An initial condition is required since the equation is of order one in
the vériable time. The initial condition is represented by the initial
distribution for the concentration field. This distribution contains

the concentration in each box at the start of time, i.e., t = 0, To
start the analysis, a distribution is assumed such that the concentration
in each box at t = 0 is the same and equal to a background concentration
Co' However, other initial distributions could be chosen. The concen-
tration field can then be obtained after each time step At once the
boundary conditions are known.

The conservation of mass equation (3.3) is an elliptic partial
differential equation in the independent space variables. The equation
is second order in the variables x and y so four boundary conditions ére
needed. The boundary conditions are the values of the dependent vari-
able at the spatial boundaries. The dependent variable is the air pol-
lutant concentration C, and the values of C are needed at the four boun-
daries of the airshed grid.

Since the air pollutant C is transported through the grid by the
wind velocity U, there are two boundary conditions needed upwind of the
grid and two required downwind of the grid. The wind velocity U can
rotate by changing its angle orientation a. The wind can be in any of
the four 90° wind quadrants making up a 360° circle. Due to the rotation
of the wind velocity, the upwind boundary conditions can become the

downwind conditions and vice versa. The wind rotation is accounted for
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in the analysis of this study since to simulate the concentration field
time-history, the variation in the meteorological parémeters are
required.

The boundary conditions are represented by specifying the con-
centration C for a fictitious set of boxes surrounding the airshed grid.
In starting the analysis with the initial distributicn Co at t = 0, the
wind velocity U is in some initial wind quadrant. The upwind boundary
conditions, one each in the x and y direction, are represented by the
set of boxes in both directions upwind of the grid having a concentration
equal to the background concentration Co' The downwind boundary condi-
tions are not so easy to handle. Their values are not the background
level since the larger concentrations from inside the airshed are con-
vected out of the grid in the downwind direction.

The downwind conditions can be handled by first expanding the
airshed grid by adding a couple of rows of boxes surrounding the actual
grid. In these additional boxes the pollutant source S is taken as
zero. In these outer rows of boxes, B is set equal to zero which means
that the diffusion is neglected, i.e., the equation becomes parabolic.
Since the advection terms are handled using an upwind finite difference,
no outflow (downwind) boundary conditions are needed. This approach is

similar to the method pointed out by Roache (1972) in his Computational

Fluid Dynamics text. 1In solving the vorticity transport equation, as

the Reynolds number approaches infinity, no boundary condition on the
vorticity is necessary at outflow. The Reynolds number can be thought
of as representing the ratio of the convection to the viscous diffusion.

If the Reynolds number approaches infinity, this means that the viscous
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diffusion is small and approaches zero. This is analogous to B approach-
ing zero since B is the ratio of turbulent diffusion to convection for
the mass continuity equation. TFor the case where convection is accounted
for, B is usually about 0.10 or so which gives a Reynolds number (based
on the cell length, L) of 10.

Using this approach, only the inflow boundary conditions are
needed. The outflow boundary conditions are suppressed by neglecting the
diffusion out of the downwind boxes which are adjacent to the grid boun-
dary. The mass continuity equation solved for these boxes adjacent to
the boundary is either equation (3.7) with B = 0 or equation (3.13) with
¢ = 0 depending on whether the advection is zero or not. This is the
same as setting the horizontal eddy diffusion coefficient equal to zero
in the initial mass balance, equation (3.5) or equation (3.12).

In obtaining the concentration field after each time step At, the
wind velocity can change quadrants from its initial quadrant. When this
occurs, one or both of the outflow-boundary conditions can now become
inflow boundary comnditions. This new inflow boundary condition is prob-
ably no longer equal to the background concentration since the air pol-
lutant concentration has had time to accumulate downwind just outside of
the grid boundary. The new inflow boundary conditions for the time t+At
can be approximated from the concentration field at time t. Using a set
of fictitious boxes surrounding the grid, the concentrations for each of
these boxes can be approximated using a linear interpolation with the
two adjacent upwind boxes in the same direction as shown in Fig. 3.3. So
the concentration at the fictitious node I+l is

C.,. =2C. -C _ (3.16)
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The value for the new upwind boundary condition for time t+At is twice
the concentration at the nearest adjacent node minus the concentration

at the node which is two node lengths away. The values CI and CI—l are
part of the concentration field determined at time t. This approach of
using a fictitious node approximated by a linear interpolation was used
by Briley (1970). This process is continued for as many time steps as
necessary until initial background is reached. A restriction is set on
equation (3.16) such that the value of CI+l can not be less than the
background concentration Co' The new outflow boundary condition again is

handled as before, with zero diffusion in the boxes adjacent to the out-

flow boundaries.

InEut Data

Having obtained the set of algebraic equations, representing the
mass balance for each box in the grid, along with the appropriate initial
and boundary conditions, the input data must now be developed so that
the time history of the carbon monoxide concentration field for the Tucson
airshed can be calculated. There are three important pieces of informa-
tion needed as input. They are the meteorological parameters, the source
field for carbon monoxide, and the turbulent eddy diffusivity coeffi-

cients in the horizontal and vertical directions.

Meteorology

The meteorological parameters needed are the wind speed U, wind
direction a, and the mixing height of the atmosphere H. The wind direc-
tion and speed are obtained from the National Weather Service located at

the Tucson International Airport. These parameters are recorded on an
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hourly basis by the Weather Service. It is assumed that this location is
representative of the city as a whole. It would, of course, be better to
have local data. The morning and afternoon mixing heights can also be
obtained using the radiosonde data from the airport. The morning mixing
height is calculated as the height above the ground at which the dry
adiabatic extension of the morning minimum surface temperature plus 5°¢C
intersects the vertical temperature profile observed at 1200 Greenwich
Median Time (GMT). The minimum temperature is determined from the regular
hourly airway reports from 0200 through 0600 Local Standard Time (LST).
The afternoon mixing height is less complicated than the morning, but is
calculated in the same way, except that instead of the minimum temper-
ature plus SOC, the maximum surface temperature observed from 1200 through
1600 LST is used. This procedure for calculating the mixing heights is
described in AP-101 (Holzworth 1972, hereafter cited as AP-101).

To simulate the time history for the concentration field, the
morning and afternoon mixing height levels are not sufficient information,
but they are useful in determining the needed mixing height as a function
of time. A linear interpolation between the morning and afternoon mixing
heights can be made using the surface temperature variation to calculate
the mixing height variation with time. After sunset the mixing height
used is the morning mixing height of the second day since after sunset
in Tucson an inversion usually starts at the ground. The inversion

remains until it is burnt off by the morning sun of the next day. The

expressions used are

- T(E) - Thin
_ 1
H(t) = B+ —5 (HA_Hm ) for [t <t<t] (3.17)

1 Tmax minl 1
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H(t) = H for [t,<t<t ] (3.18)

where
H is the mixing height for the first morning
H is the mixing height for the second morning
H, is the afternoon mixing height of the first day
T is the minimum temperature for the first day
is the maximum temperature for the first day
t is the time corresponding to the morning mixing height of
the first day
t is the time corresponding to the morning mixing height of
the second day

t 1is the time corresponding to the sunset of the first day.

Since the surface temperature is recorded hourly, the mixing
height levels can be calculated on an hourly basis using equation (3.17).
This linear interpolation approach is similar to that used by Johnson,
Ludwig, and Moon (1970) in AP-86 to calculate mixing height variations.
Due to the fact that the Tucson Intermnational Airport is the only loca-
tion within Tucson to obtain the meteorological parameters on a regular
basis, the data obtained there are applied uniformly throughout the grid.
Therefore there are no spatial variations in the meteorological param-
eters; however, the time variation of the data is accounted for by
changing the inputs on an hourly basis in accord with the time interval

of record.
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Source Field

To analyze the carbon monoxide problem, an evaluation of the
sources which emit the air pollutant is required. Since the model used
in the analysis of the problem divides the airshed grid into boxes, the
emission rate of CO must be determined for each box. The automobile is
the main source of carbon monoxide so extensive data are needed to obtain
a realistic estimate of emission rate. The rate of emission is calcu-
lated in grams per day using a weighted emission factor in grams per mile
times the miles traveled per day in each box. The weighted emission fac-
tor is based on the yearly emission factors appearing in '"Compilation of
Air Pollution Emission Factors" (1973), hereafter noted as AP-42, and the
automobile age distribution for Pima County., The mileage for each box
was obtained using a traffic volume map prepared by the Pima
County Association of Governments Transportation Planning Agency. A
traffic volume distribution for a 24 hour day is used so that the emis-~
sion source for each box can be used as an input on an hourly basis. The
emission inventory for carbon monoxide used to input the source field

for the predictive model is presented in the next chapter.

Diffusivities

The final input quantities needed are the turbulent eddy dif-
fusivity coefficients. An understanding of turbulent diffusion is
required so that this mechanism of motion can be included in the pre-
dictive model. In the atmosphere the molecular diffusion is neglected
compared to the turbulent diffusion. The simple diffusion law is the

linear law which says that the diffusion flux is proportional to the
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gradient of the concentration. This is called Fick's law for diffusion

and is given by the equation

- ac
m ==K

This relation expresses the diffusion in one direction only, that is, the
x direction. The diffusion occurs in all three spatial directions and is
nonisotropic. Here K is the turbulent eddy diffusivity and is given the
symbol Kz in the vertical direction, KH is the value for the horizontal
eddy diffusivity and the assumption is made that KH = Kx = Ky. The mag~
nitudes of KH and Kz are obtained from experimental diffusion data.

The data available for the horizontal eddy diffusivity are rela-
tively sparse and generally for diffusion only in the upper atmosphere,
The information needed for this model is for the lower atmosphere within
the mixing layer. Angell, Allen, and Jessup (1971) obtained data for
diffusion in the lower troposphere in mountainous areas. Tetroons were
tracked from a release point to obtain a distribution of their positions
after a certain time interval. The wind speed was relatively constant
for the experiment and for travel times of slightly less than 1 hour the
lateral and longitudinal eddy diffusivities were about 500m2/sec at an
altitude of about 2500 meters.

A summary of continous-source lateral-diffusion measurements is
presented in a paper by Heffter (1965) and later appeared in a publica-~

tion entitled Meteorology and Atomic Energy which was edited by David

H. Slade (1968). The results were obtained using a wide variety of
sources including continuous smoke plumes, multiple balloon releases, and

clouds from nuclear detonation. For travel times of 1 to 4 hours, the
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horizontal eddy diffusion coefficients varied from 100m2/sec up to
4000m2/sec for measurements from the surface up to 1000 meters or so.

In another study, Randerson (1972) assumes that the horizontal
diffusion follows the Fickian diffusion law with KH given by

2
o}

Ky = 5o (3.19)
where dy is the standard deviation in the crosswind direction for the
distribution of the continuous source for travel time t. The travel time
t can also be represented by x/U where x is the downwind position for a
wind velocity U, Using this relation for the horizontal diffusion coef-
ficient, Randerson followed nuclear debris clouds and found that KH was
about lOOOmZ/sec for travel times less than 1 hour for altitude of 2 to 3
kilometers.

In determining the horizontal eddy diffusivity needed for the
multi-box model, equation (3.19) could be used if a value for oy were
obtainable. TFor this model, oy represents, for example, the distribu~—
tion of balloon positions at the time t = L/U, i.e., time to travel a
box of width L with a wind speed U. If all the balloons are released
at t = 0 and x = 0 under conditions of a fairly constant wind speed,
then at t = L/U each balloon will have a different position, (in both
x and y) relative to the starting point, about the location x = L. This
experiment is similar to that done by Angell et al. (1971). The reason
for the distribution of the balloons about x = L instead of every bal-
Joon converging on that point is due to turbulent eddy motion. For the
box model, a value of Gy would be required for a travel time on the order

of one hour or less for diffusion from the surface up to the mixing
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height. TFor these conditions the data available for cy or KH vary by an
order of magnitude depending on what reference is used.

To overcome this problem, a parametric study for KH was performed
using the predictive model to see what is the effect of this variable on
the concentration field. Two values of KH which varied by an order of
magnitude were employed in the parametric study. For values of KH equal
to 100m2/sec and lOOOmz/sec, the model predictions showed only a very
small difference for the concentration field for wind speeds between 2
and 3 meters/sec. This behavior is substantiated in a paper by Shir and
Shieh (1974). They developed an urban air pollution model of 802 for
St. Louis. 1In their study they found KH to have no significant effects
on their results and a value of 500m2/sec was assumed for the horizontal
eddy diffusivity. Since it appears that the concentration field is rela-
tively insensitive to KH a value of SOOm?/sec is used for this study
also.

The vertical eddy diffusion coefficient is easier to ascertain
since there is an abundance of data available. In a neutral atmosphere
the vertical diffusivity can be obtained using the classical von Karman
mixing length theory for the sugface 1ayerAas pointed out by Pasquill
(1962). This approach gives a linear profile for K in the region where
the shear forces dominate. In this region K increases to some maximum
level; after this point the shear forces no longer dominate and the
turbulence effects decay to some low level in the free (upper) atmosphere.

There is much disagreement about the profile of K with z above this maxi-

mum value of the diffusivity. A summary of the different profiles for
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K as a function of height is given in a report by Bergstrom and Viskanta
(1972).

The most widely used distribution for KZ is referred to as the
trapeéoidal distribution. This profile was employed by Roth et al.
(1971) in a simulation model for estimating ground level concentrations
of photochemical pollutants. The magnitudes for this distribution with
height z are presented in a paper by Mahoney and Egan (1971). The ver-

tical diffusion coefficient is

K(z) = 0.16z for 0 < z < 100m
= 16 for 100m < z < 150m
= 16 - 0.32(z-150) for 150m < z < 200m

The results presented are for neutral stability of a plane, homogeneous
terrain. This profile when plotted has a trapezoidal shape and has a
maximum value of 16m2/sec. In order to determine a ground level value
, for the carbon monoxide concentration, the magnitude of Kz is needed at
some reference height; this height being where the ground level concen-
tration is predicted. The reference height z is 1 meter and at that
height Kz = 0.16m2/sec. The reference height was arbitrarily chosen as
one meter, although this reference height was used by MacCracken et al.
(1972). This value of Kz along with the magnitude of KH are used as
input data for the model.

To substantiate that the values used for KH and Kz are reasomnable,
a quote from a paper by Chaudhry and Cermak (1971, p. 128) on simulating

flow and diffusion over an urban complex is included.
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"In the wind tunnel Kx and Kz are expected to be of the same
order whereas in the field Kx is at least one order of magnitude larger
than Kz." The value used in the model for KH is at least one order of
magnitude greater than Kz depending on the height at which Kz is evalu-
ated.

The turbulent eddy motion can be attributed to that motion due
to both mechanical and thermal turbulence. When the forced advection
mechanism is small, the eddy motion due to mechanical turbulence is also
small., For the case of zero convection (calm wind), the value for KH is
no longer applicable. The magnitude of KH is now less since U is small.
There is still motion in the vertical direction since only the mean
horizontal wind is set equal to zero. Thus the relations above for Kz
can still be used. It can be shown that Kz varies only slightly from
the neutral case for the case of an unstable atmosphere using the appro-
priate relations given by Bergstrom and Viskanta (1972). For this
unstable case, the turbulent eddy motion is now predominantly due to
free or natural convection. The driving force for motion is now caused
by buoyancy. For this case the horizontal turbulent eddy diffusion
coefficient can be equated to the thermal eddy diffusivity for the atmos-
phere. Under these conditions the value of KH can be approximated as
80m2/sec as discussed in a paper by Krishnamurti (1972). The paper is a
survey of laboratory and theoretical studies of convection. There is now
sufficient input data for Kz and KH to calculate the concentration field

whether or not the forced advection is important.
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Vertical Concentration Distribution

In using the multi-box approach, the concentrations obtained from
the numerical solution of equation (3.3) are average values for each box
of volume LZH. The air pollutant is assumed to be homogeneously mixed in
each box, but in reality, there should be some distribution for the con-
centration with the vertical height z. In order to predict a ground level
concentration for each box, a z-distribution for the concentration is
assumed. Physically, the pollutant concentration decreases with z from
the ground at z = 0 up to the top of the box z = H, the mixing layer.

The technique for handling the concentration distribution in the z direc-
tion gives the multi-box model in this study a pseudo-three dimensional
dependence.

A profile for the concentrati&n distribution in the vertical
direction is chosen so that ground level concentrations can be calcu-
lated for comparison with measured experimental data taken within the
alrshed. A vertical profile is assumed such that the concentration has

a logarithmic dependence given by

A H

Cc(z)
c(z)

i A
A

a+b n z. Z
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where Z, is the reference height, taken to be one meter. In the atmos-
phere the velocity follows a logarithmic profile so by relating the eddy
diffusivity for momentum to the eddy diffusivity for diffusion it appears
reasonable to assume that the concentration distribution is also loga-

rithmic. The logarithmic dependence for the concentration in the vertical
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direction was used by MacCrécken et al. (1972) for an air pollution model
of the San Francisco Bay area. The coefficients a and b are determined
by imposing boundary conditions in the z direction. The first condition
requires that the integral of the concentration from the surface to mix-—
ing height be consistent with the vertical average concentration deter-
mined by integrating equation (3.3), that is

H(t)

C(x,y,t) = H(i) f c(x,y,z,t) dz (3.21)
o

The second requirement is that the divergence of the vertical flux at
z =z be zero, which means that the source strength must balance the
vertical diffusion., The relation for this condition is given by

)

Q(X,Y,t) = - Kz(xsy,zost) S-Z— [C(X,y,z,t)]z___zo (3.22)
where Q is the time dependent pollutant surface source with Q = S/L2 for
each box. Kz(x,y,zo,t) is the vertical eddy diffusivity at the refer-
ence height z . Equation (3.22) is a relation for Fick's law of diffu-
sion. Another condition that the distribution for the concentration in

the z direction satisfies is
a .
- K, (x,y,0,t) o [C(x,y,2,0)] _, = 0 (3.23)

Equation (3.23) requires that the diffusion out of the box at z = H be
zero. This is the constraint on z at the other spatial boundary. The
two real boundary conditions in the z direction are given by equations
(3.22) and (3.23).

To calculate the ground level concentration the coefficient a

mist be obtained since a is the value for the concentration at the
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reference height. This can be accomplished by solving for a in equa-
tion (3.20) using the conditions in equations (3.21) and (3.22). The
algebra involved is contained in Appendix A and results are presented

here as

Cp (5,5 8) = Tlat,y,t) + 25 [fn H-1] (3.24)

LK
Z

where CGL is the ground level concentration and has a constant value

from z = 0 to z = 1 meter. The concentration from that point up to the

top of the box z = H has the following form

C(x,y,z,t) = CGL(x,y,t) - ZS ¢n z for 1Im<z <H (3.25)

LK
Z

With these results the model now accounts for the fact that the pol-
lutant is not homogeneously mixed in each box. Equation (3.24) can be
used to predict the ground level concentrations for the airshed using

the average concentration C for each box obtained in the numerical solu-
tion of equation (3.3). The next chapter presents the source data needed

as input for the numerical solution of the mass continuity equation.



CHAPTER 4

EMISSION INVENTORY

Perhaps the most tedious aspect in the development and wvalidation

of an air pollution simulation model is the compilation of a complete
emissions inventory for the pollutants of interest. Such an inventory
must be made before a model can be validated since the temporal and
spatial distributions of the pollutant emissions comprise a direct input
to the overall simulation model. The ground level sources enter into
the boundary conditions of the conservation equation through the func-
tion Q(x,y,t) introduced in equation (3.22); and the sources enter
directly as S(x,y,t) in the conservation equations (3.3) for each box.
The major sources of the pollutant of interest, i.e., carbon
monoxide, may be classified as moving sources. The predominant moving
source in the urban airshed is vehicular traffic, primarily automo-

biles, trucks, and buses. The airplane is another mobile source which

emits carbon monoxide, but this source is localized since it is restricted

to the region near an airport. The aircraft source is accounted for in

the simulation model. All other moving sources, not mentioned above, are

neglected when computing the carbon monoxide inventory for the Tucson

urban airshed.

59
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Motor Vehicles

The magnitude of emissions from a motor vehicle is a variable in
time and is a function of the percentage of time the vehicle is oper-—
ated in each driving mode —-- accelerate, cruise, decelerate, idle. The
presence or absence of smog control devices, the car's condition, its
size, and many other factors also affect the emissions from a vehicle.
To simplify the problem, the emissions from motor vehicles are deter-—
mined based on a generalized test cycle that involves operation typical
of everyday patterns. This test cycle is used by the Environmental
Protection Agency in computing emission factor data for light-duty
vehicles (AP-42).

The emission factor for motor vehicles relates the quantity of
pollutant emitted to the vehicle miles traveled. In AP-42 report on
emission factor data the 1975 Constant Volume Sampling (CVS) Federal
Test Procedure is utilized for light-duty vehicles. Without going into
detail, the procedure involves a predetermined driving schedule com-
prised of three portions: a "cold start," cold-transient and cold-
stabilized portions, and a "hot start'" - hot-transient portion. A
"cold start" is defined as a start preceded by a 12-hour, no use soak
period ("Automobile Exhaust Emission Surveillance," 1973). Each por-
tion of the test is comprised of a sequence of 32 acceleration/decelera-
tion modes with transitions consisting of short steady-state idles or
cruises. The duration of the complete driving schedule is 23 minutes.

All modes consist of paired combinations of the following speeds:
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0 mph, 15 mph, 30 mph, 45 mph, 60 mph. Steady-state operations and
cruises are also at these speeds. Using the test procedure an
average emission factor in grams/mile is obtained for each light-duty

motor vehicle year,

Light-duty Vehicles, Gasoline Powered

In computing the emissions of carbon monoxide from light-duty
vehicles, i.e., any vehicle having a gross weight less than 6000 pounds,
a weighted emission factor using a Tucson vehicle age distribution is
required., The weighted emission factor is obtained using the following

relationship:
(4.1)

where
enp is the weighted emission factor in grams per vehicle mile
for the calendar year (n), and pollutant (p),
c, is the 1975 Federal Test procedure emission rate for pol-
lutant (p) in gm/mi for the ith model year,

d, is the controlled vehicle pollutant (p) emission deterior-

ation factor for the ith model year at calendar year (n),

ag is the fraction of the ith model year vehicles registered in
the calendar year (n),
84 is the weighted speed adjustment factor for the ith model

year vehicles.

A weighted emission factor is determined using equation (4.1) for the

calendar year 1973 for carbon monoxide. The year 1973 is picked since
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the vehicle miles traveled (VMT) in the Tucson area is obtainable for
that year.

Most of the input needed for equation (4.1) can be found in the
EPA publication No. AP-42, The emission factors for carbon monoxide
for Tucson, which is about 2500 ft. above sea level, are calculated by
taking an average between the values in Table 3.1.2-1 of AP-42 for low
altitude (sea level) and high altitude (Denver). These values are then
assumed to be the emission factors for Tucson using the 1975 Federal
Test Procedure. The deterioration factors for each model year are taken
from Table 3.1.2-5 of AP-42., The vehicle age distribution is the same
as that used in "State of Arizona Air Pollution Control Implementation
Plan -~ Transportation Control Strategies,”" (1973) prepared by the state
for EPA. The average test speed in the 1975 Federal Test Procedure is
19.6 mph. For the Tucson urban area an average speed of 25 mph is used
in accord with Wolsko, Matthies, and Wendell (1972). A speed correction
factor is needed for the emission rates, and Figure 3.1.1-1 of AP-42
gives the appropriate correction factor for carbon monoxide. The compu-
tation of the weighted emission factor for carbon monoxide for the calen-
dar year 1973 appears in Table 4.1.

The weighted emission factor for carbon monoxide for Tucson for
the year 1973 is approximately 60 gm/mile. Note that in computing the
weighted emission factor for the calendar year 1973, some 1974 model
vehicles are included. The reason for this inclusion is that the 1974
model car comes into production around September, 1973. Using the
weighted emission factor just calculated, an emission rate of carbon

monoxide on a gm/year basis can be calculated knowing the vehicle miles
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Table 4.1 Carbon Monoxide Weighted Emission Factor for Tucson for
Light-duty Vehicles (1973)

Vehicle Speed Age Corrected

Age Emission Correc~ Deteriora-  Fractional
Model  Distribu- Factors tion tion Emission
Year tion gm/mi Factors Factors Factors
1974 .0591 30.5 .77 1.00 1.39
1973 .0975 30.5 .77 1.18 2.70
1972 .1046 30.5 .77 1.32 3.24
1971 .1046 54.5 .77 1.38 6.06
1970 .1011 54.0 A7 1.4Q0 5.88
1969 .0955 43.5 77 1.68 5.37
1968 .0877 60.0 W77 1.58 6.40
1967 .0780 108.5 77 1.00 6.52
1966 .0670 108.5 .77 1.00 5.60
1965 .0540 108.5 .77 1.00 4,51
1964 .0415 108.5 .77 1.00 3.47
1963 & .1004 108.5 .77 1.00 8.39
older

59.53 &%

mi
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traveled (VMT) for light-duty vehicles in 1973. 1In calculating the
weighted emission factor, it 1s assumed that each model year vehicle
travels the same number of miles per year. A correction for the number
of miles actually driven as a function of model year can be made but was
not. Since there are so many variables, each with some uncertainty,

there was no reason to make any further additions or changes.

Heavy-duty Vehicles, Gasoline Powered

Another class of motor vehicles is the heavy-duty gasoline powered

vehicle. A weighted emission factor for this vehicle class can be calcu-
lated in a similar manner using equation (4.1). The emission factors

used for Tucson are an average between the low altitude and high altitude

values presented in Table 3.1.4-1 of AP-42., The emission rates for heavy--

duty gasoline powered vehicles are based on dynamometer test results,
on-the-road emission sampling, and emission standards. Because of the
lack of actual heavy-duty deterioration information, the deterioration
factors are taken as 1.0 for vehicles older than 1975 (AP-42). No emis-
sion controls are included on heavy-duty gasoline powered vehicles before
1975, Again due to lack of data, Fig. 3.1.1~1 of AP-42 is used to deter-
mine the speed correction factors. The vehicle age distribution for
heavy-duty gasoline powered vehicles is obtained from "State of Arizona
Air Pollution Control Implementation Plan —- Transportation Control

Strategies,”" (1973). Using this information, the weighted emission fac-

tor for carbon monoxide for heavy duty vehicles is calculated in Table 4.2.

The weighted emission factor for carbon monoxide for a heavy--

duty gasoline powered vehicle for 1973 is approximately 130gm/mile. The
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Table 4.2 Carbon Monoxide Weighted Emission Factor for Tucson for
Heavy-duty Gasoline Powered Vehicles (1973)

Vehicle Speed Age Corrected

Age Emission Correc- Deteriora- Fractional
Model Distribu- Factors tion tion Emission
Year tion gm/mi Factors Factors Factors
1974 .011 160 a7 1.0 1.35
1973 .090 160 .77 1.0 11.10
1972 .105 160 .17 1.0 12.91
1971 .085 160 .77 1.0 10.48
1970 .080 160 77 1.0 9.85
1969 .083 175 .77 1.0 11.18
1968 .075 175 37 1.0 10.10
1967 .064 175 .77 1.0 8.62
1966 .054 175 .77 1.0 7.27
1965 .045 175 .17 1.0 6.06
1964 .034 175 77 1.0 4.58
1963 & 274 175 vy 1.0 36.90
older

130.4 £2
mi
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same assumptions apply that were stated when the weighted emission factor
for light-duty gasoline powered vehicles was obtained. The emission rate
in grams/year can be calculated using VMT for Tucson for heavy-duty gaso-

line powered vehicles.

Heavy-duty Diesel Powered Vehicles

The heavy-duty diesel powered vehicles comprise another class of
motor vehicles largely consisting of trucks and buses. Because diesel
engines allow more complete combustion and use less volatile fuels than
spark-ignited engines, their carbon monoxide emissions are relatively low.
The emission factors for heavy-duty diesel powered vehicles are not a
function of vehicle year and a value for the emission factor can be
obtained directly from Table 3.1.5-1 of AP-42 as 20.4gm/mile, The data
used in obtaining the emission factor are based on weighting factors
applied to actual tests conducted at various load and idle conditions
with an average gross vehicle weight of 30 tons and a fuel consumption of
5.0 miles/gallon. Using this emission factor along with the VMT for
Tucson for heavy-duty trucks and buses, an emission rate due to this

vehicle class can be computed.

Motorcycles

The final motor vehicle class of interest is motorcycles. Because
of their recent increase in sales the motorcycle can be considered as a
significant source of carbon monoxide. Since Tucson has a warm weather
climate the number of motorcycles on a per capita basis probably exceeds

any midwest or eastern city. The majority of motorcycles are powered by
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either 2- or 4-stroke air cooled engines. Currently the nationwide popu-
lation of motorcycles is approximately 38 per cent 2-stroke and 62 per
cent 4-stroke (AP-42). The quantity of motorcycle emission data is rather
limifed. For instance, data on motorcycle average speed versus emis-—
sion levels are not available. Average emission factors for motorcycles
used on highways are reported in Table 3.1.7-1 of AP-42. These data,
from several test vehicles, are based on the Federal light-duty vehicle
test procedure. A weighted emission factor for carbon monoxide can be
calculated for motorcycles using Table 3.1.7-~1 with the nationwide break-
down between 2-stroke and 4-stroke models. The weighted emission factor
for motorcycles in Tucson is 30.7 gm/mile for carbon monoxide. The emis-
sion rate of carbon monoxide due to motorcycle can be obtained using VMT

for motorcycles for 1973.

Vehicle Miles Traveled (VMT)

The number of vehicle miles traveled in the Tucson urban area is
needed so that the total emission of carbon monoxide can be calculated
due to all classes of motor vehicles. The vehicle miles traveled in the
urban area has consistently risen year by year due to the large increase
in vehicle registration. Table 4.3 on the following page shows the
increase in VMT over the last three years on a daily and annual basis.

Table 4.3 can be used in approximating the VMT for each motor
vehicle class. The data in this table are obtainable from the Pima
Association of Governments-Transportation Planning Agency. The regis-
tration breakdown of motor vehicle classes is available from the Arizona

Motor Vehicle Division. Using this information along with Table 4.3,



Table 4.3 Vehicle Miles Traveled in Tucson Area
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Year Miles/Day (106) Miles/Year (109)
1971 4,27 1.56
1972 4,65 1.69
1973 4.98 1.82

the approximate mileage is determined for each motor vehicle class of

interest and is presented in Table 4.4. These data are needed so that

the emission for carbon monoxide can be calculated for each motor

vehicle class. The calculations are carried out by multiplying the

appropriate weighted emission factor by the WMT for that motor vehicle

Table 4.4 Vehicle Miles Traveled in Tucson Area Divided into Motor

Vehicle Classes for 1973

Motor Vehicle Class VMT Miles/Day VMT Miles/Year

Light-duty Vehicles 3.93 x 106 1437.0 x 106

Heavy-duty Gasoline 6

Powered Vehicles 0.74 x 10 270.5 x 106

Heavy-duty Diesel ‘ 6

Powered Vehicles 0.19 x 10 69.2 x lO6

Motorcycles 0.12 x 106 43.3 x lO6
4.98 x 10° 1820.0 x 10°
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class. The final results are summarized at the end of the chapter in
Table 4.6 along with the emission rate from all other sources of carbon

monoxide.

Aircraft

The airplane is another emission source of carbon monoxide.
However, the source is localized within the urban airshed. Within the
Tucson urban area, there are two major locations where air traffic
occurs. Tucson International Airport is the metropolitan public airport
facility for the area. The other significant emission source is the
airfield at Davis-Monthan Air Force Base.

In order to determine approximate emissions from aircraft
many variables are again involved. Since the urban simulation model uses
the mixing layer as the top of the airshed, it would seem reasonable to
be concerned with an airplane's movement only up to this altitude.
Therefore, the aircraft emissions are determined only during its modes
of operation while on the ground and in the air up to the atmospheric
mixing height. A standardized height of 3500 ft. is used as the height
of the mixing layer since this is the height used in AP-42 to obtain the
emission factor data. There are many classifications of aircraft with
both reciprocating (piston) and gas turbine engines. FEmission factors
are obtainable from AP-42 in Table 3.2.1-3. The table gives the emission
factors per engine for a single aircraft landing-takeoff cycle. The
emission factors can be obtained for carbon monoxide for different air-
craft classifications as explained in Table 3.2.1-1 of the same EPA

report.
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The landing-takeoff cycle, used in determining the emission fac-
tors appearing in Table 3.2.1-3 of AP-42, includes all normal operation
modes performed by an aircraft between the time it descends through an
altitude of 3500 ft. (1100 m) on its approach and the time it subsequently
reaches the 3500 ft (1100 m) altitude after takeoff. In determining emis-
sions, the landing-takeoff cycle is separated into five distinct modes:
taxi-idle, takeoff, climbout, approach and landing, and taxi-idle. Typ-
ical operating times for each mode were used in determining the emission
factors for each class of aircraft.

The emission rate of carbon monoxide can be determined at each
of the two major sources of air traffic once the number of movements at
each location is obtained. This information is presented in Table 4.5
where a movement is defined as one landing-takeoff cycle. The move-
ments data are divided into different aircraft categories similar to the
classes appearing in Table 3.2.1-1 of AP-42., The information for Tucson
International Airport was obtained from the Tucson Airport Authority and
the data are assumed reliable. The data, obtained from Davis-Monthan Air
Force Base, are only approximate values given with some reluctance. The
movement data presented in Table 4.5 are average daily values for 1974.
Using these data along with the emission factors for each aircraft class,
an approximate emission rate of carbon monoxide can be calculated for
each air traffic center in the Tucson area. These results are summarized
in Table 4.6 along with the emission rates of carbon monoxide for motor
vehicles. Neglecting some small mobile sources, the total emission rate

of carbon monoxide during the calendar year 1973 is approximately
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Table 4.5 Aircraft Movements at Major Air Traffic Centers in Tucson

Area

Tucson Intermational Airport

Aircraft Category Movements/Day
1) Commercial Jets Jumbo Jet 5
Long-range Jet 25
Medium~range Jet 25
2) Air Carrier (TurboProp) 50
3) Commercial (TurboProp) 5
4) General Aviation Piston 205
Business Jet 6
5) Military Jets
(Air National Guard) __ 44
365
Davis-Monthan Air Force Base
1) Military Jets 205
2) Military Transport 10
Piston 10

225
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Motor Vehicles Tons/Day
Light-duty Vehicles 260.0
Heavy-duty Gasoline Powered Vehicles 106.0
Heavy-duty Diesel Powered Vehicles 4.3
Motorcycles 4.1
374.4

Aircraft
Tucson International Airport 5.5

(all classes of aircraft)

Pavis-Monthan Air Force Base 3.2
8.7

Total all sources: 383.1 tons/day
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383 tons/day for the Tucson urban area. This carbon monoxide rate is an
average daily level which smooths out the fluctuations that can occur in
value through the weekdays and weekend.

| The total emission of carbon monoxide for the Tucson urban area
is of interest by itself for air pollution work. However, for calcula-
tions leading to predicting carbon monoxide concentrations using a box
model, local emission rates are needed for each box. This total emis-
sion rate can be used for comparison since the sum of the emission rates
for each box should add up to the global emission rate for the urban area.
Using the emission factors determined in this chapter it is now possible
to calculate the contribution of the total emission rate of carbon
monoxide which applies to each box in the airshed grid. Using a traffic
volume map of the Tucson area, it is possible to calculate the miles
traveled in each box of the grid. These data, in conjunction with the
motor vehicle emission factors, allow calculation of the source emission
rate of carbon monoxide in each box. A presentation of this information
along with an explanation of the box model as applied to Tucson is con-
tained in the next chapter. The numerical procedure used in predicting
the carbon monoxide levels in the urban grid as a function of time is

also discussed in Chapter 5.



CHAPTER 5

PRESENTATION OF MODEL AND

NUMERICAL PROCEDURES

In applying the multi-box model to an urban airshed, there are
certain requirements which must be satisfied. For accuracy in a multi-
box approach, the choice of the size of the boxes must be made so that
the restriction tha£ the pollutant is mixed uniformly, in one Eulerian
box before moving into the next box, is realistic. Typical horizontal
spatial resolution suitable for modeling an urban airshed is one square
block to several square miles as pointed out by Seinfeld et al. (1972).
The vertical spatial resolution of the model is determined by the height
to which pollutants are expected to mix. Often vertical resolution is
much finer than horizontal resolution because the vertical mixing depth
in the airshed is considerably smaller than the horizontal distances for
the urban area. The temporal resolution of the model can be of the

order of several minutes to several hours since the model should be able

to be used to compute concentrations over the course of one or more days.

Tucson Urban Airshed

The multi-box model as described and developed in this report is
sufficiently general to be applicable to any urban area, and was chosen
as the model for the Tucson urban area. The urbanized Tucson area is

approximately 200 miles square, but to include the surrounding area the

74
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actual airshed is over 600 square miles, The airshed encompasses the
Tucson basin from the Santa Catalina Mountains on the north, to 5 miles
south of the International Airport on the south, to the Tucson Mountains
on the west, and to the Rincon Mountains on the east. The horizontal
resolution initially chosen using the multi-box approach is 4 square
miles. The airshed is divided into 13 by 12 cells, each having a base
which is 2 miles (3218m) by 2 miles (3218m). The vertical dimension or
1id of each box is the mixing depth of the atmosphere. The vertical
height of each box changes throughout the day due to the variation in the
mixing layer. The temporal resolution employed is one hour since this is
the time interval for which meteorological data are available. The model
predicts the concentration in each box (cell) on an hourly basis and
allows for variations in the meteorological parameters so that a 24 hour
day is simulated.

The sides of the 156 boxes are oriented parallel to the compass
directions. This was a convenient arrangement since most of the city
streets run either north-south or east-west. A layout of the Tucson air-
shed with the box structure is shown on Fig. 5.1. Some of the main
streets and highways are shown along with four possible large area sources
of carbon monoxide. UA stands for University of Arizona and CBD stands
for Central Business District.

It is necessary to have emission source data for each box in the
Tucson airshed pictured in Fig, 5.1. This information can be obtained
knowing the vehicle miles traveled, VMT, in each box on a daily basis.
The VMT along with an average weighted emission factor for all vehicles

can be used to calculate an emission rate for each cell in the grid. A
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traffic volume map for the Tucson Area for 1973 was obtained from the Pima
Association of Governments Transportation Planning Agency. A reproduc-
tion of this map is contained in Fig. 5.2. The average dajily VMT for each
box in the airshed is calculated using this traffic volume map. These
data are appropriate for predicting VMT on a weekday basis, With these
data and the weighted emission factor information obtained in Chapter 4,
the emission rate of carbon monoxide is computed for each box on a grams
per day basis. The results of these tedious computations are presented
in Fig. 5.3. It is still necessary to break the data in Fig. 5.3 down to
an emission rate as grams per hour so that the numerical model can pre-
dict concentrations of carbon monoxide for each box on an hourly basis.
This problem can be solved if one knows the daily emission cycle of car-
bon monoxide for the mobile sources. The daily emission cycle is similar
to the daily traffic volume variation. This information is presented in
Fig. 5.4 of this report. The data were obtained from a report entitled
"Tucson Area Transportation Study," (1960), prepared by government agencies
of the city, county, and state. The figure presents an average weekday
traffic volume cycle for all central business district (CBD) streets,

From the emission cycle for a day and the emission rates from
Fig. 5.3, the emission source data for each box can be calculated and
put into the numerical program on an hourly basis. All the required data
are now available to start the numerical predictions for the concentra-
tions of carbon monoxide. The concentration field for the Tucson area is
presented as a function of time for various meteorological conditions in

the next chapter.
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Micro-model

The concentrations obtained for the 156 boxes represent carbon
monoxide densities averaged over each 4 square mile cell. Since the 156
box model represents the entire Tucson urban airshed, the model can be
considered as a macro-model. The predicted levels from the macro-model
greatly underestimate the actual carbon monoxide concentrations measured
near busy intersections. However, the predicted levels do represent con-
centrations measured in areas of low traffic density within the boxes.

A sub-model or micro-model is needed to predict within each box
the carbon monoxide levels in residential areas close to centers of high
traffic density. Therefore, a micro-model is developed using the same
mathematical approach as employed in the macro-model. A single box from
the macro-model is subdivided into smaller boxes. The horizontal reso-
lution for each small box is limited mainly by the availability of
accurate emission data for each box in the micro-model and also by com-
puter capability. The horizontal resolution used in the micro-model is
about two square blocks.

The same numerical approach is used as in the macro-model with
the exception that the boundary conditions are treated in a different
manner. Information is now available from the macro-model for the con-
centration time history of the four boxes surrounding the box of inter-
est which is subdivided for the micro-model. These results can be used
to handle the downwind boundary conditions. In the macro-model these
data were not known. There the actual grid was surrounded with extra

rows of boxes having a zero source and the diffusion was turned off at
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the last row of boxes. Thus no boundary conditions were needed at the
outflow edge of the airshed. This approach was discussed in Chapter 3.
The downwind boundary conditions in the micro-model are just the concen-
trations at the adjacent downwind boxes as calculated in the macro-model.
These values are applied at the boundaries of the single box which is
subdivided in the micro-model. Diffusion out can now occur at the down-
wind boundaries. The inflow boundary conditions are now a function of
time since they are also available from the macro-model.

The use of the micro-model in conjunction with the macro-model
allows predictions of carbon monoxide concentrations in areas adjacent to
high traffic density as well as areas of lower traffic density. For a
set of meteorological conditions representing a day, the macro-model com-
putes the carbon monoxide concentration field for the 156 box model as a
function of time for 24 hours. The micro-model then computes the concen-
tration distribution within any of the boxes‘from the macro-model using
the same meteorological data but now boundary conditions obtained from
the macro-model results. In the micro-model the horizontal resolution
limitation will still affect direct comparison between the predicted level
for a box and the measured data at a single point in the same box. This
is because the box has some finite size and the predicted level is still
an average value for the total micro-box. The results from the macro-
and micro-models for different meteorological conditions are presented in

the next chapter.



83

Solution Procedure

The solution for the concentration field is obtained by first
applying an upwind finite differencing approximation to each derivative
term in equation (3.3). The resulting equation is either (3.7) or
(3.13) depending on whether the convection terms are included. This
method is the same as applying the conservation of mass equation to the
control volume in Fig. 3.2. Equation (3.7) or (3.13) can be written for
each of the 156 boxes in the Tucson airshed pictured in Fig., 5.1. A
set of 156 simultaneous algebraic equations is then obtained. The solu-
tion is determined using a Crank-Nicholson implicit technique. The con-
centrations at the new-time t+At all appear on the left-hand side of the
equation while the concentrations at the previous time t are on the right—
hand side. The solution of the set of simultaneous equations requires
matrix inversion or an equivalent type method;

The set of 156 algebraic equations can be put in matrix form as

shown
[x] [c] = [Z] (5.1)
X = the coefficients of the unknown concentrations.
C = the unknown concentrations (for this model there are 156
unknowns) .
Z = the constants which include the emission source term along

with the known concentrations at the previous time step.

To obtain the unknown concentrations the matrix [X] is inverted. Since

there are at most 5 unknowms in each algebraic equation, the matrix [X]
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has 5 non-zero coefficients in each row and is called pentadiagonal
matrix. Upon inverting [X] and multiplying both sides of (5.1) by the

inverse the following result is obtained
-1 -1
[x 7] [X] [c] = [X 7] [Z]

where X_l = jinverse of X. But by definition X_l X = I, where I is the

identity matrix, so

[cl = x11 121 (5.2)

Equation (5.2) is the solution for the unknown concentration field.

Numerical Technique

The solution of (5.2) is carried out by using a MATRIX sub-
routine which is a library program on the CDC 6400 computer at The
University of Arizona. The MATRIX program has been carefully coded in
FORTRAN to take full advantage of the hardware features of the CDC 6600
central processor.

The method used in the MATRIX subroutine is basically the classi-
cal Gaussian elimination method. The Gaussian elimination method is a
direct method for solving a set of simultaneous linear equations
(Scarborough, 1962, and Ralston, 1965). The unknowns are eliminated suc-
cessively by solving an equation for one unknown in terms of all others;
this result is then substituted for the same unknown in all the remain-
ing equations, thereby eliminating the unknown from the set. This pro-
cess is repeated on the new set of equations, thus eliminating another
unknown and so on until the system is reduced to a single equation in one

unknown. The equations which express one unknown explicitly in terms of
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all the others are called pivotal equations. After one unknown has been
found, the remaining unknowns are found by back substitution into the
pivotal equations.

| The solution of (5.2) is repeated for each time step At by chang-
ing the matrix [Z]. The process is continued until the concentration
field has been simulated for a 24 hour day. Some initial concentration
distribution is needed at zero time to start the program, The coefficient
matrix X is changed on an hourly basis in the calculations since the
meteorological parameters are inputs for this matrix. The computer pro-

grams for macro- and micro-models appear in Appendix B.

Stability and Convergence

To analyze the stability and convergence of the solution, it is
necessary to look back at the conservation of mass equation (3.3) used in

the problem. By non-dimensionalizing equation (3.3) the following is

obtained
2 2
aCk 3C* 3C* a°cx | 3¢
9O 4 oud D poux = B( + ) + S* (5.3)
* % *
ot ox dy axck? 3Y*2
where,
u v
= vy
t*:t%’x*=%,y*=%
C s 1
ko= R o o
c c’ S LUH C
o o

All the * terms in equation (5.3) are in non-dimensional form. What is

of interest is the resulting non-dimensional paramter B which relates
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the diffusion to the advection mechanisms. This parameter is of impor-
tance when choosing the proper differencing equation to employ so that
stability and convergence of the final solution is satisfied. ©Note that
B is defined in equation (3.9).

When analyzing a problem involving transport by simultaneous con-
vection and diffusion, a choice can be made between a central-difference
scheme (CDS) and an upwind-difference scheme (UDS). The criterion for

choosing the proper scheme is that if
3

The upwind difference scheme, though it shows mild departure from exact

P = %-= 2 use UDS and if P = %—= < 2 use CDS

= |5

analysis over part of the P region, is never grossly in error. An UDS
is used throughout this work in the solution of equation (3.3). The
criterion for P > 2 is always satisfied; therefore the solution should be
both accurate and convergent. The criterion for "accuracy and convergence"
discussed above appears in papers by Spalding, 1972, and Patankar, 1972.
When using an implicit technique treating both advection and dif-
fusion, the solution is not unconditionally stable, as it is for the case
of transient diffusion only. The criterion from above must be satisfied
to insure the stability requirement. There is, however, no requirement
on the time step size taken since this is an implicit technique. However,
from a physical standpoint, the time step should be less than or at most
the same as the actual time it would take for the pollutant to traverse
the box. Using this type of reasoning At should be less than or equal to

L/U so 6 in equation (3.8) is less than or equal to 1/4. This eriterion
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for the time step allows the pollutant advected through a box to be

accounted for in that box.

Verification of Model

Using the upwind differencing scheme the numerical solution
should be stable and convergent, but do the results converge to the cor-
rect solution? 1In order to verify that the model predicts the correct
solution, some simple cases can be analyzed so as to increase the confi-
dence level for the final results obtained for the more general case.

Three separate cases are chosen such that the concentration dis-
tribution for each case can be qualitatively determined on a physical
basis. This qualitative comparison can be used to show that the solution
from the numerical model probably converges to the correct solution. The
three cases use the geometry shown in Fig., 5.5. The large grid of area
L2 is divided into 64 boxes. The initial condition to start each case is
that at t=0, C=0. The boundary conditions on all four sides are that the
concentration is 1 ppm for all time.

Case A: The easiest case to visualize is the transient diffusion
problem with a zero source. The partial differential equation representing

this case is given as

aC _ 3 C o C
3¢ KHC——E + =) (5.4)
ox oy

Equation (5.4) can be put in finite difference form and written at each
of the 64 nodes in Fig. 5.5. From a physical standpoint the solution
should lead to parabolic-like curves in x and y. As time progresses the

concentration at any (x,y) approaches 1 ppm, which is the boundary
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condition, since diffusion occurs from the boundary in towards the center
of the grid. The concentration distribution is symmetric in both x and
y. This physical solution is verified by Fig. 5.6 which contains the pol-
lutant distributions for different times obtained from a numerical solu-
tion of Case A for the 64 box model. Figure 5.6 plots the concentrations
at each node for the cross-section A-A shown in Fig. 5.5. The steady
state solution is reached after approximately 16 hours for a box
having a length L of 3218m and a horizontal diffusion coefficient of
80m2/sec. The steady state time is defined as the time when the concen-
tration reaches 99 percent of the actual steady state solution.

Case B: The next case analyzed treats the transient diffusion
problem but now with a constant source instead of a zero source. The

partial differential equation representing this case is given as

oc _ . d°c , 3¢, , S
k- NCT YT Ty (5.5)
9x ay

As in Case A, Equation (5.5) is finite differenced and written at each of
the 64 nodes of Fig. 5.5. Physically, the concentration distribution
fills in as in Case A, but due to the source it continues to grow and
reaches some final steady state parabolic-like shape. Initially, dif-
fusion occurs from the boundaries towards the center but after some time
the diffusion flow is towards the boundaries. Figure 5.7 shows this
distribution growth just discussed. The figure was developed using the
numerical solution of Case B for the 64 box model. The node concentra-

tion values used in the plots are again for the cross-section A~A on
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Fig. 5.5. The steady state solution is reached after 24 hours for the

box of 3218m length with an eddy diffusion coefficient of 80m2/sec.

Case B represents the circumstances under which a calm or stag-
nation meteorological condition occurs with a constant emission source;
note, however, that the concentrations of the pollutgnt do not continue
to build up but reach some steady state distribution after about one day.
The input parameters for this case are a mixing height of 500m, a source
strength of 2.2 x 107g/day and the same box length and diffusion coeffi-
cient mentioned earlier.

Case C: The third case includes transient diffusion with a con-
stant source as in Case B, but now includes convection in the y direc—
tion with a mean wind speed U. This case is mathematically represented

by the following partial differential equation:

2 2
3C 3C _ 3°c , 9°¢C S
Se P Uso = K+ =) + 3 (5.6)
y ox 9

The solution of equation (5.6) physically represents the same concentra-
tion distribution in the x direction as for Case B except the final
steady state distribution is less in magnitude since the pollutant is
allowed to be convected out in the y direction and therefore the pollu-~
tant build up 1s not so great.

Figure 5.8 presents the solution in the x direction using the
concentrations at the nodes along the cross-section A-~A of Fig. 5.5.
The time to reach steady state is much less than in Cases A and B since
the advection mechanism of motion is now included. The final parabolic-

like steady state distribution in the x direction is reached after 1 hour.
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Due to the y-advection, the concentration distribution in that direction
is no longer the same as in the x direction. Physically due to the non-
zero wind speed, the concentration distribution is not symmetric but
should be skewed in the y direction. Again this physical reasoning is
substantiated by the results of Fig. 5.9, the point of zero slope is no
longer at x = %-as in the x direction but now is closer to the downwind
boundary. The concentration values used to develop Fig. 5.9 are obtained
from the numerical solution of Case C for the 64 box model at the nodes
along the cross-section B-B of Fig. 5.5. The input parameters used for
Case C were a wind speed U of 2m/sec (4.5 mph), a mixing height H of
500m, a source strength of 2.2 x 107g/day, a box length of 3218m, and a
horizontal diffusion of 500m2/sec.

Note that each case is progressively approaching the actual par-
tial differential equation used in the general model throughout this
report: that is equation (3.3). Using the same initial and boundary
conditions with the geometry in Fig. 5.5, a solution of equation (3.3)
should physically give a skewed concentration distribution in both the
x and y directions, similar to Fig. 5.9, since both the x and y convec-
tive mechanisms are now included. The three cases discussed using the
results from the numerical model seem to substantiate the fact that each

solution does converge to a physically correct distribution, but the

question of accuracy is not answered.

Accuracz

To determine the accuracy of the numerical model, it is neces-

sary to compare the numerical results to the exact solution for some
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simple case. Case A is the easiest of the three problems for which an

exact solution can be found mathematically. Using the initial condition
and boundary conditions mentioned earlier with the geometry of Fig. 5.5,
the exact solution of equation (5.4) can be found by separation of vari-

ables. The solution is given below as

) KH[(Zn 1)n
C=¢C +(C-C) = ——ﬁ—z——z e sin-(-zn—;l—)—“x—
° °© 1 a=1 (2n-1)"n
cin (2n-1)7y (5.7)

L

In equation (5.7), the concentrations in the x and y directions are each
represented by a series of sine functions and the variable t is repre-
sented by a decaying exponential function. Co is the boundary condition
which is lppm, and Ci is the initial condition set at zero.

Using equation (5.7) the concentration distribution can be cal-
culated for different times t to compare with the numerical results for
Case A, A computer program was written so the summation for a large
number of terms could be carried out in equation (5.7) for the concen-
tration C. Since the numerical results used to obtain Fig. 5.6 were the
values at the nodes along cross-section A-A, the x and y coordinates for
the center of each node point were used as inputs x and y to obtain the
concentration C from equation (5.7) for each node. The comparisons
between the analytical and numerical solution are shown in Fig. 5.10.
Unfortunately, the exact solution does not compare very well to the
numerical solution. The reason for the divergence between the two

results is that the exact solution gives the value for concentration C
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at any point (x,y) from equation (5.7), whereas the numerical solution
gives an average concentration value for some finite size box of area
(Ax)z. Ax is the finite length of one side of a box as shown in Fig. 5.5.
In geﬁeral, the numerical solution underpredicts the actual concentration
at a point. In the numerical solution, the actual steep concentration
gradients near the boundary are smoothed out so the levels build up
slower and therefore underpredict the exact solution. However, the numer-
ical solution approaches the same steady state distribution as the exact
solution as seen in Fig. 5.10.

It was found that by decreasing Ax the numerical predictions more
closely approach the exact solution. Using a grid of 16 boxes having a
Ax of L/4, the exact concentration value at a point near the center of
the grid is underpredicted by 34%. For the case of 64 boxes, Ax is L/8

and the exact solution is underestimated by 247. This case appears at

c=L
2

boxes with Ax equal to L/12 the numerical concentration C underpredicts

in Fig. 5.10 at t = 2 hours. For the same conditions using 144

the exact concentration by 17%. The point used to compute the percent
underprediction of the exact solution is located near the center of the
grid of total area L2. The trend for the three different Ax values shows
that as Ax approaches zero the numerical solution approaches the exact
solution. As Ax - 0, the area of the finite box approaches a point
located at the center (x,y), so the numerical solution should become the
solution for the concentration C at a point (x,y) which is the same as
the exact solution of equation (5.7) at the point (x,y).

For Case B, an exact solution can also be found using separation

of variables. The resulting solution again verifies the fact that the
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numerical solution underpredicts the exact solution. However, for this
case for a finite size Ax, i.e., Ax equal to L/8, a different steady
state distribution than the exact is obtained after a long time period.
This seems reasonable since now Case B includes a constant source term,
whereas in Case A there was no source so the distribution approached

the constant boundary condition of CO = lppm. TFor the finite box grid,
the smoothing of the concentration gradient in the numerical solution
effects the final steady state shape of the distribution for Case B. For

the steady state case the exact solution of equation (5.5) reduces to

C @ - %) + SuM (5.8)

The term SUM in equation (5.8) is am infinite series containing hyper-
bolic sines and cosines in the variable y and sine functions in the vari-
able x. Using the input parameters for Case B, the concentration at

X = %-and y = 0.4375 L obtained from this exact solution is about 11 per-
cent greater than the corresponding value for the numerical solution for
a finite Ax of L/8. Again as Ax -+ 0, the values from the numerical solu-
tion should approach the exact solution more closely.

The results for Case C again confirm the information already
obtained concerning the comparison between the exact solution and the
numerical solution for Cases A and B. It appears that the comparison
between measured data and numerical predictions is going to depend on the
magnitude of the emission source near the point of measurement, along
with the mesh size Ax used in the numerical model. This reasoning estab-

lishes the idea for the use of the macro-model to predict levels in

areas of low source strength and the use of the micro-model to predict
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concentrations under higher source strength conditions. Since the
numerical accuracy increases as Ax approaches zero, decreasing Ax may
better the comparison between numerical and measured data for both the
macro- and micro-models. However, the lower limit for decreasing Ax is
dependent on the magnitude of the mixing height H. Since each box or
cell is assumed to be uniformly mixed, the box must be long enough in x
such that ground sources of carbon monoxide can mix in z up to the mix-
ing depth H.

The conclusion discussed in this section of the chapter may be
heipful in explaining the comparison or lack of comparison between the

experimental and numerical results presented in the following chapters,



CHAPTER 6

NUMERICAL RESULTS

Applying the multi-box model developed in Chapter 3 to the air-
shed, which is visualized in Fig. 6.1, one can predict the concentration
field for carbon monoxide for varying meteorological conditions. Results
are obtained for both the macro- and micro-model. - The concentration dis-
tribution is determined as a function of time using actual weather data
obtained from the Tucson Weather Service. The numerical results will be
compared in Chapter 8 to actual measured carbon monoxide data taken in

the Tucson area.

Single Box Model

The simplest model representing the Tucson area is a one box
model., This model can be used to calculate a single value for the pol-
lutant concentration which is then assumed to apply everywhere in the
one box. As discussed in Chapter 3, the solution for a chemically con-
servative pollutant in a large single box has two parts. Looking at the

steady state solution only, the result is given as

S

C = 1w

(6.1)

which is also equation (3.11). This assumes that the concentration of

the pollutant surrounding the box is zero.
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This solution is used to obtain a worst case background concen-
tration treating the Tucson airshed as a single box. A minimum mixing
height of 50 meters is assumed with a wind speed of 1.5 meters/second
which‘is a typical wind speed observed during the 1966 Thanksgiving air
pollution episode in the Eastern States (Fensterstock and Fankhauser,
1970). Assuming the wind is east or south the length of the box can be
approximated as 20 miles (32.2 km). The emission rate of carbon monoxide
for the airshed is 383.1 tons/day. Substituting into equation (6.1), a
steady state concentration of 1.45 ppm is calculated.

This concentration of carbon monoxide is the level leaving a box
20 miles (32.2 km) by 20 miles (32.2 km) by 50 meters high on the down-
wind side. The assumption involved is that the carbon monoxide is uni-
formly mixed in the air by the time it leaves the box. This is the
steady state level obtained at the downwind exit of the box after a long
time. This predicted level compares quite well to background levels
found in Tucson. These background readings, presented in Chapter 7, have
been generally measuped as lesg than 2.0 ppm.

An improvement over the one box model is a grid of boxes, each
having a concentration given by equation (6.1). However, this approach
is still a steady state technique and does not allow for time varying
values of U and H. The mechanism of diffusion is still not included and
if U = 0 the predicted concentration is infinite. All of these short-

comings are accounted for in the multi-box model developed in this study.



104

Macro-model

The macro-model employs a multi-box approach for predicting the
concentration for each of the 156 boxes shown in Fig. 6.1 as a function
of time. The model has been used to predict the concentration field for
the Tucson airshed for three different days in 1974. January 3, 1974, is
the low wind speed day for the entire year of 1974 and includes 6 hours
of calm conditions. February 15, 1974, represents a typical winter day
in Tucson, while June 5, 1974, represents a typical summer day for 1974.
The meteorological data for these days are contained in Table 6.1 and
Table 6.2, The inforﬁation for wind speed and direction is from the
Tucson Weather Service located at the International Airport. The wind
speed U is in meters/sec, and the wind direction o is the angle measured
counterclockwise with respect to the east, that is, o = 0° is due East
and o = 90° is due North. a tells the direction in which the wind is
blowing. This is opposite from the normal representation for wind direc-
tion, but a is treated in this way because of the technique for its
input to the computer model. The mixing height data for January 3 and
February 15 were obtained from radiosonde data using the technique dis-
cussed in Chapter 3. The mixing heights for June 5, 1974, appearing in
Table 6.2 were taken directly from AP-101 for Tucson. The boundary con-
ditjons on the inflow side of the airshed is 1.0 ppm with an initial con-
dition at t = 0 also of 1.0 ppm. The initial condition has little effect
on the concentration distribution after a short time since this condi-
tion is put in to start the simulation at midnight when the sources are

small. The convection and diffusion mechanisms work quickly to disperse



Table 6.1 Meteorological Data for Computer Model (Hour)
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January 3, 1974

February 15, 1974

June 5, 1974

Hr. U o U Q U o
1 3.1 350° 3.6  140° 2.1 190°
2 2.6  340° 2.6  110° 4.1 130°
3 2.1 0° 3.6  130° 4.6 150°
4 1.5 10° 3.1 110° 3.1 140°
5 0 - 4.1 130° 4.1 130°
6 2.1 100° 5.7  120° 4.1 110°
7 0 - 6.2  130° 4.6 120°
8 2.6 70° 5.2 120° 4.1 110°
9 1.5 90° 5.2 120° 5.2 110°
10 3.6 900 4.1 140° 2.1 140°
11 2.6  120° 1.5  140° 2.1 330°
12 0 -— 2.6 110° 2.1 320°
13 2.1 60° 2.1 190° 3.6 0°
14 2.6  310° 2.6  300° 6.7 340°
15 1.5  190° 3.6  250° 5.2 350°
16 2.6 20° 3.6  320° 6.7  30°
17 3.1 330° 3.6  300° 7.7 350°
18 3.1 300° 3.6  290° 7.7  330°
19 2.1 350° 3.1 320° 6.7 350°
20 3.6 10° 0 - 4.6 0°
21 0 - 3.6 90° 4.1 0°
22 0 - 3.1 140° 3.6 10°
23 0 - 3.1 130° 3.1 20°
24 1.5 70° 3.1 90° 3.6 180°
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Table 6.2 Meteorological Data for Computer Model - Mixing Heights

Mixing Height January 3, 1974  February 15, 1974  June 5, 1974
Minimum 80 m 80 m 200 m
Maximum 1300 m 1300 m 2000 m

/

the initial concentration. These conditions are used in all macro-model
results; however, other values could have been used if appropriate.

For January 3, 1974, the simulation of hour 23 (10 to 11 pm) pre-
dicted the maximum concentrations in the airshed grid for that day. An
isopleth map of l-hour average carbon monoxide concentrations for the
Tucson airshed for hour 23 of January 3, 1974 (low wind speed case), is
presented in Fig. 6.2. This figure was obtained using the predicted
ground-level carbon monoxide concentration for each box from the macro-
model. The readings are all in parts per million (ppm). The maximum
level of 4.0 ppm occurs along Speedway Boulevard with its center very
near to Alvernon Boulevard. The wind direction previous to hour 23 was
generally from the west followed by calm conditions. These meteorologi-
cal conditions explain the higher levels obtained to the east of town.
Note these readings each represent an average ground level l-hour carbon
monoxide level for a box of 2 miles by 2 miles.

Figure 6.3 presents the 24 hour distribution for January 3, 1974,
for two different boxes in the airshed. These carbon monoxide levels are

ground-level values. The concentration distributions are for the two
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Fig. 6.2 An Isopleth Map of l-hour Average Carbon Monoxide Concentra~
tions from 10 t6 11 pm for January 3, 1974
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shaded boxes marked 1 and 2 in Fig. 6.1. The box marked 1 represents the
cell in which The University of Arizoma is located. This box is bounded
on the west by First Avenue, on the north by Grant, on the east by
Country Club and on the south by Broadway. The box marked 2 is certered
about the intersection of 22nd Street and Craycroft. This box is bounded
on the west by Swan, on the north by Broadway, on the east by Wilmot and
on the south by Golf Links.

The box in which the University is located has the highest levels
in the airshed for the simulation of January 3, 1974. Locations such as
the Central Business District, Broadway at Alvernon, and Grant at Campbell
have slightly lower concentrations than the values for the University
area. Concentrations at other locations such as Oracle at Prince, 22nd
at Kolb, and the Tucson International Airport are much less when compared
to the carbon monoxide levels in the University area. Note that the
maximum CO levels for the two boxes in Fig. 6.3 occur at the 23rd hour as
mentioned earlier. The results plotted in Fig. 6.3, and all remaining
plots, graph the l-hour average carbon monoxide levels at the half-hour
in which the hour average concentration occurs.

Figure 6.4 shows the comparison of 24 hour ground-level carbon
monoxide distributions for the box containing The University of Arizona
for January 3, 1974, and February 15, 1974. The graph compares the CO
distribution for a typical winter day to that of a low wind speed winter
day. The results for January 3, 1974, are greater than for February 15,
1974, since the wind speed is an important parameter in atmospheric
dispersion. The calm conditions during January 3, 1974, cause the

larger morning CO peak and also cause the late evening peak. This is
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because the mixing height is low, in spite of the fact that the vehicle
traffic is also low. The CO levels in the evening drop off for February
15, 1974, since there is a wind speed of 3 meters/second to keep the pol-
1utanf from accumulating.

A comparison of the carbon monoxide distribution for a typical
winter day and summer day is made in Fig. 6.5 using the University area
box. The ground-level CO values for both days are similar except that
after the evening rush hour peak the CO level drops off for June 5, 1974,
This 1s due to the fact that a strong radiative inversion does not occur
in the early evening hours in the summer. Such an inversion helps to
trap the pollutant. During the winter after sunset the mixing height is
quite low and in the case of February 15, 1974, there is a calm condition
at hour 20, which is the cause of the peak between 7 and 9 pm. The high
pollutant levels are dependent on a combination of wind speed and mixing
height. The product of these two variables is called the ventilation
rate. This product is sometimes just called the "Ventilation" and is con-
sidered as the flow through a 1 meter wide column of height H (AP-45).

The results presented thus far have been ground-level concentra-
tion values obtained by assuming a logarithmic profile for the concentra-
tion in the vertical direction. The ground-level concentration is
calculated using equation (3.24) where C is the average carbon monoxide
value for the box of height H. Figure 6.6 plots the ground-level con-
centration distribution and the average concentration C distribution for
February 15, 1974, for the University area box. The results show that

when the mixing height is large the ground-level concentration is markedly
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larger than the average value. In the morning and the evening, the mix-
ing height is small so the two concentrations are similar.

All the previous results presented were obtained using the macro-
model representing the entire Tucson airshed. These concentrations repre-
sent l-hour average values for a box having a base of 4 square miles at
the ground. These predictions can not be correlated to measured carbon
monoxide data taken at or near areas of high traffic density; however, the
results can be expected to agree with data from areas of lower traffic
density. The results from the macro-model can be used to predict the
areas of the airshed in which high levels of ca.bon monoxide can be

expected. This conclusion can be drawn from the isopleth map of Fig. 6.2.

Micro-model -

The micro-model is developed so that comparison can be made with
carbon monoxide levels in residential areas close to centers of high
traffic density. The micro-model takes a single box from the macro-model
and subdivides it so that carbon monoxide concentrations can be predicted
for each subdivided box in the macro-box. The initial condition used at
t =0 is 1.0 ppm. The boundary conditions are obtained from the macro-
model results and are employed as discussed in Chapter 5. The micro-
model predicts ground-level carbon monoxide concentrations as a function
of time for each subdivided box.

The micro-model is initially applied to the box which encompasses
The University of Arizona. This macro-box is subdivided into 64 boxes
each having a size of 1/4 mile by 1/4 mile and a base area of 1/16 mile

squared. The concentration distribution for the micro-box having the
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maximum levels is compared in Fig. 6.7 to the distribution for the macro-
box for January 3, 1974. The figure shows that the micro-model solution
is always greater than or equal to macro-model results. The difference
between the two models is small when the mixing height is low since under
these conditions the pollutant is well mixed in the macro-model so the
effect of using the micro-model is not so significant. The difference in
magnitude between the two models is never very large due to the fact that
both models predict ground-level carbon monoxide concentrations for some
relatively large finite area. The results of either model cannot be com-
pared directly to measured data at a single point in high traffic density

areas.,

Stadium Event

The macro- and micro-models can be useful in predicting area-wide
increases in carbon monoxide levels due to a large increase in traffic
such as would occur during a stadium event on the University of Arizona
campus. During the evening of November 30, 1974, the football stadium was
in use for the game between University of Arizona and Arizona State
University. Since this is a big event, the stadium was filled to capacity
with over forty thousand people. With this large crowd and the corre-
sponding increase in traffic, the possibility existed for high levels of
carbon monoxide being present. The macro-model was used to simulate the
increased levels of carbon monoxide that the population living adjacent
to the area would be exposed to due to the large influx of traffic arriv-

ing and then leaving the stadium area.
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The meteorological data from the Tucson International Airport was
used as an input to the macro-model to simulate the carbon monoxide dis-
tribution for that day. These data of wind speed, direction, and mixing
heighf appear in Table 6.3. The carbon monoxide levels are first simu-
lated by assuming that the event did not occur. The normal traffic dis-
tribution for the area is used for these predictions. The increased
levels due to the event are calculated by now accounting for the stadium
traffic which directly affects the source strength of carbon monoxide
used as an input parameter for the macro-model.

Since the crowd at the football game was in the vicinity of forty
thousand it was assumed that there were 20,000 vehicles in the University
area for the event. The game started at 7:30 p.m. so the increased
arriving traffic was accounted for between 6:00 p.m. and 7:45 p.m. The
game ended at approximately 10 p.m. so the traffic leaving the area occurred
between 10 and 11 p.m. This criterion was used in determining the time of
increased source strengths for the model. The traffic leaving and arriv-
ing the stadium was assumed to be traveling mainly on Speedway, Broadway,
5th Street, and Campbell Avenue with other access streets used when near-
ing the stadium parking areas. Along with the University area box, the
increased traffic was also accounted for in the surrounding macro-boxes.

Using the assumptions mentioned above, the carbon monoxide dis-
tribution for November 30, 1974, is calculated using the macro-model for
these two situations. The predictions are made using meteorological data
in Table 6.3 for the hypothetical case of no football game and for the
actual conditions which did occur. The comparison between the two cases

is shown in Fig. 6.8. Note the large increase in carbon monoxide levels



Table 6.3 Meteorological Data for November 30, 1974
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HR U o HR U o
1 1.5 110° 13 5.2 150°
2 4.1 120° 14 5.7 190°
3 3.6 140° 15 4.1 190°
4 3.1 150° 16 2.1 220°
5 3.6 150° 17 1.5 250°
6 3.1 150° 18 1.5 250°
7 2.6 170° 19 2.6 330°
8 2.6 100° 20 1.5 150°
9 2.1 130° 21 1.5 160°
10 4.1 110° 22 1.5 330°
11 3.1 90° 23 2.1 210°
12 7.2 150° 24 2.6 90°
Minimum Maximum
Mixing Height 100m 1000m
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which occurs between 10 and 12 p.m. and which corresponds to the traffic
leaving the stadium area. The same increase is not apparent before the
game due to the arriving traffic. The reason for the small effect of the
arrifing traffic is two-fold. First of all, the wind speed was slightly
greater during hour 19, the first hour of arriving traffic, than hour 23.
The second reason is the fact that the source of carbon monoxide due to
the large traffic was handled over approximately a two-hour period before
the game, whereas after the game the increase traffic source occurred
during the hour immediately following the game. Also worthy of note is
that the additional source due to the stadium traffic was only about 80%
of the normal carbon monoxide source for the macro-box for hours 19 and
20. However, for hour 23 the source of carbon monoxide due to the stadium
traffic was about 2.5 times the normal source for the macro-box encom-
passing the University area. Therefore, this large additional source is
quite significant in explaining the large peak in carbon monoxide due to
the traffic leaving the stadium area.

Figure 6.8 shows that an area wide increase of about 4.5 ppm
occurs due to the traffic leaving the football game over the normal level
which would have existed. The predicted results in Fig. 6.8 plot the
average concentrations for one hour which are determined by averaging six
10 minute concentrations calculated during each hour in the macro-model.
This time step of 10 minutes is used for all the macro-model results.

The one hour average levels are of interest since EPA has set a one hour
average carbon monoxide level of 35 ppm. However, the results of the
last two hours, 23 and 24 in Fig. 6.8, do not show the true picture of

the concentration distribution which corresponds to the traffic leaving
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the area. Figure 6.9 shows this variation in the carbon monoxide levels
by plotting the ten minute average values for the two cases simulated for
November 30, 1974, from 10 to 12 p.m, The source of carbon monoxide due
to the statium traffic was put into macro-model between 10 and 11 p.m.,
so therefore the total source effect is accounted for by 11 p.m. which
corresponds to the peak seen in Fig. 6.9. The carbon monoxide continues
to build between 10 and 11 p.m. due to the low wind speed and mixing
height. After 11 p.m., the CO levels then decrease since the source is
now low. Figure 6.8 is unable to show the significant decrease in CO
level since it plots the average value for 1 hour. However, if the simu-
lation were continued for another hour, the l-hour average level would
decrease from the previous hour.

A one hour level of 7.0 ppm is approximately the maximum concen-
tration of carbon monoxide that people living in the vicinity of the
stadium were exposed to on the evening of the football game, November 30,
1974. This is not, however, the carbon monoxide level that the people
attending the game were exposed to while walking to or from the stadium.
These levels would be significantly higher since people walking adjacent
to traffic in the stadium area would be directly exposed to the auto

exhaust.

1980 Projection

The previous results were computed with an emission rate of car-
bon monoxide obtained using an emission inventory for the year 1973. 1In
order to project what the carbon monoxide levels might be in 1980, it is

necessary to develop an emission inventory for that year. Since the EPA
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has required the automobile companies to meet stringent requirements for
carbon monoxide by 1976, the weighted emission factor for the motor
vehicle population for 1980 is less than for 1973. However, in 1980,
there will be more motor vehicles on the road and therefore more vehicle
miles traveled than in 1973. The product of the two pieces of information
is necessary to calculate the emissions rate of carbon monoxide for 1980.

Using the EPA report AP-42, it is possible to calculate a weighted
emission factor for carbon monoxide for light-duty gasoline powered
vehicles for 1980. In a similar fashion as before using equation (4.1)
a result of 24.6 grams/mile is obtained. This value is obtained by using
the same vehicle age distribution as employed in Table 4.1. The emission
factor and age deterioration factor for each vehicle year is taken from
AP-42. The weighted emission factor for heavy-duty gasoline powered
vehicles for carbon monoxide for 1980 is 126.4 grams/mile. This value is
obtained using the same type calculations performed in Table 4.2. The
emission factor for heavy-duty diesel powered vehicles for carbon monoxide
is 20.4 gm/mile unchanged from the value for 1973. Using the same motor-
cycle distribution for 2-stroke and 4-stroke engines as before, the
weighted emission factor of carbon monoxide for motorcycles is 30.7 gm/
mile. The emission factors for 1980 have changed only for gasoline pow-
ered heavy- and light-duty vehicles.

The vehicle miles traveled for 1980 are also needed in order to
calculate the emission rate of carbon monoxide. Using Table 4.3, the
rate of growth of VMT is seen to have been approximately 8 per cent a
year. Assuming this rate of growth continues, the VMT for 1980 will be

approximately 8.55 x 106 miles/day and 3.12 x 109 miles/year. This
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compares with 4.98 x 106 miles/day and 1.82 x 109 miles/year for 1973. A
breakdown of VMT for 1980 for motér vehicle classes is presented in Table
6.4. The same fraction of VMT for each motor vehicle class is used as
for 1973. This table is similar to Table 4.4.

Using the data in Table 6.4 along with the weighted emission fac-
tor for each vehicle class it is possible to calculate the total rate of
emission of carbon monoxide for 1980. The results of these calculations
are presented in Table 6.5. The total emission rate of carbon monoxide
projected for 1980 is 373.9 tons/day for all motor vehicles compared to
374 .4 tons/day in 1973. It appears that the emission rate of carbon
monoxide for 1980 will be approximately the same as for 1973. This analy-
sis neglects the carbon monoxide emissions from aircraft, but this emis-
sion rate is insignificant when compared to the contribution due to all
the motor vehicle sources.

The projection for 1980 shows that the stringent requirements by
EPA for controlling carbon monoxide emissions will allow Tucson to remain
unchanged from the levels of carbon monoxide now existing in the atmos-
phere. Therefore, the numerical results predicted for 1980 are essen-
tially the same as those for 1973 under the same meteorological condi-
tions. The reason for little change in the carbon monoxide emission rate
is the fact that the increase in VMI is balanced by the decrease in the
weighted emission factor. Since the emission rate for 1980 is the same
as for 1973, the measured carbon monoxide concentrations presented in
Chapter 7 should be similar to those that one might expect to measure in
1980 assuming the conditions used to calculate the 1980 emission rate are

correct.
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Table 6.4 Projected Vehicle Miles Traveled in the Tucson Area Divided
into Motor Vehicle Classes for 1980

Motor Vehicle VMT VMT
Class Miles/Day Miles/Yr
Light~duty vehicles 6.75 x 106 2463.4 x 106
Heavy-~duty gasoline 6 6

powered vehicles 1.27 x 10 463.7 x 10
Heavy-~duty diesel 6 6
powered vehicles 0.33 x 10 118.6 x 10
Motorcycles 0.20 x 106 74 .3 x 106
6 6

8.55 x 10 3120.0 x 10

Table 6.5 Summary of Emissions of Carbon Monoxide
from Motor Vehicles in 1980

Motor Vehicle

Class Tons/Day
Light~duty 182.9
Heavy-duty gasoline powered 176.8
Heavy-duty diesel powered 1.4
Motorcycles 6.8

373.9




126

If the vehicle growth rate decreases in the future then the pro-
Jected date for which concentrations again reach 1973 values will be
merely extended beyond 1980. Naturally concentrations in regions of new
resi&ential and commercial development will be increased from present-day
levels. However, the calculations just presented indicate that on the
average 1980 carbon monoxide concentrations will be close to those pres-
ently existing. Some actual measured carbon monoxide concentrations which

presently exist in the Tucson area are given in the next chapter.



CHAPTER 7

FXPERIMENTAL DATA

The results presented in Chapter 6 show that the multi-box
model developed in this study can only predict carbon monoxide concen-
trations in areas of moderate to low traffic density since the sources
due to the motor vehicles are averaged over each box. However, in
order to analyze the entire carbon monoxide problem for Tucson meas-
ured levels existing in areas of high traffic demnsity are required. The
combination of data and model results gives the levels that the average
population are exposed to and also determine the extent to which the
ambient standards are being exceeded at locations of heavy traffic

within the Tucson airshed.

Carbon Monoxide
Measurement Technique

The most widely used technique for measuring carbon monoxide is
the nondispersive infrared (NDIR) system (Robbins, Borg, and Robinson,
1968). The NDIR method is accepted by EPA as the standard technique for

measurement of carbon monoxide in the ambient air (Federal Register,

April 1971b). In studies of CO concentrations in urban areas an instru-
ment using this method is normally designed for operation over a range
of 1-50 to 1-100ppm. The accuracy with the infrared system is about
Plus or minus O,5ppm. This technique is not the best method for use

in monurban areas where the CO levels may be a few ppm or less. The gas
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chromatography (GC) system is better suited for ambient CO measurements
in a relatively clean atmosphere. The accuracy using the GC method is
much better than the NDIR system; however, an instrument using the GC
system is much more expensive. Due to economic considerations a
Beckman model 865 instrument embloying the NDIR method is used for the
present ambient carbon monoxide measurements.

A schematic showing the detection system using the NDIR tech-
nique appears in Fig. 7.1. The model 865 produces infrared radiation
from two separate energy sources. Once produced, this radiation is
beamed separately through a chopper which interrupts it at 10 hertz.

The infrared beams then pass through the two cells. The gas to be ana-
lyzed flows through the sample cell at about 1.5 scfh. The reference
cell is filled with nitrogen, which does not absorb any infrared energy.
During operation, a portion of the infrared radiation is absorbed by
carbon monoxide in the sample gas, with the percentage of the infrared
radiation absorbed being proportional to the CO concentration. A
detector is used to convert the difference in energy between the sample
and reference cells to a capacitance change. This capacitance change,
equivalent to CO concentration, is amplified and indicated on the instru-

ment meter,

Sampling Technique

The air samples are collected in air bags 12" x 18" having a
volume of about 6 liters. The bags are made of an aluminized-mylar mate-—
rial called scotch-pak 20 and obtainable from Environmental Measurements,

Inc. of San Francisco, California. The grab samples are obtained by
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filling the air bags with a bicycle or air pump and are taken over a few
minute period. The l-hour average samples are taken using an impulse
pump which fills a 5 liter bag in one hour. The impulse pump operates
such fhat it pumps air for 2 seconds with a 20 second interval between
cycles. The impulse pump used was also obtained from Environmental
Measurements. The air from each bag is pumped out into the Beckman
analyzer for measurement of the carbon monoxide concentration, This
bag sampling technique is accurate, reliable, and inexpensive, The method
has been used by the Alaska Department of Environmental Conservation in

monitoring carbon monoxide in Fairbanks (Gilmore and Hanna, 1974).

Sampling Locations

The locations for collecting carbon monoxide samples are dis-
tributed through the urban area. However, most of sampling site are in
areas of high traffic density such as major intersections. A map of the
Tucson area with all the sampling locations is shown in Fig. 7.2. DM
is Davis-Monthan Air Force Base and TIA is the Tucson International
Airport. There are 28 collection points with numbers 27 and 28 belong-
ing to the Alr Pollution Control District of Pima County. At these two
locations, the carbon monoxide levels are monitored on a continuous
basis. The location of each sampling site and the time when samples are

taken is given in Table 7.1.
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Table 7.1 Location of Sampling Sites

132

Distance Height

from Above
Street  Ground Nominal
No. Location Corner (ft.) (ft.) When Time
1 6311 N. Barcelona Ct. - 250 10 Weekdays 8 am and
6 pm
2 6758 E. Rosewood Cir. - 15 3 Weekdays 7 am and
6 pm
3 Environmental Research Lab - - 0 Weekdays 8:30 am
and
4:30 pm
4 Oracle at Roger Rd. NW 15 0  Tuesday 9 am
5 Oracle at Prince Rd. NwW 20 0 Tuesday 9:15 am
6 I-10 at Grant Rd. NW 10 12  Tuesday 9:30 am
7 1I-10 at Speedway NW 15 0  Tuesday 9:45 am
8 1I-10 at Congress NW 10 0 Tuesday 10 am
9 1I-10 at 22nd St. NW 10 0 Tuesday 10:15 am
10 I-10 at 6th Ave. NW 15 0 Tuesday 10:30 am
11 Stone at Congress SW 5 0 Tuesday 10:45 am
12 Speedway at Stone SW 10 0  Tuesday 11 am
13 Broadway at Campbell NW 15 0 Friday 11 am
14 Speedway at Campbell NW 12 0 TFriday 11:15 am
15 Grant at Campbell NW 10 0 Friday 11:30 am
16 Grant at Alvernon NW 10 0 Friday 11:45 am
17 Speedway at Alvernon NW 15 0 Friday 12 am
18 Broadway at Alvernon NW 10 0 Friday 12:15 pm
19 Randolph Park -
Hi Corbett Field - 15 0  Friday 12:30 pm
20 22nd St. at Alvernon NW 12 0 Friday 12:45 pm
21 22nd St. at Wilmot NW 15 G Friday 1 pm
22 Broadway at Wilmot NW 15 0 Friday 1:15 pm
23 Speedway at Wilmot NW 10 0 Friday 1:30 pm
24 Speedway at Craycroft NW 10 0 Friday 1:45 pm
25 Broadway at Craycroft NW 15 0 Friday 2 pm
26 University of Arizona Campus - 45 4 Monthly 7 am to
7 pm
27 22nd St. at Craycroft Sw 330 13 Daily Continu-
ous
28 Congress - West of Church - - 12 Daily Continu~

ous
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Weekday Sampling

The locations at which weekday samples are taken are numbers 1, 2,
and 3. Location 1 is the residence of the author of this study, while
location 2 is the home of Professor H. C. Perkins. Location 3 is the
Environmental Research Lab of The University of Arizona located at the
Tucson International Airport some seven miles from the downtown area.
Locations 1 and 2 are also about 7 miles from downtown. Grab samples
were taken twice daily on weekdays at the specified time noted in Table
7.1, from September 1974, through February, 1975. Table 7.2 summarizes
the high, low, mean and median carbon monoxide concentrations for each of
these three locations. The number of samples taken at locations 1, 2, 3
are also noted in Table 7.2. The average or mean value for the carbon
monoxide concentration is greatest at location 2, This concentration
ranking corresponds to the traffic demsity in each of these areas with
location 2 having the highest traffic density of these sampling sites. A

cumulative probability plot for all the data at each location appears

Table 7.2 Summary of Carbon Monoxide Concentrations from Weekday Samples

High Low Mean Median
Location No. of Level Level Level Level
No. Samples (ppm) (ppm) (ppm) (ppm)
1 210 6.5 0.2 1.9 1.5
2 220 9.5 0.2 2.3 2.0

3 180 9.7 0.2 1.7 1.1
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in Fig. 7.3. The figure shows that over a large portion of the concentra-
tion range, the measured data for each location are lognormal. Note the
50 percentile reading for each location corresponds to the median level
appearing in Table 7.2, A listing of all the data for the three loca-

tions is found in Appendix C.

Tuesday Sampling

The locations sampled on Tuesday morning are numbered 4 through
12, These locations are all at intersections in areas of high traffic
density. These sites were sampled for 22 continuous weeks from October,
1974, through February, 1975. The time of sampling appearing in Table
7.1 is approximately the same each week. The same corner is sampled each
week to account for the effect of variation in wind direction. The
samples are all grab samples taken over a four minute period to average
out the effect of the traffic light cycle. Figures 7.4 through 7.7 con-
tain the variations in the carbon monoxide levels from week to week at
each location. A summary of the data for locations 4 through 12 appears
in Table 7.3 containing the high, low and mean values for each location.
The highest reading of all the Tuesday samples is 25ppm and was measured
at the intersection of Ofacle and Roger; however, the highest mean read-

ing, 12.7ppm, occurs at Oracle and Prince.

Friday Sampling

The Friday sampling occurs between 11 am and 2 pm at locations 13
through 25. As with the Tuesday samples, these locations are mainly in

areas of high traffic density. The Friday locations are on the east side
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Table 7.3 Summary of Carbon Monoxide Concentrations from Tuesday Samples

High Low Mean
Location Level Level Level
No. (ppm) (ppm) (ppm)
4 25.0 2.0 11.0

5 23.5 2.0 12.7

6 19.8 1.2 8.3

7 13.0 1.0 8.4

8 18.2 1.7 8.0

9 18.2 1.2 7.8

10 19.3 2.0 9.3

11 18.8 4.0 9.6

12 18.8 3.3 9.6
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of town, whereas the Tuesday sampling sites are located on the west side
of the city. These grab samples are also taken over a four minute period
at the appropriate time as given in Table 7.1 and were obtained during
the périod from October, 1974, through February, 1975. The variation in
the carbon monoxide concentration from week to week for each location is
shown in Figs. 7.8 through 7.12. A summary of the high, low, and mean
carbon monoxide concentrations for each Friday location appears in Table
7.4. The highest measurement and highest mean carbon monoxide concentra-
tion both occur at the intersection of Speedway and Campbell. The second
highest mean level occurs at Speedway and Alvernon. This confirms the
numerical predictions that Speedway is the center of the high carbon
monoxide levels existing in the Tucson airshed. The reason for the low
carbon monoxide readings at location 19 is that this sampling site is
not in an area of high traffic density but located in the Randolph Park
area near Hi Corbett Field.

The samples taken at locations 4 through 25 are all in areas of
high traffic demsity with the exception of location 19. Therefore, the
total number of grab samples taken at traffic intersections in the Tucson
area are over 450. These samples represent levels measured during the
weekday hours between 9 am and 2 pm. During the peak morning and evening
rush hours the carbon monoxide levels existing are somewhat higher. A
cumulative probability plot for all the intersection data appears in
Fig. 7.13. The measured data are lognormal over most of the concentra-
tion range with some discrepancy in the data for the low concentration
values. The figure gives the percent of time that the concentration of

carbon monoxide at an intersection in Tucson is less than a certain value.
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Table 7.4 Summary of Carbon Monoxide Concentrations from Friday Samples

High Low Mean
Location Level Level Level
No. (ppm) (ppm) (ppm)
13 20.0 3.0 12.4

14 44 .1 6.8 19.4

15 25.6 4,0 14.1

16 36.0 4.1 15.1

17 38.2 2.8 15.3

18 41.8 5.0 11.8

19 4.0 1.0 2.0

20 22,2 1.5 8.2

21 36.0 3.0 14.1

22 24.0 3.0 .11.9

23 21.4 2.0 8.7

24 22.0 1.0 9.0

25 26.8 1.5 9.8
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For instance, 50 percent of the time the level is less than about 9.5ppm.
This corresponds to the median values for all the samples taken; however,
the average or mean of all the samples is 11.7ppm. Since the same corner
at eaéh location was used throughout the 22 weeks of the sampling, these
measured levels do not always represent the maximum levels existing at
any intersection. This is the case since the sampling site is not always
on the downwind corner of the intersection. Most of the sampling sites
are on the northwest corner. Prevailing wind direction in the Tucson area

is southeast in the am hours and northwest during the pm hours.

Monthly Sampling

Samples were taken at location 26 which is on the University of
Arizona campus adjacent to Speedway about one block west of Mountain and
across the street from the Arid Lands Center. The samples at this loca-
tion were taken on Wednesdays from approximately 7 am to 7 pm on a monthly
basis. During the months of September and October, 1974, only grab
samples were taken. The samples were taken on the hour with half hour
measurements during the morning and evening traffic peaks. The samples
were again taken over a four minute period to average out the effect of
the traffic lights to the East and West on Speedway. Figure 7.14 shows
the comparison in the carbon monoxide distributions for September 25 and
October 30, 1974. The carbon monoxide variation for these two days is
obviously quite different.

Grab samples and l-hour average samples were collected at loca-
tion 26 on November 20, 1974. These samples were taken during the hours

from 4 am to 12 midnight. A comparison of the grab and 1l-hr average
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samples is shown in Fig. 7.15. The l-hr average readings are plotted at
the half-hour falling between the hours for which they were taken. The
correlation between the grab samples and l-hr average samples is quite
good. The l-hour average readings for location 26 are also compared to
1-bhour average levels for location 27 for the same day. The readings for
location 27 were obtained from the Air Pollution Control District of the
Pima County Health Department. The comparison appears in Fig, 7.16 and
in general the levels at location 26 are higher than those measured at
location 27. This seems reasonable since location 26 is much closer to a
traffic intersection than location 27. ZLocation 26 is affected both by
traffic on Speedway and also by the large University parking lot at the
site. The parking lot traffic is heavy from 7:30 to 8 am and then on the
hour until the evening classes are concluded. The meteorological data
corresponding to November 20, 1974, at location 26 are presented in Table
8.3 for the micro-model.

One hour average samples were again collected at location 26, but
this time on December 18, 1974. The readings were made during the hours
of 7 am to 7 pm. A comparison between the one hour average carbon
monoxide readings for November 20 and December 18, 1974, is made in Fig.
7.17. The magnitudes of the readings for the two days are quite similar;

however, the shape of the distributions is different.

Miscellaneous Sampling Data

Along with the routine sampling programs at locations 1 through
26, some l-hour average samples were collected during the peak morning

and evening rush hours at major intersections in the Tucson area. Grab
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samples were also taken at 15 minute intervals between each l-hour sample.
These grab samples were taken over a four minute time span to average
out the effect of the traffic light cycle. This sampling was done on
five separate occasions with four of them during the morning rush hoﬁr
while the fifth occurred during the evening rush hour. The morning sam-
ples were taken from 7 to 9 am while the evening samples were taken between
4 and 6 pm. The l-hr average and grab sample results for these five sep-
arate cases are presented in Table 7.5. All the locations were sampled
on the northwest corner. During ;he evening sampling there was a light
NW breeze while there was a light SE breeze for the morning sampling.
Note the large difference in the readings at location 15 for the morning
and evening sampling. This occurs since for the morning rush hour the
NW corner is downwind while for the evening traffic peak the NW corner is
upwind of the intersection. Concentrations at locations 14 and 17 are over
the l-hour ambient standard of 35ppm for the hour 8-9 am. These loca-
tions are at Speedway-Alvernon and Speedway-Campbell. Concentrations at
the other two locations are under the standard for the morning rush hour
traffic. The comparison in magnitude between the grab samples and l-hr
average samples of Table 7.5 is good.

Since the results from Table 7.5 show that the wind direction has
a large effect on the CO level depending on which corner is sampled, some
data were collected simultaneously to determine the difference in the CO
levels at the four corners of an intersection. Since the intersection of
Speedway-Campbell has large CO levels, it was used for the four corners
sampling. Grab samples were taken simultaneously at the four corners,

again over about a four minute period. The four corners program was
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Table 7.5 One-hour Average and Grab Sample Readings at Some Major Inter-
sections During Peak Rush Hours

Loc. 15 ‘Loc. 15 Loc. 17 Loc. 14 Loc. 22

11/13/74 11/14/74 11/27/74  12/4/74 12/11/74
Time CO (ppm) Time CO(ppm) CcOo(ppm) CO(ppm) CO (ppm)
4 pm 8.6 7 am 21.7 19.8 14.8 16.8
4:15 pm 7.8 7:15 am 25.0 29.6 16.0 25.0
4:30 pm 11.0 7:30 am 27.3 55.3 29.7 29.0
4:45 pm 6.5 7:45 am 31.5 47.2 34.6 36.0
5 pm 8.2 8 am 25.8 32.2 51.0 31.0
5:15 pm 15.2 8:15 am 26.6 32.6 31.8 22,7
5:30 pm 9.0 8:30 am 27.3 57.2 42.3 27.0
5:45 pn 14.8 8:45 am 22.7 39.0 35.7 23.0
6 pm 5.6 9 am 19.8 44.3 22.0 30.3
4-5 pn 6.7 7-8 am 30.5 34.3 30.5 28.7

5-6 pm 12.7 8-9 am 27.0 42.5 37.8 26,2
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performed on three separate days and twice each day at about a 15 minute
interval between the two sampling times. The results for these six cases
are presented in Table 7.6, Note the large difference in readings
obtained for the four corners. In general, the highest reading occurs at
the downwind corner of the intersection. From the results the readings at
the four corners can vary from a factor of 5 to as much as a factor of 20
between the highest and the lowest CO level.

Along with measuring the CO variation at the four corners of an
intersection, some measurements were made to determine the CO variation
with height. This study was performed using the Plaza International Hotel
located at Speedway and Campbell. The west side of the building has an

open fire escape on each floor. Grab samples were taken simultaneously

Table 7.6 Grab Sample CO Levels Taken at the Four Corners of Speedway
and Campbell

Time 3:40 pm 3:55 pm 2:20 pm 2:35 pm 1:20 pm 1:35 pm
Date 12/19/74 12/19/74 2/4/75 2/4/75 2/5/75 2/5/75
Wind Speed (m/sec) 1.5 1.0 1.0 2.0 1.5 1.5
Wind Direction W NW SE SwW W SW
Corner CO(ppm) CO(ppm) CO(ppm) CO(ppm) CO(ppm) CO(ppm)
SE 20.8 36.5 9.7 4.0 14.0 11.8
SW 16.7 15.8 6.5 3.8 3.0 1.5
NW 6.0 2.8 27.5 15.0 11.0 22.0
NE 29.3 22.2 6.0 25.8 16.5 33.0
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on the west side of the building at the ground and at the 3rd, 5th, and
7th floor fire escape landings. In order to obtain the CO levels due to
the Speedway-Campbell intersection the study was performed only when the
wind was generally from the northwest. Along with taking the CO samples,
the wind speed and direction were measured at the ground and on the 7th
floor. The carbon monoxide levels as a function of height and the
meteorological data are presented in Table 7.7 for the two sampling times
of December 19, 1974,

For the sampling at 3:30 pm the CO level at the ground is not
much different than the level at 19.5 meters above the gf;und since the
horizontal motion is very small. The initial ground level value at this

time is low since the wind is from the north., At 3:45 pm, the horizontal

Table 7.7 Carbon Monoxide Variation as a Function of Height for December
19, 1974. Case 1 Occurs at 3:30 pm; Case 2 Occurs at 3:45 pm

Wind Wind
Speed Wind CO  Speed Wind co
Height (m) (ft) (m/sec) Direction (ppm) (m/sec) Direction (ppm)

Ground 0 0 0.5 N 5.8 1.5 NW 12.5
3rd Floor 8.3 27.3 - - 3.7 - - 7.0
5th Floor 13.9 45.6 - - 2.9 - - 4.7

7th Floor 19.5 64.0 0 - 2.9 2.5 NW 2.1
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motion is greater and the Qertical CO gradient is larger. The CO does
not have time to mix vertically due to the stronger horizontal motion.
The ground level value is larger now since the wind speed has increased

and is from the northwest.

Summary of Measured Data

Several conclusions can be drawn based on the carbon monoxide
samples taken at the intersections in the Tucson area. In general, CO
levels are higher on the east side of town than the west side. Inter-
sections along Speedway Boulevard appear to be those having the largest
concentration of carbon monoxide in the urban area. Figure 7;15 and
Table 7.5 show that the agreement between l-hour average samples and
grab samples taken over a few minutes period are good. This result
should be quite useful when a large number of samples are required, as
far as saving sampling time is concerned. Assuming the samples taken at
locations 4 through 25 are similar to l-hour levels, then from Fig. 7.15,
there is about a one percent probability that the CO level at an inter-
section in the Tucson area is greater than 35ppm between the hours of
9 am and 2 pm. Note, this says nothing about the CO levels existing
during the peak morning and evening rush hours. From the small number
of 1-hr average samples taken during rush hours, two locations have been
found which are over the l-hour average of 35ppm. They are at Speedway-
Campbell and Speedway-Alvernon. However, no one lives at a street
intersection so no one is directly affected by these high levels. The

CO levels which the population of Tucson is usually exposed to are
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predicted by the multi-box model developed in this study. These numeri-
cal predictions are compared in Chapter 8 to some of the measured data

that are presented in this chapter.



CHAPTER 8

COMPARISON OF NUMERICAL AND

MEASURED RESULTS

The multi-box model developed for the Tucson airshed should be
quite useful for predicting carbon monoxide levels for a variety of
problems. For example, under episode conditions one can determine
whether concentrations are above levels affecting health. The model
can also be used to project the effects of growth as related to land-
use planning. However, the verification of this model is necessary
before it can be used. The conditions under which the model is
applicable are explained in this chapter when the comparison is made
to measured data for different locations in the Tucson area. Since the
multi-box model is an area source model, it is not expected that the
numerical results should compare to data taken at locations of major
carbon monoxide sources, e.g., parking lots and traffic intersections.
Since the numerical model predicts an average carbon monoxide level for
each Eulerian box of some finite size, there will always be measured
values within each box, which are higher, and lower than that predicted.
It is the representative value that should be compared to the predicted

results,

161
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Model Verification

During the three-day period from Friday, November 9 to Sunday,
November 11 of 1973, a high pressure system existed over the Tucson basin
causing stagnation conditions to occur. The ventilation was quite low
during this period allowing for accumulation of pollutants in the airshed,
These three days were simulated using the meteorological data obtained
from the Tucson Weather Service. The wind speed and direction for these
days are tabulated in Table 8.1 in the same way that the meteorological
data were given in Chapter 6. The minimum and maximum mixing heights are
presented in Table 8.2, and they are determined using the EPA procedure
contained in AP-101. The numerical predictions are simulated using an
initial condition of 0.1l ppm with incoming boundary conditions for
November 9, 1973, having this same value., The initial conditions for
November 10 and 11, 1973, use the predicted concentrations for each box
obtained from the last time step of the previous day. The incoming boun-
dary conditions are still 0.1 ppm as they were for November 9.

The numerical results are compared to data taken at location 27
of Fig. 7.2. The data were obtained by the Pima County Health Department
on a continuous basis. This is the only location at which carbon monoxide
measurements were taken in the Tucson area between November 9-11, 1973,
This sampling location is near the intersection of 22nd and Craycroft on
the east side of Tucson. The comparison of the numerical results for
this box with l-hour average measured levels are presented for November 9,
10, 11, 1973, in Figs. 8.1, 8.2, and 8.3, respectively. These predicted
results were all obtained using the macro-model. The measured data show

the expected peaks due to the diurnal traffic variation on Friday and



Table 8.1 Meteorological Data for Computer Model, Nov. 9—1i, 1973

163

November 9, 1973

November 10, 1973

November 11, 1973

Hr. U o U a U o
1 2.6 120° 2.6 130° 3.6 120°
2 3.6 120° 3.6 140° 2.1 110°
3 4.6 140° 3.6 120° 3.6 120°
4 4.1 140° 4.1 120° 4.1 130°
5 4.6 140° 3.6 130° 4.6 130°
6 6.2 140° 3.6 140° 4.6 110°
7 5.2 130° 4.1 130° 2.1 140°
8 6.2 130° 4.6 130° 5.2 110°
9 3.6 130° 2.6 100° 5.2 110°
10 3.6 110° 1.5 40° 2.6 90°
11 1.5 90° 1.5 110° 1.5 60°
12 0.0 - 0.0 - 1.5 330°
13 1.5 190° 1.5 340° 2.6 290°
14 1.5 330° 2.1 290° 1.5 300°
15 2.1 330° 3.1 290° 2.1 280°
16 2.1 280° 3.6 270° 3.6 280°
17 3.1 280° 4.1 290° 3.1 300°
18 3.1 310° 3.6 310° 2.6 310°
19 3.6 350° 2.1 30° 1.5 110°
20 0.0 - 4.1 140° 3.6 100°
21 3.6 90° 2.6 130° 2.1 130°
22 3.6 100° 3.1 110° 3.1 140°
23 3.1 120° 2.6 110° 2.6 120°
24 4.1 130° 2.6 140° 3.1 140°
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Fig. 8.1 Comparison of Macro-model Results and Measured Data for Carbon
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Table 8.2 Meteorological Data for Computer Model

Mixing Height

Date Min. H Max. H
November 9, 1973 50 m 980 m
November 10, 1973 50 m 870 m
November 11, 1973 50 m 920 m
November 20, 1974 100 m 1300 m
January 8, 1974 80 m 1200 m

Saturday morning, whereas the numerical model since it is an area source
model can not accurately predict these local effects. The numerical model
predicts an increase in the concentration of carbon monoxide throughout
the day due to the continuous vehicle traffic sources. The concentration
reaches a maximum as the mixing height decreases in the evening. The
carbon monoxide level then decreases since the sources of carbon monoxide
are now low. All three graphs show the same numerical characteristics
Just stated. The comparison of magnitudes between the measured data and
the macro-model results is good.

On November 20, 1974, extensive sampling for carbon monoxide took
place at location 26 on Fig. 7.2. This location is on the south side of
Speedway about one block west of the intersection with Mountain and is at
the north end of a faculty-student parking lot. Parking lot traffic

peaks occur on the hour as classes change and are particularly high from



168
7 to 7:30 a.m. and near noon. Grab samples and l-hour average samples
were taken for the 24 hour period. At the same time a traffic counter
was used to determine the number of wvehicles traveling on Speedway on an
hourly basis. The wind speed, direction, temperature and relative
humidity were taken hourly throughout the day. These data were obtained
so that the carbon monoxide measurements could be compared to the concen-
tration distribution calculated using the multi-box model. Winds from the
north would bring pollution from Speedway to the sampler, whereas those
from the south would bring air from the parking lot.

The macro-model simulation for November 20, 1974, was computed
using the meteorological data from the Tucson Weather Service. The wind
speed and direction are noted in Table 8.3 with the mixing heights given
in Table 8.2. The meteorological conditions were applied uniformly
throughout the airshed grid along with the traffic volume distribution
plotted in Fig. 5.4. The initial condition to start the simulation is
1.0ppm, and the boundary conditions are also 1.0ppm. The initial and
boundary conditions used for all the numerical predictions were chosen
such that their magnitudes corresponded to the measured data for which
the numerical model was simulating. The concentration distribution as a
function of time is calculated for each of the 156 boxes in the airshed
grid.

Since the monitoring location for the carbon monoxide is near an
area of high traffic density, the macro-model is not expected to agree
closely with the measured results. The micro-model is then used to simu-
late the carbon monoxide distribution within the single macro-box in

which the data were taken. For the micro-model the meteorological



Table 8.3 Meteorological Data for Computer Model,

November 20, 1974

Macro-model

Micro-model

Hr U o U a
1 2.6 110° 1.0 130°
2 2.1 100° 0.8 100°
3 2.6 100° 1.0 100°
4 4.1 100° 1.6 100°
5 3.1 140° 0.0 -
6 4.6 100° 0.0 —
7 4.1 110° 0.0 _—
8 4.6 100° 0.0 _—
9 4.6 110° 1.0 130°
10 8.2 140° 0.5 110°
11 7.7 140° 0.5 120°
12 5.2 170° 0.5 180°
13 6.7 160° 2.0 140°
14 7.2 170° 2.0 180°
15 3.6 150° 2.5 140°
16 5.2 170° 2.0 160°
17 4.6 220° 1.3 180°
18 3.1 210° 1.0 210°
19 2.6 150° 1.8 210°
20 2.6 140° 1.0 190°
21 3.1 150° 1.5 200°
22 1.5 70° 0.5 320°
23 1.5 120° 0.5 90°
24 1.5 90° 0.0 -—
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conditions obtained locally for this box are used instead of the data
from the Tucson Weather Service. The meteorological conditions for

this single macro-box for November 20, 1974, are tabulated in Table 8.3.
Note'the larger differences in wind speeds between the data taken at loca-
tion 26 and that from the Tucson International Airport (TIA). The mixing
height data are the same as that used for the macro-model. The traffic
volume distribution obtained from the traffic counter is used for the
micro-model instead of the data in Fig. 5.4. The concentration distribu-
tions for the four boxes surrounding the macro-box are used as time
dependent boundary conditions for the micro-model. These boundary condi-
tions are obtained from the macro-model results for November 20, 1974,
The initial condition for the micro-model is 4.0ppm. This concentration
was measured at location 26 at 12 midnight on November 20, 1974. Note
this initial condition has little effect on concentration distribution
after an hour or so.

The l-hour average carbon monoxide data taken at location 26 are
compared in Fig. 8.4 to the concentration distribution for the cor-
responding box obtained from the macro-model and micro~model. Both models
underpredict the measured data since the monitoring site is in an area of
high traffic density. The traffic volume on Speedway is approximately
37,000 cars per day. The micro-model prediction is better than the macro-
model but still not able to approximate the measured data. The measure-
ments at location 26 are not representative levels of carbon monoxide for
the box analyzed. The measured peak near 10 p.m. is due to traffic gener-
ated when a University Artist Series event was completed. Traffic on

both Speedway and the parking lot was high.
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The results for November 20, 1974, for the micro-model are com-
pared to the traffic volume distribution for Speedway at the same loca-
tion. The comparison is shown in Fig. 8.5. The shape of the curves is
quite similar since the traffic volume distribution is the same as the
variations in source magnitude used to compute the carbon monoxide levels.

Carbon monoxide data were also available at two other locations
within the Tucson airshed for November 20, 1974. These locations were 27
and 28 of Fig. 7.2, and the data were obtained from the Pima County Health
Department. The carbon monoxide monitoring is continuous at both these
locations. As mentioned earlier location 27 is near the intersection of
22nd and Craycroft. The concentration distribution for the box cor-
responding to this location for November 20, 1974, is obtained from the
macro-model. The concentration distribution for this location is also
simulated using the micro-model., However, this macro-box does not have
local meteorological measurements and local traffic volume data that cor-
respond to the area in which the macro-box is located. The meteorologi-
cal data obtained at the airport along with the traffic volume distribu—.
tion from Fig. 5.4 are used for the micro-model of location 27 for
November 20, 1974. The time dependent boundary conditions for the micro-
model are obtained from the macro-model for the four boxes surrounding
the macro-box., The initial condition is 1.0ppm. The comparison of the
l-hour average carbon monoxide levels at location 27 with the macro- and
micro-model data for November 20, 1974, is presented in Fig. 8.6. The
comparison is better than that of Fig. 8.4 but still not adequate, showing
that the sampling location is not representative for measuring an average

carbon monoxide level for the entire box analyzed.
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The other Pima County sampling site, 28, is located din the central
business district on Congress about one block west of Church. The
1-hour average measured carbon monoxide levels for this location are com-
pared to the concentration distribution for the corresponding box obtained
from the macro-model for November 20, 1974, The results are plotted in
Fig. 8.7. The shape of the distributions is not similarj however, the
magnitude differences between the measured data and simulated results
are small. This sampling site seems to be more representative for measur-
ing average carbon monoxide levels for the box in which it is located
than the sites at locations 26 and 27.

In order to show better comparison between the measured data and
macro- and or micro-model results the sampling site should be more rep-
resentative for the box in which it is located. A sampling location well
within the University of Arizona area was also used since the traffic at
the site is low but the location is still only a few blocks from areas of
high traffic density. The location on campus is University Boulevard
about one block east of Park Avenue and is just west of 0ld Main. One-~
hour average carbon monoxide samples were taken on January 8, 1975, at
this location between the hours of 0700 and 2000. The carbon monoxide
concentration distribution for this day was calculated using the macro-
model. The meteorological data were obtained from the Tucson Weather
Service. The wind speeds and directions are given in Table 8.4 while
the minimum and maximum mixing heights for January 8, 1975, appear in
Table 8.2, Table 8.4 also contains the wind speed and direction measure-
ments taken between 0700 and 2000 at the monitoring site. Note the

difference in magnitude of the wind speeds for the two locations in the
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Table 8.4 Meteorological Data for January 8, 1975

TIA Sampling Location
Hr U o U o
1 4.1 140° - -
2 3.1 130° - —
3 3.6 140° - -
4 3.1 160° - _—
5 4.6 150° - -
6 5.2 120° - _—
7 5.2 130° 1.0 140°
8 4.1 140° 0.5 90°
9 4.1 160° 1.3 160°
10 3.6 110° 1.8 180°
11 4.6 90° 1.5 150°
12 6.7 80° 0.0 -
13 7.7 50° 0.8 150°
14 7.2 50° 2.3 0°®
15 7.2 50° 2.6 20°
16 8.2 40° 2.6 10°
17 3.6 10° 1.5 0°
18 9.3 30° 2.3 °
19 5.2 30° 1.0 70°
20 4.6 40° 1.0 70°
21 4.6 60° — -
22 4.1 60° - -
23 8.2 50° - _—
24 12.9 ° - —
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airshed. The inflow boundary conditions and initial condition are all
taken to be 1.0ppm. Figure 8.8 shows the comparison of the concentration
distribution obtained from the macro~model with the measured data for the
thirteen sampling hours of January 8, 1975. The figure shows that this
sampling location within the University of Arizona area is fairly repre-
sentative of the carbon monoxide levels predicted for the macro-box. The
first two hours of measurement disagree with the predicted levels since
there was moderate traffic traveling within the University area. The
University is normally closed to vehicular traffic during the day, but
because of semester break the area was open. This moderate traffic along
with the effect of near calm conditions at the measurement site resulted
in larger measured values of carbon monoxide than the macro-model pre-
dicted. The University of Arizona area seems to be a representative
location for which comparison between predicted carbon monoxide levels
and measured data is good. The conclusions to be drawn from this study

and the recommendations for future work are presented in Chapter 9.
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CHAPTER 9
DISCUSSION AND RECOMMENDATIONS

Discussion

The comparisons between measured data and macro- and micro-model
predictions presented in Chapter 8 show that the model is unable to
simulate actual carbon monoxide levels at or near areas of high traffic
density. Since the model is an area source model it predicts an average
ground-level concentration for some finite size box., These predicted
levels are similar to concentrations measured in residential areas and
areas of low traffic density. In order to predict levels at inter-
sections which are areas of high traffic density a Gaussian line source
model can be employed as described by Turner (1969). This model was
applied in Tucson at location 27 of Fig. 7.2 by Sellars (1974) for pre-
dicting carbon monoxide levels for comparison to those measured by the
Pima County Health Department. The agreement between data and predic-
tion for that study was fairly good.

These two different models predict the carbon monoxide levels at
opposite ends of the source spectrum. There is no single model which can
handle the total prediction of carbon monoxide at any location within the
Tucson airshed. A more sophisticated three dimensional model could
possibly simulate the concentrations of carbon monoxide in areas of high

traffic density as well as areas of low traffic sources. Computer
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storage capability is, however, a restriction on the airshed grid refine-
ment required for a three dimensional time dependent model.

Use of the multi-box model developed in this report was handi-
capped due to the fact that continuous meteorological data were available
only at one location, that being the Tucson International Airport. On
November 20, 1974, lccal meteorological data were taken at location 26
of Fig. 7.2. There was much disagreement between that data and the infor-
mation obtained from TIA. The meteorological data for both locations is
tabulated in Table 8.3. The assumption that the same meteorological con-
ditions apply throughout the airshed for the macro-model is a bad one.
The meteorological data from the airport are not realistic for use in the
entire airshed; however, there was no other choice but to apply that data
uniformly.

Other variables which affected the macro-model results were the
mixing height data, the traffic volume distribution, and the vertical
profile chosen for the concentration distribution. The minimum mixing
height levels used are possibly not accurate since in Tucson after sunset
the radiative inversion begins from the ground and builds to some level.
The mixing height may never reach the so-called minimum value obtained
using the procedure from AP-101. However, due to a lack of actual data
this EPA procedure was used to determine the minimum mixing height.

This parameter is quite important since the mixing height times the wind
speed is the ventilation rate.

The traffic volume distribution was applied uniformly throughout
the airshed in the macro-model. This assumption is probably valid since

the traffic distribution obtained at Speedway for November 20, 1974,
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appearing in Fig. 8.5 is not too different from the traffic volume varia-
tion of Fig. 5.4. On the average for the macro-model the distribution of
Fig. 5.4 is satisfactory; however, for the micro-model a distribution

for each macro-box such as Fig. 8.5 for location 26 is more appropriate.
A more accurate knowledge of this variable is not as important as know-
ing more about meteorological conditions,

The vertical profile for the concentration distribution affects
the calculated ground-level value. A logarithmic profile is used in both
the macro- and micro-models. This vertical profile was chosen since it
was used by MacCracken et al. (1972) for a multi-box air pollution model
for the San Francisco Bay Area. However, this profile is not generally
applicable under all atmospheric stability conditions. The logarithmic
profile is best suited for a near neutral atmosphere, whereas a linear
profile seems more appropriate for the stable case. When the atmosphere
is quite unstable the concentration is probably near—-uniform and equal to
the average concentration for the box.

In the micro-model, the size of each box is smaller in base area
but the height of each box is not changed from that of the macro-model.
The assumption involved in the box model that the pollutant is uniformly
mixed in the vertical direction may no longer be valid. Since the box
height is the same or greater than the width of the box the sources of
carbon monoxide at the ground will not have a chance to mix to the top of
the box by the time the pollutant is transported to the next cell. The
assumption is definitely violated during the day when the mixing height
is large; however, when H is small the assumption is still valid. There-

_ fore, the results of the micro-model underpredict the actual average
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ground-level value for each box during the day since the pollutant is
mixed in a smaller volume than that used in the model. The mass in each
box is the same, but now the actual volume for dilution is smaller so the
density or concentration of the pollutant is actually larger than the
level predicted by the micro-model. This problem can be solved by going
to a three dimensional model to represent the airshed.

The uncertainty in all the variables involved along with the fact
that the area source method of the multi-box model can not simulate
measured data at a single point accounts for the inability to predict
accurately the measured data in areas of high traffic. However, the
model can be used to predict the carbon monoxide levels that the average
population in Tucson might be exposed to, for example, locations such as
1, 2, and 3 in Fig. 7.2. The model can also be used to predict area-
wide increased levels due to new land development such as a satellite

city or a shopping center.

Recommendations for Future Work

As Just discussed there is a need for meteorological data on a
régular basis at locations other than the TIA so that air flow patterns
for the Tucson airshed can be determined. This would allow for spatial
input of the wind speed and possibly wind direction. It would be very
helpful to have experimental measurements available for the minimum
mixing height so that this parameter can be known with more certainty.

A stability criterion could be built into the numerical program to allow
for changing the vertical profile used to calculate the ground level

concentration for each box.
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Instead of the pseudo three dimensional method used in this study
another approach might be considered. First of all, since Tucson's wind
is generally either southeast or northwest, the (x,y) airshed grid could
be aligned such that the wind directions are parallel to the x axis.
There is now advection in the x direction only. If the crosswind y dif-
fusion 1s neglected, the airshed grid could be divided into boxes in the
vertical z direction from the ground up to the mixing height H such that
the modeling problem reduces to solving an equation similar to (3.2)

except now in the (x,z) plane. The equation to be solved is

2
3C 3C 3C _ 3¢ 3°c . s
ﬁ'+uax+W5‘5‘Kﬂ_ax2+Kz_azz+v 9.1)

This solution would give the concentration distribution in the (x,z)
plane at each y location. Instead of y advection, there is z advection
due to the vertical wind speed w. There is also z diffusion with a ver-
tical eddy diffusivity Kz. The advantage of this method is that only a
two dimensional time dependent partial differential equation is needed to
solve a three dimensional problem. This solution for the concentration
distribution in the (x,z) plane is similar to that applied by Mahoney and
Egan (1971). The assumption in this approach of neglecting crosswind
diffusion is probably not bad if the method is applied to the macro-model
in this study where the size of the boxes is large. However, for the
micro-model, the macro-box of interest contains a number of large sources
of carbon monoxide so when subdivision occurs the crosswind diffusion
between these micro-boxes is no longer insignificant. Therefore, this

method is not suitable for the micro-model grid.
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In general the wind direction is not always southeast or north-
west nor even uniform in direction. Then the crosswind y diffusion
becomes important for the approach just discussed, so a more sophisticated
three dimensional time dependent model is needed. However, reliable input
data for a model of this caliber is not readily available. Further the
computer storage requirement would be quite large in order to handle the
four variables involved in the problem. This approach is feasible, but
probably the results would not be worth the time and cost involved.

Besides a need for improving the numerical model to simulate the
carbon monoxide concentration distribution in the Tucson airshed, there is
a need for more measured data to verify the predicted carbon monoxide
levels from such a model. Continuous monitoring at many locations in
different parts of Tucson would be helpful for confirming the spatial pre-
dictions of the carbon monoxide levels from the numerical model. This
carbon monoxide data would also be useful to the Pima County Health
Department in its attempt to become a subregion in the Phoenix-Tucson
Intrastate Air Quality Region. Monitoring of concentration as a function
of height would also be helpful.

The model developed in this study could be used to simulate the
average carbon monoxide concentration distribution in the Tucson airshed
for a year. This can be accomplished by running an ensemble of days rep-
resenting different seasons or months of the year. The average concen-
tration distribution for the year for each box can then be calculated by
multiplying the average concentration during each hour for a typical day

times the fractional number of occurrences of this day in a year and then
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summing., This procedure would be repeated for each box so that an aver-
age carbon monoxide concentration could be obtained for the whole year.

The results presented in Chapter 8 have shown the limitations of
the ﬁodel developed in this report. However, the model is still useful
and with further development a similar model employing many features of
this multi-box model could be used by the Pima County Health Department
in predicting the carbon monoxide levels in the Tucson airshed. Of
special interest would be the model's use for prediction of levels during
possible episode periods and in regulating and controlling land-use in

accord with the EPA ambient standards.



APPENDIX A

FINITE DIFFERENCE EQUATIONS

The use of the Crank-Nicholson finite difference method to inte-

grate equation (3.3) requires that the terms be expanded in a Taylor
series about the point, t+At/2. Consider Fig. 3.2 which depicts a
typical node (i,j). If a mass balance is made on the control volume,

the following equation is obtained

ac 2 2 tt %t’
5, W) = uley g - ¢ ) (L)
2
t+ —3—':-
+ V(Ci—l, - ci,j) (LH)
sc|tt é sc| tt g—t
+ KH('a—x- L - '5; L !—_) (LH) (A.l)
i,j+ '—2- »J 2
At At
+ (i’EH2 ac| ™" 2 ) (LH) + S
KH oy ay i,
i+ &7,] 1- E’:J

This equation (A.l) is the same equation as (3.5). The terms
that appear as partial derivatives are expanded in a Taylor series in the

following manner.
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At At At
t+ — tt+ 5— 2 t+ 5=, .2
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At t+ 5— 2 1t o5— .2
cf =itz S22 Ae, 800 2 A o) (a.3)
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Subtracting equation (A.3) from equation (A.2) one obtains the result

SEHE ot e+ 25
i,j i,] = aC

3
At ot + 0(At™) (A.4)

1]

This is the result for the expansion of the partial derivative with time
as the independent variable. For the spatial derivative the expansions

are as follows.

At At
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Subtracting equation (A.5) from equation (A.6) one obtains the result

e+ S8 4 AE At
C 2 -cC 2 t+ 'i—'
1,341 " 1,5 _ ac 3
% 1 0(2x7) (A.7)
st 5

2

Equation (A.7) is similar to the result presented in Chapter 3 except Ax

is replaced by L since L is the length of the control volume, not Ax.
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The results for the other three partial derivatives are obtained in a

similar manner to equation (A.7) and are presented below.
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Now putting (A.4)
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along with (A.7), (A.8), (A.9) and (A.10),with Ax and Ay

replaced with L, into equation (A.l) and multiplying by é%—; the follow-
LH

ing is obtained
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A simple averaging is now used to evaluate the concentrations C

at t+At/2.
t+—A—- 1t t+AL
== (C, .+¢C, . (A.12)
i 2] 2 ( i,j 1,] )

Putting (A.12) into (A.11l) along with some algebra gives
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Equation (A.13) now contains terms at t+At on the left-hand side
of the equation and terms at t on the right side. Defining some param-
eters, equation (A.13) can be simplified. A diffusion velocity can be

defined such that

and two non-dimensional parameters are defined as

UAt ’ _

C.'lu<
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Using these ideas with the fact that
u = U coso
and
v = U sina

some of the terms in parentheses reduce to

4KHAt _ VD U
_T—— = 2 ']—_:— At E = 86 B
VAR
uit = Eés-cosa = 20 coso
2L~ 2L S
!é£-= g-A-E-sinoc = 26 sino
2L 2L
-Kl_—.lff_= EAEH: 296
2L2 2 LU
and
S1,i°% _ 51,1 4Le
' 2y U
Si i
= —2 =
46 [LUH ] 46(Css):l.,j

The term in parentheses is the steady state concentration for box (i,j)
which was obtained by Smith (1961). This steady state concentration will

be written as

C_ ==

8ss LUH
All the above expressions can be put into equation (A.13), and with further

algebra along with dividing each term by 6, the final result obtained is
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t+§t(; + 88 + 2 cosa + 2 sina)
+A t+At t+At
t+At£28 + 2 cosa) - Ct lt (28 + 2 sino) - j+1(28) - C, 41,3 . (2B)
= Ct (l-- 88 - 2 coso - 2 sina) (A.14)
1,5'6
t
+ Ci,j l(28 + 2 cosa) + Ci 1,3 .(28 + 2 sina)
t
+C i, +1(28) + C1+1 .(2B) + 4 C

51,3

Equation (A.14) is the final equation needed to determine the concen-
trations at t+At in terms of their values at t. The terms in paren-
theses are all in non-dimensional form.

For the case of zero convection the analysis begins with making
a mass balance on node (i,j) using Fig. 3.2. The same result can be
obtained by setting u and v equal to zero in (A.l) since they are the

components of the wind speed U. The result obtained is

At At At
1o} R N 11 I Y1 LA 2
ot Raboxl, . 1 " oxl. . 1
i,3 i,j+ 7 1:3"5
e+ 5L e+ OE (.15)
7 ac|¥ 2
+ KH(ay - J) @ + s,

+ §3j

This equation (A.1l5) is the same equation as (3.12). The terms
that appear as partial derivatives are expanded in a Taylor series and

the results are



At tHAt t
ac|t 7 C s = Cy s
1 At

i,]

g+ AL ot %‘E - ¢t %E
_B_Q 2 i, 941 i,j
X i,j+ %_ Ax

g+ DE otF ’gi - ¢t %t‘
ac|™ 7 | %,5% %54
9x ‘e l. Ax

»J= 3

t+ At t+ é_t - ¢t %P'
ac|t 32 i1153 ~ %3
Wit 2,5 Ay

e+ AL ot %E' - ctt %‘t'
a2 S i-1%3
ayl. 1 . A
ey y
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(A.4)

(A.7)

(A.8)

(A.9)

(A.10)

The results (A.4), (A.8), (A.9), (A.10) are repeated here for completion

in reducing (A.15).

Putting these results into (A.1l5) while replacing Ax

and Ay by L and then multiplying by A%—, the following is obtained.
L'H

(At ot . Kbt . . )
i,j i,] L2 i,j+l i,j-1
K, At
+ 2 (Ci4a,5 ¥ Cioq,5 =
S, .At
P P

LZH

2C

At
] -)t+ 7
i,]

(A.16)
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Note that (A.16) is similar to (A.11) with u and v equal to zero. A

simple averaging is now used to evaluate the concentrations C at t+At/2.

t+Aat/2 1 t t+AL
C, . == (C, .+ C, . A 12
i,3 7 i,] i,j ) ( )

Putting (A.12) into (A.16) with some algebra gives

ct+At(1+4KHAt) Gt (C, .. +C. .. +C.,y .+C, , HEFAE
i,] 2L2 2L2 i,j+1 i, j-1 i+l,] i-1,]
KR At S, LAt
. .
= ¢, - KH2 ) + =3 (A.17)
’ 2L, 1u
Kyht .
+ +
712 (Ci, 501 ¥ Cp 501 F Caap, g+ Cion,y)

Equation (A.17) now contains terms at t+At on the left side of
the equation and terms at t on the right side. Defining a non-dimensional

parameter, the equation can be simplified. The parameter is given by

, - KHAt _ VDAt
2L2 2L
where VD = i

Using this expression

4KHAt
2 -

2L

4¢

and defining a concentration for node (i,j) for the case of zero wind

Equation (A.18) can be put in a final form which is the following
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t+At (c t+At

cy @+ 40) - ¢ )

C c

+ +
1,541 T Car1,5 F 4,54 F Gy

t
= Ci,j(l-4¢) + czwi’j (A.18)

t
+9(Cy 43 ¥ Ciaa,5 T Ci 51t Cia,y)

This result is the same as (3.13) in the text of the report.
This equation is used to obtain the concentrations at t+At in terms of

their values at t for the case of zero convection.

Vertical Concentration Distribution

A distribution for the concentration is assumed in the vertical
direction so a ground level concentration can be calculated. The ver-

tical profile has a logarithmic dependence.given by

c(z) a+b n > 4 z < H
z, o —
(A.19)

0 z z
o

IA

|A

c(z)

L]
[+
| A

z, is the reference height equal to one meter. The coefficients a and

b can be obtained by applying the conditions set forth in equation (3.21)
and (3.22) appearing in the text of this report. Applying the relation
(A.19) in equation (3.21) the following is obtained

- 1 %o 1 M z
C = ﬁ-£ a dz + ﬁ-g (a+bin ) dz

o
(o]

Integrating gives

H
_..= 1__ _ z
c [az]+ i {a(u zo) +b [ n 2 dz}

z o
o

i -
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Applying the substitution of

w=_z_- and dw:éi
z z
c o
the following is obtained
_ a z0 all a zo b zo g—
C=—'—H—+R—-H +H {olnwdw

Now integrating the last term gives

_ bz g—
C=a+ © [w nw - w]“o
i 1

Putting in the limits for the term in brackets and substituting for

w gives
b z
C=a+—2 L pn L. _B _ 5 n1+1]
H A z Z
[o] (o]
SO
— H z
C=a+b [in —- (1-H—°)] (A.20)
(e}

Now applying the relation in equation (3.22) the following is obtained

_ d 4
Q= - Kz P (a+ b an p )
o
zZ =2z
o]
Again substituting
w= 2 and dw = dz
z z
o o
K
=2 4
Q z du (a+b 2nw

o w=1

Differentiating gives
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K
z b
Q= - ;r‘[;]
o w=
So
Kz b
Q= -~
o
or
Q z,

Putting (A.21) into (A.20) and solving for a, the following is obtained

Q 2 Z
°mmE - @ - =] (A.22)

a=0=C-+ X p
z o

a is the value for the ground level concentration, given the symbol

CGL’ and zois equal to 1 meter. Since z, < < H, the expression below

can be approximated as
zo
Q-5 =1

and equation (A.22) simplifies to

— s
C. =C + ——
GL LzKZ

[¢n H - 1] (A.23)

with Q replaced by S/L2 and H having the units of meters. Putting
(A.23) into (A.19) along with (A.21) gives
S

LK
4

c(z) =¢Cc.. -

L in z (A.24)

for 1<z < H
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Equation (A.23) and (A.24) give the value for the concentration C at
any height z for any location (x,y) for the time t. Equation (A.23) is

the same as (3.24) and equation (A.24) is the same as (3.25) in the

report text.



APPENDIX B

LISTING OF COMPUTER PROGRAMS

Listing of the computer programs for both the macro- and micro-
model are presented here. The models are discussed in detail in

Chapter 5.

199
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MACRO--M0ODEL PRDODGRAM
PROGRANM TAPBM ( INPUT,OQUTPUT )
DIMENSICN TD(24)sH{24)5U(24) ALPHA(24)NWQ(24)sRHOX(24)
l RHOY(24)5S(156)sX(1565156)sCN(156)sC(156)5sC0(50)»
2 2(156)sPPML6,156)5sGLC(156)
- COMMON Al,A25A35A45A55A69B19B29sB35B4sB5:,B65B735B8589,
1 B10sB115sB12sB13sB14sB155sB16sB17s8185819,B20,B215sB22»
2 B23sB245sTDsHyUp ALPHApNWQs RHOX» RHOYsS9XsCNyZsCO
REAL LosKHpyKZpKHM
1 FORMAT (8E10.0)
3 FORMAT (4110)
10 FORMAT (8110)
24 FORMAT (18X5I3511XsFBot4p8XyFBabsBXsFBetsBXsFEaebys8Xy
1 F80438X9F8049/)
28 FORMAT (1H1,/7/7530Xs*MIXING HEIGHT IS*sF7.153Xs
1 *METERS*,//530X, *WIND SPEED IS*,FB86353Xs*METERS/SEC*,
2 /730X, *%WIND DIRECTION IS*,F10.153X,*DEGREES COUNTER
3 CLOCKWISE WeRoTe THE EAST*,//p30Xe%THIS IS HOUR *5 14y
4 ?2Xs%0F THE DAY*)
29 FORMAT (//7/7515X,%B0OX NUMBER%*,33X,*CARBON MONCXIDE CON
1 CENTRATION IN PPM*s//s33Xs*INTERVAL 1#%,10X,%2%515X,
2 %3%p16N kG 15N kK 15Xy kb%y /)
31 FORMAT (1WHYs /7777177777777 7535Xs%TUCSON  URBAN  AIR
POLLUTION BOX MODEL FNR CARBON MONOXIDE*s/7//»
E2Xe®p 24 HOUR DAY IS SIMULATED%*5///7/7525Xs%THE
MIXING HEIGHT, WIND SPEEDs AND WIND DIRECTION
ARE VARIED ON AN HOURLY BASIS#s///7/77111529%Xs*THE
AVERAGE CONCENTRATION F(CR EACH BOX IS PRINTED
UT*5J452Xp*TIMES PER HOURX)
32 FORMAT (77/7/7560X%,%THE SQUARE BASE DIMENSION OF EACH
BOX IS*,FBoly3Xs*METERS*s//540Xs*THE HCORIZONTAL EDDY
DIFFUSIVITY IS*sF10.153Xs*SC METERS/SEC*5/7/540Xs*THE
VERTICAL EDDY DIFFUSIVITY IS*5F10.3s3Xs%5SQ METERS/SEC*
2//560Xs*THE TIME STEP USED TS*¥sFBe1s3Xs%*SEC*s//540X,
*THE BACKCGRCUND CO CONCENTRATION TIS*sFB8.,1s3Xy%MICRO
GRAMS/CUBIC METER*3//o40Xs*THE EDDY DIFFUSIVITY FOR
ZERC ADVECTION IS#5F10.153Xs*%S0O METERS/SEC*)
INPUT DATA
READ 1ol oKHeDTsBGyKZsKM
READ 3sNHsNPHsNBpND
READ 1,(S(1)s1 = 1,NB)
READ 1,(TD{I}sI = 1524)
INITIALIZE CONCENTRATION FDOR NODES
D0 2 I = 1,NB
CN(I) = BG
2 C(I) = 0.
L00OP FOR NUMBER OF DAYS SIMULATED
DO 7 J = 1;ND
INPUT DATA
READ 15(H(I)sI = 1,24)
READ 15,(U(I)s] = 1,24)

[o BN G I - RN TR I N O )
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READ 1,(ALPHA(TI)»]I = 1,24)
READ 10, (NWO(I)sI = 1,2¢)
READ 15 (RHCX(I)sI = 1,24)
READ 1,(RHOY(I)s] = 1524)
PRINT 31,NPH
PRINT 329LsKHsKZsDTsBGsKM
INITIALIZE CONCENTRATION FOR BACKGOUND NODES
DO 5 1 = 1550
5 CO0(I) = BG
VD = KH/L
LOOP FCR NUMBER 0OF HOURS
DO 4 K = 1,NH
CHECK FQOP ZERQ CONVECTION CASE
IF (U{K) +EQs. 0Oo) GO TO 11
THETA = U(K)Y*DT/(4.%L)
BETA = VD/s7U({K)
DETERMINATICON OF COEFFICIENTS FDOR MATRIX
CALL UPDATE (THETABETAsK)
CatLlL CCEFF (NBsK)
60O 10 12
11 PHYI = KM&DT/(2.%L%L)
DETERMINATICN OF CCEFFICIENTS FOR ZERD CONVECTICN CASE
CALL ADVOF (PHIsNE)
INVERSION OF MATRIX
12 CALL MATRIX (10sNBsNBslsXsNBsDX90,0,0)
GROUND LEVEL CCNCENTRATION CONTRIBUTION DUE TO
LOGARITHMIC VERTICAL DISTRIBUTIGN
D0 9 I = 1,NB
GLC(I) = S{I)*1.E6%TD(K)*{ALOG(H(K))=1.)/
1 (L*L*%KZ2%3600.%1150.)
9 CONTINUE
LOCP FOR NUMBER OF TIME STEPS PER HOUR
DO 18 M = 1,NPH
IF (U(K) EQCe. 0.) GO TO 13
IF (K «FQ. 1) GO 70O 6
CALCULATICN OF CCNCENTRATION UF‘BACKGRUUND NODES WHEN
WIND DIRECTION CHANGES QUADRANTS
CALL CCBC (BGsK)
CALCULATION OF CONSTANTS MATRIX
6 CALL CCNST (LsNBsK)
GO TO 14
CALCULATION OF CONSTANTS MATRIX FOR ZERO CONVECTION CASE
13 CALL CCNVOF (PHIsNBsKsLsDT)
MULTIPLICATION OF INVERSE TIMES CONSTANTS TOD GET
CONCENTRATICNS
14 CALL MATRIX (20sNBsNBy1sXsNBsZsNBsCsNB)
. ACTUAL GROUND LEVEL CONCENTRATIONS DETERMINATICN
FCR EACH NODE
DG 23 I = 1,NB
PPM(Ms I} = C(I)/1150., + GLC(])
23 CN(I) = C(I)
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18 CONTINUE
ANGLE = 57.,3%ALPHA(K)
PRINT 2B8sH(K)U(K)s ANGLE,K
PRINT 29
DD 25 I = 1,N8B
PRINT 24,15 (PPM(MsTI)pM=1,NPH)
25 CONTINUE
4 CONTINUE
7 CONTINUE
sToe
END
SURRCUTINE UPDATE (THETASBETAsK)
DIMENSION TD(24)sH(24),U(24)sALPHA(24)sNWQ(24),RHOX(24))
1 RHDOY(24)5S(156)3;X(1565156)sCN(156),2(156),CL(50)
CCMMCN Al,A25A30049A55065R1sB2,B3,B4s8B5,B65B75B85B9,
1 B10sB11sB125sB13,B145B815,B16,B17,B18,B19;B20,B21,822,
2 B23sB24s TDsHsUsALPHASNWQsRHOX»RHOY»SeXsCNsZsCO
Al = 1./THETA 4+ B.*BETA + (4. RHOX(K)=2.)*COS(ALPHA(K)) +

1 (4 *%RHOY(K)=2.)%SIN(ALPHA(K))

A2 = 14/THETA = B8o*BETA = (4.*RHOX(K)=2,)*CCS{ALPHA(K)) -
1 (4 %*RHOY(K)=2.)%SIN(ALPHA(K))

A3 = (2.=2.%RHOX(K))*COS(ALPHA(K)) = 2.%BETA

Ag = 2 ,%RHOX(KI*COS(ALPHA(K)) + 2.%BETA

A5 = (2.-2.%RHCY(K))*SIN(ALPHA(K)) ~ 2.%BETA

Ab = 2 kRHOY(K)*SINCALPHA(K)) + 2.%BETA

Bl = 14/THETA 4 2.*STN(ALPHA(K)) + (4., %RHOX(K)=2,)%

1 COS(ALPHA(K)) + 6.%RETA

B2 = 1o/THETA « 2.%SIN(ALPHA(K)) = (4.*%RHOX(K)=2.)%
1 COS(CALPHA(K)) = 6.*BETA

B3 = 1./THETA + 2.%SIN(ALPHA(K)) 4 2.%CCS(ALPHA(K)) +
1 4.%BETA

B4 = 1./THETA = 2.%SIN{ALPHA(K)) - 2.*COSCALPHA(K)) -
1 4.%BETA

B5 = 1/THETA + 2.*%COS(ALPHA(K)) + (4.*%RHOY(K)=2.)%
1 SIN(ALPHA(K)) + 6.%BETA

B6 = 1./THETA = 2.%COSCALPHA(K)) — (4.%RHDY(K)=2.)%
1 SIN(ALPHA(K)) = 6,%BETA

B7 ® 1./THETA 4 2.%SIN(ALPHA(K)) - 2.%COS(ALPHA(K)) +
1 4.*BETA

B8 =2 1./THETA = 2.%SIN(ALPHA(K)) + 2.%COS(ALPHA(K)) -
1 4.%BETA

BO = 1./THETA = 2.*%COS(ALPHA(K)) + (4.%RHOY(K)~2,)%
1 SINCALPHA(K)) <+ 6.%BETA

Bl0 = 1./THETA + 2.%COS(ALPHA(K))
1 SIN(ALPHA(K)) = 6.%BETA

B1ll = 1./THETA = 2.%SIN(ALPHA(K)) + (4.%RHOX(K)=2,)*
1 COSCALPHA(K)) <+ 6.%BETA

Bl2 = 1./THETA ¢ 2.%SIN{ALPHA(K))
1 COS(ALPHA(K)) == 6.%BETA

Bl3 = 1./THETA = 2.*SIN(ALPHA(K))
1l 4.%BETA

(4. #*RHOY(K)=2,) %

(4. *RHOX(K)=2,)%

2+.%COSCALPHA(K)) +
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Bl = 1,/THETA + 2.*%SINCALPHA(K)) + 2.,*%COS(ALPHA(K))
1 4G.*BETA

B1l5 = 1./THETA = 2.*%SIN(ALPHA(K)) + 2.,%COS{ALPHA(K)) +
1l 4.%BETA

Bl6 = 1,/THETA + 2.%SIN{ALPHA(K)) - 2.*%COSCALPHA(K))
1 4.%BETA

Bl7 = 2.%SIN{ALPHA(K))

B18 = 2.,*SIN(ALPHA(K))

B19 2.%COSCALPHA{K))

B20 2. %COSCALPHA(K))

B21 A4

Ba22 A3

B23 = A6

B24 = A5

RETURN

END

SUBROUTINE COEFF (NBsK)
DIMENSION TD(24)sH(24),U(24), ALPHA(24)yNWO(24)sRHOX(24))
1 RHOY(24)5sS5(156)sX(1565156)sCN(156)52(156)sC0O(50})
COMMEN A1,A29A35A45A5,A6,B1,B25B3,B4,B5,B865B7,B8,89,

1 B10,B11,B125sB135B145sB815sB16s817»818,R19,B20,R21,B22,
2 B239yB24s TDsHsUs ALPHAYNWQs RHOXy RHOY»SsXsCNsZ»CO

DG 1 I = 1,NB

DO 1 J = 1,5NB

X(I’J) s 00

CONTINUE

DO 2 1 = 1,NB

X{Is1) = Al

DC 3 I = 15,143

X(IsI+13) = A3

X(I+135;1) = -A4

DO 4 J = 15144,;13

JK = J+11

DO 5 I = JslJK

X(I,I+1) = A5

X(I+1ls1I) = =A6

CONTINUE

IF (NWO(K) oEQ. 1 +0R. NWQ(K) .EQ. 2) GO TOD ¢

IF (NWQ(K) <EQ. 3 +OR. NWQ{K) +EQ. 4) GO TO 7

DO 8 I = 265143513

X{I»I) = Bl

X(I51-13) = -B21

X(Is1I-1) = -B17

X(I,I+13) = B22

CUNTINUE

G0 TO 10

OC 9 I = 145131,13

X{I»I) = B11

X{I,I-13) = -B21

X(I,I+1) = B18

X(I,I+13) = B22

2+*BETA
2.*BETA
2.%BETA
2.%BETA

I+t +
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11

13

12

14
15

lé

17

18

19

CONTINUE

IF (NWQ(K) <«EQ. 1
IF (NWQ(K) <EQ. 2
DO 13 I = 145,155
X{I»I) = B5
X(I,1-1) = -B23
X(I,I-13) = -B19
X(I»I+1) = B24

CONTINUE

G0 TC 15

DO 14 I = 2512
X{I,I) = B9

X{I,1-1) = —-B23
X(IsI+413) = B20
X(IsI+1) = B24
CONTINUE

IF (NWQ(K) <EQ. 1)
IF (NWO(K) EQ. 2}
IF (NWC(K) +EQ. 3)
IF (NWQ(K) .EQ. 4)
X(13,12) = =B17
X(13,13) = Bl
X(13,26) = B22
X(15€5143) = -R19

X(156,155) = =-B17
X{156,156) = B3
X(144,131) = -B19
X{l445144) = BS
X(144,145) = B24

GO TO 20

X(1ls1) = B9
X(152) = B24
X(1l,14) = B20
X(13,12) = -B17
X(13,13) = B7
X(13,26) = B20
X(1565143) = -B21
X(1565,155) = -B17
X(1565156) = B1
GO 70O 20
X(1445131) = -B21
X(1445144) = B11
X{144,145) = B18
X(1,1) = B13
X(1,2) = B18
X(1l,14) = B20
X{13,12) = -B823
X(13,13) = B9
X(13,2¢) = B20

G0 TO 20
X{(1565143) = -B19

«OR,
«0R.

GO 70 16
GO 10 17
GO 70 18
GO TC 19

4¢) 60 7O 11
3) 6C 70 12

NWQ(K)
NWQ(K)
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X{15€,155) = -B23
X(156,156) = BS

X(144,131) = -B1l9
X(1l44s144) = B15

X(1445,145) = B18
. X(1,1) = Bll

X(1,2) = B18

X{1y14) = B22

RETURN

END

SUBROUTINE ADVOF (PHI,NB)

DIMENSION TD(24)sH(24)sU(24)s ALPHA(24) s NWQ(24),RHEX(24)s
1l RHOY(24)5S(156)sX(1565156)sCN(156),2(156)5sC0O(50)
COMMON Al,A2,A35A049055,A65B1582sB35sB4sB5,B6sB7sB85,R9,
1 Bl10sB11sB125sB813sB14sB15sB16sB175sB18sB19sB20,B21s8B822»
2 B23sR24, TDsHyUs ALPHAs NWQs RHOXs RHOY»S»XsCNp2Z,CO
F1 = PHI

F2 = 1, + 2.%PHI

F3 = 1. + 3.%PHI

F4 = 1. + 4.%PHI

DO 1 I = 1,NB

DO 1 J = 1,NB

X{IsJ) = 0,

CCNT INUE

DO 2 I = 1,NB

X{I,s1I) = F4

PO 3 1 = 1,143

X(I,I+13) = -F1

X(I+13,1I) = =F1

DO &4 J = 15144,13

JK = J211

DO 5 I = JylK

X(I,I+41) = -F1

X(I+1,1) = ~F1

CONTINUE

X{l,1) = F2

DO 6 1 = 2512

X(Is1I) = F3

X(13,13) = F2

D0 7 I = 145,131,13

X{I,1) = F3

D0 8 I = 265143,13

X(1,1) = F3

X(1445144) = F2

D0 9 I = 145,155

X(I,I) = F3

X(156,156) = F2

RETURN

END

SUBROUTINE CORBC (BGyK)

DIMENSION TD(24)sH(24)oU(24)»ALPHA(24) s NWQ(24)3RHOX(24))
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12

13

10

1

1
2

1
2
1
2

RHDY(Zé),S(156);X(156,156)’CN(156),C0(156);Z(156)
COMMON Al,A25A35A45A5,A6,B1,B25B3,B45B5,B65B7,B8,B95

206

B105,B11,R12,B13,B145,B15,816,B817,B818,B19,820,82158B22,

B23ysB24s TDoHsUs ALPHAP NWQs RHOXsRHOY»SsX»CNsZ»CO

DD1 T = 1,50
CO(I) = BG
CONTINUE

IF (NWQ(K-1) .EQ. NWQ(K))} GO TO 2

IF (NWQ(K-1) .EQ. 1) GO TO 3
IF (NWQ(K-1) .EQ. 2) GO TO 4
IF (NWC(K-1) .EQ. 3) GO 70 5
IF (NWQ(K-1) .EQ. 4) GO TO 6
IF (NWQ(K) .EQ. 2) GO 7O
IF (NWO(K) «EQ. 4) GO TO
IF {(NWQ(K) <EQ. 1) GO TO
IF (NWC(K) -EC. 3) GO TO
IF (NWC(K)} oEQ. 2) GO 7O
IF (NWQ(K) <EQ. 4) GO 7O
IF (NWO(K) .EQ. 3) GO TO
IF {(NWC(K) .EQ. 1) GO TO
DG 11 I = 38,50

CO(I) = 2.%CN{I+106) — CN(I+93)
IF (CO(I) .LT. BG) CO(I) = BG
CONTINUE

GO0 10 2

D0 12 I = 14,25

MM = (I-13)%13

CO(I) = 2.%CN(MM) ~ CN{MM-1)

IF (CO(I) LY. BG) CO(I) = BG
CONT INUE

GC 70 2

DO 13 I = 1,13

CO(T) = 2.,%CN(I}) - CN(I+13)

IF (CO(I) .LT. BG) CO(I) = BG
CONT INUE

GO TO 2

DO 14 I = 26,37

MN = (I-25)%13 - 12

CO(I) = 2.%CN(MN) = CN(MN+1)

IF (CO(I) «LT. BG) CO(I) = BG
CONT INUE

RETURN

END

SUBROUTINE CONST (LsNB,yK)

HNO- 000N
o

0

DIMENSION TD(24)sH(24),U(24),ALPHA(24),NWQ(24),RHOX(24),
RHOY(24)5S5(156)sX(1565156)sCN{156),CSS(156)s72(15€),

C0(50)

COMMON AlsA25A35A49A5,A69B15B29B3,B4,B5,B65sB7,B88,89,

810,811,B125,813,B14,815,8165817,B818,B19,B20,B21,B22,

B23sB24sTDyHyUy)ALPHA)NWQsRHOXsRHOY»S»XsCNy2Z,CO

REAL L
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D0 1 I = 1,NB
CSS(I) = S(IN*1.EO¥TD(K)/Z(L*U(K)®H(K)*3600,.)
CONTINUE
Z(1) = CN(1)*A2-CN(14)*A3-CN(2)%A5+2.,%CO(1)*A4
1 +2.%C0(26)%A6+4.%CS5S(1)
DD 2 I = 2512
2(1) = CN(I)*A2-CN{I+13)*A3-CN(I+1)%A5+2.*%CO(I)*A4
1 +CN(I-1)%A644,%CSS(T)
2(13) = CN{13)1*A2-CN(2€)%A3-2.*%C0(14)%A5+2,.%C0(13)*A4

~ 1 +CN(12¥%A646,.,%CSS(13)

3

6

8

PO 3 1 = 145131513

LN = (I+12)/713 + 25

2¢1I) o CN(I)*A2=CN(I+13)*%A3=-CN(I+1)*AS+CN(I-13)%A4

l +2.%CO(LN)Y*A644%CSS(])

DO & J = 155132513

JM = J+10

DO 5 I s Jpd¥

Z(1) = CN{I)*A2=-CN(I+13)*%A3=-CN(I+1)*AS5+CN(I-13)%A4

1l ACN(I-1)%A6+4,%CSS(I)

CONTINUE

DC 6 1 = 265143513

LM e I/13 + 13

Z(I) = CN(I)¥A2-CN{(I+13)%A3~2.*%CO(LM)*AS+CN(I-13)%*A4
1 +CN(I-1)*A6+4,%CSS(T)

2(144) = CN(144)%A2-2.%CO(38)%A3-CN(145)%A5+CN(131)%A4+
l 2o%CO(37)%A6+44,%CSS(144)

DD 7 1 = 145,155

Z(I) = CN{IY®A2=2.*CO(I-106)%A3-CN(T+1)%*A5+CN{I~13)%*A4+
1 CN{I-1)%A6+4.,%CSS(T)

Z2(15¢) = CN(156)*%A2=-2.%CO(50)*%A3-2,.%CO(25)%A5+CN(143)%A4+
) | CN{155)%A6+4.%CSS(156)

IF (NWO(K) oEQ. 1 .0ORe NWCG(K) .EO. 2) GO TO 8

IF (NWQ(K) ~EQO. 3 .OR. NWO(K]) o.EQ. 4) GC TOD 9

00 10 1 = 265143,13

10 Z(J) = CN(I)*B2+CN(I-13)%B214CN(I-1)*B17-CN(I+13)%*B22

9

1 +4,%CSS(I)
GO0 TO 12
00 11 I = 145,131,13

11 Z(I) = CN(I)*B12+CN(I~13)%B21-CN(I+1)%B18-CN(I+13)%B22

1 +4.%CSS(I)

12 IF (NWQ(K) oFQe 1 .0Re NWQ(K) .EOQ. 4) GO TO 13

IF (NWCG(K) EQo 2 «0OR. NWQ(K) .EQ. 3) GO TOD 14

13 DO 15 I = 145,155
15 Z(I) = CN(I)#*BEe+CN(TI-1)*B23+4CN{I-13)*B19-CN(I+1)*B24

1 +4.%CSS(I
G0 T0 17

14 DO 16 1 = 2512
16 2(I) = CN(I)*Bl1O+CN{I-1)*%B23-CN(I+13)%B20~-CN(I+1)*B24

1 +4,%CSS(I)

17 IF (NWQ(K) .EQ. 1) GO TO 18

IF (NWQ(K) .EQ. 2) GO TO 19
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IF (NWO(K) .EQ. 3) GO TO 20
IF (NWQ(K) .EQ. &) GO TO 21
18 Z(13) = CN(13)*%B2+42.*CO(13)*B21+CN{12)*B17-CN(26)%B22
1 +4.%CSS(13)
2(156) = CN(156)%B4+CN{(155)%B17+CN(143)*%B19+4.*CSS(156)
2€(144) = CN(144)%B6+2.%CO(37)%B23+CN(131)%B16G
1l -CN{145)%B24+4.%CSS(144)
60 TO 22
19 2(1) = CN(1}%B1l0+2.,%C0(26)%B23-CN{(14)#B20-CN(2)%B24
1 +4.%CSS(I)
2013) = CN(13)#*BB+CN{12)*%B17-CN(26)*B20+4.%CSS(13)
2(156) = CN(15€)%B2+CN(143)%B21+CN{(155)%B17
1 ~2.%C0(50)*P22+4.%CSS(156)
G0 T0 22
20 2(144) = CN{1464)%P124+CN(131)*B21-CN{(145)%*B18
1 ~2.%C0(38)%B2244%CSS{144)
S Z€1) = CN(1)#*BLlae-CN(14)%B20-CN(2)%B18+4.,%CSS(1)
Z2(13) = CN(13)%B1lO+CN(12)*B23~CN(26)%B20~2.%C0O(14)%B24+
1l 4 ,%CSS(13)
60 TO 22 |
21 Z2(156) = CN{156)%B6+CN(155)%B23+CN(143)%B19g
1 ~2:.%CO(25)%B24+4.,%CSS(156)
2(144) = CN{(144)%B164CN(131)*%B19-CN(145)%B18+¢4,%CSS{(144)
Z(1) = CN(1)%B1l2+2.%CO(1)*%B21~-CN(2)%B18~CN(14)%B22
1l +4.,%CSS(1)
22 RETURN
END
SUBROUTINE CONVOF (PHIsNByKsLsDT)
DIMENSION TD(24)sH(24)5U(24) s ALPHA(24) s NWQ(24),RHOX(24),
1 RHOY(24)5S(156)sX(1565156),CN(156),ZWS(15€)s2(156),
2 C0(50)
COMMON Al15A25A39A45A5,A69B15sB29B3sB4sR5,B65879sB85B9),
1 Bl10sB115B12sB13,B145sB155sB16sB17»8185B19,B20,B21,822,
2 B23sB24sTDsHsUs ALPHASNWQs RHOXy RHOY» Sy XsCNp»ZsCO
REAL L
Fl = PHI
F5 s 10 - 20¢PHI
F6 = 1, = 3.%PHI
F7 = 1, - l’s*PHI
DD 1 I = 1,NB
ZWS{I) = S(I)*1E6*TD(K)I*DT/(L*L*H(K)*3600,)
1 CORNTINUE
Z(1) = CN(L)*F54F1*(CN(2)+CN(14))+2WS(1)
DO 2 I = 2512
2 2(1) = CNUI)*FO6+F1%(CN(I-1)+CN(I+1)+CN(TI+13))+ZwsS(T)
Z2(13) = CN(13)%FS4+F1%(CN(12)+CN(26))+2WS(13)
PO 3 1 = 145131,13
3 Z(I) = CN(I)*FO6+F1*(CN(I=13)+CN(I+1)+CN(I+13))+ZWS(I)
DO 4 J = 155,132,13
JM B J410
DO 5 1 = JpedM
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Z(Y) = CNCIV*F7+F1%(CN(I-13)+CN(I+1)+CN{(T+13)+CN(I-1))
1 +7WS(1)

CONT INUE

DO 6 I = 265143,13

Z(I) = CN(I)*F6+F1*(CN(I=-13)+CN(I=-1)+CN(I+13))+ZWS(I)
2(144) = CN(144)%F5+F1%(CN(131)4CN(145))+ZWS(144&)

DO 7 I = 145,155

Z(I) = CN(I)*FE+F1%(CN(I~-13)+4CN(I-1)+CN(TI+1))+ZWSI(I)
Z2(156) = CN(156)%FS5+F1%(CN(143)+CN(155))+ZwS(156)
RETURN

END
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c MICRO--MODETL PROGPRPAWM
PPOGRAM SUSM (¢ TINPUT,QUTPUT )
DIMENSION TD(24) HI24),U{24), ALPHA(24L) ,RHOX(24),
1 RHOY {2L) o X( 6L oBL) yCN(BL) I BLY,Z(6LY, PPM(6,6LY,
2 C1(24) ,C2(2L) ,C3(2L) 4 CLL2LY S (6LY, GLC (6L)
COMMON A1,42,A3AL¢ASsAB 4 TDyHo Uy ALPHAGPHOX,RHOY,C1,4+C2,
b} C3+sClyXsCNgZyS
REAL LoKHoKZ, KM

1 FORMAT (8Ei10.,0%

2 FORMAT (4Y10)

L FORMAT (AWL o/ // 777777777777 35X *TUCSON  URBAN AIR
POLLUTION SUR-MODEL FOR CARBON MONOXIDE*,///,
52Xe*A 24 HOUR NAY IS SIMULATED®,////:25X%THE
MIXING HEIGHT,; WIND SPEED, AND WIND DIRECTION
ARE VARIZD ON AN HOURLY PASIS*®*¢///7//777/329%3*THE
AVERPAGE CONCENTRATION FOR ®ANCYH ARNXY IS PRINTED
OUT®,TL 42X, *TIMES PEZR HOUR®Y
S FOPMAY (///77740X#*THE SQUARE BASE DIMENSION OF EACH
BOX IS#,F8,1 93X *METERS o/ /50X *THE HORIZONTAL EDNY
DIFFUSTIVITY IS*,F10.1,3X,%SN METERS/SEC®3//5 40X 5 *THE
VERTICAL EDNY DIFFUSIVITY TS*#,F10,.3, 3X, SO METERS/SEC*
9//7 54Xy ¥*THE TIME STEP USED IS¥,F8,1,3p®SEC*,/77,40X,
*THE BACKGROUDM CO CONCENTRATION IS*®,F8,1,3X,*MICRO
GRAMS/CUBIC METER*,//,40X,*THE €DDY DIFFUSIVITY FOR
ZFERO ADVECTION IS*,F10e1+3X,¥SO METERS/SEC*)

14 FORMAT (AHL1 477 30X s *MIXING HEIGHT IS%,F7.1,3X,

§ FMETERS®,//73 30X, *WIND SPEED IS*,F83,34 3 *METERS/ SEC*,
2 /730X, *HIND DIRECTION IS*,F10.1,3X,*DIGREES COUNTER
3 CLOCKWISE WaPoTe THE EAST¥5//7+30%¥THIS IS HOUR #,T4,
4 2X¢*0OF THE DAY*)Y
15 FORMAT 1///¢15X,,*a0X MUMRER*,;32X,*CARBON MONOXIDE CON
1 CENTRATION IN POMZT /774 33X,*INTFRVAL 1%, 10X, ®*2%,15X,
2 T GASX g *UuF 16X F5¥,16X4¥6¥%,/)
17 FOPMAT (18XsT1T411XoFBolosBXeFBalbyBXsFB3olL,y BXysFBolLs8X,
i FBolgBXoFBolby/Y
C INPUT DATA
READ 1,LoKHo DT 3BGyKZoKM
READ 2¢NHNPHyNR GNP
READ 19(5(1991 = 1,NBY
READ 1+,€(TD(I) oI = 1,249
READ 1,(H{TI ;T = 1,24}
READ 1,(U(IV,TI = 1,24)
READ 1, (ALPHACTY I = 1,240
READ 1,(RHOX(TI¥,T = 1240
READ 1 (RHNOY(IY,TI = 1,24H

DV E NN -

NOUVTE WM -

READ 1,1(C1{TI) o1 = 1,2%)
READ 1,(C2(T3,1I = 1,249
READ 1, (T3(T)oI = 1,24)
READ 1,(C4TIV oI = 1,24)

c INITIALIZE CONCENTRATION FOR NODES
DO 3 I = 1,N8
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CN(I} = BG
3 C(I) = 0.
NI = NPH/S
VD = KH/L
PRINT 4,NI
PRINT S,LsKHsKZ,NDT 483Gy KM
LO0OP FOR NUMBER OF HOURS
DO 6 K = 1,NH
CHECK FOR ZERO CONVECYION CASE
IF (UK} .ENe (o) GO TO 7
THETA = UIKI®*DT/(Lo*LY
BETA = VO/UTK})
DETERMINATION OF COEFFICIENTS FOR MATRIX
CALL COFEFF (NByK,THETA,BETALNR)
GO 70 8
7 PHI = KM®DT/(2.%L*L)
DETERMINATION OF COEFFICIENTS FOR ZERO CONVECTION CASE
CALL ADVOF (PHI NBoNR) ’
INVERSION CF MATRIX
8 CALL MATRIX (10,NByNBglyXoNBesDX;30457,7)
GROUND LEVEL CONCENTRATION CONTRIBUTION DUE TO
LOGARITHMIC VERTYTICAL DISTRIBUTION
DO 20 I = 1,NB
GLT(I) = S(IN*1,.56%TD(KY* (ALOGIH(K))I=1,)/
1 L= ®*«Z*3600,%1150,%
20 CONTINUE
LOOP FOR NUMBER OF TIME STE®S PER HDUR
DO 3 M = {,NPH
CHECK FOR ZERO CONVECTION CASE
IF (UIK) -EQ. 0.) GO YO 10
CALCULATTION OF CONSTANTS MATRIX
CALL CONST (L NB¢KeNR})
GO TO 11
CALCULATION OF COMSTANTS MATRIX FOR 7ZER0 CONVECTION CASE
10 CALL CONVOF {(PHI,ZNBsKoLyDTyNR}
MULTIPLICATION OF INVERSE TIMES CONSTANTS TO GET
CONCENTRATIONS
11 CALL MATRIX {Z20sNByNByieXyNByZgNByCyNB)
DO 12 I = 1,NB
12 CNTI) = C(I}
IF ( MOD{M;53) .NE. 0.%¥ GO TO 9
KP = M/5
ACTUAL GROUND LEVEL CONCENTRATIONS NETERMINATION
FOR TACH NODE
DO 13 T = i,NB
13 PPM{KP,T} = C(I)/1150, 4+ GLCIDY
9 CONTINUE
ANGLE = 57,3*ALPHA{K)
PRINT 14 ,HIK) 3UIK) yANGLE K
PRINT {5
DO 1€ T = 1,NB



i
2

1
1

1

i
2

1

212

PRINY 17 ,3,(PPM(J4I)sJ = 1,NI)

CONTINUF

CONTINUE

sSYoP

END

SUBROUTINE COEFF (NB,KsTHETA,BETA(NR)

DIMENSTON TD(24) 4H(24) U243, ALPHA(24L) ,RHOX(24)Y,
PHOY(204L) ¢ X(BULU.BL)YCNIBLY sC(ELY,Z (ALY, PPM(B 64D
Ci(24)1,021{2L),C312L),CLI24L) 4S(HLY,GLTE (BL)

COMMON A19A29A:gyA’%vQSQAﬁvTDvHvU’ALDHA'qRHOXvRHOYvCi’CZQ
C3:CLUo¢X9CNsZsS

A1 = 4.,/THETA + B.®BETA ¢+ (4.,%RHOX{KY=2,)*COS{ALPHA{K)}

+ (Lo®*RHOY(K)=2,3*SIN(ALPHALKY Y

A2 = 1,/THETA = B ,%BETA = ({L,*PHOX{K}=2, }*CNS{ALPHAIK)?

= (L, *RHOY(K) =2,V *STIN{ALPHLIK)?

(2:=2.,¥RHOX{KI)ZTOS {ALPHA{KYY -~ 2.,¥BETA

2o *RHOXE{KY*COS{ALPHA(K}Y & 2,¥RBRETA

{(2:=2.*RHOY{K)}®SIN(ALPHAIKYY = 2.*BETA

2o ¥RHOYIKI*SIN{ALFHA(K)) ¢+ 2,%*BETA

DO I i,NB

Do J i,NB

X{Te N 0,

CONTINU

Do 2 1 i,NB

X{TI, IV Al

KG = NB = NR

00 3 I 1,KG

X{I,I¢NPY = A

X{I&NR,IY = =A4

JA = NB = {NR = 19

DO & J = 1,JA,NR

JK = J ¢ (NR = 2)

DO 51 = Je3K

XTI, I+1% = A5

X{I+#4, 1) = =-AG

CONTINUE

RETURN

END

SUBRNUTINE ADVOF {PHI4NByZNR)

DIMENSION TO(24L),H(24),U (241, ALPHA (240 4JHOX(24),
RHOY(2L) 4 X (6L,6L) yCNIBL) 4C(ELYSZ(HLY, PPM(5,B4) ,
CLl24),C2024) 4C3(2L) 4 CHI{2L) 4S(BLY,GLT (64)

COMMON A1,42,A3sALsASs A0, TDyHe U, ALPHAZ RHOX4RHOYC14C2,
C3:CL3sXsCNeZsS

Fi = PHI

F2 = 1. & Lo%*PHI

Do 1 1 i,NB

DO 1 3 1,NB

X(Ie I} Do

CONTINU

DO 21

A3
AL
AS
AG

= qnnn
i uwmyitu

Hmu it

1,NB
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X(I Iy = F2

KG = NB = NR
DO 3 I = 1,K6
X(I¢I+NRY) = =F1
X(I#NRsIY = =F1

JA = NB = (NR = 1)
DO & J = 14JA4NR
JK = § ¢+ (NR = 29

DO 5 I = JyJK

X{ToI¢1) = =F4
X{I+1, 1) = =F1
CONTINUE
RETURN

END
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SUBRGOUTINFE CONST (L,NB,KyNR)
DIMENSION TOT243,H{24),U024),ALPHA(24LY ,HOX(24L),
RHOY (24) o X (6L, ELY yCNI{RL) CLALY Z (BLY, PPM(6,64),
C1(2L),02(24) ,C3(2L) 4 C4I2L)Y,,S(BL),GLS (64) ,CSSLBL)
COMMON A1,A2yA343AL 34594653 TOsHo Uy ALPHA G RHOX4RHAOY L1402,

C33C4sXsON5Z5S

REAL L
Do 7 I
csSsim
CONTINUE

1,NB

SCIV¥1,E6™TOD{K) Z(L*U(K)*H(K) *3500,)

Z(1) = CN{1)¥A2-CN(L#NRY ¥A3-CN(2) *¥A5+2,%(C31K) *A6
+2,¥CLIKI* AL+ 4. *CSS (1Y

KR = NR = 1
00 1 I = 2,4KR

ZUI) = CON(I)*A2-CN(T+NRI*A3=CN(I+1)*A5+CN(I=-1)*A6
42, *CLIK) P AL +L,#CSSTTY

CONTINUE

Z(NR) = CNINRI*A2-CN(NR+NR) ¥*A3=2,*C2(K)* AS+CN (NR=1)* A6
+2. *CLIK)* AL +4  *CSS (NR)

KA = NR + 1

KB = N8 = (2*NR = 1)

DO 2 I = KAy KB,N®

Z(I) = CN(I)®A2-OCN(T+NR) *AT-CN(I+1)*A5+2 ,*C3(KI*AB
+CNUI-NR) *A4L+4L,20SSCT)

CONTINUE

KC = NR & 2

KD = NB = (2%NR =
DO 3 J = KCpKDyNR
KE = NR - 3

JM = 3§ + KE

DO &4 I = JoJM

2)

Z(T) = CN(II®A2-CN(I+NRY*AZ=CN(I+1)*AS+CN(I=-1)*A6
$CN(I=NR) *AL+4,,*CSS(D)

CONTINUE
KF = 2%NR
KG = NB = NR

DO 5 I = KFyKGyNR



5
1

1

6
1

1

1
2

1

1

i
i

1

1

214

Z(I) = CNC(I)®A2-CN(T+NR) *A3=2,*C2(K)I*A5+CN(I~1)*A6
#CN(TI=NR) ®*AL+4,*CSSCI}
JA = N3 = (NR = 1)
ZCJAY = CNEJADFA2<-2.*CLIKI*A3=CNIJA+L) *A5+2,¥C3(K)*A6
+CNTJA=NRY *Al+4 o, #CSS (JA)
JB = N3 = (NR = 29
JC = NB =1
DO 6 I = JB,JC
Z(I) = ON(I}®A2=2,%04QK) A3-CN(I+1) *A5+CNII-1) *A6
$CN(I=NR)# AL +4,%CSS(T)Y
ZONS) = CNINBIZA2-2,%CLIK)*A3=2,C2(K)*AS+CN(NB=1)*A6
+CN (NB=NR) ¥ Al ¢4 *CSSTINB)
RETURN
END,
SUFROUTINE COMVOF (PHTI,NBKoLoDT,NRY
DIMENSION TD(24) ¢H{249 ,U 02403, ALPHA {24 JRHOX(24),
RHOYV (240 ¢ X (6Ls64) sCNTBL) s CUELY 3 Z(HL), PPMI6,64) ,
C10(24),02(24)3C3(24) 4 EL(24) 4SIAL) 4GLL {BU) 4 ZHSTEL)
COMMON A14A2,A3 Ak A5 9AB ¢TO gHoUyALPHA 4 R4OX,RHOY,C1,4C2,
C39ChoXeCNgZsS
REAL L
F1 = PHI
F3 = 1o = 4o®PHI
DO 7 I = 1,NB
ZWSTI) = S(T)*1.E6¥TD(K) *DT/Z(L*L*H(K) *3500,)
CONTINUE
Z(1) = CN(1)*F3I+F1%(CN(2) +CN(L+NRY ¢2,%C3 (K)+2,*C1(K) )
+ZWS(1)
KR = NR = 1
DO 4 I = 2,KR
ZCI) = CN(I)*F3+F1®(CN(I+1) +CN(T+NRI*CN(I=1)#2,%C1(K))
+ZWS(T)
Z(NRY = CN(NRI*F3+F1¥(2,FC2(K) ¢CNINR+NR) ¢CN(NR=-1))
$2.%C1(K) *F1+ZWS(NP)
KA = NR & 1
KB = NB = (2%NR = 1}
DO 2 T = KALKB,NR
Z(I) = CN(IV#FI&F1*(CN(T+1) ¢CN(I+NR)+CN( I=NR) 42, *C3(K))

+ZHS (T}
CONTINUE
KC = NR & 2
KD = NB = {2%*NR = 2%
BO 3 J = KCoKDoNR
KE = NR = 3
JM = J + KE

DO 4 T = J,JM ,

Z(I) = CNCID*F3¢F1%(CN(T#1) +CNCT+N2)¥CN(I=NR) 4CN{I=1))
#ZHS(T)

CONTINUE

KF = 2%NR

KG = N3 = NR
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DO 6 I = KFyKG4NR
S Z(IY = CNIIV*F34F1¥(2*C2(K)+CNIT#NR) #CN{I=NR)Y+CNI(I=-1))
1 +ZWS (DY
JA = NB = (NP = 13
ZCJA)Y = CNUJAY*F34FL*( 2. 7CLIKY +CNTJA+1)+2,¥C3 (K))
1 +CN{JA=NR) *F1+ZHS (JA)
J8 = N8 <« {NR = 2%
JC = NB - 1
Nno 6 T = JByJC
6 Z(IY) = CNUIVEF3+F1%#(2%CLIKICN(I+1}+CN(I-1)+LCN(I=NR))
1 +ZHS(D
Z (NBY = CN(NR)*F3¢F1¥(2.*P&(K)*2.*?2(K)¥CN(NB i
i +CN(NB=NR) *F1+ZWS(NB?
RETURN
END



APPENDIX C

LISTING OF MEASURED DATA

Listings of all the carbon monoxide data taken at locations 1, 2,
and 3 are presented here. The CO levels at these locations were measured

in the morning and evening times given in Table 7.1.
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LOCATION 1
Date CO(ppm) Date CO(ppm) Date CO(ppm)
9-10-74 9-20-74 10-3-74
pm 1.0 am 3.5 am 1.2
9-11-74 pm 2.0 pm 1.0
am 1.0 9-23-74 10-4-74
pm 1.2 am 0.7 am 1.8
9-12-74 pm 2.0 pm 1.0
am 1.5 9-24-74 10-7-74
pm 1.7 am 0.5 am 2.2
9-13-74 pm 1.3 pm 2.0
am 2.1 9-25-74 10-8-74
pm 1.8 pm 1.1 am 2.5
9-16-74 9-26-74 pm 4.1
am 1.2 pm 2.5 10-9-74
pm 1.0 9-27-74 am 2.1
9-17-74 am 1.6 pm 0.8
am 2.5 9-30-74 10-10-74
pm 1.8 am 2.5 am 1.1
9-18-74 pm 1.3 pm 0.5
am 3.0 10-1-74 10-11-74
pm 1.7 am 2.2 am 0.9
9-19-74 pm 2.0 pm 1.2
am 2.5 10-2-74 10-14-74
pm 2.1 am 3.9 am 1.3
pm 3.0 pm 1.7
10-15-74 10-29-74 11-11-74
am 1.2 am 2.2 am 2.1
pn 1.1 pm 1.0 pm 1.0
10-16-74 10-30-74 11-12-74
am 2.0 am 1.1 am 6.5
pm 4.8 pm 2.0 pm 2.8
10-17-74 10-31-74 11-13-74
am 1.4 am 2.2 am 4.0
pm 1.0 pm 1.3 pm 2.9
10-18-74 11-1-74 11-14-74
am 1.8 am 2.8 am 1.5
pm 1.8 pm 2.0 pm 4.0
10-21-74 11-4-74 11-15-74
am 2.1 am 2.8 am 3.3
10-22-74 pm 1.5 pm 2.5
pm 2.0 11-5-74 11-18-74
10-23-74 am 2.1 am 1.8
am 1.8 Pm 1.5 pm 2.0
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Date CO(ppm) Date CO(ppm) Date CO(ppm)
10-23-74
. pm 1.2 11-6-74 11-19-74
10-24-74 am 2.3 am 2,2
am 2.5 pm 1.0 pm 1.3
pm 4,0 11-7-74 11-21-74
10-25-74 am 1.2 ol 6.5
am 3.5 pm 5.3 11-22-74
10-28-74 11-8-74 am 3.0
am 2.8 am 1.9 pm 0.5
pm 1.0 pm 3.0
11-25-74
am 1.5 12-9-74 12-20-74
pm 2.8 am 0.8 am 3.2
11-26-74 pm 0.5 pm 1.0
am 2.0 12-10-74 12-23-74
pm 1.3 am 2.0 am 0.2
11-27-74 pm 2.8 pm 0.2
am 0.8 12-11-74 12-24-74
pm 1.0 am am 1.5
11-29-74 pm pm 3.8
am 1.5 12-12-74 12-26-74
pm 5.0 ' am am 0.5
12-2-74 pm pm 1.2
am 3.2 12-13-74 12-27-74
pm 1.5 am am 0.7
12-3-74 pm pm 1.0
an 3.8 12-16-74 12-30-74
pm 4.1 am am 2.0
12-4-74 pm pm 2.2
am 0.5 12-17-74 12-31-74
P 1.5 am 6.2 am 2.2
12-5-74 12-18-74 pm 0.3
am 1.0 pm 0.8 1-2-75
pm 0.8 12-19-74 anm 2.0
12-6-74 am 2.0 pm .8
am 3.1 pm 1.5
pm 0.5
1-3-75 1-20-75 1-31-75
am 1.0 am 3.0 am 2.3
pm 1.0 pn 1.0 pm 1.2
1-6-75 1-21-75 2-3-75
am 3.0 am 2.5 am 2.1
pPm 1.0 pm 0.8 pm 0.7
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Date Cco(ppm) Date CO(ppm) Date CO(ppm)
1-7-75 1-22-75 2-4-75
am 5.7 am 1.0 am 1.5
pm 0.5 pm 0.5 pm 1.8
1-8-75 1-23-75 2-5-75
am 0.3 am 2.0 am 1.2
pm 4.0 pm 1.0 pm 1.0
1-9-75 1-24-75 2-6-75
am 0.3 am 1.5 am 1.8
pm 0.5 pm 1.0 pm 1.0
1-10-75 1-27-75 2-7-75
am 1.0 am 0.8 am 1.7
pm 1.8 pm 1.2 pm 2.0
1-13-75 1-28-75 2-10-75
am 2.8 am 1.0 am 1.5
1-14-75 pm 0.8 pm 1.0
am 3.3 1-29-75 2-11-75
pm 1.2 am 3.7 am 1.7
1-17-75 pm 1.7 pm 0.7
am 2,2 1-30-75 2-12-75
am 1.3 am 2.0
pm 0.5 pm 0.8
2-13-75 2-26-75
am 2.7 am 1.5
2-14-75 pm 0.8
pm 0.8 2-27-75
2-17-75 am 1.0
am 0.5 pn 1.0
Pl 1.0 2-28-75
2-18-75 am 2.0
am 1.0
P 0.7
2-19-75
am 1.8
pm 0.8
2-20-75
am 1.0
pm 0.7
2-21-75
am 1.5
2-24-75
am 1.2
pm 0.9
2-25-75

am 1
pn 0.
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LOCATION 2

Date CO(ppm) Date CO(ppm) Date CO(ppm)
9-10-74 9-20-74 9-30-74
pm 1.9 am 2.1 am 1.2
9-11-74 pm 1.1 pm 2.9
am 1.3 9-23-74 10-1-74
pm 1.5 am 0.2 am 1.9
9-12-74 pm 0.5 pm 1.2
am 2.5 9-24-74 10-2-74
pm 2,2 am 0.5 am 2,0
9-13-74 pm 0.8 pm 1.5
am 2.0 9-25-74 10-3-74
9-15-74 am 1.0 am 2.0
pm 1.0 pm 1.3 pm 1.9
9-16-74 9-26-74 10-4-74
am 2.0 am 2.1 am 1.0
pm 1.2 pm 2.6 pm 2.0
9-17-74 9-27-74 10-6-74
am 2.2 am 1.8 am 1.2
pm 1.1 pm 1.6 pm 1.1
9-18-74 9-28-74 10-7-74
am 1.5 am 1.7 am 2.0
pm 1.8 pm 1.4 pm 4.2
9-19-74 9-29-74 10-8-74
am am am
pm pm pm
10-9-74 10-22-74 11-4-74
am am am
pm pm pm
10-10-74 10-23-74 11-5-74
am am am
pm pm pm
10-11-74 10-24-74 11-6-74
am am am
pm pm pm
10-14-74 10-25-74 11-7-74
am am am
pn pm pm
10-15-74 10-28-74 11-8-74
am 1.1 am 2.1 am
pm 1.0 pm 1.2 11-9-74
10-16-74 10-29-74 am 2.0
am 1.6 am 2.1 11-10-74
pm 1.0 10-30-74 pm 3.2
10-17-74 am 1.5 11-11-74
am 1.1 pm 1.2 am 3.0
pm 1.3 pm 3.1



Date Date Date
10-18-74 10-31-74
am 2.8 11-12-74
pm pm 4.0 am
10-21-74 11-1-74 11-13-74
am 1.0 am 2,2 am
pm 1.5 pm 3.5 pm
11-14-74 11-27-74 12-11-74
am 1.5 am 1.8 am
pm 8.6 pm 2.0 pm
11-15-74 11-29-74 12-12-74
am 1.0 am 1.5 am 1.8
pm 4.0 12-2-74 pm 2.8
11-18-74 am 3.0 12-16-74
am 1.8 pm 6.0 am 3.8
pm 4.0 12-3-74 pm 3.5
11-19-74 am 4.0 12-17-74
am 2.0 pm 8.0 am 1.1
pm 3.0 12-4-74 pm 2.5
11-20-74 am 1.0 12-18-74
am 1.3 pm 1.5 am 1.2
pm 1.0 12-5-74 pm 3.0
11-21-74 am 2.0 12-19-74
am 1.1 pm 2.0 am 8.8
pm 9.5 12-6-74 pm 2.7
11-22-74 am 1.7 12-20-74
pm 1.8 pm 1.5 am 2.1
11-25-74 12-9-74 12-22-74
am 1.0 am 0.2 pm 2.0
pm 4.0 pm 0.5 12-23-74
11-26-74 12-10-74 am
am 2.8 am 2.0 12-26-74
pm 4.5 pm 2.3 am
12-27-74 1-9-75 1-22-75
am 7.2 am 0.5 am
pm 1.5 pm 0.8 pm
12-30-74 1-10-75 1-23-75
am 1.7 am 3.5 am
pm 1.9 pm 1.9 pm
12-31-74 1-13-75 1-24-75
am 3.2 am 2.2 am
1-1-75 pm 1.9 pm
pm 1.1 1-14-75 1-27-75
1-2-75 am 7.0 am
am pm 2.0 pm

pm

(N
-
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Date CO(ppm) Date CO(ppm) Date CO(ppm)
1-15-75 1-28-75
1-3-75 am 3.8 am 1.8
am 6.9 pm 2.5 pm 1.8
pm 3.2 1-16-75 1-29-75
1-6-75 am 3.5 am 2.8
am 2.1 pm 2.5 pm 3.7
pm 1.8 1-17-75 1-30-75
1-7-75 am 2.0 am 1.2
am 5.3 pm 2.0 1-31-75
pm 3.7 1-20-75 am 2.5
1-8-75 am 1.0 pm 3.0
am 6.5 pm 2.0 2-3-75
pm 0.8 1-21-75 am 3.7
am 2.0 pm 1.1
pm 1.0
2-4-75 2-18-75
am 2.0 am 3.1
pm 1.0 pm 0.9
2-5-75 2~-19-75
am 1.8 am 3.0
pm 2,0 pm 1.2
2-6-75 2-20-75
am 3.5 am 3.5
pm 1.0 pm 1.1
2-7-75 2-21-75
am 2.0 am 2.5
2-10-75 pm 0.8
pn 1.0 2-24-75
2-11-75 am 3.2
pm 1.3 pm 1.5
2-12-75 2-25~75
am 3.1 am 2.2
pm 2.0 pm 2.0
2-13-75 2-26-75
am 1.7 am 2,7
pm 1.5 pn 1.2
2-14-75 2-27-75
am 0.3 am 2.1
2-17-75
pm 1.0
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LOCATION 3
Date Date Co(ppm) Date CO(ppm)

9-17-74 9-30-74 10-10-74

am am 1.0 am 0.8

pm pm 0.9 pm 0.9
9-18-74 10-1-74 10-11-74

am am 1.0 am 1.2

pm pm 1.0 pm 1.6
9-19-74 10-2-74 10-14-74

am am 1.0 am 9.0

pm pm 1.0 pm 1.7
9-20-74 10-3-74 10-15-74

am am 0.8 am 0.9

pm pm 1.0 pm 0.9
9-23-74 10-4-74 10-16-74

am am 1.8 am 1.0

9-24-74 Pm 1.1 pm 0.9
am 10-7-74 10-17~74

pm am 6.2 am 1.7
9-25-74 pm 9.7 10-18-74

pm 10-8-74 am 0.8

9-26-74 am 1.0 Pm 1.0
am pm 1.5 10-21-74

pm 10-9-74 am 1.2

9-27-74 am 1.5 pnm 0.8
am pm 1.8 10-22-74

pn am 1.0

pm 1.2
10-24-74 11-6-74 11-19-74

am am 1.0 am 1.1

pm pn 4.8 pm 4.0
10-25-74 11-7-74 11-20-74

am am 0.5 am 0.5

pn pm 0.2 pm 0.8
10-28-74 11-8-74 11-21-74

am am 1.8 am 0.5

pm pm 2.1 pm 2.8
10-29-74 11-12-74 11-22-74

am am 0.9 am 2.0

10-30-74 pm 0.5 pn 1.3
an 11-13-74 11-25-74

pm am 0.9 am 1.0

10-31-74 pm 1.8 pm 3.5
am 11-14-74 11-26-74

pm am 0.5 am 1.0

pm 1.5 pm 3.0
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Date COo(ppm) Date CO(ppm) Date CO(ppm)
11-1-74
am 2.0 11-15-74 11-27-74
pm 2.8 am 1.5 am 0.8
11-4-74 pm 3.0 pm 2,2
am 2.0 11-18-74 11-29-74
11-5-74 am 2,0 am 1.0
am 1.1 pm 1.8 pm 1.2
pm 2.2 12-2-74
am 1.5
pm 2.0
12-3-74 12-19-74 1-8-75
am 0.5 am 1.2 pm 0.5
pm 1.1 pm 3.7 1-9-75
12-4-74 12-20-74 am 2.1
am 1.0 an 0.8 1-10-75
pm 1.5 pm 1.2 am 1.2
12-5-74 12-26-74 pm 4.8
am 1.3 am 1.1 1-13-75
pm 2.2 pm 1.1 am 1.1
12-11-74 12-27-74 pm 1.2
am 0.8 am 1.0 1-14-75
pm 8.0 pm 2.3 am 1.0
12-12-74 12-30-74 pm 2.8
am 1.8 am 1.0 1-15-75
pm 2.0 pm 6.0 am 0.5
12-13-74 1-2-75 pm 8.0
am 1.0 am 1.0 1-17-75
pm 4,2 pm 1.8 am 2.8
12-16-74 1-3-75 pm 1.0
am 1.2 am 1.1 1-21-75 .
pm 2.1 pm 1.3 am 0.5
12-17-74 1-6-75 pm 0.8
am 0.5 an 1.2 1-22-75
pm 3.0 pn 3.0 am 0.2
12-18-74 1-7-75 pm 0.5
am 1.0 am 2.8
pm 1.2 pm 1.4
1-23-75 2-7-75
am 0.5 am 0.7
pm 4.2 pm 3.5
1-24-75 2-10-75
am 1.2 am 0.6
pm 2.1 2-21-75
1-27-75 am 2.0
am 0.7 : pn 3.5
pm 0.9
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Date CO(ppm) Date CO(ppm) Date CO(ppm)
2-24-75

1-28-75 am 2.0
am 1.2 pm 3.3
pm 4.8 2-25-75

1-29-75 am 0.5
am 1.8 pm 3.3
pm 2.2 2-27-75

1-30-75 pm 1.0
am 1.0 2-28-75
pm 1.1 am 0.8

1-31-75 pm 1.5
am 0.8
pm 0.8

2-3-75 :
pm 0.8

2-6-75
am 1.2
pm 0.8
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