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PREFACE

In response to recent legislation requiring that each depart-
ment of the Government take steps to carefully and systematically
consider the environmental effects of its actions, the Office of
the Secretary of Transportation (TST-8) initiated a program at TSC
in FY72 to develop unified technological capabilities in air pol-
lution control as part of a family of techniques and capabilities
necessary to support the development in the Office of the Secretary,
and in the operating administrations, of planning procedures re-
lated to the environmental impact of transportation systems and
facilities.

The initial effort on this program was devoted to surveying
the state-of-the-art of dispersion models suitable for analyzing
transportation-generated air pollution. That survey is the subject
of this report.

In FY72 TSC also developed a long-range plan to acquire and
test transportation-related air pollution models. In addition, the
Center initiated liaison and coordination activities with the DOT
operating administrations and with the Environmental Protection
Agency in order to ensure that pertinent information and data are
disseminated among groups with responsibilities in the air pol-
lution field.

In preparing this survey the author benefited from the work
of Mr. Mark Caruso, a student at the University of Wisconsin, who,
in 1971 as a summer employee of the Office of the Assistant
Secretary for Systems and Technology, DOT, compiled a bibliography

on air pollution modeling and wrote a preliminary version of Section

3. The author is also indebted to a number of individuals in the
Department of Transportation who took time to read the draft
version of this report and who were kind enough to forward their
many helpful suggestions.
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1.0 INTRODUCTION

1.1 BACKGROUND

Under a series of recent laws relating to the preservation of
environmental quality, the Secretary of Transportation must take
certain actions aimed at curbing the impact of transportation-
generated air pollution on the environment. Compliance with these
laws requires that techniques be developed to analyze air pollution
from transportation sources. This report is a state-of-the-art
survey of air pollution models for predicting the dispersion of
transportation emissions.

Since a knowledge of the new environmental laws is essential
to understanding the role of the Secretary in air pollution abate-
ment, a brief summary of the pertinent acts is included here, fol-
lowed by a section on relevant court decisions under the National
Environmental Policy Act of 1969. The Introduction concludes with
a section on the content and structure of this report.

1.2 PUBLIC LAWS GOVERNING THE ENVIRONMENTAL IMPACT OF TRANSPOR-
TATION

The six major public laws which deal with the environmental
impact of transportation are summarized below.

1.2.1 Title 49, U.S.C. (1970), The Department of Transportation Act

"It is hereby declared to be the national policy that special
effort should be made to preserve the natural beauty of the country-
side and public park and recreation lands, wildlife, and waterfowl
refuges, and historic sites." To this end the Secretary of Trans-
portation must cooperate with designated Federal officials and with
the States in developing plans which enhance natural beauty. Fur-
thermore, the Secretary will not approve any prograr or project re-
quiring use of publicly owned land from parks, recreation areas,
wildlife refuges, and the like, unless there is no alternative to
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the use of such land, or unless all possible planning has been done
to minimize harm to the land from such use.

1.2.2 Title 49, U.S.C. (1970), The Urban Mass Transportation Act
of 1964, as amended

As in the Department of Transportation Act, the same national
policy to preserve natural beauty is stated, but here with reference
to the, "planning, designing, and corstruction of urban mass trans-
portation projects for which Federal assistance is provided." The
role of the Secretary of Transportation is to see that, ''adequate
opportunity was afforded for the presentation of views by all
parties with a significant economic, social, or environmental"
interest in the project. He must also review the project applica-
tion to determine either that no adverse environmental effect will
result or, if there is no feasible alternative to such an adverse
effect, that the effect is minimized.

1.2.3 PL 91-190, The National Environmental Policy Act of 1969

This Act declares, "a national policy which will encourage pro-
ductive anc enjoyable harmony between man and his environment" and
also, "promote efforts which will prevert or eliminate damage to the
environment anc biosphere and stimulate the health and welfare of
man." All agencies of the Federal Government are required to
"include in every recommendation or report on proposals for legisla-
tion and other maior Federal actions significantly affecting the
quality of the human environment, a detailed statement by the re-
sponsible official on the environmental impact of the proposed
action." The Act also creates in the Executive Office of the
President a Council on Environmental Quality, '"to formulate and
recommend national policies to promote the improvement of the
quality of the environment."

1.2.4 PL 91-258, The Airport and Airway Development Act of 1970

Herein the Congress states its findings that, 'the Nation's
airport and airway system is inadequate to meet the current and



projected growth in aviation'" and that, "substantial expansion and
improvement of the airport and airway system is required." The
Secretary of Transportation is made responsible for formulating a
national transportation policy which considers:

"(1) the coordinated development and improvement of all modes
of transportation, together with the priority which shall
be assigned to the development and improvement of each"
and

"(2) the coordinztion of recommendations made under this title
relating to airport and airway development with all other
recommendations to the Congress for the development and
improvement of our national transportation system."

The Secretary must consult with designated Federal officials
"with regard to the preservation of environmental quality" and
""'shall, to the extent that (he) determines to be feasible," in-
corporate their recommendations in the 'national airport system
plan." Furthermore, '"the Secretary shall not approve any pro-
ject application for a project involving airport location, a major
runway extension, or runway location unless the Governor of the
State in whichk such project may be located certified in writing to
the Secretary that there is reasonable assurance that the project
will be located, designed, constructed and operated so as to comply
with applicable air and water quality standards."

1.2.5 PL 91-604, The Clean Air Amendments of 1970

In this Act, the Congress finds, "that the growth in the
amount and complexity of air pollution brought about by urbaniza-
tion, industrial development, and the increasing use of motor
vehicles, has resulted in mounting dangers to the public health
and welfare, including injury to agricultural crops and livestock,
damage to and deterioration in property, and hazards to air and
ground transportation.'" 1In order to safeguard the environment, the
Administrator of EPA is granted broad powers in the field of air
pollution prevention and control.
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This act also specified the future standards for emissions of
carbon monoxide, hydrdcarbons and oxides of nitrogen from light
duty vehicles and engines. The EPA Administrator is required to
report anntally to Congress "with respect to the development of
systems necessary to implement the emission standards." Also,
the Administrator is charged with investigating, 'emissions of air
pollutants from aircraft" anc subsequently with issuing, '"proposed
emission stancards applicable to emissions of any air pollutant from
any class or classes of aircraft or aircraft engines which in his
judgment cause or contribute to or are likely to cause or contribute
to air pollution which endangers the public health or welfare."
The role of the Secretary of Transportation is defined as follows:
"The Secretary of Transportation, after consultation with the
Administrator, shall prescribe regulations to insure compliance
with all standards prescribed.......by the Administrator."

1.2.6 PL 91-605, Federal-Aid Highway Act of 1970

Under this Act the Secretary of Transportation is assigned
certain responsibilities relating to the environmental impact of
highway projects. Specifically, the Act states that, '"the Secretary,
after consultation with appropriate Federal and State officials,
shall submit to Congress, and not later than 90 days after such sub-
mission, promulgate guidelines designed to assure that possible
adverse economic, social and environmental effects relating to
any proposed project on any Federal-aid system have been fully con-
sidered in developing such project, and that the final decisions on
the project are made in the best overall public interest.'" Among
the environmental effects which must be considered are air, noise,
and water pollution. Furthermore, ''the Secretary, after consulta-
tion with the Administrator of the Environmental Protection Agency,
shall develop and promulgate guidelines to assure that highways con-
structed pursuant to this title are consistent with any approved
plan for the implementation of any ambient air quality standard
for any air quality control region designated pursuart to the
Clean Air Act, as amended."



1.2.7 Timetable for Action

The timetable for air pollution actions which the above laws
require is shown in Table 1. Note that the States were required to
submit implementation plans to the EPA Administrator by January 1972,
showing how the national primary and secondary air quality standards
will be met in 1975. The Administrator was then responsible for
approving or disapproving these plans. Also, in 1972 the Secretary
of Transportation must promulgate guidelines relating to adverse
environmental effects of Federal-aid highway projects and in the
same year he must publish a national airport system plan which takes
environmental quality into account. In addition, the Secretary
(after consultation with the Administrator) must prescribe re-
gulations to insure compliance with all aircraft emissions standards
proposed by the Administrator. Note also that the principal auto-
motive emissions must be drastically reduced by the 1975-76 period.

1.3 COURT DECISIONS UNDER THE NATIONAL ENVIRONMENTAL POLICY ACT
(NEPA) OF 1969

Recent court decisions under NEPA have clarified the role of
the Government in the environmental impact field. The main thrust
of these decisions is to place responsibility on individual Federal
Agencies for the development of their own environmental research
programs. This burden falls heavily on the Department of Trans-
portation because of the fact that transportation is currently

a major emitter of air pollution in the United States (see
Section 2).

The three decisions which are pertinent here deal with the
following points:

1. The requirement for agency research into environmental
impact. (Case: EDF v. Hardin 2 ERC 1425, 1426 (D.D.C 1971).

2. The NEPA mandate of a rather finely tuned, systematic
balancing of environmental factors in decision making.
(Case: Calvert Cliffs v. AEC, 2 ERC 1779, 1781-82, 1788
(CA D.C. 1971).




TIMETABLE FOR AIR POLLUTION ACTIONS AS REQUIRED BY LAW

TABLE 1.
1971 1972 T 1973 T 1974 T— 1975 T 1976 — 1977
JAJOJAJOJAJOJAJO{AJOJAJOJAJO
1 [ 1 [ 1
¥ 1 T 1 T :
Must publish list of air pollutants judged to have an adverse effect on
public hez'llth and welfare
National ® Must establish standards for pollutants (for which criteria were
ambient issued prior to Dec.:. 30, 1970)|
aiig Must complete issuance of criteria and publish standards
quality for pollutants in list of Jan 71
standard ' k
Achievement of quality of air specified in standard @
1 1 1 1 1 1 1
2
Alr I l l
quality
control @ Must designate interstate and major intrastate air quality control regions
regions |
@ Must publish list of pollutants I
L]
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® Can grant an existing source a two year waiver from
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l |
L] ¥ :
Must submit implementation plans
®Must approve or rejegt implementation plans
]
Must substitute all or portions of implementation plan
rejected
Implemen- P-ligst sgbtr]ut ugglementatmn plan for pollutants 1in
.tation ist of Jan.
plan @ Must approve or reject implementation plans
)

¢ . M : . !
.Must substitute all or portions of imple-
mentation plan rejected

|
t i T 1 1
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TABLE 1. TIMETABLE FOR AIR POLLUTION ACTIONS AS REQUIRED BY LAW

(CONTINUED)
r‘ 1971 T 1972 T— 1973 r471974 =T 1975 r—7197b 1977 =
J oA T o0 f A 00 AT 00 AT 0 A d 0 J A J O J A d o0
L i 1 1 1
Automo- .I | { l I
hile and ®Must fl}(‘ report to.(?ongross on factors rele'lting to con}rols
. . ]
highways @ National Academy oflScmncos report on controls due to [PA and the Congress
) L} L]
ust meet recall warranty (materials and workmanship for S5-years
or 50,000 méles)
an request extension o? hyvdrocarbons and carhon monoxide controls
1
Can requeft cxtension on NO, control
Must achieve ?Ot control of hydrocarhong‘gnd carbon monoxide emissions
L]
Must achieve 90% corl1trol of NOy emissionsdh
Q}Must submit guidelines to Cong}ess to assure that adverse
environmental effects of Federal-aid highway projects have
heen c?nsiderod I | l
Must promulgate guidelines relating to adversc environ-
mental effects of Federal-aid highway projects
@®Must initiate study on aircraft cmissions
Aircraft ]
and ® Must complete s}ud_\' on aircraft cmissior‘ls and propo.;se standards
alrports 4 Must prescribe regulations to meet aircraft emission
stand?rds
‘>Must publish national airport system plan, taking into
accou?t environme?tal qualityl
Key: Responsible
EPA Secretary of
Act Administrator States Industry Transportation
Clean Air Amendments of
1970 ® a A ¢
Federal-aid Highway Act ®
of 1970
Airport and Airway 0
Development Act of 1970

I.” The President™s annual report on environmental quality required by the National
Environmental Policy Act of 1969.

2. All agencies must propose to the President those measures required to bring their
authority and policies into conformity with the National Environmental Policy
Act of 1969.

3. Under the Clean Air Amendments of 1970, the President can exempt any stationary

source from compliance with the standards for a pgr‘iod of two years or less.
The exemption can be extended for onc or more additional two year periods.

4. Date not specified in the Act.



3. Agency responsibility not to sit back like an umpire to
resolve environmental issues others may raise, but rather
to take the initiative itself in probing environmental
considerations. (Case: same as 2).

1.4 THIS REPORT

The material for this report was obtained from an extensive
survey of the literature, as well as from responses to the following
Commerce Business Daily announcement placed by TSC. This announce-
ment appeared in the CBD issue of December 21, 1971.

"R--SOURCE SOUGHT, ANALYTIC CAPABILITY NECESSARY TO SUFPORT
DEVELOPMENT, IN THE OPERATING DOT ADMINISTRATIONS, OF PRO-
CEDURES FOR PLANNING DECISIONS RELATED TO TRANSPORTATION
SYSTEM AIR POLLUTION. TSC is seeking firms with ‘existing
computer programs for modeling air pollution produced by
transportation sources. Programs which compute the following
quantities are of interest: wind field, stability indices,
source emissions, pollutant dispersion and other related
variables. TSC invites firms with operating computer pro-
grams either developed for, or readily adaptable to, the
modeling of transportation source air pollution to submit
their program specifications. TSC will only consider in-
formation about a firm's existing computer programs if it
is submitted on a TSC questionnaire.

Requests for this questionnaire should be addressed to:

Department of Transportation

Transportation Systems Center

Information Sciences Division, Code TCD

55 Broadway, Cambridge, MA 02142
For identification purposes requests for the questionnaire
should cite Code MAP-01. Supplemental material may be sub-
mitted with the questionnaire, but is not required. The
closing date for submission is 14 Jan 72.

In this questionnaire firms will be required to state that
the information submitted is not proprietary and must further
agree that the Government is free to make any use of said



information it deems appropriate, including publication with
proper acknowledgements in Government technical reports.

This is not a request for proposal. Firms which are deemed
qualified to support TSC's program in this field will be con-
sidered if and when requests for proposals are solicited. No
formal results of the evaluation of responses to this request
will be furnished." (R351)

The questionnaire cited was used in order to assure that the
same information would be obtained from each respondent. In order
to clarify the level of detail and the format desired, a sample
completed questionnaire for a hypothetical model was furnished to
each firm responding to the announcement. The questionnaire called
for specific information on the following topics:

I. General Description of the Model
ITI. Flow Diagram of the Model
ITI. Implementation of the Model
IV. Program Operation
V. Validation
Both the questionnaire and the sample appear in Appendix A.

It was felt that a public announcement of this type was the
surest way to give all potentially interested sources an equal
opporturity to make their capabilities known to the Government.

This decision was more than vindicated by the magnitude of the
response. Seventy-one (71) firms requested copies of the question-
naire, and 44 completed questionnaires were returned to TSC. Thirty
four (34) of the completed questionnaires pertained to dispersion
models.

The body of this report consists of five sections. Section
2 summarizes air pollution facts and standards. The dispersion
models which have been used to analyze air pollution are discussed
in Section 3. The computational aspects of these models, including
input, hardware and software requirements, and output are treated
in Section 4. A variety of applications of the models to both
transportation and non-transportation pollution problems are de-
scribed in Section 5. Finally, Section 6 examines the validation
of the models with real-world data.



2.0 AIR POLLUTION FACTS AND STANDARDS

Table 2 summarizes the EPA datal on air pollution emissions in
the United States for the year 1969. Of the 281.2 million tons
emitted into the atmosphere during that year, transportation ac-
counted for 144.4 million tons or 51.4%. The principal source of
transportation-generated air pollution is the motor vehicle, as
Table 3 shows. Note that the motor vehicle contributed 44.2% of
the total U.S. emissions and 86.1% of all transportation emissions
in the year 1969. However, these 1969 motor vehicle emissions are
slightly lower than those of the previous year, thus indicating
that the peak emission year from this source may have already been
reached (probably due to the fact that newer model cars with emis-
sion control devices are replacing older models without such con-
trols).

It should be noted that statistics on pollutants in terms of
tons emitted give no information about their geographic distribu-
tion or concentration. However, it is the concentration of pol-
lutants at a particular place which determines the level of hazard
to public health and public welfare, and it is in terms of concen-
trations that the national air quality standards are stated. The
dispersion models considered in this report calculate the concen-
trations resulting from the transport and diffusion of pollutants
in the atmosphere.

This Section deals with emission sources, emission products
and national air quality standards.

2.1 EMISSION SOURCES

Emissions from stationary and mobile combustion sources in the
United States have been extensively documented by EPA in a recent
publication2 and the material in this section is taken from that
reference. Table 4 lists the principal pollutants emitted (without
controls) by a number of the major sources in the U.S.

10
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TABLE 4. EMISSIONS FROM TYPICAL STATIONARY AND MOBILE SOURCES?

Combustion Source
STATIONARY

Principal Pollutants Emitted
(without controls)

Cco HC NOy Part. SO,

Coal Burning

Fuel 0il Burning

Natural Gas Burning
Incineration, Municipal,
Multiple Chamber
Incineration, Domestic,
Single Chamber
Incineration, Municipal,
Conical Burners

| X

< < ¢

x (2)] x (3)

=
> > =< =< <

MOBILE

Gasoline-powered
Motor Vehicles
Niesel-powered
Trucks and Buses
Diesel-Powered
Locomotives
Aircrafe (4
Jumbo Jeid)
Aircraft , Turbojet
Aircraft 4), Piston,
Transport
Steamships, Underway
Steamships, In-Berth

» Turbofan,

KO e =

K X M o <

(1) Not a major constituent 1in power plant emissions

(2) A major constituent for domestic and commercial heating only

(3) Not a major product of domestic and commercial heating

(4) Calculated for landing/take-off ¢

operations

13

ycle which includes ground




2.1.1 Stationary Combustion Sources

Included in the category of stationary combustion sources are:
steam-electric generating plants, industry, commercial and in-
stitutional buildings, domestic furnaces, and incineration. Coal,
fuel oil, and natural gas are the major fossil fuels used for
power and heating, accounting for 95% of the total heat energy in
the United States. The burning of these fuels is a major source
of NOyx, particulates and SO,. Controls for particulate emissions
are now being used. Emissions of sulfur oxides can be reduced by
the use of low-sulfur fuels. Nitrogen oxide emissions are produced
under conditions of high temperature combustion which tends to
occur when the process is most efficient. These emissions are not
controlled at present.

Approximately 50% of all waste generated in the United States
is disposed of by burning in open or enclosed incinerators. Both
gaseous and particulate emissions result from incineration, but the
output is variable because of the heterogeneous character of the
refuse being burned.

2.1.2 Mobile Combustion Sources

As mentioned previously, transportation is currently the
largest source of CO, HC, and NOx emissions in the United States
(Table 2). The primary mobile source of these three pollutants
is the gasoline-powered motor vehicle, a category which includes
passenger cars, Iight-duty trucks and heavy-duty vehicles. Other
lesser sources are aircraft, diesel-powered trucks and buses,
locomotives,and ships.

Diesel engines are used by heavy duty trucks, buses and lo-
comotives. Thdse engines emit not only the three pollutants pro-
duced by gasoline-powered vehicles, but also significant amounts
of particulates and SOx. Particulates are emitted in the form of
both black and white smoke, while SOy arises because the sulfur
content of diesel fuel is 10 times that of gasoline.
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Aircraft engines are of two types: reciprocating (i.e. piston)
and gas turbine, including turbofan, turboprop, turbojet and turbo-
shaft. CO is the principal pollutant emitted by all aircraft en-
gines except the turboprop. HC and particulates are also produced,
with the amount depending upon the engine type.

Fuel o0il is the principal fuel for both steamships and motor
ships. (Steamships have steam turbines driven by an external com-
bustion engine, while motor ships have diesel internal combustion
engines). Ships generate one to two orders of magnitude more pol-
lutants when in-berth than when underway, mainly because boilers
are operated under reduced draft and at lower fuel rates - hence
at lower efficiency - when ships are in port. NO,, particulates
and SO, are the principal pollutants emitted by ships.

2.2 EMISSION PRODUCTS
In this section the five major pollutants: CO, HC, NOx,
particulates and SOy are each discussed, briefly. The production

of these constituents by transportation is emphasized and applicable
emission standards are stated.

2.2.1 Carbon Monoxide, CO

CO is the most common and most widely distributed of all pol-
lutants. It is the product of incomplete combustion. In amount,
CO emissions exceed the combined emissions of all other pollutants
(see Table 2). In the internal combustion engine the two factors
that determine the total CO emissions are the concentration of CO
in the exhaust and the exhaust volumes, the former depending on the
air-to-fuel ratio and the latter on the power output. These two
factors combine in such a way that total CO emissions decrease as
average route speed increases. Under the Clean Air Amendments of
1970, the CO emissions from light duty vehicles and engines man-
ufactured during or after model year 1975 must be reduced by at
least 90% in comparison to the standards applicable to 1970 model
light-duty vehicles and engines.

Aircraft contribute less than 2% to the total U. S. emissions
of CO (see Table 3). For jet aircraft, CO emission is highest
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during ground operations (taxiing, idling, queuing for take off or
for a gate) where the engine is operating at minimum efficiency4.
It is customary to only consider aircraft operations below 3500
feet in computing aircraft emissions. The EPA is currently de-
veloping proposed emission standards for aircraft engines as Te-
quired by the Clean Air Amendments of 1970. Standards will be
proposed for any air pollutant emitted by aircraft engines which
is adjudged to pose a hazard to public health or welfare.

2.2.2 Hydrocarbons, HC
Air pollution problems associated with these constituents are

not due to hydrocarbons, themselves, but rather are caused by the
products of their photochemical reactions in the atmosphere under
the influence of sunlight. The ultimate products of photo-
oxidation of hydrocarbons in urban air, after sufficiently long
irradiation by sunlight, would be carbon dioxide and water vapors.
However, the products which produce photochemical air pollution
all occur at intermediate stages in the photooxidation process.
These products vary widely in reaction rate. The photochemical
constituents which have the longest l1ives and highest concentra-
tions in the atmosphere are ozomne, nitrogen dioxide, aldehydes,
and the peroxyacyl nitrates of which the most abundant is per-
oxyacetyl nitrate (PAN) .

Hydrocarbon pollutants result primarily from the inefficient
combustion of fuels, especially gasoline. For automobiles without
emission controls, 60% of the unburned hydrocarbons comes from the
exhaust, 20% from crankcase blow by and 20% from fuel tank and car-
buretor evaporationG. In the case of aircraft jet turbine engines,
the main source of unburned hydrocarbons is the exhaust. These
emissions are most serious at low power settings where the combus-
tion efficiency of the turbine engine js low. However, it should
be noted that aircraft hydrocarbon emissions account for only about
1% of the U. S. total (Table 3) and hence are negligible, except
in the immediate vicinity of airports.

Under the Clean Air Amendments of 1970, the HC emissions from
light duty motor vehicles and engines manufactured during or after
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model year 1975 must be reduced by at least 90% in comparison with
the standards applicable to 1970 model light-duty vehicles and en-
gines.

2.2.3 Oxides of Nitrogen, NOx

The oxides of nitrogen which cause air pollution occur as NO
and NO; 7. Nitric Oxide, NO, is the primary product of high tem-
perature combustion in automobile engines and furnaces. Nitrogen
Dioxide, NO2, is produced by the chemical reaction of nitric oxide
and oxygen, as well as by other reactions involving NO, 0, and NOs3.
During daylight hours the atmospheric NOz photolytic cycle governs
the interactions between NO and NO;, under the influence of ultra-
violet energy. When generated by combustion, NOx consists mainly
of NO which is then oxidized to NO2.

It is interesting to note that NOy emissions from internal
combustion engines can be effectively minimized by reducing the
air-fuel ratio (which will lower the combustion temperature, since
more heat is required to warm the incoming excess fuel and hence
less heat is available for combustion of gases in the chamber6)-
However, such a fuel-rich mixture would produce greatly increased
emissions of both CO and HC. An alternative procedure would be to
use a very high air-fuel ratio which, theoretically at least, would
minimize the emissions of NOx, CO and HC, simultaneously. However,
such a fuel-lean mixture would cause operating difficulties (in-
cluding stalling and misfiring) with presently available engines
which, in turn, would actually result in high emissions of CO and
HC, as well as poor performance.

The Clean Air Amendments of 1970 require that NOyx emissions
from light-duty motor vehicles and engines manufactured during or
after model year 1976 must be reduced by at least 90% in comparison
to the average emissions of oxides of nitrogen actually measured
from light-duty vehicles manufactured during model year 1971.

2.2.4 Particulates

Transportation contributes only about 2% of the total particu-
late emissions in the United States (Table 3). The bulk of particu-
late emissions results from fuel combustion:.in stationary sources,

industrial processes, and incineration. Most atmospheric particles
17




range between 0.1 and 10u in diameter and are generally classified
as aerosols. Particles occurring in motor vehicle exhaust include
lead compounds, carbon particles, motor 0il, and nonvolatile pro-
ducts formed from motor oil in the combustion zone8. Particulates
discharged through the blowby are mainly unchanged lubricating oil.
Tests at cruising speeds have shown that: concentrations of parti-
culates in ditute exhaust range from 40 to 52 ug/liter; at unit
density 62 to 80% of these particles have diameters below 2u; and
the lead content averages 40% of the total particulate emissions.

At present, because of the relatively small production of
particulates by transportation, there are no transportation-related
standards for this source.

2.2.5 Sulfur Oxides, SOx

Transportation emits negligible amounts of the sulfur oxides.
The principal emitters of these pollutants are industry, electric

utilities, refineries, ore smelters and other similar sources. In
the case of aircraft, S0 emissions have been minimized by the use
of low-sulfur fuel. In fact, a recent survey of emissions within

the Boston Metropolitan Air Pollution Control District shows that

aircraft contribute only 0.1% of the total SO; emissions4. Nation-
wide SOy emissions by motor vehicles are similarly low, accounting
for less than 1% of the total emissions of SOy in the U. S. (Table 3).

~ Because transportation produces so little SOx, there are
presently no transportation-related standards for this source.

2.3 AIR QUALITY STANDARDS

Under the Clean Air Amendments of 1970 the EPA Administer was
made responsible for publishing, "proposed regulations prescribing
a national primary ambient air quality standard and a national
secondary ambient air quality standard for each pollutant for which
air quality criteria have been jssued." National primary ambient
air quality standards are those judged necessary to protect public
health, while the secondary standards are those judged necessary to
protect the public welfare from known, or anticipated, adverse
effects of air pollution.
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Such primary and secondary standards have now been established
for CO, HC, NO2, photochemical oxidants, particulate matter and
SO2 9. Each standard specifies an averaging time, frequency, and
concentration. The averaging times are 1, 3, 8, and 24 hours, and
1 year. These standards are stated in Table 5. The frequency
parameter column specifies either the annual maximum concentration
for averaging times of 24 hours or less, or the arithmetic or
geometric mean for a l-year period. The standards require that
the maximum concentrations are not to be exceeded more than once per
year.

A methodology for relating measured air pollution concentra-
tions to the air quality standards has been developed by R. I.

Larsen 10.

Under the Clean Air Amendmerts of 1970 the EPA Administiator
has responsibility for designating interstate, and major intra-
state, air quality control regions. Examples of such regionsll
are shown in Table 6. Note that these major regions are quite
large, encompassing many townships, cities or counties. Each
State was required to submit an implementation plan to the EPA
Administrator by January 1972 that showed how the national primary
and secondary air quality standards will be met in all its air
quality control regions by the year 1975. This plan may have been
supported by a measurement program to determine current emission
levels; a statement of proposed control procedures and an estimate
of their impact on future emissions; and an assessment of what |
additional control measures, if any, are required to meet the air
quality standards.
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TABLE 5. NATIONAL PRIMARY AND SECONDARY AMBIENT AIR QUALITY
STANDARDS
Type of Averag- Frequency Concent
Pollutant Standard | ing time Parameter  ug/mo ppm
Carbon Primary and 1 hr Annual maximum2 } 40,000 35
monoxide secondary 8 hr Annual maximum 10,000 9
Hydrocar- Primary and 3 hr Annual maximum 160b 0.24b
bons secondary (6 to 9
(nome - a.m.)
thane)
Nitrogen Primary and 1lyr Arithmetic mean 100 0.05
dioxide secondary
Photo- Primary and lyr Annual maximum 160 0.08
chemical secondary
oxidants
Particu- Primary 24 hr Annual maximum 260 --
late 24 hr Annual geomet- 75 --
matter ric mean
Secondary 24 hr Annual maximum 150 --
24 hr Annual geomet- 60¢ --
tric mean
Sulfur Primary 24 hr Annual maximum 365 0.14
dioxide 1 hr Arithmetic mean 80 0.03
Secondary 3 hr Annual maximum 1,300 0.5
24 hr |Annual maximum 2604 0.1d
1lvyr Arithmetic mean 60 0.02

?Not to be exceeded more than once per year.

bAs a guide in devising implementation plans for achieving oxidant

standards

CAs a guide to
achieving the

dAs a guide to
achieving the

Source:

Environmental Protection Agency9
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TABLE 6.

AN EXA?{LB OF AN AIR QUALITY CONTROL REGION DESIGNATED
BY EPA

territorial area of all munici
of the Clean Air Act,

a. Metropolitan Boston Intrastate Air Quality Control Region.
Metropolitan Boston Intrastate Air Quality Control Region (Massachu-
setts) consists of the territorial area encompassed by the boundaries
of the following jurisdictions or described area (including the
palities (as defined in section 302(f)

42 U. S. C. 1857h(f) geographically located
within the outermost boundaries of the area so delimitecd):

The

In the State of Massachusetts:

East Bridgewater.

Medfield.

CITIES

Beverly. Medford.

Boston. Melrose.

Brockton., Newton.

Cambridge. Peabody.

Chelsea. Quincy.

Everett. Revere.

Gloucester. Salem.

Lynn. Somerville.

Malden. Waltham.

Marlborough. Woburn

TOWNSHIPS

Abington. Easton. Middleton. Stoneham.
Acton. Essex. Millis. Stoughton.
Arlington. Framingham. Milton. Stow.
Ashland. Hamilton. Nahant. Sudbury.
Avon. Hanover. Natick. Swamscott.
Bedford. Hanson. Needham. Topsfield.
Belmont. Hingham. Norfolk. Wakefield.
Bolton. Holbrook. North Reading. Walpole.
Boxborough. Holliston. Norwell. Watertown.
Braintree. Hopkinton. Norwood. Wayland.
Bridgewater. Hudson. Pembroke. Wellesley.
Brookline. Hull. Randolph. Wenham.
Burlington. Ipswich. Reading. West Bridgewater.
Canton. Lexington. Rockland. Weston.
Cohasset. Lincoln. Rockport. Westwood.
Concord. Lynnfield. Saugus, Weymouth.
Danvers. Manchester. Scituate. Whitman.
Dedham. Marblehead. Sharon. Wilmington.
Dover. Marshfield. Sherborn. Winchester.
Duxbury. Maynard. Southborough. Winthrop.
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3.0 MODELING THE DISPERSION OF POLLUTANTS

A dispersion model may be defined as a mathematical structure
which accepts data on source emissions, meteorological conditions,
geographic boundaries, etc. as inputs; computes the dispersion of
pollutants by the atmosphere (as well as chemical reactions and re-
moval by sinks where appropriate); and produces output data on the
concentration of pollutants over the area of interest for specified
time periods. The model is thus a mechanism for translating emis-
sion data into air quality data and, as such, is an invaluable tool
for environmental impact analysis.

The problem is to calculate the environmental impact (in terms
of pollutant concentrations) of a particular transportation system
operating in a prescribed manner. Input data for such problems are
of two types: variable and fixed. The variable inputs are those
which affect emissions (e.g. traffic density, traffic speed and
vehicle mix). The fixed data define the physical environment into
which pollutants are emitted. These include the geography, top-
ography, meteorology*, and background'pollution** of the area under
study.

The environmental impact of transportation is both local and
regional in scale. Local effects, consisting of pollutant con-
centrations greater than the background level, are felt within a
few thousand feet of the transportation system (i.e. within 2000
feet of a roadwaylz:13 or within one mile of an airportl4,15). Re-
gional air pollution from transportation occurs as a result of the
action of sunlight on hydrocarbons over a period of several hours
which produces such photochemical products as ozone, nitrogen di-
oxide and peroxyacetyl nitrate (PAN), the constituents of photo-
chemical smog. Roadways are the principal transportation source

¥0f course it is the statistics of meteorological variables that
are fixed (i.e. stationary), not the variables themselves.

**The existing level of pollution from sources other than the trans-
portation system(s) being analyzed.
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for this type of pollution since motor vehicles emit 86% of all the
hydrocarbons produced by transportation (Table 3). In modeling
local pollution it may be necessary to take into account the
turbulence generated by the vehicles, themselves. This effect is
certainly important at the edge of a roadway or runway. Farther
away from the source, atmospheric dispersion predominates. 1In
modeling the pollution distribution over a region the combined
effects of dispersion and photochemical reactions must be con-
sidered.

A dispersion model can be used to compute the pollutant con-
centrations produced by any existing, or projected, transportation
system as a consequence of the implementation of any desired
operating strategy. Here we distinguish between the physical
identity of the system --- e.g. a highway plus its vehicles ---
and the manner in which the system operates --- e.g. highway speed
limits, vehicle restrictions, and traffic control procedures. It
is clear that the environmental impact of a transportation system
can be minimized by adopting the proper operating strategy, or mix
of strategies. Three categories of operating strategies can be
identified: '

1. Vehicle strategies which modify the vehicle (usually_
its engine) in order to reduce its emissions. The use
of control devices for light-duty motor vehicle emissions
(as required to meet the 1975 standards for CO and HC,
and the 1976 standards for NOy as prescribed in the Clean
Air Amendments of 1970) is a vehicle strategy.

2. System strategies which operate on groups of vehicles in
the system. These are of three types:

a. Measures which regulate the entry of vehicles into
the system,

b. Controls which govern the flow of vehicles within
the system, and

c. Policies which influence the point at which vehicles
exit from the systenm.
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3. Intermodal strategies which deal with interrelations among

two or more transportation systems. An example is a per-
sonal rapid transit (PRT) system such as UMTA's Demonstra-
tion A at Morgantown, West Virginia16»17 which provides an
alternative to automobile travel.

We will now proceed to a detailed discussion of dispersion
models which have been used to analyze air pollution.

3.1 TYPES OF MODELS
Dispersion models are of two broad types:

1. Physical models which simulate atmospheric motions in wind
tunnelsls, or which make use of irradiation reaction
chambers for simulating photochemical processes in smogl9,
and

2. Mathematical models based on equations which represent
atmospheric and photochemical processes.

This paper only deals with mathematical models since these are
by far the most widely used tools for air pollution analysis. Most
mathematical models fall into one or more of the following categories:

1. Gaussian models which assume that the dispersion of
pollutants can be represented by a Gaussian process,

2. Conservation of mass models which require the solution of
the partial differential equations governing turbulent
diffusion,

3. Box models20 which assume that pollutant concentrations
are homogeneous throughout a prescribed region,

4. Statistical methods which use regression theory to develop
an empirical relationship between concentrations and
emissions2l,

5. Solutions of differential equations representing photo-
chemical processeszz, or

6. Solutions of the complete Navier-Stokes equations for
turbulent fluid motions. These solutions contain the
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field of turbulence, turbulent fluxes, and pollutant
dispersion rates, computed from input data on the
vertical profiles of temperature and mean wind speed

in the atmospheric boundary layer.23

Reviews of the literature by myself and others24 as well as
the completed questionnaires returned to TSC, reveal that nearly
all the dispersion models being used in the air pollution field
today are either Gaussian or conservation of mass models. Table 7,
which summarizes the 34 dispersion models reported in the TSC
questionnaire, shows that 21 of these models are Gaussian, 10 are
conservation of mass, 1 uses a combination of the two, and 2 are
of other types. Consequently, the remainder of this report will
mainly consider these two predominent types of air pollution models.

3.2 THE CLASSICAL GAUSSIAN MODELS

Gaussian techniques for modeling the dispersion of pollutants
in the atmosphere, based upon the pioneering work of Taylor25 and
Sutton26 as later developed by Cramer??, Pasquill28 gand Guiffordzg,
are still the most widely-used tools in the field (see Table 7).
In this section the various Gaussian equations are stated; methods
of solution are discussed; and the limitations of these equations
are examined.

3.2.1 The Gaussian Puff Model

The Gaussian Puff equation is considered first since all other
Gaussian equations can be derived from it. This equation deals with
the instantaneous emission of a finite puff of material from a
point source at height H. The concentration, Xl(X,y,z,t), of
material is expressed by the equation:

-5t 2 2
Xl(X,)’,Z,t) = 3/3 exp - "L‘;t)‘ + —Lz'
(2m) TxIy9, 20 ch
e 2
exp - (z-H)" |, exp - z+H (1)
Zoz Zcz
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Q, amount of material emitted (g).

x,v,z, Cartesian coordinates with positive x being the
downwind direction

t, time since emission of the puff

U, mean wind transporting the material

0_,0.,0 standard deviations of the material concentration

x'y’ 2’

distribution in the three coordinate directions
relative to the puff center with origin (ut, o, H)

Figure 1 shows a conceptual sketch of the Gaussian puff model.
Note the Gaussian character of the component distributions of
pollutant material.

3.2.2 The Gaussian Plume Model

Continuous emission from a point source may be regarded as an
infinite series of puffs which spread out into a continuous plume
(see Figure 2). Thus, the Gaussian Plume equation is the steady
state version of the Gaussian Puff equation and is derivable by
integrating Equation 1 with respect to time and keeping Oy constant
as the puff passes any point:

XZ(X,)',Z) = f Xl(x,)’,z,t)dt

-

2
- Q exp - |5

— 202
Zﬂoyozu y
(z-H)?2 %] | (2)
exp - 7 I S I A
20z 20
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(ut,o,H)

A. Three Dimensional Puff of Material

Q Q Q

|
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x
W\ /(ay <o,
i i
ut x

u o y o} H

[X]

B. Component Distributions of Material about Axes
through (ut,o,H)

Figure 1. Schematic Representation of the Gaussian Puff
Model
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Three Dimensional Plume of Material
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B. Component Distribution of Material About (x7,0,H) and (x2,0,H)

Figure 2. Schematic Representation of the Gaussian Plume
Model
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where Q is now the source emission rate of material (g/sec)
x is in the downwind direction along the plume axis
g,,0, are standard deviations of the material concentration
distribution in the y and z directions relative to

the plume axis

The Gaussian Plume equation can readily be modified to handle
both linear and area sources as shown below.

3.2.3 The Gaussian Line Source Models

Consider a finite line at height H extending from Y1 to y,,
Y1 < Y2, perpendicular to the mean wind which blows in the x

direction. The line emits at a constant rate, q, per unit length

(g sec’! m'l). Then

2
Xz(x,y,0) = ____jﬁ;:__ exp - |1/2 (B—> J

™ ozu
P

2
é exp - (5—) dp (3)

where p; =

If the finite line source is on the ground, as would be the case
for a road or airport runway,

P2
2
x3(x,y,0) = —24__ - exp (g—) dp (4)

2T o, u vZT
P
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I1f the line is of infinite length,

2
y,0) = . H (5)
o = gt e [ (5]

If the infinite line is on the ground, there results the simple
form:

(x,y,0) = -—29
Xa VIt o, u (6)

Finally, if the wind is blowing at an angle ¢ (<45°) with respect
to the infinite line, Equations 5 and 6 become

2
_ 2q H
X (x,Y,0) = — exp - 1/2(—) (5a)
4 sing¢ /TFczu Oz
- 2q
X4(X’Y90) - (63)

sin¢v2m oz'ﬁ

3.2.4 The Gaussian Area Source Model

An area may be treated as a cross-wind line source with a
normal distribution of material,oy. The area source is assumed

to have an initial standard deviation, ¢ The area can be

treated using Equation 2 by defining a vggtual upwind distance

for a point source which would produce the desired cyo at the

initial position of the area source. The initial vertical var-
jation of emissions due to the distribution of source heights

is represented by an initial 9,0 which can also be handled by defining

an upwind virtual point source at the proper distance.

3.2.5 Solution of the Gaussian Equations

The Gaussian equations are receptor oriented, which is to say
that they are best suited to computing the concentrations of pol-
lutants at specific locations due to emissions from a given source.

32



The principle of superposition is used to compute the concentration
at a receptor of pollutants from multiple sources. If the number
of source/receptor combinations is small, the problem can readily
be solved using the graphs and nomograms in the reports by

30 and Beals.31

Taylor On the other hand, large dispersion pro-
blems, involving multiple sources and many receptors, must be
solved on a digital computer. If concentrations at a large number
of receptors are required, the computation time can be reduced by
calculating backward trajectories from each receptor and then de-
termining the appropriate weighted contribution of all sources

along that trajectory during the time period in question.

The Gaussian equations are not well suited to computing con-
centrations over a rectangular grid. On the other hand, the con-
servation of mass models to be described later are well suited for
that purpose.

3.2.6 Limitations of the Gaussian Models

The simplicity of the classical Gaussian models has been
achieved at the expense of assumptions which restrict their ap-
plication to real-world dispersion problems. Various assumptions
and resulting limitations are discussed below.

It should be noted that the downwind dimension x does not
appear in Equation 2 although X, is a function of x,y, and z.
This is because the equation is derived in such a way that both
°y and o, are functions of x, hence the dimension x is implicit.
In turn, Oy and o, are functions of atmospheric turbulence, top-
ographic characteristics, wind speed, sampling interval, and
other variables. In order to solve the equation, these complex
dependencies must somehow be taken into account. The standard
approach has been to define a set of five atmospheric stability
classes in terms of quantities which are readily observable,
namely surface wind speed and incoming solar radiation for day-
time situations; or surface wind and degree of cloudiness for the
night. For each stability class, oy(x) and o,(x) have been
determined empirically. These relationships obtain for a sampl-
ing interval of ten minutes, for the lower several hundred meters
of the atmosphere, and over flat terrain. Their use under other
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conditions, though frequently undertaken, is questionable.

The Equations 2 - 6 apply only to the continuous emission
from a source, be it a point, line, or area. Also, dispersion
in the downwind direction x is neglected. Therefore, the equations
in their original form are not strictly applicable to many real-
world problems, especially those involving transportation sources
which tend to vary in both space and time. Furthermore, the
equations deal only with the diffusion of stable gases or aerosols
(i.e., particles of <20u diameter) which are assumed to remain
suspended in the atmosphere in the atmosphere indefinitely. Hence
photochemical reactions are not considered. In addition, since
mass continuity is maintained, the Gaussian equations require that
no material be removed from the plume as it moves downwind (i.e.
total reflection of the plume takes place at the earth’s surface).

The requirement that a single mean wind u over the entire
three dimensional area of concern be introduced to transport the
emitted material is contrary to the known behavior of winds. In
fact, it is known that the wind generally increases with height
in the lower several hundred meters of the atmosphere, hence the
use of a single mean wind will tend to result in an underestimate
of concentrations at lower levels and an overestimate at higher
levels. Also, since u appears in the denominator of Equations 2 - 6
it is apparent that all of these equations become unstable in the
case of very light or calm winds.

Problems are posed by the existence of a temperature inversion,
or stable layer, in the atmosphere which prevents the upward spread
of pollutants. The region below such an inversion is called the
mixing layer (since, in general, the atmosphere is completely mixed
by turbulence in such a layer) and the inversion is called the
mixing level. When such conditions exist, the equations are mod-
ified in such a way that the plume material distribution in the
vertical becomes uniform at a certain distance downwind from the
point where the plume encounters the mixing level. The distribu-
tion in the horizontal remains Gaussian.

Also, the use of the superposition principle is questionable
in the case of turbulent atmospheric flow.
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3.2.7 Modern Improvements in the Gaussian Equations

Some of the limitations cited above have been minimized by
improvements in the basic Gaussian equations. A number of these
improvements were reported in the TSC questionnaires returned by
current investigators. One problem not solved by anyone, however,
is how to improve the representation of oy and o, as functions of
x and stability. The approach reported by Turner is still univer-
sally used. Also, emission rates are still considered constant
although great sophistication in representing emissions is evi-
denced by many investigators. These will be reported in the
section on input data.

The Gaussian Plume equation has been modified to include an
exponential half-life decay function for inert gases and/or a
settling time for particles. (With these changes the equation of
mass continuity for the plume is only satisfied when these sinks
are taken into account). Two investigators have succeeded in in-
corporating photochemical reactions into the Gaussian formulation,
one by a hybrid scheme using a finite difference algorithm to treat
the chemical kinetics (C. Michael Hogan, ESL Inc.) and the other by
introducing arbitrary functions of time to represent simple chemical
reactions (P. J. Cefola, Computer Sciences Corporation).

Several versions of the Gaussian Plume equation have replaced
the single constant transport wind u with a vertical wind profile
obtained either from actual measurements, or from an assumed power
law function of height. Also, in some models a new wind is entered
periodically (typically every one or two hours) so that changes in
the plume axis with time can be taken into account.

3.3 THE CONSERVATION OF MASS EQUATION

A number of investigators have adopted a more fundamental
approach to the dispersion problem by attempting to solve the
equations governing the conservation of pollutant mass. Table 7
contains the names of companies which reported their efforts in
this direction by submitting completed TSC questionnaires. In the
literature, work on the conservation of mass equations is described
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The general conservation equation for a particular pollutant

may be written in vector form, as follows:
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i, j, k, unit vectors in directions x, y, z, respectively

D, molecular diffusivity tensor

Ri’ rate of generation of species i by photochemical reactions
Si, emission source strength for species i

Equation 7 governs changes in concentration of a particular species

i at a point in the atmosphere. It states that the concentration

9
change, §%£ , is equal to the net effect of four processes: The
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advection (or transport) of pollutant, V- (ucj); the molecular dif-
fusion, V-(DVcj), of pollutant; the change due to photochemical re-

actions, Rj; and the emission source strength, S;, of the pollutant.
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where bars above quantities denote time-averaged values and primes
indicate turbulent eddy fluctuations.

By introducing the above expressions into Equation 7, taking
time averages of each term, expanding, and rearranging terms
the following equation is obtained for the conservation of mass of
species i in a turbulent atmosphere:

aci . a(uci) . a(vci) . a(wci) . a(u'ci) . B(V'C{) . a(w'ci)
at 9x 9y 9z X 9y 3z
2_ 2_ 2_
9 cy 3 cy 3 <3
=Dy 7 ‘Tt JtRi S (8)
3x a)’ 9,

In order to reduce Equation 8 to a form tractable for solution, the
following assumptions are made:

1. Molecular diffusion is negligible in comparison to tur-
bulent diffusion, hence Di = 0,

2. Atmospheric flow is incompressible, hence

Q]
x|c|
+
<lE)
+
oz
]
()

3. The turbulent eddy diffusion coefficients Kx’ K
may be defined as follows:

y’ X,

a9cC.

TET = - 1

ucy Ky 3%

ac1

e - o = - —_—
TTeT - ac1
1 z 32
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Introducing these assumptions into Equation 8:

dcC. dc, dc. 3cC,
i, =71, =i =i
st YIx . Vay W3z
ac, a¢c. \ ac,
= 9 iy, 8 iy 3 i
- ax(xax>* ay(Ky ay—) * az(Kz 3T )* Ri * 8 ()

Even further simplification can be achieved by introducing the
following additional assumptions:

1. The horizontal wind field is a uniform flow in the
x-direction, ‘

2. The vertical velocity component w can be neglected, and
Horizontal eddy diffusion can be neglected.

With these assumptions Equation 9 reduces to:

a¢C. ac. 3cC:
1 =i _ 3 i
T 5> (l(z e ) +R; + S (10)

A salient feature of these equatioms is that they represent con-
ditions over a three-dimensional grid and hence do not require the
source-receptor formulation of the Gaussian equations. Instead,
all sources enter cells of the grid and all concentrations are
computed for those same cells. Thus, the model is spatially-
oriented which greatly simplifies computations for a large number
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of sources since each additional source affects only a single
cell (or at most a few cells).*

3.3.1 Solution of the Conservation of Mass Equations

There are two basic approaches to solving these equations:
the fixed coordinate or Eulerian method, and the moving cell or
Lagrangian method. In the Eulerian method, the air space is sub-
divided into a fixed three-dimensional grid with cells a few miles
on a side in the horizontal and a few hundred feet in the vertical.
The solution is obtained for each cell in this fixed grid at short
intervals of time. 1In the Lagrangian method, columns of air are
advected through the air space and solutions are obtained within
the moving columns. There are many mathematical subtleties in both
the Eulerian and Lagrangian solutions to these equations. Detailed
discussions of this subject can be found in any of the four re-
ferences at the beginning of this section. Application of these
equations has only recently been undertaken, in contrast to the
long history of Gaussian solutions.

3.3.2 Aspects of the Conservation of Mass Equations

It is instructive to examine the aspects of these equations
which differentiate them from the Gaussian formulations. First,
cy(x) and az(x) are replaced by the diffusion coefficients Ky, Ky
and K;. Although the dependence on stability has been eliminated,
the problem of estimating the diffusion coefficients remains. There
is no completely satisfactory way of doing this. Some investigators
appeal to theory, others rely on empirical methods, and still
others attempt to compute these coefficients from the data.

The conservation of mass equations, because of their cellular
structure, are able to accommodate variable emission rates.

¥Tt should be noted that Donaldson and Hilst23 use a somewhat dif-
ferent approach. Their equation is based upon the complete Navier-
Stokes equations for turbulent fluid motions and includes terms
describing the turbulent flux of pollutants. This is an even more
general method than the simple comservation of mass approximation,
but solution of the complete equations is a formidable computing
task.
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Typically, the assumption is made that emissions remain constant
over a period of one hour or so. Furthermore, through the Rj temrms,
the equations handle photochemical reactions directly. The
functional form and number of these reactions is at the dis-

cretion of the modeler and empirical data on the character and
speed of such reactions can readily be incorporated in the model.

Another advantage of the grid structure is that a separate
wind can be entered for each cell. (How such a three-dimensional
distribution of winds is obtained is a subject for another section.)
The wind field can be updated at every time step if the data are
available. Also, the existence of a stable layer in the atmosphere
poses no problem for the conservation of mass model. The mixing
level can simply be defined as an impervious boundary condition
(i.e., K;=0). A change in the mixing level is handled in the same
way at the appropriate time step.

In summary, then, it is clear that the conservation of mass
model overcomes many of the limitations of the Gaussian models
and hence is potentially a more powerful tool for analyzing air
pollution problems.
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4,0 IMPLEMENTATION OF THE MODELS

With the exception of the simple problems mentioned earlier
where the Gaussian Plume model is used for a few source/receptor
combinations (in which case graphs and nomograms can be applied),
the solution of dispersion problems requires the use of digital
computers. In fact, real-world problems must generally be solved
on medium to large-scale computers of the IBM 360/50 class or
greater. This section will examine, in detail, how the dispersion
equations are solved, starting with the input data needed; pro-
ceeding to the software and hardware requirements; and ending
with the output data produced.

The process of solving the dispersion equations can best be
understood in terms of the simplified block diagram in Figure 3.
Note that neither the source emission factors nor the meteoro-
logical data are entered directly into the model which computes
pollutant dispersion and photochemical reactions. Instead, both
are input to preprocessing routines which generate the data re-
quired by the dispersion model. The output consists of both
listings and graphical representations of the input data; the
results of intermediate computations; and the calculated concen-
trations at specified time intervals.

4.1 INPUT

The required input data are of five kinds: (1) Meteorological
data which depict the state of the atmosphere; (2) Emission factors
which specify the source characteristics; (3) Geographic and
topographic data which delimit the airspace, prescribe the character
of the terrain, and specify the locations of sources and receptors;
(4) Data on background pollution from sources other than the one
being analyzed; and (5) Control instructions which specify how the
model is to be run.
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Input Model Functions Output
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Data Reactions
and
Meteorological
logical Computation of
%iigoro & Meteorological Data
Parameters
Figure 3. Solution of Dispersion Equations
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4.1.1 Meteorological Data

The principal meteorological data needed are: winds, both at
the surface and aloft; temperature lapse rates (i.e., variation of
temperature with height); and observations of cloudiness. The winds
are the mechanism for transporting and dispersing pollutants, while
the temperature lapse rate is used to calculate the mixing level.

- For the Gaussian models the combination of surface wind and incoming
solar radiation (or cloudiness) determines the stability class which
is required in the solution. The conservation of mass models re-
quire meteorological data on a three-dimensional grid.

Surface weather observations of cloudiness, wind, temperature
and other variables are routinely made at stations throughout the
United States (which are typically separated by tens of miles).
Such observations are recorded each hour, or more frequently in
times of rapidly changing weather. On the other hand, soundings
of the upper atmosphere which measure temperatures and winds, among
other variables, are made only twice daily (at 0000z and 1200z;

z = Greenwich Meridian Time) at about 50 stations in the United
States. Additional data on winds aloft only are provided by
weather stations which take PIBALS (Pilot Balloon Soundings).
Also, the National Weather Service has assigned an air pollution
meteorologist to major cities who makes special wind soundings,
strictly for air pollution purposes. For example, in St. Louis
two soundings a day are made for this purpose and even more fre-
quent soundings are taken during alert conditions. It is thus
apparent that the meteorological data lack the fine scale which
is required for dispersion modeling over small areas. This is
especially true when the conservation of mass models, which require
data for many cells in a 3-dimensional grid, are used; less true
when the Gaussian models, which use a single transport wind in
many of the equations, are applied.

How, then, is the fine-scale wind field obtained in the cases
where it is required? Three techniques are reported in the litera-
ture, all of which produce a field of streamlines and isopleths
(of speed) as an intermediate step to obtaining the winds for
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individual grid cells. The first30® is done by a completely manual
analysis; the second3’7 involves a computer solution of the equations
of continuity, momentum, energy and state; the third38 derives the
wind field as a function of local topography and differential

heating using the principle of mass conservation. All of these
methods produce a two-dimensional wind field at some ''representative"
level of the atmosphere. The problem of extending the solution to
three dimensions has not yet been satisfactorily solved. Various
attempts have used: assumed, constant, functions of height, or

continuity-derived winds aloft none of which can be verified
due to the absence of observations. In any event the final step
(after the three-dimensional field has somehow been defined) is to

obtain winds for each grid cell by interpolation.

When only a single transport wind is required, the existing
meteorological data are generally adequate. This is true because
time and space averaged winds are known to be slowly varying. The
single transport wind is generally used when solutions of the
Gaussian Plume equations are desired over a period of one, or a
few, hours. This mean wind is usually computed from surface data.
Alternatively, when Gaussian solutions are required for a period
of several months to a year, the wind rose approach is generally
used in which the equations are solved for a representative set
of wind direction/wind speed combinations weighted according to
frequency of occurrence. The meteorological data is again adequate
to éupport this application since climatological surface wind re-
cords dating back 50 years or more are available for most stations
in the United States. The question of whether the surface wind is a
representative transport wind for the mixing layer remains, however,
in both of the above approaches. Some investigators have attempted
to overcome this limitation by using an upper level wind field de-
rived from the surface wind by a power function of height.

How, then, is the mixing level determined? Unlike the wind
which is a reasonably well behaved function of space and time, the
mixing level is very much a local phenomenon which is influenced by
cloud cover, time of day, mixing processes in the atmosphere, and
other meteorological factors. It is very difficult to predict,
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mainly because it is not adequately measured due to the wide

spacing of sounding stations. The standard approach involves use

of the nearest 1200z temperature lapse rate (i.e., the early morning
sounding for the United States) in conjunction with a prediction of
the maximum surface temperature, under the assumption that the lapse

rate above the early morning temperature inversion remains unchanged.

The intersection of the dry (or wet, if appropriate) adiabatic lapse
rate passing through the predicted maximum temperature, with the
morning inversion is the predicted afternoon mixing level. The
pitfalls in this procedure are almost too numerous to mention. To
name a few: the morning sounding may be too far away from the area
of interest to be representative or the sounding may change during
the day; the prediction of the maximum temperature may be in error;
the improper adiabatic lapse rate may be used in the mixing layer,
etc. Dispersion solutions over short periods of a few hours are
susceptible to large errors due to these uncertainties in estimating
the mixing height, whereas long-term solutions for several months

up to a year are less vulnerable since reliable climatological
values of mixing height are available for these applications.

The National -Weather Service now transmits via facsimile a
daily forecast map of air pollution quantities for the United
States. An example of this product is shown in Figure 4. The
stippled stagnation areas are regions where low winds, stable
atmospheric conditions and (often) fog in the mixing layer are
all predicted to occur simultaneously. These are the areas most
conducive to the occurrence of air pollution. The map also con-
tains isopleths of mixing level and transport wind speed. An
analysis of predicted high air pollution days over the United
States for a ten-year period is shown in Figure 5. Note that
these conditions are concentrated in the Appalachian region and
in the far west.

Recognizing the uncertainties in determining the mixing
height, a number of investigators are resorting to direct measure-
ments over the area of interest using instrumented aircraft or
helicopters. Acoustic sounders and microwave radiometers are also
being considered for this application. This approach, while
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DSSERVED 12007 20 AR 70
STAGNATION AREA - STIPPLED
MIXING WEIGNT - SOLID LINE [METERS)
TRANSPORT WIND SPEED - DASHED (MPS}

Stippled Area - Staznation Area - based on observations at 1200Z.

Solid Lines - Urban Morning Mixing Height smeters! - based on observed data
for 1200Z in the vicinity of stagnation areas. Only the 500, 1500, 2500,
and 3500 (meter) isopleths are depicted.

Dashed Lines - Transport Wind Speed observed in the mixing layer this
morning ZMPSS in the vicinity of stagnation areas. Only the 4 meter per
second isotach is depicted.

Figure 4. Air Pollution Map
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potentially much more reliable than the standard method, is hampered
by the fact that the required vehicles and sensors are not generally
available, and when available they tend to be expensive.

4,1.2 Emission Factors

The estimation of emissions from mobile, fixed, or multiple
sources is crucial to the successful modeling of their subsequent
dispersion. It has been seen that the models themselves are limited
in one degree or another by their assumptions and that the meteoro-
logical input data are suspect due to inadequate resolution of
measurements and other factors. It would be heartening to be able
to report that source emissions can be specified with great ac-
curacy for any desired application of the models so that at least
the input emission data would not contribute significantly to the
error in estimating pollutant concentration distributions. Un-
fortunately, this is not the case. 1In fact, emission estimates
are as prone to error as any other ingredient in the modeling
process.

EPA defines an emission factor as, '"a statistical average of
the rate at which a pollufant is released to the atmosphere as a
result of some activity..."z. Emission factors for any transporta-
tion source dispersion problem must be calculated from whatever
data is available on the transportation system in question. The
following kinds of data are required: traffic, vehicle, activity
and weather. These data are then coupled with estimates of
emissions vs vehicle speed.

The traffic data needed are the total number of vehicles in
the system as a function of space and time. These data are re-
corded at fixed time intervals for grid squares if an area source
such as an airport is being analyzed, or for line segments if the
source is linear like a road or runway. Also, data on the types of
vehicles, as well as the number of each‘type and the age of each
vehicle, are needed in order to make use of emission tables.
Furthermore, activity data describing the operating mode of each
vehicle is required because this factor governs both the type and
amount of pollutants released. Finally, data on temperature and
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humidity are needed since both affect engine performance which, in
turn, influences emissions. It should further be mentioned that
fixed sources, intermingled with the mchile sources, may have to
be taken into account. This is especially true for airports where
fuel storage areas and power plants contribute to the total
emissions.

In dealing with mobile sources such as automobiles, trucks,
busses, railroad locomotives, and aircraft, emissions must be
estimated as a function of space and time for ensembles of moving
and stationary vehicles. Basic data on emissions from the three
most prevalent types of vehicle engines: internal-combustion,
diesel, and gas turbine are available as a starting point.

Automotive emissions occur in the exhaust, in evaporation
from the fuel system, and in crankcase blow-by gases (this source
was eliminated from U.S. automobiles beginning with the 1963
models). The amounts and kinds of pollutants emitted by a particu-
lar car depend on many factors, including the air-fuel ratio in
the cylinder, ignition timing, engine speed (as well as temperature
and load), engine misfiring, engine compression ratio, engine age,
intake air temperature and humidity, composition of the fuel and,
of course, the presence or absence of pollution control devices.
Because of these many variables, automobile emission factors are
generally calculated for a hypothetical driving cycle which
typically begins with a cold start, followed by a period of travel
at a prescribed average speed. Detailed discussions of this sub-

ject and tables of automotive emissions can be found in Volume III
of References 39 and 2.

In addition to CO, HC, and NOyx, diesel engines emit particu-
lates in the form of black or white smoke. Diesels also emit odors
associated with hydrocarbons.

Emissions from gas turbine engines of jet aircraft have been
measured and some results have been tabulated (see Volume III of
Reference 39) as a function of engine operating mode (i.e., idle,
take off and cruise). HC emissions are two orders of magnitude
greater in the idle mode than they are in the other two modes.

49



On the other hand, NOy emissions are greatest during cruise, being
an order of magnitude larger than during idle or take off. The
EPA emission factors for aircraft? are calculated for a landing-
take off (LTO) cycle which includes all normal operations between
the ground and 3500 feet.

Where can the other types of data be obtained which are needed
to compute transportation emissions? The best data for analyzing
highway emission problems are those which will be routinely recorded
for a 42-mile instrumented loop of roads in the Los Angeles area to
be operated by the California Division of highways. All the data
required for dispersion modeling will be obtainable from this net-
work. These data will be used by Roberts et al40 as an input to
their estimates of contaminant emissions in the Los Angeles basin.
The traffic surveillance problem is discussed by Raudseps and Prerau4l
in a paper which describes the use of aircraft and helicopters as
aerial platforms for photographing highway traffic. In general,
however, highway traffic, vehicle and activity data are not routinely
available, but instead are obtained at selected locations for
specific purposes. This was the case with Johnson et a142 who made
detailed CO measurements in downtown San Jose, California during
November and December 1970 as part of a field test for evaluating
their urban diffusion model.

Traffic, vehicle and activity data for airports, while not
recorded in a form specifically tailored to modeling, are nonethe-
less derivable (at some expense) from records which are routinely
kept. Aircraft types and the number of each, as well as take off
and landing times, are obtainable directly from airline schedules
and from controller flight strips. Inbound taxiing time is the
difference between gate time, recorded by the airline, and touch-
down time recorded by the controller. Outbound taxi and queuing
time can be calculated by comparing the actual gate-to-take off
time with a known '"no delay" time. Letdown and climbout times are
also recorded for all arriving and departing aircraft. The time
required for take off can be assumed to be the nominal time for
each aircraft type. The age of the aircraft engine can be deter-
mined from maintenance records.
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If pollution concentrations averaged over long periods such
as months, seasons, or years are required then the emission data
problem becomes much less severe. For highway problems, the
average traffic conditions and vehicle distributions are sufficient.
For airports, nominal schedules, typical distributions of aircraft
and average categories of activity are adequate.

4.1.3 Geographic and Topographic Data

The geographic data specify the coordinates of all salient
features to be treated by the model. These include: boundaries
of the source area (or location and limits of the source line);
location and height of all fixed point sources within the area;
location and limits of all line sources in the area; coordinates
of all receptors or, alternatively, specifications for a three-
dimensional grid covering the entire data of interest. The
topographic data depicts the character of terrain as well as the
height of major structures in urban areas.

4.1.4 Background Pollution Data

It is necesséry to account for the pollution regime in which
the transportation system is embedded if one is to accurately
measure the contribution of a transportation source. This total
pollution concentration from other sources is called the background
level. 1In rural areas the background will generally be low, hence
the transportation system may produce most of the pollution. Con-
versely, in urban areas with high background levels the contribu-
tion of some transportation systems may not be so pronounced. In
fact, under certain circumstances transportation may act as a local
sink for pollution as Rote et a1ls found in their studies of Orange
County Airport where pollutant levels were actually less inside the
airport than in the vicinity of Palisades Road, a heavily travelled
road near the airport boundary. This condition occurred with
light and variable winds.

4.1.5 Control Instructions

The modeler uses control instructions to specify the way in
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which his programs are to be run. Among the instructions at his
disposal are those which: specify which programs are to be used and
in what sequence; define the time increment for iterative solutions;
state the total time interval over which the solution is to be
obtained; spell out the input data format and the interval for entry
of input data; specify the output parameters, the frequency of out-
putting data and the form of the output (i.e., tabular or graphical).

4.2 SOFTWARE AND HARDWARE REQUIREMENTS

The characteristics of the computer programs and systems re-
quired to run the dispersion models enumerated in Table 7 will now
be examined. The bulk of the information on this subject is con-
tained in Tables 8 and 9 which summarize the salient points. All
of the material in this section is taken from completed question-

naires returned to T.S.C.

4,2.1 Software Requirements

Table 8 shows the programming language used and the program
size for the models developed by the companies listed. All of these
models are currently operational on computers which are named in
Table 9. The prevalence of FORTRAN IV as the favored language is

immediately apparent 88% of the programs are written in that
language. The significance of this is reflected in responses to
the -questions on adaptability of the programs, both to another
computer and to the same computer at another installation. Because
of the universality of FORTRAN, the answer to both of these

questions was '"yes' in almost every case.

The size of a FORTRAN program is a rough measure of its com-
plexity which, in turn, gives some indication of how readily the
program can be modified. Program size can be gauged by the fol-
lowing rule of thumb:

Magnitude Lines of Code Number %
Small < 1000 11 37
Medium 1001-2500 15 50
Large > 2500 4 13

52



dioy ededsoxey usuwumig

00L2 X

00ST X ONI LHKWOE9
006 X (z) °*dxo) ysawesaey TwvILUSY
000¢ X (1) °*dio)y ysiwesey [BIGUEYH
otog X dnoig yoaevesey priong
00ST X ‘ouy 1183

0S2Z X (z) °oul £8otouynas]
pPU®B yd2IBOS8Y IBIUSWUOITAUYZ

0081 X (1) °dur AB8otrouydey
PUBR YDIBSSAY [BIUSWUOITAUY

SLS X dioy seouatross xeindwoyn
09 0LTVNY (z) °>uy usy
pUB JUSWUOITAUZ 9yl I0F I93Ud)

09 0LTVYNY (1) °dur usy
PUB JUBWUOLITAUF SY3l JI0JF JI93Ud)

0S¥ X *ouy sad1Axag J93ndwon Bursog
0S8 X qe7T snqumio) 9fTa3ileqg
0ozt X UOTSTAT(Q SWdlsAS ODAV
(NVLY04) 0002 X X (¢) qe7 1euUOTIEN PuUUOBIY
— X (¢) qeT 1euorleN asuuolay
— X (z) qe7 teuorzeN auuolay
E— X (1) qe7 teuorieN auuolay

‘ *DUJ] U03adUTIXLY
0009 X JO S91BIDOSSY YdIBASaYy [EITINBUOIDY

(3po> ad1nos jo saury) 13430 1/1d AT NVY1¥0d Aueduo)

9z15 weafoiq

a8en8ue Suruweidoxyg

STAAOW NOISYIdSIA 40 NOILVINIAWATIWI FYVMLIIOS

‘g 974VL

53



— X qeT yodlieasay asnoy3urisoy
00ST X *dxoy yoieasay USPTEM
0081 X 0
802 X *aJU] SjuUaUMIISU] SEBXIJ
008 X (z) a1eM1JOS pUE 3DUIIDS ¢ swalsAg
0021 X (1) @iem3jog pue adUdTIS ‘swalsAs
00ST X *2U] TOI3UO0) SWIISAS
008 X ‘5uy suoriedtTddy swais4s
00S2 X *DU] S9OTAISS JULWUOLITAUT DTFTIOEJ
-dxo)
0SZ1 X Sutaoautdug pue ydieasay ULIYIION
0002 X *20ssy YdlIeasay uingny ‘1IN
00L A NVHLYOd SaTTTASIUNY ‘PIdYY30T]
00¢ X *dion s8dU3TIS UBWEY
0027 X dWOJYILNI
00Z1 X asd-wal
(apo> adi1nos 3o saull) 134310 1/1d AI NVYLY04

az1g weidouxqd

a8enfue Sutumeasoxd

Auedwo)

(@INNIINOD) STIAOW NOISYIdSIA 40 NOILVINIWITWI wm<3Hwom ‘g 414Vl

54



Thus, we see that most of the programs can be classified as small
or medium in size. Note that the complete Navier-Stokes solution
used by Aeronautical Research Associates of Princeton utilizes a

program which is a factor of two longer than the next longest one.

4.2.2 Hardware Requirements

‘In Table 9 the hardware aspects of the models are catalogued.
Sixty-eight percent (68%) of the models were either originally pro-
grammed for, or have subsequently been re-programmed for, IBM com-
puters. Among these, the IBM 360 series model 50 or larger is the
favored choice in almost all cases. These are computers in the
medium to large class which are widely available.

Again, a rule of thumb will be used to categorize the program
memory requirements. (Note that the memory requirements listed in
Table 9 include FORTRAN plotter routines where appropriate and where
this information was supplied by the company.)

Program Memory

Magnitude Requirements (Kbytes) Number 3
Small _ <100 6 24
Medium 101-200 7 28
Large >200 12 48

The picture here is somewhat different than was the case for soft-
ware in that program memory requirements fall into the medium or
large categories. This may be due to the fact that the memory re-
quirements for data storage have been included in the figures.
These results are not surprising, as one would expect pollution
problems to fall into the class of problems characterized by large
input, moderate computations and small output.

The list of peripheral equipment in Table 9 contains no sur-
prises. Except for the extensive system used by Aeronautical Re-
search Associates of Princeton, all models require the standard
peripherals which one would expect to find in most medium to large
batch processing centers. The only non-standard hardware called
for is plotters which are needed (or optional) for 32% of the
models.

133



»< < < »< < =
< < ”~ =< e R akad >~ »< < >

=<
>

0ST15
oSt

ov
S1Z
001

691

59/09¢ WdI <
00S9-2000

8011 DVAINN
80TT DVAINN

05/09¢ WEI <
00¥9-2aJ
05/09¢ W4l
SL/09¢ WHI
SL-05/09¢ Wl
SL-0S/09¢ WdI

S.-06/09¢ WdI

80TT DJVAINO

(1)

*ouj A3orouyda] pue
yol1easay TeludwuolTAUl
-d1oy ssduatds 133ndwo)
(z) oul ‘uep pue juau
-uoliAugj 9yl 103 1331u3d)
(1) *duj ‘uep pue jusau
-uolTAUY 9yl 103 133U3)
*ouj

sadtalag 1aindwo)y Furaog
sqe7 snqumio) ‘3113313ed

UOTSTAT(Q SwaisAS QDAV
(v)

qe] [euorienN auuo8uay
(g

qeT [BUOT3EN suuoday
(2)

qe] T[BUOTlEN auuoday
(v

qe7 1eUOTlEN suuo8iy
*Juj uol
-adutag JO S91EBIDOSSY

yolIeasay [EedTINBUOIdY

(sa314q)) juauwsiinbay
A1ouap weidold

1331ndwo)

Auedwo)

Magnetic
|Tape
()
€
Printer
Card

Plotter
Drum
Disk
Drive
Line
Punch
Card
Reader

o,
o
3
=3
m
=5
i

—
©

1
[}]

=
-

[
a.

STI0ON NOISYIdSIA 40 NOILVINIWITIWI FUVMAQUVH '6 FTLVL

56




*dion Butrasaur8ug
X X S61 009-2aD pPUBR YdIBaS3ay UIIYIION
*J0sSsy
l X X 08> SL/09¢ WHI Yyd1easay uingny °1ip
X z X X 691 v60L WHI STTITASIUNY ‘pPaayyd07]
X X X 08¢ 00¥9-2aD *di1o)y saduaidg uewe)
WEI Y0
X X SLE JVAINN ‘DD dWOJYTINI
X X 0S1 05/09¢ Wal asd-wal
*dio)
X X X X o L9/09¢ WAI aoedsoiay ueuumin
X X X SLT 05/09¢ Wl *oul LIWOI9
(z) -daop
X X X rA%4 00¥9-20D Yo1easay relauan
(1) -diop
X X X X X 0Le 00¥9-2a2 Yoleasay [elrauay
£ X X X Sz v60L/0v0L WHI dnoxy yosrieasay priong
X 4 X X 881 SYT/0LE NI .u:_ﬁqwm
z
‘ouy A8oi1ouyda] pue
X X —_— $9/09¢ WdI YoIeasay [ejuauwuorTAuUg
- 9 9 (s214q)) 3uswairnbay 133nduon Aueduwon
) - v = ALiouwapy weaBoiyg
- [} [ + =4 L)
HlE|sO|lXXPlocjDOU[TT
ol 3 || S| g |H~a
~] O @l ] AR @3 | C O
ajlajse|laalls]oa jlox
juawdinby [eiaydriag
‘6 dT4VL

(@INNILINOD) STHAOW NOISYIdSIA 40 NOILVINIWITIWI FUVMAUVH

57



sqe’
— 9011 JVAINN yo1easay o9snoy3uTISIM
X X X X 202 _ S9/09¢ NI "dio)y yo1edasay USPIEM
X X X X X S67> $9/09¢ NWdlI Nl
X X X X X 001> §9/09¢ WAI ©5U] S3usWNIISU] SBXI]L
(z) a1emiyos
X X 8 8011 DVAINND pue 25U3T1dg ‘SwalsAS
_ (1) siemijos
X X X X 08> 5./09¢ WAI pue 9d5ud1d§ ‘swdlsLg
X X X X X 09 §9/09¢ WdI “5uj [013u0) SwdIsLS
*ouj
[4 X X 00¢% 09¢ WdI suotried11ddy swais4s
*JUJ] S3DTAILDS
X X 98 05§/09¢ WdI< [BIUSWUOITAUT DTFTIOEB]
= ! = (sa14q)) 3uowsiinbay
. 1 X
g o . s . - X1oway weidold 193nduwo) uedwo)
L»|lE|lB O |~ > vEe|lDWOlTOO
old|lmal|lvr|e~r|rE|lRs
) S RN BB el e W 3| © O
D.DMTDD.LD.CD.CR
juaudinby [eIoydriad
(QINNIINOD) STICOW NOIS¥IdSIdA dO NOILVINIWITIWI FYVMAUVH "6 FTLVL

58



4.3 OUTPUT

Two types of computer output are generated: tabular and
graphical. All programs described in questionnaires returned to
TSC produce tabular output, and about half of them also generate
graphical presentations, either routinely or as an option. Examples
of typical output products are presented in this section.

4.3.1 Tabular Output

Data which are normally printed out or stored in tabular form
at selected times include subsets of the following: the time in-
terval covered by the simulation; all pertinent input data on
meteorological variables, emissions, geography, etc.; average and
peak ground concentrations of pollutants at selected receptors
(Gaussian models) or at grid points (Conservation of Mass models);
and distribution of pollutant concentrations in the vertical.

Table 10 is an example of tabular data which shows the area covered
by the .01, .10, and .20 ppm isopleths for two simulation times.
Table 11 is a computer printout of average hourly SO, concentra-
tions exceeding certain thresholds for eight monitoring stations in
the Chicago area.

4.3.2 Graphical Output

Graphical output can be generated either by a line printer or
by an SC4020, or other, CRT plotter. The line printer output data
may be presented in the form of a two-dimensional array of con-
centration predictions superimposed on a geographical map or,
alternatively, in a gray-tone format depicting concentration con-
tours. Figure 6 is an example of the array presentation where
a two-dimensional grid of S0, estimates over Chicago is shown. In
Figure 7 we see a typical grey-scale rendering of contours which

are produced by using a character set to simulate approximately
eight levels of grey.

59




M= 3

0.C

0,0
0.00
0.C0O

C.0

C.0C
0,00
0.00

0. L
GGy
c.cf

C.0
€. 0C
L.CO
Co.CU

C.c

n.CC
C.C2
C.02

C.0

CeCC
(.01}
telll

OeU

C.CC
C.Cl
(.01

et 1

C.C
C.00

. C.00
. G.0t

0.0 .C

0.'
€00
0.0C

C.C
0.0
0.C
0.C

~Ae N
(]
c

250° 10 mph
c.C 0.0 .0 o.c\~
9.0C 0.CG -
t.Cl Cef2
0,01 €.02
£.C L.0
0. 0.0
L.02 C.Co
0.¢3 C.04
O.0 CeC
2.Ct £.C2
0.C2 c.03
0.C& .C.05
.80 - Cof
0.01 0.C1
0.C2 C.C3
CeCh C.le
c.C G.0
c.01 te0l
CoCé GeCo
0405 .07
f.0 0.0
0.0L 0.03
€.01 0.n3
€.02 0.06
c.ot c.03
0.Co 0o 06
7.1 0.02
Col? 0,09
c.cC C.n6
o.Cf CoCl
c.C1 c.0l
notl C.10
c.c 2.0
. CeC1 0.03
c.01 0.01
c.02 C.Cé
0.0
0.CO
0.€0
0.r1
0.0
0.LC
c.(o
OQC(’

Figure 6. Printout of SO; Estimates on a 2x2 Mile Grid Covering

Chicago

Argonne National Laboratory, Center for Environmental Studies

60



-

.__-_.__--'__--.---_’_-;-‘-—--\----.~—~-A----.~---‘---—;---.A----g-- .7-.--;----!----.----q_--_.‘___‘____.____‘____.,__

T 1 T ) 1 N t ¢ v .
98000 ce  tasentnasetstesstasctessasssstessnnns esseslLULLLLLLLLLLLLLLLLLRLLLY LLL
seLLULLLLLLLI LA L LLeey
e LLLLLLLUTUTTAT OOt
ceeveve sLLLLLLE LI Lt L L e .
eennnn tRLIb LR LL Lt b et

e sllLLLILLLLRLLLLLLLLLLEL
ss00000300 s, 1. eLLALLLBRILLLALLL I LELLL Y

b SLLLLLLLCUCUTT LR T LTt &
sfLLLLLLLTLLLLLLLLLLLLL .
ceotlLBLLRLLR IR LLLLLLL
eesssllllilLLLLLLLILLLLL,
ssesclllliliLlLLLLLLLLLL
stLBLLLLRLLILLLY L
eLLLLLLLUCTITLIT L
sesllltliizrttieete
escsecalllLITLILLLLLLLLY
eesescsellillLLLLLLLLLLL
esessollitlLLLtiLLLLL
.lBLLLLLLLILLLLL
sesblbllLLLLLLLL
SLLttrieeet
. SLrLrTILLLL
eeesloslliiily
eessesesllilLLLL
seessel LLLLLLY
essssLLLLLL

0 ot st onlct @ oot mp oo

-6;.&0000.000-0.0..0....‘0.00.-
$0060: 0000008000000 00000000000000p
00400 o000
*8000 o0
" aee®003009s ssesecesresscsboseR e

80aP0008800b0000000000000000aPN,
®eadtibs0 v b00s000b00sseTNNCNIN,
- Lee ooot?uc0oo.o0bzooooorrfniﬂﬁnooooooQouoouoooo
! L R O N L L L L POSNNORRD R
R AAAAAL TR X 2 N Y Taks R ATy
8000000000

coooocooooooobﬂ“?ﬂ”ﬁ?ﬁ1ﬂF‘“n?P€=ll|ll$=4ﬂ””93°‘0‘00’0. seseses
sebesrsan s ‘Pﬁrrnnpﬂmﬂrnfnﬂﬁ==l1?-llIJL'OF"AOOOO““......-.
1__.......2........';...o.:h?ﬂ\rﬁnnwrrozﬂual-v<~~:i44=nﬂ1ﬂo-2'oo~7....l...
--..00000“’000'0‘000000OCﬂ?SC??”?ﬁCCCﬁ”P=l**dﬂubnl~4691“0‘0'000’........
o0 oooboout&ot;o&oo‘¢‘o¢¢"rﬂﬁoﬂﬂrrﬂ‘cﬂa:g‘x'lzlxsnﬂcnﬁﬂboobooootuo
LI XYY DO'OQOOQOOQQ.O.O.“O'O0920”34?=4‘il=t’
0e88000000080000000000000e2000rNR0NJRS
22000024000 08s0800000000sINPANARNY

2o
3S990Neesevesesens,
SESJSENIVIMNe e e
OACABEIRTINNTNNesesIs00000e,,,,
...ooooooaoooooo'ooooobqof’GJCTﬁﬁﬂﬁl"CO1n=;?q‘4ﬁ”ﬂﬂﬂoooco..oouo..,,
ese .....0¢0000.000000000oooooctfqrﬂnﬁnjtnoo1ncq=
Teeo .oo‘o’ob‘l0c000,50000o””j1ﬁfﬁﬁff?ﬂn}fnaa
e®0000000p0 SRR RS S AN 1 Lt ala R R Aol s T EE Y o T oYy Y P Ay
..000000.000'¢o¢oooooooonnqn0u-C:"O1ﬂ00049704ﬂﬂnooooootoooo
Y - .,..,,...l.oocbcon‘oo;-oo.onoao-’ﬁﬂ“?ﬁﬂﬁﬁ“"ﬁ‘tnoouou.oo&;oo
. . $0e®0e00000000000000000eT O NCITIICNNG 000000000000
e a®®00200b000 9000002042040 03CTN 0000000000000 00
_.,,ooo.ou.oooo-.ooon.u.o-000.5..02..4.........-&.
IER T TR AR R X R TR

*9 090000 LICIC
veces®200000000082000500 es200000 oo?ko.o)oo‘o}oo_,...
29059 ce®0800000000400080000000000000080800080088300

4000000000000

80000t 000000000000 0900000000000000000 000000000
sacb0080000000000000 (AR X X
20803400000 2000008

0300000
540000000000

eb0rc00000000000000000000 0000000000,

otozoboo0».-0200-00000¢7ﬁcooo._
LLLLLeett.. 9e®00000000 0000000000000 00b00000,

.C.C.“QO‘OO‘.‘O.‘0.0COO‘O‘O‘..
$eE0020000049000000000000000,,,
aes 200080000008 0000000000008000
soee 0000008000080 00000000000

B LLLLLLLULLU UL ceveccan s
LLLLLLULLLLLLLLLL L vaunoas

. - Toe. LLLLBLLILLLLLLLLLLLLLL oo
.. trttetttetLLLLLLttiLLtt, .
tleretettiitLttieLieLLy., .
fLeetetiLeteeLLLtieieee,.
LLLLLLLELULLL UL L L LLL L L .
LitiLetteetLetitLteete .,
LLLLILLE L LR L Lt e
LLLLLLLLLLLLLLLLULLLLLL L voees

LLLLLE LU LLE UL Ll Lt unens
T _fRLLtiLtriitriLLge

3 tLLtLLt et AN
SLLLLLLLLLALLLLLLL LUttt Ll ona ol
SLRLRLL by it teeeeaas
L LLLLLLL L O L L Lt L L e
- CLLRLLLLLLLLLLLLLLLLLLLLLL e,
. S LLLLLLLILL L LT LRI L.,
LLLLLLLLLLLLLLLL  LLeRtttiLey
LeLetittetLittet ettt leeee .
LALLULPLRLPL Lt lLLett bt Litiiit,,,,
stLrtittiiviLeeey

a0s02040000,,,1,,
sessses 0.0000'00'......

csescne 06000000, 0000000

o ste a sle o oo o 0 0 0 sfe o o) .
19 e=8 00 @ o de 0 s foee 8 0 0 oo o eeje s oo o oo quafe ¢ oo 0 aliae

|

’ Qe onomiat @ sulus 08 o9l 00 ot oy @ [ug 8 as[g N) 00 mp =u| O o o
® o ]ee ot o [Gr o0 0ug 20 g @ [0 w et N 20 |t g8 o[ @ o0 ol
® oalog oy oof® o wa|os oo it wt pofen . .
.
.

[)
[
[]
1
i
]
)
o
[}
[}
4
]
.
]
(]
]
)
)
(]
)
[]
1
*
1
[
]
]
u
]
]
]
]
.
[]
[]
[}
4
»
)
]
]
]
-
)
1
t
]
-
[]
[
[}
]
.
]
[)
]
)
&>
[)
[)
]
]
°
)
[
]
'
-4
1]
[)
]
'
*
1
[]
]
]
o
[]
]
[)
)
-
1
]
]
[
-
»
L]
[}
1
.
]
(]
(]
)
-
[]
i
.
)
[}
‘
L)
-
]
1
(]
]

Figure 7. Printer Grey-Scale Rendering of S0
Concentration Contours
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TABLE 10. TABULAR OUTPUT OF ISOPLETH LEVELS
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TABLE 11. COMPUTER PRINTOUT OF SO, THRESHOLDS

Percen.t of Hourly SO, Concentrations above Indicated
Values for Chicago, January 1, 1966 to De:ember 31, 1968

INCICATED VALUES

CF S02 CONC. (PPM) ‘TAM=-1 TAM-2 TAM-3 TAM-&% TiM-5 TAM-6 TA4-T7 TAM-8
1.00 0.02 0.0 0.04 0.03 J.02 0.f1 0.0 0,00

0.95 0.02 0.0 . 0.06 ©0.05 V.03 0.N1 0.0 0.00

0.90 0.02 0,00 0.08 0.09 0.0% 0.02 0.n 0,00

0.85 0.02 0.01 0.13 0.11 2.06 0.04 0.01 0.00

0.80 0.03 0.01 0,20 0.17 0.07 0.04 0.01 0.M

0.75 0.04 0.01 0.36 -0.23 0.08 0,08 0.02 0.01

0.70 0.05 0.01 0.55 N.36 0.09 0.08 0.06 0.01

0.65 0.07 0.04 0.82 0.48 0.10 0,11 0.79 0.0

0.60 0.11 0.07 1.37 0.66 0.11 0.14 0.18 0,01

‘ 0,55 . 0.14 0.11 2.12 1.01 N.16 0.22 0.31 0,03
0.50 0.22 0.25 3.53 1.52 U.21 0.30 0.56 0.04

0.45 0,30 0.39. 5.34 229 0.27 0.41 0.92 0.08

0.40 -~ 0.48 0,63 Te69 3061 0.44 0.50 1.41 0.11

0.35 0,71 0.93 10.33 4.76 0.867 0.63 2.02 0,19

0.30 1.01 1.73  14.25 T.05 1.05 0.98 3.14 0.39

0.2% 1.59 3,24 20.56 11.24 1.08 1.56 5.53 0,92
0.20 2.53 5,63 27.39 17.20 3.08 2.80 9.00 I.QQ\

0.15 4,76 10,57 35.96 26,05 5.9 S.42 14.74 4,12

0.10 8,04 19,01 45.17 35.52 11.22 10.24 23,73 8.46

0.05 s 17:.47 40.43 59.94 53,00 27.32 24.39 44,41 ;3.95

NO.OF CASES . 22290 23762 22663 24140 22723 23320 24426 23371
‘Al HRLY VALUES= 1.28 0.90 1.97 . 1.06 1.26 1.19 0.90 1.14

Argonne National Laboratory, Center for Environmental Studies
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CRT plotter output can be viewed either on a computer graphics
display or as hard copy in color, or black or white. Samrples of
plotted output are presented in Figure 8 which shows CO concentration
contours over Chicago, and in Figure 9 which depicts contours of
CO emissions in the vicinity of roadways.
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Figure 8. Calculated Carbon Monoxide Concentrations (PPM) For
Chicago. (0700-0800 LST; wind 4 ms~1, 2709, mixing
depth 200 m; neutral stability)
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Figure 9. SC4020 Plot of CO Con-
centration Contours over Madison
County, Alabama

Lockheed Missiles and Space Company, Inc.
Huntsville Research and Engineering,Cente;
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5.0 APPLICATIONS OF THE MODELS

The TSC questionnaire requested information on how the models
have been used. In particular, each respondent was asked to des-
cribe a typical problem to which his model had been applied and to
indicate both the time required to solve this problem and the ap-
proximate cost. Thirty (30) replies to his question were received
of which 18 described transportation problems and 12 non-transpor-
tation problems. Since similar models are used for all of these
problems, both the transportation (Section 5.1) and non-transpor-
tation (Section 5.2) applications are presented here. Each
Section contains brief (edited) statements by the modelers
on the problems they solved, followed by a table which summarizes
the computational aspects.

It should be noted that definitive judgments regarding the
relative cost of running these models cannot be made on the basis
of the data presented herein. The problems described are diverse,
the time periods spanned by the simulations vary widely, and the
problems were run-on several different machines. The information
provided should be regarded as only a sampling of typical running
times and costs for a variety of air pollution modeling problems.
Precise, comparative performance data for individual models can

only be obtained by controlled tests using a common set of input
data.

5.1 TRANSPORTATION SOURCE PROBLEMS

1. Northern Research and Engineering, Corp.
Total emissions and annual-average concentrations were
computed for J. F. Kennedy International Airport for 1970.
co, NOZ’ SOZ’ particulates, lead, and hydrocarbons were
the pollutants considered, and fifty (50) receptor loca-
tions were specified.

2. IBM-FSD
A continuous line source was considered with concentra-
tions evaluated at 24 field points for 100 time steps at

6%



one minute intervals.

Walden Research Corp.

The average concentration of CO and particulates was
calculated at 221 receptor points within a metropolitan
area due to emissions from 500 source locations. The
results were plotted. Note that this is a typical pro-
blem for the study of a large metropolitan region. The
program also can be structured for application to the
study of a specific traffic link or highway.

AVCO Systems Divisions

The space distribution of CO, CO,, NO, NO2, etc. behind
an aircraft engine was computed for a downstream distance
of 2 miles.

Systems Applications, Inc.

A simulation of CO concentration throughout the Los
Angeles Basin on a 25 x 25 x 10 grid (0500-1600 PST;

11 hrs.) was conducted. The average hourly concentrations
were computed at 625 locations for the entire period.

Pacific Environmental Services, Inc.

The trajectory of an air parcel (whose position and com-
position at a given time of day are known), and the con-
centrations of pollutants within the air parcel, were
calculated as a function of time of day, and printouts
were furnished for each 15 minute interval over a 3-hour
period.

The Center for the Environment and Man, Inc.

Sources were specified on an 8000 point grid. The con-
servation of mass equation was integrated for 150 time
steps with 3 changes of meteorological data and emission
source factors. 8000 grid point values and/or contoured
maps of concentrations were printed out.

Lockheed Missiles and Space Company, Inc., Huntsville
Research and Engineering Center.

The average daily concentration of CO from motor vehicles
on selected major traffic arteries was computed for Madison

i3



10.

11.

12.

County, Alabama, which includes the City of Huntsville.
The 46 x 46 point grid used in the program with a grid
distance of 1 km completely covers the county. Concentra-
tions of CO in ppm were computed for each grid square.
Output was generated in both tabular and graphical formats.

ESL, Inc.

The hourly average concentration of NO, was computed on
the windward side of a six lane section of six lane free-
way at a total of 72 receptor sites at ground level and
at a height of five feet,

Systems, Science and Software

A. The concentration of CO in the Los Angeles air basin
was computed over an 18-hour period throughout a grid
22 x 16 by 4 cells high covering 60 miles x 45 miles
X 1200 feet. (Model 1, see Table 7)

B. An at-grade highway is to be replaced by a depressed
expressway. The model was used to simulate how this

will change local pollution levels. (Model 2, see
Table 7)

Environmental Research and Technology, Inc.

The 1969 annual average concentrations for particulates,
SOZ’ CO, Hydrocarbons and NO, were calculated for a
metropolitan source distribution consisting of 143 point
sources, 50 line sources and 36 area sources. Twelve (12)
receptors were specified, distributed over a region of
approximately 50 x 50km.

Systems Control Inc.

A dynamic system with 25 unknown parameters was identified
using input/output data records, 480 data points in length.
This system is equivalent to a freeway system with 8 measure-
ment stations for wind speed, direction, CO, and cor-
responding stability data. The times noted in Table 12

are for a single run of the type that would be required

to reduce model errors to a minimum. Multiple runs are
initially required.
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13. Grumman Aerospace Corp.
The 24 hour average concentration of CO at 250 points of
a grid covering John F. Kennedy Airport was computed.

14. General Research Corp.
A. The concentration of 11 species at 5 vertical points
was calculated. Results were printed out every 10
minutes, for a 3-hour trajectory between two points
in the Los Angeles Basin. (Model 1, see Table 7)

B. The CO concentration was computed at 100 points in a
vertical plane normal to a freeway for 8 hours on a
stagnant day. Computation interval - .1 min; Output
interval for vertical data maps - 30 mins; Output
interval for ground concentration profiles - 1 min.
(Model 2, See Table 7)

15. Computer Sciences Corp.
Using as inputs the observed meteorological conditions and
the traffic data appropriate for an 18-hour period (in-
cluding a freeway system modeled by 107 line segments,
and a surface street system modeled by 198 area sources),
a trial run of the model has been made in which hourly
concentrations of carbon monoxide were computed for an
18-hour period for 1200 grid points spanning a large
airshed.

16. Kaman Sciences Corp.
The annual distribution of pollutants from 1 km of highway
was computed. The highway was divided into 35 = 243
segments. Output was generated for 16 directions and
12 distances from the center of the 1 km section.
Quadratic interpolation coefficients were used to cal-
culate any distance along any direction for 8 different
orientations of the highway N - S, NNE - SSW . . . SSE - NNW.

Table 12 summarizes the computations involved in solving these
problems.
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5.

2

1.

PROBLEMS NOT INVOLVING TRANSPORTATION SOURCES

GEOMET Inc.

For the winter season, the mean SO2 concentration and the
frequency distribution of hourly concentrations,- at each

of 10 locations was calculated. Twenty-four hour sampling
intervals (i.e., one hour out of 24 selected for input to
the diffusion model) were used. There were 51 point sources
plus an area source defined by emission rates at 1200 grid
points.

The Center for the Environment and Man Inc.
The program has been run for a set of 27 sources. Results
were calculated for each point on a 35 x 35 grid.

Mt. Auburn Research Associates, Inc.

The following trajectory problems have been solved:

A. Transport of 754 parcels of air through a horizontally
uniform, time variant atmosphere with low vertical
turbulence, and

B. Transport of 115 parcels of air through a highly tur-
bulent, compléx mountain-valley wind system under
steady-state wind conditions using a horizontally re-
solved wind field for one hour of simulated time.

INTERCOMP

Fifteen to thirty minute average concentrations of S0, were
computed for each block of a 2300 grid-block system. The
period of time covered was 10 hours and the ground concen-
trations were output both as a contour map and as a com-
plete array of the three-dimensional distribution at
intervals of 4, 6, and 10 hours. The area described by

the grid was 10 x 10 miles in surface area by 4000 feet

in vertical height.

TRC
Twenty-four cne-hour values of 502 concentration were

calculated at 100 receptor points at three heights due to
890 area sources, 350 point sources and 125 line source



segments. Results were printed out and a deck was
punched.

6. Boeing Computer Services Inc.
SO, concentrations in the vicinity of the Tacoma smelter
in a synthetic alternating wind field were computed.

7. Environmental Research and Technology Inc.
The three dimensional dispersion of area source emissions
was calculated over a 16 km downwind distance using
Blackadar's wind spiral horizontal velocity profile and
vertical diffusivity profile.

8. Texas Instruments Inc.
The average hourly concentration of SO was computed at
144 receptors due to 256 area sources and 24 point sources.
Each source had up to four different stack heights. Each
source strength was estimated as a function of process
and space heating requirements which, in turn, were com-
puted from the current temperature. Electric power
generating plants were among the point sources modeled,
according to a power demand schedule.

9. Euclid Research Group.
The cloud rise, particle formation, transport and de-
position from a high-yield explosion was calculated.

10. Argonne National Laboratory
Hourly sulfur dioxide levels were estimated at 66 points
on a 2 x 2 mile grid over the City of Chicago for
January 15, 1967.

11. Aeronautical Research Associates of Princeton, Inc.
Using isotropic turbulence and a Gaussian dispersion
profile in y and z, output parameters were computed
up to 2500 ft. for a 15 x 15 point grid with mesh sizes
of 8 ft. and 16 ft.

The computations entailed in these problems are summarized in
Table 13. Comparing the data in Tables 12 and 13 we see that the
distribution of times and costs are quite similar in both tables.
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We may conclude that, at least for the problems described here, the

costs of running all these models is low.
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6.0 VALIDATION OF THE MODELS

The TSC questionnaire asks the following questions with respect

to validation of models:

"Has the model been validated with real-world data? If so,
indicate the period of time, sample size, geographical area,
and the results of such validation(s)."

Of the 29 responses to this question, 22 reported that their
model had been validated to some extent and 7 stated that valida-
tion had not yet been undertaken. Of the 22 positive responses,
12 reported validation on transportation source problems, and
10 on non-transportation problems. As in Section 5, the results
will be reported in two sections, one for transportation (Section
6.1) and one for non-transportation (Section 6.2) validations. The
material in this chapter consists of edited quotes from individual
company statements concerning the validation of their models.
(Regretably, the validation results were reported in a number of

different units and it has not been practical to reduce them to a
common unit.)

6.1 VALIDATION OF TRANSPORTATION-SOURCE MODELS

1. Northern Research and Engineering Corporation
Although the model has been used to analyze air quality at
a number of airports, very little data has been available
for validation purposes. Data were taken by EPA personnel
at Washington National Airport during July 1971. They
consist of carbon monoxide readings for one-hour periods.
The monitors, in each case, were clustered near the head
of the principal runway being used for take-offs. Results
of the comparison are presented below.
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Average Measured Average Predicted

Concentration Concegtration
Sampling Period ug/m3 ug/m Error (%)
July 20
8:50-9:50 am EDT 523 740 41
July 23
8:38-9:25 am EDT 844 584 31

Discrepancies between the predicted and measured concentra-
tions seem to be caused by uncertainties in the wind speed
and wind direction, and inaccuracies in distributing air-
craft activity between runways.

2. Walden Research Corporation
The model has been tested for particulates in both the
metropolitan Boston and metropolitan Providence areas and
yields correlations of 0.85 and 0.90, respectively. The
model has not been tested for CO validation.

3. Systems Applications, Inc.
The model is being validated for the Los Angeles airshed
for two days -- Sept. 29 and Sept. 30, 1969 -- predicting
concentrations of CO, NO, NO,, Hydrocarbon, ozone simul-
taneously for each of eleven monitoring sites (over a
50 x 50 mile area). Predictions are averaged at hourly
intervals from 6 AM to 4 PM and compared with measured
values. CO validation for 9/29/69 is completed (see
Table 14); photochemical pollutant validation is in
progress.
Errors for CO were not computed, but are in the range of
10-20%, except for morning peaks at some locations near
important sources. In these cases, the 2-mile resolution
of the model is too coarse to pick up local concentration
peaks. We believe that the errors in CO prediction are
within the tolerances required for estimation of con-
centration levels and their variation in space and time
within an airshed.
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Pacific Environmental Services, Inc.

The model has been tested for the Los Angeles Basin using
meteorological data for more than twenty stations.
Simulations were run for September 29 and 30, 1969, both
high smog days. All trajectories terminated at pollutant
monitoring stations. A summary of these simulations is
shown in Table 15. In addition, the model has been used
for control strategies such as the variation of traffic
patterns.

The Center for the Environment and Man, Inc.

The model has been applied to the state of Connecticut
(funded by NAPCA) and also to the Toronto Metropolitan
Region (funded by the Canadian government). The grid
scale used in Connecticut (5000 ft) and that in Toronto
(1000 meters) were much larger than would be applicable
to many transportation problems. Each did, however,
include several thousand sources of each of five pol-
lutants: CO, hydrocarbons, particulates, nitrogen oxides
and SO; and each source value included the contribution
due to mobile sources (cars, trucks, buses, etc.) with
given traffic distribution data.

Each application was extensively tested in a validation
phase with dozens of samplers operated in dozens of test
periods. Full discussion of validation test results was
given in project reports, but basically 2-hour average
concentrations for 30 selected stations were within a
factor of 2.25 fifty-percent of the time, while only
one-percent were in error by a factor of 10.

The work discussed above was with a previous version of
the model which limited the calculations to those sources
which affected only a few selected receptor points. The
present version of the model considers the influence of .
every source upon the concentration of every grid point. |
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Lockheed Missile and Space Company, Inc., Huntsville
Research and Engineering Center

The model has been evaluated by EPA for the Department of
Transportation (FAA) in conjunction with a proposal to
simulate airport quality resulting from airport taxiing
and airport operations, including vehicular traffic on
and adjacent to the airport. The model was considered
acceptable. We do not have real-world data with which
to validate the model. We have statistically validated
other atmospheric models with real-world data and see no
reason why this model will not validate at the 90% and
95% error level within the atmospheric and monitoring
data accuracies.

ESL, Inc.

The model has been tested using simultaneous air quality
and meteorological data from the New Jersey Turnpike and
from several California high volume freeways. Most of
these experiments were conducted during 1971 and are
continuing into 1972. The results have confirmed model
predictions over a range of wind speeds, directions,
traffic volumes, roadway geometries and roadway designs.
The model was verified both in absolute magnitude and in
predicting the three dimensional air quality levels in
the vicinity of the roadways.

Systems, Science and Software

The model (i.e., model 1, see Table 7) has been tested

by simulating CO concentrations in the Los Angeles Air
Basin (nv20x40 miles) on two separate days - September 23,
1966 and September 30, 1969 - for the major part of each
day. The day-averaged concentrations predicted at 12

Los Angeles Air Pollution Control District (APCD) sampling
sites averaged within 20 percent of the measured data.

The correlation coefficient for the simulated and observed
concentrations was 0.73 with a mean deviation of 0.67 pPpm.
Results are shown in Table 16,

The photochemical version of the model has been tested by
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10.

simulation of NO, NOZ’ 07 and HC concentrations in the

Los Angeles Air Basin, for September 30, 1969. The
results were qualitatively correct - showing 0z build-ups,
NO conversion to NOz, and NO, depletion. The sets of
photochemical reactions available at the time of the
simulation were insufficient to correctly predict the
effect of the chemical reactions. Work has been con-
tinuing on further development of a good reaction set.

Environmental Research and Technology, Inc.

The model has been validated in several studies. Of
particular relevance to highway problems, the model
predictions were compared with measured concentration
levels from six sampling sites along and adjacent to

an existing roadway near Seattle, Washington. The
measurements were made over a time period of four
months. Observed and computed concentrations of

carbon monoxide and hydrocarbons were highly correlated
with near unity regression analysis slopes.

General Research Corporation

A. Model 1 (see Table 7) is currently undergoing con-
trolled evaluation under contract from the Environ-
mental Protection Agency. Preliminary validation has
been reported in Reference 33. Computed carbon monoxide
concentrations generally agreed with measured values
within +20%. In the case of photochemical products,
reasonably good results were obtained by adjusting
model parameters. However, the authors state that
much more work needs to be done in order to remedy
uncertainties in both the data and in the model
assumptions.

B. Thus far, validations of model 2 (Table 7) have con-
sisted of comparisons with various analytical solu-
tions (e.g., for steady state Gaussian plumes and
step changes in flux or concentration boundary
conditions). In each case, it has been possible to
achieve accuracy in the 90% and above range which is
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11.

certainly within the error of real-world input data.

Computer Sciences Corporation

The model output for the 18-hour, September 23, 1966
period for the Los Angeles basin has been compared with
actual pollution concentrations as monitored by the
L.A. Air Pollution Control District (APCD). Concentra-
tions at 1200 points were tabulated. Most of the com-
puted concentrations fell within a factor of three of the
measured values. Currently identified sources of error
relate to wind convergence and transport through the
boundaries. Technical approaches to resolve these pro-
blems have been proposed.

6.2 VALIDATION OF MODELS FOR NON-TRANSPORTATION SOURCES

1. GEOMET, Inc.
Model calculated results have been compared with SO; con-
centrations observed in St. Louis and Chicago. There
were 9420 comparisons of two-hour concentrations at 10
stations over an- 89 day winter period for St. Louis.
There were 5407 comparisons of one-hour concentrations
at eight stations over a 31 day January period for
Chicago. The following results were achieved.
Comparison of Error Distributions in Percent (%)
for Two-Hourly St. Louis and Hourly Chicago Val-
idation Calculations
Range of Predicted St. Louis Chicago
Minus Observed (Mean Observed (Mean Observed
Concentration Concentration = Concentration =
pg/m3 154 ug/m>) 96 ug/m3)
+ 5 8 - 8
+ 10 15 17
+ 20 25 30
+ 50 46 53
+ 100 65 73
+ 150 76 82
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The following results were obtained for long term con-
centrations at individual locations:

Regression of observed

Number of on predicted
Period Comparisons Location Correlation Slope Intercept
Dec. 1964 - 10 St. Louis 0.675 0.98 -0.56
Feb. 1965
Jan. 1967 8 Chicago 0.873 0.63 4.9

Averaged over all stations the results were:

Location Observed mean Calculated mean
St. Louis 154 151
Chicago 96 145

2. AVCO Systems Division
No validification has yet been made for the air pollution
study. However, a similar computation has been made for
the air dissociation behind a hypersonic projectile and
the results compared very well with the measured data.

3. The Center for the Environment and Man, Inc.
Model results have been compared with single point
measurements accumulated over many years. Thirty (30)
day expected values and thirty (30) day adverse values
fell within 20 percent.

4. Mt. Auburn Research Associates, Inc.

The model has been validated by comparing simulated fall-
out data with observed data for a number of nuclear test
shots. Atmospheric conditions vary widely. Geographic
locations are the Nevada Test Site and the Pacific test
islands (Bikini and Eniwetok atolls). Details regarding
the observed data are classified, however the agreement
of data is excellent.
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INTERCOMP .

The model has been tested in two ways. First, the wind
calculation has been compared with flow tests in wind
tunnels with complex flow geometry--i.e. simulating both
urban buildings and terrain features. Second, calculated
SO2 concentrations have been compared with values measured
in a large urban area. Both of these tests were quite
satisfactory.

We have also made extensive application of our model to
single-plant problems with measured concentrations
available at several different points. Among these
applications were (1) a copper smelting operation located
between a large body of water and an adjacent mountain
range, (2) emissions from a hydro-fining operation
located in a river valley and affected by the valley
winds as well as the predominating regional wind system,
and (3) a gas processing plant where brief periods of
high concentration were caused by a fumigation effect in
breaking up a low-level temperature inversion. In each
of these applications the model gave computed concentra-
tions in good agreement with measured concentrations.

The areas described ranged from roughly fifteen square
miles to over one hundred square miles. The time periods
correspond to from one to twenty days taken from the

last year and one-half.

We have not validated the model for transportation
problems by comparing it with measured traffic emission
data. Rather, the model has been validated with a more
general class of diffusion problem where other com-
plicating features are present such as terrain and plume
. rise. We would anticipate no difficulty in applying the
model to transportation problems. The increased flex-
ibility of our model should allow a much more complete
description of the transportation problem than has pre-
viously been considered--e.g. flow and diffusion associated
with elevated freeways and other complex flow problems.
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TRC

The model was validated for the State of Connecticut for
SO; and particulates for twelve 2-hour average concentra-
tions on each of 24 days. For 555 24-hour mean particu-
late concentrations 50% were within a factor of 2, 1% were
outside a factor of 10. For SO; 2-hour averages (5651
comparisons of observed and predicted data) 50% were
within a factor of 2.25 and 5% outside a factor of 10.
When averaged for 24 hours (469 comparisons), 50% were
within a factor of 1.75 and 0.5% were outside a factor
of 10.

The model was validated in Toronto for SO; for one-hour
concentrations (over 5000 comparisons). Fifty percent of
the comparisons observed/calculated were within a factor
of 1.7 and 0.2% were outside a factor of 10. Overall,
about 60% of the comparisons were within a factor of 2.
The improved validation at Toronto arises from the
smaller geographic region considered and the smaller
variability in source distribution.

Environmental Research and Technology, Inc.

The model results have been compared with results of
other (Gaussian plume type) models, some theoretical
(analytic) solutions to the governing equation, and
tested with data taken from a study of fumigation of
upper level emissions.

A major problem in 'real-world' validation of numerical
models is the lack of detailed observation of wind and
diffusivity fields, together with air pollution measure-
ments. The results of the comparisons made to date
show that the model predicts concentration values in
agreement with measurements and with theory.

Systems Control, Inc.

Numerous models have been developed and verified based
on actual process data. The program updates parameters
in the model iteratively until the best possible model
is found, i.e., the model with the smallest error. The
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models have been validated with the well known Box and
Jenkins Q test for model acceptability. Recent models
developed by SCI have passed the Q test for model ac-
ceptability at the 95% level in the petrochemical and
aeronautical industries.

9. Euclid Research Group
The model has been validated for military applications
with data from Pacific nuclear-explosion tests. The
maximum period of time was about 24 hours.

10. Argonne National Laboratory
Calculations for the Chicago region growth models compare
satisfactorily with observations.

6.3 CONCLUSIONS

From the foregoing, it is apparent that the validation of
models is far from satisfactory, primarily due to the fact that
data fer validation has been very scarce. This is especially
evident when one notes that all of the results for the Los Angeles
basin are based upon two particular days for which data happens to
be available. Presumably, this state of affairs has now been
partially rectified by the installation of a 42 mile instrumented
highway loop in the vicinity of Los Angeles. Also, if present
plans are implemented, a similar instrumented test bed will be in-
stalled in St. Louis in 1972%%. These two sites should furnish
adequate data for the comparative evaluation of models which deal
with the dispersion of highway pollutants.

Validation of photochemical models has barely begun. Again,
a major problem is data. However, problems of model resolution
are also present as demonstrated by the fact that the models fail
in the same way when handling laboratory data, as they do when
applied to real-world data.

The results to date are too skimpy to conclusively demonstrate
that the conservation of mass approach is superior to the Gaussian
methods, although the former has a decisive theoretical advantage.
It may be that, in practice, this advantage cannot be realized
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because of the difficulty in estimating the eddy transport terms.
This points to the fact that inadequate resolution in the meteor-
ological data is a major factor in modeling inadequacies, both for
the Gaussian and the conservation of mass formulations. It is the
universal practice of investigators to point to this source of
error when their models fail - and with good reason. Nor are
prospects good for solving this problem. The modeler will generally
have to be content with routine meteorological data except in the
vicinity of large cities where special soundings are available.
This is due to the fact that the conventional meteorological net-
work was designed to provide observations on the meso (10's of
miles) and macro (100's of miles) scales, whereas many pollution
problems must be dealt with on the micro (miles) scale. Of course,
this deficiency could be overcome (at considerable expense in
computer time) by laboriously solving the complete Navier-Stokes
equations to obtain the turbulence field.

The difficulty in estimating source emissions is another im-
pediment to model performance. Again, this is an area where pro-
gress cannot soon be expected, both because of the complexity of
the problem and because of the near impossibility of making the
required measurements.

Finally, it must be stated that the best hope for advance-
ment in the field of air pollution modeling is controlled experi-
mentation. Test beds are becoming available, as noted above, and
hence the opportune time has arrived to competitively evaluate the
best available models in order to quantitatively assess the
strengths and weaknesses of each. This testing phase should be
supported by a research and development program aimed at improving,
refining and extending the most promising models.
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APPENDIX A

LIST OF REQUESTERS AND RESPONDERS
"THE TSC QUESTIONNAIRE
THE SAMPLE COMPLETED QUESTIONNAIRE



List of Companies Requesting and Returning the
TSC Questionraire

TSC Questionnaire

Name Address Requested Returned
Acronautical 50 Washington Road X X
Research Associates Princeton, N.J. 08540
Of Princeton
Aerophysics Research Box 187 X
Corp. Bellevue, Wash. 98009
Aerospace Systems One Vine Brook ?ark X
Inc. Burlington, MA 01803
Air Resources, Inc. 800 E. Northwest X

Highway - Palatine

Il1linois 60067
Anderson-Nichols 150 Causeway Street X
Company Inc. Boston, Mass. 02114
Arthur D. Little Acorn Park X
Inc. Cambridge, MA 02140
AVCO Everett 2385 Revere Beach Pkwy. X
Research Lab. Everett, Ma 02149
AVCO Systems Division Wilmington, MA 01887 X X
Battelle Columbus 505 King Avenue X X
Labs Columbus, Ohio 43201
Boeing Computer P.0. Box 24346 X X
Serv. Seattle, Wash.
Carnegie-Mellon Schenley Park X
University, Environ- Pittsburgh, Pa 15213
mental Studies
Institute
Center for Air 204 Chemical Engineering X
Environment Studies University Park, Penn.
Pennsylvania State 16802
University
Center for Environ- 9700 So. Cass Ave. X ]2

mental Studies Argonne
National Laboratory

Argonne, Illinois
60439



List of Companies Requesting and Returning the
TSC Questionnaire (Continued)

TSC Questionnaire

Name Address Requested Returned

Chairman,
Meteorology Dept.
UCLA

Los Angeles, Calif.

*

Community Sciences 1835 K Street X
Inc., Engineering § Suite 502
Planning Washington, D.C. 20006
Computer Sciences 8728 Colesville Rd. X
Corp. Silver Spring, MD
20910
CONSAD Research 121 No. Highland Avenue X
Corp. Pittsburgh, Penn.
15206
Control Data Corp. 60 Hickory Drive X
Waltham, MA 02154
Cornell 4455 Genesse Street X
Aeronautical Buffalo, New York
Laboratory 14221
CscC Republic Road X
Computer Systems Treble Cove Industrial
Engineering, Inc. Park
North Billerica, MA
01862
Datatronic Systems 8155 Van Nuys Blvd. X
Corp. Panorama City, Cal.
91402
Dept. of Mechanical Cambridge, MA *
Engr. M.I.T.
Diversified 339 W. Broadway X
Technology Inc. San Diego, CA 92112
Donald Arnstein 10920 Rose Avenue X
Los Angeles, Calif.
90034
Engineering P.0. Box 637 X

Numerics Corp.

*Questionnaire was mailed without request to these organizations.

Dallas, Texas 75207
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List of Companies Requesting and Returning the
TSC Questionnaire (Continued)

TSC Questionnaire

Name Address Requested Returned
IEnvironmental 2324 S.W. 34th Street X
Engineering Gainesville, Florida
32601
Environmental Re- 429 Marrett Road * 2
search § Lexington, MA
Technology
ESL Inc. 495 Java Drive X X
Sunnyvale, Calif. 94086
Euclid Research 1760 Solano Avenue X X
Group Berkeley, Calif.
94707
Gas Dynamics Sunnyvale, Calif. * X

Analysis § Test
Aero-Thermo-
dynamics, Lockheed
Missile § Space Co.

General Electric 114 Waltham Street X
Lexington, MA 02173 '

General Electric P.0O. Box 855 X
Company Reentry Philadelphia, Penn.

and Environmental 19101

Systems Division

General Electric Co. 2901 East Lake Road X
Transportation Systems Erie, Pa 16501
Div.
General Research Corp. P.0. Box 3587 X 2
Systems Research Div. Santa Barbara, Calif.
93105
GEOMET, Inc. 50 Monroe Street X X
Rockville, MD 20850
Gibbs § Hill, Inc. 393 Seventh Avenue X
New York,New York
10001

*Questionnaire was mailed without request to these organizations.



List of Companies Requesting and Returning the

TSC Questionnaire (Continued)

Name

Address

TSC Questionnaire
Requested Returned

Grumman Aerospace
Corp.

Head, Dept. of
Meteorology, M.I.T.

ITRI
IIT Research
Institute

Information §

Communication
Applications, Inc.

INTERCOMP

I. V. Computer
Consultants Inc.

Jackson § Moreland
Publications

John D. Kettelle Corp.

Kaman Sciences
Corp.

Lockheed Aircraft
Corp.

Lockheed Electronics
Co., Inc.

Meteorology Dept.
University of
Wisconsin

*Questionnaire was mailed without request to these organizations.

Bethpage, N.Y. 11714

Cambridge, MA

10 W. 35 Street
Chicago, Illinois
60616

Suite 805, The World
Bldg.

8121 Georgia Avenue
Silver Spring,
Maryland 20910

200 West Loop South
Suite 1480
Houston, Texas 77027

55 Northern Blvd.
Greenvale, N.Y. 11548

438 Park Square Bldg.
Boston, Mass. 02116

1770 Lancaster Pike
Paoli, Penn. 19301

1700 Garden of the Gods
Road
Colorado Springs, Col.
80907

3127 McDowell Avenue
N.W., Huntsville,
Alabama 35805

Plainfield, N.J.
07061

Madison, Wisconsin
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List of Companies Requesting and Returning the
TSC Questionnaire (continued)

TSC Questionnaire

Name Address Requested Returned
Meteorology Research P.G. Box 637 X
Inc. Altandena, Cal. 91001
Methonics Inc. 6239 Edgewater Drive X

Orlando, Florida 32810
Michigan Techno- Houghton, Michigan X
logical University 49931
Midwest Research 425 Volker Blvd X
Institute Kansas City, Missouri

64110

MSA Research Corp. Laboratory § Plant X X

Mt. Auburn Research
Associates, Inc.

North American
Weather
Consultants

Northern Research §
Engineering Corp.

NUS Corporation

Pacific Environmental
Services Inc.

Research Institute
Oklahoma University

Riverside Research
Institute

Ryckman-Edgerley -
Tomlinson § Assoc

Scott Research
Laboratories, Inc.

Evans City, Penn. 16033

385 Elliot Street X X
Newton, MA 02164

Santa Barbara X
Municipal Airport
Goleta, Cal. 93017

219 Vassar Street X X
Cambridge, MA

4 Research Place X
Rockville, Md. 20850

P.0. Box 25925 X X
W. Los Angeles, Calif.
90025
Norman, Oklahoma X
73069
80 West End Avenue X

N.Y., N.Y. 10023

500 Coronet Building X
225 So. Meramec Ave.
St. Louis, Missouri

63105
P. 0. Box D-11 X
Plumsteadville, Penn.
18949



List of Companies Requesting and Returning the
TSC Questionnaire (Continued)

TSC Questionnaire

Name Address Requested Returned
Sierra Research P. 0. Box 3007 X
Corp. Boulder, Colorado

80303

Space § Planetary
Science Department
Wolf Research §
Development Corp.

Stanford Research
Institute

Systems Applications
Inc.

Systems Control Inc.

Systems Science §
Software

Texas Instruments
Inc.

The Center for the
Environment §
Man Inc.

The MITRE Corp.

TRC/The Research
Corporation of
New England

TRW Inc, Mail Stop
W1/6385 Washington
Operations

Tulane
University

*Questionnaire was mailed without request to these organizations.

6801 Kenilworth Ave.
Riverdale, MD 20840

Menlo Park Calif.
94025

9418 Wilshire Blvd.
Beverly Hills, Calif.
90212

260 Sheridan Avenue
Palo Alto, Calif.
94306

P.0. Box 1620
LaJolla, Calif.

13500 No. Central
Expressway, Dallas,
Texas

275 Windsor Street
Hartford, Conn.

Westgate Research

Park, McLean Va. 27101

210 Washington Street

Hartford, Conn.
06106

Westgate Park

7600 Colshire Drive

Mclean, Virginia
22101

New Orleans, La.
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List of Companies Requesting and Returning the

TSC Questionnaire (Continued)

TSC Questionnaire

Name Address Requested Returned
ucc 11480 Sunset Hills Road X

Reston, Va, 22070
Walden Research 359 Allston Street X 2
Corp. Cambridge, MA 02139
Westinghouse Beulah Road X X
Electric Corp. Pittsburg, Penn.
Research § 15235
Development Center
Westinghouse 1801 K St. N.W. X

Electric Co.

Washington, D.C.



U.S. DEPARTMENT OF TRANSPORTATION

TRANSPORTATION SYSTEMS CENTER
55 BROADWAY
CAMBRIDGE, MASSACHUSETTS 02142

December 28, 1971

Dear

The questionnaire, MAP-01, which you requested in response to our Commerce
Business Daily announcement of December 21, 1971 is enclosed. Thank you

for your interest in furnishing the Govermment with information about your
capabilities in the field of transportation source air pollution modeling.

Please return the completed questionnaire to me at code TCD no later than
January 14, 1972. )

Sincerely,

Aiy?uu N }
ugkne M, Darling, Jr.
ion Branch

Ch¥ef, Software Implemeht

Enclosures:
1 questionnaire
1 sample completed questionnaire



Department of Transportation
Transportation Systems Center
Cambridge, Massachusetts

Transportation Source Air Pollution Modeling Questionnaire, MAP-O1

Firm Name:

Firm Address:

Principal Investigator(s): Phone:

INSTRUCTIONS

Please type your answers directly on the attached questionnaire, MAP-0l.
A sample completed questionnaire for a hypothetical model is supplied for
your guidance. The responses in the sample are at the desired level of
detail; hence the space provided for your answers should be sufficient.
Please fill out a separate questionnaire for each transportation source
air pollution model which you wish to have the Government consider. At
the top of each page of each questionnaire enter the firm name and the
model name. Supplemental material is not required, but may be submitted
at your option. However such material will not be considered unless it
is accompanied by a completed questionnaire. No formal results of the
evaluation of questionnaires will be furnished by the Government. The
closing date for submission of questionnaires is January 14, 1972.

DISCLAIMER

hereby states that

Firm Name
the information submitted in the attached questionnaire(s), MAP-0l1 is not
proprietary and further agrees that the Government is free to make any use
of said information it deems appropriate, including publication with proper
acknowledgements in Government technical reports.

Signature Date

Title



Firm Name: DOT/TSC MAP-0V1
Model Name:

I. GENERAL DESCRIPTION OF THE MODEL

Briefly discuss the aspects of the model indicated below.
A. MODEL NAME:

B. PURPOSE:

D. BASIC EQUATION:



Firm Name:
Model Name:

I. (Continued)

E. SPECIFICATIONS:

Diffusion Coefficient:

Winds:

Mixing Level:

Stability Classes:

Other:

F. POLLUTANTS:

G. MISCELLANEOUS:
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Firm Name: DOT/TSC MAP-01/3
Model Name:

II. FLOW DIAGRAM OF THE MODEL

Draw a rough flow diagram showing inputs, model functions, and outputs.



Firm Name:
Model Name:

I1I. IMPLEMENTATION OF THE MODEL

A. STATUS

DOT/TSC MAP-01/4

Is the model implemented in a working computer program? If not,
is the program currently being written?

Can the program be directly used for modeling air pollution from

transportation sources?

If not, what level of effort (dollars

and/or manpower) would be required to adapt the model to such

applications?



Firm Name: DOT/TSC MAP-01/5
Model Name:

III. (Continued)

B. HARDWARE REQUIREMENTS

Briefly describe the computer system required to run the program.

Computer:

Computer Word Size:

Program Memory Requirement (bytes or words):

Operating System Memory Requirements:

Peripheral Equipment Requirements:

Non-Standard Hardware:




Firm Name: DOT/TSC MAP-01/6
Model Name:

III. (Continued)
C. SOFTWARE REQUIREMENTS
Discuss the following software aspects of the program.

Operating System:

Operating System Modifications:

Operating System Functions Used:

Programming Language:

Program Size (l1ines of code) :

Program Adaptability:

Can the program be run on a similar computer at another installation?

Can the program be run on another computer?



Firm Name: DOT/TSC MAP-01/7
Model Name:

IV. PROGRAM OPERATION

A. CHARACTERISTICS

Discuss the following factors relating to the manner in which the
program runs.

Flexibility:

Is the input extensively parameterized, or is major reprogramming re-
quired for different input conditions?

Structure:
Does the program consist of several distinct parts which are run

separately, or does it consist of unified parts which interface and
run automatically?

Other:

Are there other special characteristics which affect program operation?
Explain:



Firm Name: ' DOT/TSC MAP-01/8
Model Name:

IV. (Continued)
B. INPUT

For each type of input data describe the source, frequency, distribution,
units, format and other pertinent aspects.

Meteorological Data:

Emission Data:

Other Data:
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Firm Name: DOT/TSC MAP-01/9
Model Name:

IV. (Continued)

C.

COMPUTATIONS

In order to provide a rough indication of the operating speed and the
cost of running the model, describe a typical problem that has previously
been run and supply the information requested.

Typical Problem:

Computation Specifications for this Problem:

CPU time:

Running time:

Channel usage:

Cost of the run:



Firm Name: DOT/TSC MAP-01/10
Model Name:

IV. (Continued)

D. OUTPUT

Describe the output. Give units, frequency, distribution, format and
other pertinent information.

Tabular Data:

Graphical Data:




Firm Name: DOT/TSC MAP-01/11
Model Name:

V. VALIDATION
Has the model been validated with real-world data? If so, indicate the

period of time, sample size, geographical area, and the results of such
validation(s).



SAMPLE

Firm Name: AXY Inc. DOT/TSC MAP-01/1
Model Name: HIPO

I. GENERAL DESCRIPTION OF THE MODEL

Briefly discuss the aspects of the model indicated below.
A. Model Name:

HIway POllution (HIPO) Model

B. Purpose:
HIPO computes the concentration of pollutants in the vicinity of
highways. It is intended as a flexible analytic tool which can be

used by planners, designers, and builders of highways to assess the
impact of highway emissions on ambient alr quality.

C. Type:

Gaussian plume generalized to the case of a continuous line source.

D. Basic Equation(s):

2
C = T ug
z




SAMPLE

Firm Name: AXY DOT/TSC MAP-01/2
Model Name: HIPO

I.

(Continued)

E.

Specifications:

Diffusion Coefficient: an empirical °,

Winds: horizontal and vertical winds are assumed constant over a
period of 1 hour.

Mixing Level: computed from an adjacent 12Z sounding.

Stability Classes: 3

Other:

Pollutants:

CO, particulates. Cannot accommodate photochemical reactions.

Miscellaneous:

This model is one of a family which is being developed to analyze
the impact of transportation emissions on air quality.
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IT.

FLOW DIAGRAM OF THE MODEL

Draw a rough flow diagram showing inputs, model functionms, and outputs.

Mixing

SAMPLE

Winds

DOT/TSC MAP-01/3

Height

Stability
Computation

Index

Traffic
Data

7

Q

c

Computation

»C(x,y)

Computation
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III. IMPLEMENTATION OF THE MODEL
A. Status

Is the model implemented in a working computer program? If not,
is the program currently being written?

The model is fully operational for non-reactive pollutants. It
is currently being modified to handle photochemical reactions.
Modifications are expected to be completed by March 1972.

Can the program be directly used for modeling air pollution from
transportation sources? If not, what level of effort (dollars
and/or manpower) would be required to adapt the model to such
applications?

The program has been specifically designed to calculate the diffu-
sion of highway pollutants. The modification mentioned above is
being carried out with Company funds at an estimated cost of $5K.
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IITI. (Continued)

B.

Hardware Requirements

Briefly describe the computer system required to run the program.

Computer:
IBM 360/50

Computer Word Size:

8 bit bytes, 4 bytes per word. Computations are done in single pre-
cision.

Program Memory Requirement (bytes or words):

40,000 bytes

Operating System Memory Requirements:

60,000 bytes

Peripheral Equipment Requirements:

One 2311 disk drive, two 9-track magnetic tape drives, one card reader,
one printer.

Non-Standard Hardware:

One CALCOMP plotter.
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Firm Name: AXY DOT/TSC MAP-01/6
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C.

Software Requirements

Discuss the following software aspects of the program.

Operating System:
0S-360

Operating System Modifications:

Priority scheduling for real-time data entry.

Operating System Functions Used:

FORTRAN I/0
Data management MACROS for CALCOMP output
Special MACROS for real-time data entry.

Programming Language:

FORTRAN IV. CALCOMP interface routines written in BAL.

Program Size (lines of code) :

1200 lines FORTRAN, 200 lines BAL.

Program Adaptability:

Can the program be run on a similar computer at another installation?

Yes, with operating system modifications indicated above. CALCOMP
interface required for graphical output.

Can the program be run on another computer?

Yes, provided that the BAL/CALCOMP interface is rewritten for the
other computer.
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Firm Name: AXY DOT/TSC MAP-01/7
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IV. PROGRAM OPERATION

A, Characteristics

Discuss the following factors relating to the manner in which the
program runs.

Flexibility:

Is the input extensively parameterized, or is major reprogramming re-
quired for different input conditions?

The program is completely general and can accommodate any winds, mix-
ing height and traffic data as input. The program need be modified
only if the basic diffusion equation is changed.

Structure:

Does the program consist of several distinct parts which are run
separately, or does it consist of unified parts which interface and
run automatically?

A separate program, used for real-time collection of traffic data,
generates an input tape for the simulation. The simulation, itself,
runs automatically.

Other:

Are there other special characteristics which affect program operation?
Explain:

There are two options for CALCOMP output. Normally a tape is produced
by the simulation and run off-line to generate graphical output. How-
ever, the simulation can also be made to interface directly with the
plotter.
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IV. (Continued)

B.

Input

For each type of input data describe the source, frequency, distri-
bution, units, format and other pertinent aspects.

Meteorological Data:

Winds: Surface winds in degrees and knots for up to 10 measurement
stations are entered each hour. Upper level winds at 1000 ft. inter-
vals up to 10,000 ft. for 5 stations or less are entered twice daily.
These data are input on cards.

Soundings: Temperature soundings to 700 mb, both mandatory and special
levels, for up to 3 stations are entered twice daily on cards.

Emission Data:

Emissions are computed by standard methods from the instantaneous
traffic data. The data required is the number of each type of vehicle
(e.g. car, bus, truck etc.) within each one mile segment of road at
five minutes intervals during the simulation period. These data are
input to the main simulation via magnetic tape.

Other data:

Diffusion Coefficient: Single empirical value of o, in feet is entered
each hour via cards.

Stability Index: computed every hour from wind and mixing height data
and entered via cards.
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IV. (Continued)

C. Computations

In order to provide a rough indication of the operating speed and the
cost of running the model, describe a typical problem that has previously
been run and supply the information requested.

Typical Problem:

The average hourly concentration of CO and particulates at 100 points
adjacent to a 20 mile stretch of highway was computed for a 24 hour
period.

Computation Specifications for this Problem:

CPU time: 10 minutes

Running time: 30 minutes

Channel usage:

Unit Number of Accesses
Magnetic tape 100,000%*
Disk 1,000
Card Reader 100
Line Printer 2,000

*Normal CALCOMP mode used

Cost of the run: $500
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IV.

(Continued)

D.

Output

Describe the output. Give units, frequency, distribution, format and
other pertinent information.

Tabular Data:

The average hourly concentration of CO and particulates in ppm is
listed for up to 100 points adjacent to the highway. Average six
hour, twelve hour and twenty four hour concentrations are listed
for the same points. These data are output via line printer.

Graphical Data:

CALCOMP plots of average CO and particulate concentration isopleths
for the area adjacent to the highway are generated for each hour.
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V. VALIDATION

Has the model been validated with real-world data? If so, indicate the
period of time, sample size, geographical area, and the results of such
validation(s).

The model has been extensively tested using data from an instrumented
section of the Santa Monica Freeway. During the past year the model has
been run and verified for 6 separate 10 day periods which spanned the
four seasons and included a wide variety of meteorological conditioms.
The mean error and 95% error level for these 6 periods is shown below:

Errors (ppm)

Averaging co Particulates
Interval (Hrs) Mean 95% Mean 95%
1 " .08 .25 .17 41

6 .06 .21 .14 .37

12 .05 .16 .10 .25

24 .02 .10 .06 .19

AXY Inc. believes that these errors are within the tolerances required for
effective assessment of the impact of highway emissions on air quality.



