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PREFACE

In response to legislation requiring that each
Federal agency carefully and systematically consider
the environmental effects of its actions, the Dffice of
the Secretary of Transportation initiated the
Technology for Environmental Analysis (TEA) prograa at
the Transportation Systems Center in FY1972 to develop
unified technological capabilities in air pollution
assessment as part of a family of techniques and
capabilities necessary to support the development in
the Qffice of the Secretary, and 1in the Operating
Administrations, of planning procedures related to the
environmental impact of transportation systems and
facilities.

One important goal of this program is to develop

and maintain expertise on the availability,
applicability, and performance of technigues for
analyzing the environmental impact of
transportation-generated alr pollution. The work

reported here is the second in a planned series of
reports to evaluate air pollution ditspersion models.
It concerns the testing and evaluation of 13 highuay
air pollution dispersion models. Subsequent evaluations
will make use of new air quality data and of improved
models.

The following should be acknowledged for their
cooperation and assistance in providing TSC with the
air quality data which were used in this study: the
Federal Highway Administration, the V¥ashington DC
Departement of Highways and Traffic, and Environmental
Research and Technology, Inc.

The authors are indebted to Jeffrey D. Garlitz for
aiding in the programming of the statistical routines,
the running of the model programs, and the editing of
the report; to Bertha Gilbert for typing the report;
and to Michele Fossier for aiding in the report
editing.
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1. INTRODUCTION

1.1 BACKGROUND

For the past two years the Technology for
Environmental Analysis (TEA) project at the
Transportation Systems Center (TS5C) has been acquiring
highway air quality data and highway air pollution
dispersion models for use in a model testing program.
The original intention of this program was to evaluate
the performance of these models, using numerous
measures of accuracy relating to various applications
of the models in decision-making. The applications
were constrained to the micro-scale: distances within a
feu hundred feet of the road; one hour average
pollutant concentrations. Only the dispersion of inert
gases was considered.

Because of the inadequacies discovered in the only
data available to TSC at the time of this study, it
proved impossible to assess the accuracy of the
available models. Instead, it was decided to treat the
meteorological and traffic information as a synthetic
data set and to examine how closely the predictions of
the models agree with one another when these data are
used as input. Models that produce predictions which
cluster closely together are defined as Consensus
Models and an ensemble of such models 1is called a
Consensus Cluster.

The identification of Consensus Clusters will
assist both Federal and State DOT officials who are
concerned with air quality. The Federal decision-maker
can at least be assured that an analysis made with a
Consensus Model represents a consensus of several
existing models, while the State highway engineer can
make a cost effective model selection from the
Consensus Cluster for use in conducting an air quality
analysis.

1.2 TYPES GF AIR POLLUTION DISPERSION MODELS
A dispersion model is a mathematical structure
which accepts data on source emissions, meteorological

conditions, geographic boundaries, etc., as inputs;
computes the dispersion of pollutants by the

1-1



atmosphere; and produces output estimates of the
concentration of pollutants over the area of Iinterest
for specified time periods. In a recent
state-of~the-art survey of dispersion models [13,
Darling notes that most of them fall into one of five
categories:

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

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

Ce Box models which assume that pollutant
concentrations are homogeneous throughout a prescribed
region,

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

Qe Solutions of the complete Navier-Stokes
equations for turbulent fluid motions.

This survey found that nearly all of the wmodels
currently being used in the air pollution field are
either Gaussian or conservation of mass models. A
general discussion of these two types of models, based
upon the survey, may be found in section 2.

1.3 MODEL TESTIRG PROCEDURE

The Transportation Air Pollution Studies (TAPS)
System [2] has been designed for wuse in testing and
evaluating air pollution dispersion models. The TAPS
System is a package of computer programs for storing,
manipulating and retrieving air quality data. The
System also contains routines for analyzing the
performance of dispersion sodels, as well as programs
to generate both tabular and graphical output. The
TAPS System is fully operational and will be used to
validate models as soon as adegquate air quality data
become available.

The model testing approach entails:



Ae The collection of air quality data for
incorporation in the TAPS System. These data include
emissions, meteorology, pollutant concentrations, and
geography for the area of interest.

b. The acquisition of air pollution dispersion
models for testing. Where possible, models are
implemented on TSC computers and tested in-<house.
Otherwise, alr quality data are furnished to the model
developer to be run at his plant. In this case the
model predictions are returned to TSC for analysis.

c. The evaluation of model performance. The
predictions of each wmodel are compared with the
corresponding measured pollution values and the model“’s
performance is evaluated by a series of statistical
tests embedded in the TAPS System.

d. The reporting of test results to DOT, EPA, and
other agencies at the state, municipal, and 1local
levels which are concerned with transportation-related
air pollution. The present report is the first in a
series of such test reports.

e. The awarding of research and development
contracts to those firms whose models are judged to
have the greatest potential for DOT applications.

While this initial testing cycle has been
restricted to highway air pollution dispersion models,
it should be noted that the scope of this program is
nulti-modal. As suitable models and data become
available, the state of the art in the analysis of air
pollution from airports, railroads, harbors, etc., will
be assessed.

Section 3 discusses both the TAPS System and the
TSC model testing procedure in more detail.

1.4 AVAILABLE MODELS

During the past several vyears contact has been
made with individuals, companies, non-profit research
institutions, government agencies and universities in
the air pollution modeling field. Through these
contacts the 13 groups which participated in this model
evaluation study have been identified. The models
developed by these groups are currently being used in a

1-3



sizable fraction of all the highway air pollution
dispersion studies being conducted in the United
States, hence this collection of models adeguately
represents the state of the art. O0Of these 13 models, 6
are Gaussian, 6§ are conservation of wmass, and 1 s
exponential, thus the models are distributed among the
prevailing types.

Section 4 identifies the 13 models that were
tested.

1.5 AVAILABLE DATA

Data base Airedalesacquired by Environmental
Research and Technology,Inc.{(ERT) in Washington DC, was
the only air quality data base available to this
project that was potentially suitable for use in
validating highway air pollution dispersion models.
The Airedale data base contains 12300 cases at 6 sites,
including 2 at~-grade, 2 elevated, and 2 depressed
highway segments. All of these data were entered into
the TAPS System. Subsequently, in selecting candidate
cases for model validation, it proved necessary for
various reasons to reject all but 230 cases out of the
original 1300. Later, after an exhaustive statistical
analysis of these 230 cases, it was discovered that
even this selected small sample was not suitable for
use in assessing the accuracy of the models.

Section 5 discusses the Airedale data base and
explains the basis for rejecting the use of these data
for assessing the accuracy of models. A methodology
for testing the internal consistency of an air quality
data set is discussed and it is recommended that all
data samples be tested in this way prior to theilr use
in testing models for accuracy.

1.6 CLUSTERING ANALYSIS

Tt was decided to shift emphasis from the
assessment of model accuracy (which was not possible
with the Airedale data) to wodel comparisons, one
against another. This approach was possible because
those Airedale data elements which are model input
parameters (i.e. wind, atmospheric stability, and
highway source strength) are physically realizable even
though they have little relationship to the measured
pollution. Therefore, the measured pollution values
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were discarded and the wmodel {input parameters uere
treated as a synthetic data set. Model predictions with
this data set as input were compared with one another
in order to determine whether certain models could be
grouped on the basis of close agreesent among their
predictions. Models which naturally cluster into such
groups were defined as Consensus Models.

When this analysis uas performed, S5 wodels (3
Gaussian, 2 conservation of mass) were found to be
grouped in a very small cluster. The details of this
analysis are presented in section 6.

1-5/1-6






2. TYPES OF AIR POLLUTION DISPERSION MODELS

As mentioned in Section 1.2, nearly all-of the models currently being
used in the air pollution field are either Gaussian or conservation of mass
models. This Chapter discusses these two predominant types of models. (This

material is taken from Reference 1.)

2.1 CLASSICAL GAUSSIAN MODELS

Gaussian techniques for modeling the dispersion of pollutants in the
atmosphere are still the most widely used tools in the field. 1In this section
the various Gaussian equations are stated; methods of solution are discussed;

and the limitations of these equations are examined.

2.1.1 Gaussian Puff Model

The Gaussian Puff equation is considered first since all other Gaussian
equations can be derived from it. This equation delas 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 experssed by the equation:

Xl(xay'z;t) =

exp - |(x-ut)
(217)3/2 9,00 P z " —ZT

y%z 20, 20

~

(1)
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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

ox,cy,cz, standard deviations of the material concentration
distribution in the three coordinate directions
relative to the puff center with origin (ﬁt, o, H)

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

2.1.2 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 o, constant
as the puff passes any point:

Xz (x,y,2) =f xp (x,y,z,t)dt

2
=_L_exp- _lT
Zwoyozu 20y
-y 2 2
Vep - [T e - [ -
) 202 Zcz
’
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A. Three Dimensional Puff of Material

Kag,
X
\ /(0), <o,
L 1
b 4

o ut

o y o H

(2]

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

FIGURE 2-1. SCHEMATIC REPRESENTATION OF GAUSSIAN PUFF MODEL



A. Three Dimensional Plume of Material

Q
At Xy
At X,
“'°y
y
o y o H o

B. Component Distribution of Mate:rial About (x1,0,H) and (x2,0,H)

FIGURE 2-2. SCHEMATIC REPRESENTATION OF GAUSSIAN PLUME MODEL

2-4



where Q is now the source emission rate of material (g/sec)
x is in the downwind direction along the plume axis

g, »0

y'9z 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.

2.1.3 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 H\ 2
xs(x,y,O) = _____ﬂ:—— exp -11/2 (E—) .
To,u

~

P2
2
1
——exp - ( ) dp ,
/Tr (%)
P
)'.
where P; = L ,i= 1,2,
y

I1f the finite line source is on the ground, as would be the case

for a road or airport runway,

2
x3(x,y,0) = —24 — exp (l}—) dp ., %)



If the line is of infinite length,

2
Xq(X,¥,0) = 95:39-—: exp - [1/2 (§;> ] . (5)

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

X4(x|y lo) = ”—Zj'—_

JIm o, u . (6)

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

2q H 2
X4q(x,y,0) = exp - |[1/2 —) (5a)
4 sin¢ /ﬁuzi [ (°z s
Xq(X,¥,0) = 29 (6a)

sin¢v/Zw oz'ﬁ

2.1.4 The Gaussian Area Source Model
An area may be treated as a crosswind line source with a

normal distribution of material,o_. The area source is assumed

to have an initial standard deviation, °yo‘ The area can be

treated using Equation 2 by defining a virtual upwind distance

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

initial position of the area source. The initial vertical var-

iation of emissions because of the distribution of source heights

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

an upwind virtual point source at the proper distance.

2.1.5 Solution of the Gaussian Equation

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 because of emissions from a given source.
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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
Taylor30 and Beals.3l 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.

2.1.6 Limitations of 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 X3 is a function of x,y, and z.
This is because the equation is derived in such a way that both
oy 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. 1In 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 2 (x) have been
determined empirically. These relat1onsh1ps obta1n 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



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. 1In
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 leyel. When such conditions exist, ihe 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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2.2 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 comservation

of pollutant mass. In the literature, work on the conservation of mass equations is

described by Sklarew (5), Eschenroeder and Martinez (6), Roth et al (7) and Egan

and Mahoney (8).

The general conservation equation for a particular pollutant may be written
in vector form, as follows:

Al

acy
= - V. (Ve;) + V(DVc;) + Ry *+ S N

with ¢y concentratlion of specles 1

i=1,2,3...p species

V, the wind velocity with components u,v, and w in the
x,Y, and z directions

-> - -

. . )

i+ =3+ k
3y 3,

X, ¥, z, component directions

> > -

i, j,» k, unit vectors in directions x, y, z, respectively

D, molecular diffusivity tensor

R;» rate of generation of species i by photochemical reactions
S;j, emission source strength for species i-.

<1
n
r.v' -]

X

Equation (7) governs changes in concentration of a particular species 1 at a
9¢c
E SN T

point in the atmosphere. It states that the concentration change,
equal to the net effect of four processes: (a) the advection (or transport) of
pollutant, V-G;ci); (b) the molecular diffusion, V-(DVci), of pollutant;

(c) the change caused by photochemical reactioms, Ri; and (d) the emission source
strength, Si’ of the pollutant.
The concentration and the wind can be expressed in terms of turbulent deviations

from their time-averaged values:
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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:

ac;  3(ucy) . 3(vey) . a(wey)  d(u'cy) . a(v'e}) . a(w'ei)

* ax Yy 9z * _ X 3% 9z
2 2_ 2_
E] c; 3 <y 9 Y g
"P\T7T 5T T )Rt S, )
X y z

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

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

b. Atmospheric flow is incompressible, hence

3u . 3V . aw
ﬁ*w#—zno.

K

c. The turbulent eddy diffusion coefficients Kx, Ky, 2

may be defined as follows:

aEi
ucy = K
‘ 3T
viel " Ky e, and
D= —r ac
wrel = -K i
zZ 92 ° 2-10



Introducing these assumptions into Equation 8:

ac; _dc; B¢y B¢y

3¢\ aci'+
v Yk Yy M Tt w5

(9)

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

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

b. The vertical velocity component W can be neglected, and

c., Horizontal eddy diffusion can be neglected.

With these assumptions Equation 9 reduces to:

ac. ac, 3c,
s 3 i—L - 2 g §
it " Uk b‘?("z “)*Ri*si. (10)

A salient feature of these equations is that they represent con-
ditions over a three-dimensional grid and hence do not require the
source-rsceptor formulation of the Gaussiah equations.

all sources enter cells of the grid and all concentratio
computed for those same cells.

Instead,

ns are
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).*

2.2.1 Solution of 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. In 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 he found in any of the four ref-
erences at the beginning of this section. Application of these
equations has only recently been undertaken, in contrast to the
long history of Gaussian solutions.

2.2.2 Aspects of Conservation of Mass Equations

It is instructive to examine the aspects of these equations
which differentiate them from the Gaussian formulations. First,
oy(x) and cz(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
othersg 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.

¥Yt 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 conservation of mass approximation,

butksolution 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 R; terms,
the equations handle photochemical reactions directly. The
functional form and number of these reactions are at the dis-
cretion of the modeler and empirical data on the character and

speed of such reacdtions 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-dimensipnal
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., Kz=0). A change in the mixing lJevel 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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3. MIDEL TESTING PROCEDURE

3.1 PROCEDURE

The model testing approach consists of three basic steps:

a. The collection of air quality data for incorporation in
in the TAPS System,

b. The running of models to obtain test outputs

c. The evaluation of model performance

The foundation of any model validation study is a large
sample of good highway air quality data. (However, very little
air quality data of this type are currently available.) These
should include emissions, meteorological and background data, as
well as a complete site description. In the future, sewveral
samples of this type of data for a number of different roadway
configurations are expected to become available,

3.2 TRANSPORTATION AIR POLLUTION STUDIES (TAPS) SYSTEM

The Transportation Air Pollution Studies (TAPS) System [2]
is a set of camputer routines which allows transportation-source
air pollution data to be stored in the TAPS Data Base and then
used to validate and evaluate transportation-source air pollution
dispersion models. Specifically, the TAPS System allows (1) data
to be stored in the TAPS Data Base, and retrieved from it, (2)
dispersion model programs to be run using the retrieved data as
input, and (3) the resulting output of the model program to be
canpared with measured values and with the results of other
model programs to produce an evaluation of the model.

3.2.1 System Description

The TAPS System consists of four parts: (a) FORMAN (the
FORmat MANipulator), (b) DARES (the DAta REtrieval System),
(c) SMOG (the Standard Model Output Generator), and (d) DIMOTE
(the DIspersion Model TEst). Briefly, FORMAN stores incoming
data in the TAPS Data Base; DARES retrieves data from the TAPS
Data Base in a form acceptable as input to the model program
being evaluated; SMOG transforms the model program's output to
a standard form; and DIMOTE evaluates the model, using a variety
of statistical tests to campare the program's output with the
results obtained by other model programs and also with the
measured values.
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The use of TAPS System is illustrated in Figure 3-1. 1Its
operation is as follows:

a. Incoming Data-Set

For each new transportation-source air pollution data-set
received:

1) A set of FORMAN commands is written.

2) The FORMAN Processor uses the FORMAN commands and
the new data set as input, and inserts the data set into the TAPS
Data Base in standard form.

b. Incoming Model Programs

For each new transportation-source air pollution dispersion
model program received, a set of DARES commands is written corres-
ponding to the program's inputs.

c. Model Testing.

To test a given model program using a selected data set
from the TAPS Data Base:

1) The DARES Processor is run using the model's DARES
commands as input. It retrieves from the TAPS Data Base a set
of test data (from the selected data set) which is in the proper
form for input to the model program.

2) The model is rum using the test data produced by
the DARES Processor as input.

3) SMOG converts the model program's output to a
standard output form.

4) Selected DIMOTE Routines are run using the standard
output produced by SMOG as input. DIMOTE compares the tested
model's output with the values that were measured and with the
outputs previously produced by other models for the same input
data set. A variety of statistical tests are employed.

5) Based on the results of the statistical tests,
DIMOTE produces a set of graphs and tables which provide an
evaluation of the model and a comparison with other models.



3.2.2 System Implementation

The TAPS Data Base is disk-oriented, and thus a third-
generation computer system should be used for the implementation
of the TAPS System programs. Since most models to be tested were
written in FORTRAN IV for the IBM 360 or 370 computers, it was
decided to implement the TAPS System on an IBM 360/75, using
FORTRAN IV. This allows the power of disk storage to be used by
TAPS and also keeps to a minimum the task of converting models
from one computer system to another.

The individual TAPS components are discussed in detail
below.

3.2.3 FORMAN

The element of the TAPS System that deals with incoming
data is the FORmat MANipulator, FORMAN. FORMAN's function is
to take any data set which has been acquired by the Transportation
Systems Center, convert it into TAPS Standard Format, and store
it in the TAPS Data Base.

The Center expects to receive highway and airport air
pollution data sets from many sources. In most cases the data
sets were originally acquired for use in other projects and
therefore are received in various formats which are tailored
to the original application. Also, various media may be used
to transmit the data to TSC; e.g., punchcards, magnetic tape,
computer printouts, or even handwritten lists. FORMAN allows
the user to extract conveniently the data set from the medium
in which it is received (in whatever format it is received) and
store it in TAPS Standard Format in the Data Base. The process
of converting the data set from an arbitrary input form to the
TAPS Standard Format is accomplished by the FORMAN Processor.

A set of FORMAN Commands is written for each incoming data set
which describes the format of the data set in terms of the TAPS
Standard Format. This set of commands is input to the FORMAN
Processor along with the data set. The FORMAN Processor reads
the Commands and enters the data set into the TAPS Data Base in
TAPS Standard Format as directed by the Commands.

3.2.4 DARES

Data are retrieved from the TAPS Data Base by the DAta RE~
trieval System, DARES. The function of DARES is to retrieve the
data of an air pollution data set chosen from the Data Base and
to prepare these data in a format which can be directly accepted
as input by the given air pollution dispersion model being tested.
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In general, since each model program will be tested using
several of the data sets stored in the TAPS Data Base, a method
is needed to allow a model to be run using as input the data of
any given data set in the Data Base. Two alternative methods can
be considered. The first would be to change each model's input
commands so that the model program could read directly from the
TAPS Data Base. The second would be to retrieve the data from the
TAPS Data Base and construct, prior to the running of the model,
a set of card images in the input format expected by the model
program. This latter alternative was chosen for DARES for three
reasons: (1) it is desirable to alter the model program being
tested as little as possible, (2) a more accurate evaluation of
the computer time used by the model can be found if all input
retrievals are performed prior to model run, and (3) error
conditions resulting from the lack of a match between the data
requirements of the model and the data stored in the chosen
data set can be more easily handled utilizing software fixes
or error message printouts.

The process of retrieving desired data from a chosen data
set in the TAPS Data Base and forming them into card images
acceptable to the tested model program is accomplished by the
DARES Processor. For each model program to be tested, a set of
DARES Commands is written describing the expected input cards to
the program. The DARES Commands describe the data which must be
retrieved from the TAPS Data Base in terms of the standard posi-
tion where such data are stored in the Data Base. In additiom,
the Commands indicate the position where such data should be
placed on a card image and what other information should be
included to form the card image in the format the program expects.

3.2.5 SMOG

The part of the TAPS System which deals with model outputs
is the Standard Model Output Generator, SMOG. SMOG consists of
a set of routines which are used to convert each model's output
from its usual form to a standard form and then place it in the
TAPS Data Base. The model outputs are then used as input to the
DIMOTE test package.

3.2.6 DIMOTE
The fourth and final part of the Transportation Air Pollution
Studies Systems is the DIspersion MOdel TEst, DIMOTE. DIMOTE's

function is to take the outputs of the model program runs (which
have been stored in the TAPS Data Base by SMOG) and compare them

3-4



with each other and with the measured values (which were stored
with the other incoming data for each site and case by FORMAN).
DIMOTE uses several statistical tests (see Appendix E) for these
comparisons, and then produces tables and graphs comparing and
evaluating the different model programs. These results are used
in the production of reports on model program evaluation.
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4. AVAILABLE MODELS

4.1 REQUEST FOR COMPANY PARTICIPATION

In February of 1974, an exploratory letter was
sent {Appendix A} to several companies who had
previously expressed an interest in participating 1in
dispersion model validation experiments. These
companies were among those which had responded to an
earlier questionnaire sent to model developers in the
course of preparing a state-of-the-art survey on
computer modeling of transportation-generated air
pollution [13. In this letter, the purpose of these
experiments was explained, the types of input data: to
be furnished were specified, and the desired output
format was defined.

4.2 PARTICIPATING COMPANIES

In response to this exploratory letter, 10
companies agreed to participate in this {initial
experiment either by supplying a copy of their
dispersion model for in-house testing, or by running
their model under contract in their ouwn plant using
data supplied to theme (Appendix B contains the letter
accompanying the data sent to the eight cospanies
participating under contract.) These models, together
with three dispersion models already available
in-house, brought the total number of dispersion models
to be tested in this experiment to 13. Appendix €
contains descriptions (provided by the individual
companies) of these 13 models.

Table 4-1 shous the type of wmodel, the testing
mode (in-house or contract), and the sites for which
the model was run for each participating company. The
company codes shown in the second column of this table
will be used in section 5 in discussing the results of
the clustering analysis. Company comments on various
aspects of this study can be found in Appendix D.

The models of two participating companies,
Environmental Research and Technology, Inc. (ERT) and
the Center for the Environment and Man (CEM), were not
tested on Site 11 data. ERT used a 12-ft center strip
while other participating companies used a 95-ft center
strip. This discrepancy is discussed in the ERT
comments in Appendix D and also in Appendix F. Because
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of time constraints CEM results for this site could not
be included in the testing.
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S. ATREDALE DATA
5.1 DATA SELECTION

The Airedale data set wused in this study was
collected as part of Contract No. HT-7202 with the
Department of Highways and Traffic, Government of the
District of Columbia, Office of Planning and
Programming. This program was sponsored 3jointly by the
Department of Highways and Traffic, and the Federal
Highway Administration.

In selecting cases suitable for model validation,
TSC rejected 1059 cases. The data from one elevated
and two depressed sites were rejected because of the
presence of extraneous nearby pollution sources, which
would mask the pollution resulting from the highway of
interest.

At the three sites chosen by TSC for {ts model
validation study, a total of 674 cases wuere available
for use. Upon inspection of these data it was
determined that a majority of the cases were not
suitable for utilization in the study. Some cases were
suspect because of very low or very high wind speed;
other cases were found that had very 1light traffic
counts. Also, a large number of cases were found 1in
which the measured upwind pollution at one or more
receptors exceeded the measured pollution at the
corresponding downwind receptor, due to either a
measurement error or the influence of a source wupwind
of the roadway.

TSC used the following criteria in an attempt to
select representative cases for this study: (1) The
carbon monoxide reading for a downwind receptor must be
greater than the corresponding upwind receptor readinge.
(2) In general, very light traffic cases were omitted.
(HoWwever, a few of these cases were included as test
data to determine how well dispersion models could
handle them.) (3) Only cases with wind speeds greater
than one meter per second were used. (4) 1t was
desirable, from a dispersion model point of view, to
include only test cases in which the angle of the wind
with the road exceeded 12.5 degrees. In reality, these
conditions do occur and thus several such cases were
included as part of the data for Site 11, Independence
Avenue. However, the test data for Site 14, Mili tary
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Road, contain no case where the angle of the wind to
the road is less than 20 degrees.

1t was found that only 230 cases met the above
four criteria, 150 at Independence Avenue and 80 at
Military Road. This was the candidate data set for use
in the proposed model validation experiments.

5.2 STATISTICAL TESTING

This reduced Airedale data set was used as input
to all of the highway air pollution dispersion models
following the procedure discussed in section 3. Five
models were run in-house and the remaining elght were
run by the participating companies under contract.
Appendix G contains the measured air pollution and the
predictions of all the models for these 230 cases.

During the time when the models were being run,
further study of the data led to a questioning of the
suitability of even the reduced data set for model
validatione. To resolve this issue, a series of
statistical tests were performed on the reduced
Airedale data set.

First, a2 series of rank correlation tests uere
run, correlating the measured poliution (background
removed) with certain of the Input parameters. In
general, these tests showed low correlations. Next, a
series of multiple regression analyses were undertaken
to determine the dependence of the measured pollution
(background removed) on the various input parameters.

A sultiple regression analysis finds the linear
combination of input parameters which best fits (in the
least-squares sense) the measured pollution values. 1In
this case it was used to find the best values for the
linear coefficients A,B,C, and D in the equation:

M° = Au + B|cos8| ¢+ Cs + Dg ,
where:
M® = the best estimate of M,
M = the measured pollution because of the highway
(as estimated by the difference between the

sum of the downwind pollution measurements
and the sum of the wupwind pollution
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measureaments at three heights: 3, 15, and 30
feet, on towers 36 or 48 feet from the
highuay),

the wind speed,

the wind angle,

the stability, and

the source strength (found from the number of
vehicles per hour and their speed, using
tables from Reference 11).

ot noa

anbdbe

The linear coefficients that are found are "hest™
in the sense of minimizing the square error or
unexplained sum of the squares, US, as defined by:

N 2
US =3 CM(p)-M°(pP)] ,
p=1

tor all measurement points, p. When this is found, it
is compared with the total sum of the squared
deviations from the mean, TS, as defined by:

N 2
TS =1 [M(p) - MAV(p)] ,
p=1

where MAV is the average value of M:
N
MAV = (1/8) 1 M(p) .
p=1

The explained sum of the squares, ES, is defined
to be:

ES = TS-US .

Then, the multiple regression coefficient, R, is
defined by:

1/72
R = (ES/TS) .
2
Thus, R indicates the percentage of the total
variation accounted for by the regression. R=0

indicates no linear relation between the measured
pollution and the input parameters, R=1 means a per fect
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linear fit ,and R=0.5 means that 25% of the vartation
in the pollution is explained by a 1linear combination
of the input parameters. Thus, a louw value of R
reflects a lack of predictability of the measured
pollution from the input parameters, thereby indicating
that the data are unsuitable for model validation.

A multiple regression analysis was performed for
the data of Sites 11 and 14. The results are shown  1in
Table 5-1. These results tend to confirm the doubts
about the appropriateness of the data for model
validation.

The relationship of the {input variables to the
pollution is not necessarily tinear and, in fact, it
can be arqgued that the pollution may be a
multiplicative function of u, °“cosd”, q, and SIGZ,
where SIGZ, the vertical dispersion coefficient, 1is a
function of stability and downwind distance. (This 1is
the Gaussian formulation.) Therefore, a multiple
reqgqression analysis was run for the data of Sites 11
and 14 using:

In M = A lnu + B lnlcosol + C1Inq+ D 1ln SIGZ.

The tesults of these runs, shown in Table 5-2, are
not significantly different from those in Table 5-l.

The final tests performed on the reduced Aliredale
data set was a set of clustering tests 1in which the
data were compared against the predictions of all of
the models. As will be shown in section 6, these tests
provided further evidence that the data set was
unsuitable for model validation.

There are many factors that might have contributed
to the poor performance of the data in all statistical
tests. The tests do not indicate the causes of the data
problems, but these may include inadequacy of site
location, inaccuracy of measurements, and
inapplicability of assumptions.

Un the basis of the results of the statistical
tests discussed in this section, it was decided that
the reduced Airedale data set could not be used to
assess the accuracy of predictions. Thus, since this
was the only available data set, no assesment of model
accuracy could be performed in this test cycle.
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As a consequence of the above findings we
recommend that air quality data be statistically tested
for internal consistency, by methods similar to the
above, prior to their use in model testing. If the
results are unsatisfactory, as in this case, then the
data should not be used for assessing model accuracy.

The next section discusses an approach which
treats the Airedale data as a synthetic data set which
can bhe used to compare model predictions, one against
another.



Table 5-1 MULTIPLE REGRESSION TEST 1

MULTIPLE REGRESSION

M VS. u, |cos8|, s, and q

Site 11 Site 14
R J.48 0.61
Variation
Explained 23% 37%
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Table 5-2 MULTIPLE REGRESSION TEST 2

MULTIPLE REGRESSION

In M° VS. 1n u, 1n lcosd|, In s, and In g

Site 11 Site 14
R 0.41 0.59
Variation
Explained 17% 35%






6. CLUSTERING ANALYSIS

The dquestion arose as to whether any useful
analysis could be performed on the predictions of the
13 dispersion models for the reduced Airedale data set
from Independence Avenue (150 cases) and Military Road
(R0 cases). Although it had been demonstrated (section
5) that there was little relationship in these data
between the measured pollutant concentrations and the
mode } input parameters (i.e., wind, atmospheric
stability, and highway source strength), nonetheless
the set of input parameters themselves, are physically
realizable (see Table 6-13). It was therefore decided
to discard the measured pollution data and to treat the
input parameters as a synthetic data set, thereby
shifting the focus to model comparisons, one against
another. The purpose of comparing models in this way
is to determine whether the predictions of certain
models tend to agree closely with each other (i.e.,
cluster together)e.

6.1 CLUSTERING

The concept of the Consensus Cluster has immediate
application to air gquality analysis and associated
decision-making. Federal DOT officials must often rely
on predictions generated by models when making
decisions on the environmental impact of transportation
systeas. If a model in the Consensus Cluster has been
used for a particular analysis then the approving
Federal official can at least be assured that the
analysis probably represents a consensus of several
existing models. Similarly, at the state level, highway
engineers are often confronted with the task of
selecting suitable models for use in computing the air
quality impact of proposed highways. Several such
models are in the public domain, while others are the
property of companies which perform air quality
analyses for a fee. Models will differ in the cost of
running them (i.e., computations) and in the amount of
state manpovwer resources that must be allocated to the
project, and thus the cost of using the various wmodels
may vaty widely. Therefore, information about which
models produce similar predictions could result 1in
considerable cost savings in selecting a model for a
particular application. Furthermore, if the adequacy of
an air quality analysis should be challenged in a court
case, the state DOT involved in the suit would be in a
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somewhat stronger position to defend its analysis if
the model used had been selected from a group which had
previously been demonstrated to produce similar
predictions.

In the absence of air quality data suitable for
testing the accuracy of models, it is impossible to
determine whether the predictions of models 1in a
Consensus Cluster are any more accurate than the
predictions of models not in the Cluster. Nonetheless,
since models within a Consensus Cluster produce results
which agree closely with one another, these models are
not likely to harbor theoretical or programming errors
in their constructione.

Figqure 6-1 shows a scatter diagram of the
predictions of the AeroVironment and Walden Pesearch
models. Note that these two models agree very closely.
Figure 6-2 is a similar diaqgram for the AeroVironment
and G.k. models in which it can be seen that the
predictions differ markedly. Models which form a
Consensus Cluster would be expected to produce
predictions which closely agree as in Figure 6-1,
whereas Figure 6-2 is an extreme example of two models
whose predictions do not cluster.

6.2 DEFINITIONS

By a pairwise comparison of the predictions of two
models for the same set of data points, a measure of
the "distance™ between their predictions can be
determined. A "model cluster®™ can then be defined as a
set of models whose predictions are less than a
distance, d, apart. (The distance, d, is called the
"cluster diameter," and can be defined as some fraction
of the average modeli prediction.) If there is a single
predominant cluster, then that will be called the
Consensus Cluster, and all models in the cluster will
be called Consensus Models.

6.3 DISTANCE MEASURES

Three types of pairwise model distance measures
were used:

a. Average Absolute Difference (AAD),
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b. B80th Percentile Difference (B0%D), and
c. Correlation Coefficient (CC).

The Average Absolute Difference for two models, M1
and M2, can be found by?

N
AAD = (1/N) I [M1(p)-M2(p)]| ,
p=1

where N is the number of points.

TWwo models can have a low AAD and still have large
differences for many data points. Therefore, a second
measure, the 80th Percentile Absolute Difference, is
used. This is found by ordering all of the absolute
differences, |M1(p)-M2(p)| , and finding the one that
is greater than or equal to 80% of these differences.

The correlation coefficient measures the tendency
of the predictions of two models to vary linearly.
Thus a high correlation coefficient indicates a strong
linear relationship between two models, even though
there may be considerable absolute difference between
their predictions. The correlation coefficient for the
pollution predictions (background removed) of tuo
models, M1 and M2, is defined as followus:

N 172
CC = (1/N) I T(M1(p)-M1AV)(M2(p)-M2AV)I/L(VAR1)(VAR2)Y .,
p=1
where?
N
MIAV = (1/N) I M1(p) ,
p=1
N
M2AV = (1/N) I M2(p) ,
p=1
N 2
VARL = (1/N) I (M1(p)-M1AY) , and
p=1




N 2
VAR2 = (1/N) ¢ (M2(p)-M2AV) .
p=1

6.4 RESULTS

fFor each model, M, the predicted concentration,
M(p), for each data point, p, of the reduced Airedale
data set was found. As discussed in section 4, 11 of
the 13 models were run for Site 11 data, and all 13
models were run for Site 14 data.

Using the outputs of the wmodel runs for all
models, difference matrices were found showing the AAD
and the B0%D for all pairs of models for both sites 11

and 14. These are shouwn in Tables 6-1 and 6-2. The
matrix of the correlation coefficient of wodel
predictions appears in Table 6-3. (Company names

corresponding to the model coded names appearing in
these and subsequent tables are shouwn in Table 4.1) In
these three tables the far right-hand column, labeled
DAT, pertains to the measured data dounuwind of the
roaduWay. It can be seen that, by all three distance
measures, the data are far removed from the predictions
of all the models, which confirms our contention that
these data are not suitable for model validation.

To determine a reasonable cluster diaameter
distance, the average prediction of all models for all
cases was calculated. The difference betuween the
average prediction and the average background is the
average predicted pollution contribution of the roadway
(which was found to be about 1ppm). The cluster
diameter was then defined in terms of the average
prediction. Five clusters were formed with diameters
of 0.2, 0-4’ 0.6' and 0.8 (1.e., 20, 40, 60' and 80%
of the average prediction), thereby yvielding a series
of expanding Consensus Clusters. In the case of the
correlation coefficient, tuwo clustering criteria were
adopted; 0.75 and 0.65.

The clusters formed by the above criteria for each
site are shown in the following tables: Mean Absolute
Difference clusters, Table 6-4; B80th Percentile
Difference clusters, Table 6-5; Correlation Coefficient
clusters, Table 6-6. For each site and criterion the
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TABLE 6-4 CLUSTERING BY MEAN ABSOLUTE
DIFFERENCE BETWEEN MODEL PREDICTIONS

Mean Absolute
Difference (ppm)

Site

Clusters

<0.2

11

M)
(2)

AER-WAL
CAL-WAL

14

(1

CAL-WAL

<0.4

11

1

AER-CAL-SSS-TSC-WAL

14

(1)
(2)
(3)
(4)

AER-CAL-TSC- WAL
AER-ERT-TSC
ERT-ESL
ERT-INT-TSC

<0.6

11

ey
(2)
(3)

AER-CAL-SSS-TSC-WAL
AER-CAL-LOC-WAL
CAL- KAM

14

1)

(3)
(4)

AER-CAL-ERT -INT-SSS-TSC-WAL
AER-CAL-LOC-WAL
CAL-LOC-WAL
ERT-ESL-INT-TSC

11

(1)
(2)
(3)

AER-CAL-KAM-SSS-TSC-WAL
AER-CAL-LOC-SSS-TSC-WAL
ESL-KAM-TSC

14

(1)
(2)
(3)
(4)

AZR-CAL-ERT-ESL-INT-TSC-WAL

AER-CAL-ERT-INT-KAM-SSS-TSC-WAL
AER-CAL-INT-KAM-SCI-SSS-TSC-WAL
AER-CAL-KAM-L0OC-SCI-SSS-TSC-WAL

6-10



TABLE 6-5 CLUSTERING BY 80TH PERCENTILE
~ _DIFFERENCE BETWEEN MODEL PREDICTIONS

80th Percentile
Difference (ppm)

Site

Clusters

<0.2

11

(1)
(2)

CAL-WAL
SSS-WAL

14

(1

CAL-WAL

<0.4

11

(1)
(2)

AER-CAL-TSC-WAL
AER-CAL-SSS-WAL

14

(1)
(2)
(3)
(4)

AER-CAL-TSC
AER-SSS-TSC
CAL-TSC-WAL
ERT-INT-TSC

<0.6

11

(1)

AER-CAL-SSS-TSC-WAL

14

(1)
(2)
3)

AER-CAL-SSS- TSC-WAL
AER-ERT-INT-TSC
ERT-ESL

11

(1)
(2)
(3)

AER-CAL-KAM-TSC-WAL
AER-CAL-SSS-TSC-WAL
CAL-LOC-WAL

14

(1)
(2)
(3)
(4)
()

AER-CAL-ERT-INT-SSS-TSC-WAL
CAL-INT-KAM-TSC-WAL
CAL-LOC~S5SS-WAL

ERT-ESL-INT

SCI-SSS
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TABLE 6-6 -CLUSfERING BY CORRELATION
BETWEEN MODEL PREDICTIONS

Correlation
Coefficient Site Clusters

(1) AER-CAL-WAL
11 (2) AER-ESL-TSC
(3) AER-SSS
(4) ESL-KAM
>0.75 (5) SCI-WAL

(1) AER-CAL-ERT-ESL-INT-TSC
14 (2) AER-SSS-TSC

(3) CAL-ERT-ESL-INT-TSC-WAL
(4) INT-KAM

(1) AER-CAL-ESL-TSC-WAL
11 (2) AER-CAL-ESL-KAM-WAL
(3) AER-SSS-TSC
>0.65 (4) CAL-SCI-WAL

(1) AER-CAL-ERT-ESL-INT-TSC-WAL
14 (2) AER-CAL-ERT-INT-SSS-TSC

(3) ERT-ESL-INT-KAM

(4) KAM-SCI
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total number of different models that cluster with each
model is shown in the following tables: Mean Absolute
Difference, Table 6-7; 80th Percentile Difference,
Table 6-8; Correlation Coefficient, Table 6-9.
Finally, Table 6-10 shows the grand total over all
criteria from the previous three tables, for each model
and distance measure.

Looking at Table 6-10, it is apparent that the
following four models cluster consistently under all
the circumstances considered. AeroVironment (AER),
California Division of Highways (CAL), TSC/EPA (TSC)
and Walden Research (WAL). The Environmental Research
and Technology (ERT) Model clustered well at the only
site where it was run. The remaining models all failed
to cluster as well as the above five. In particular,
neither the General Electric (GE) nor the Center for
the Environment and Man (CEM) models ever clustered
with any of the other models. Again it should be
emphasized that these results say nothing about the
accuracy of the models.

2ased upon the above analysis five models appear
to be members of the Consensus Cluster: AER, CAL, ERT,
TSC, and WAL. It is interesting to note that three of
these models are Gaussian (CAL, TSC, WAL) and two are
Conservation of Mass (AER, ERT).

A wide variety of computer hardware was used in
the running of the models studied here. For
example,all in-house runs were made on an IBM
370/155;0ne contractor used a minicomputer;most
contracters used Jlargescale computers such as the
Univac 1108,the I8M 360, 370 seriessor a CDC wmodel.

The amount of cpu(central processor unit)time used
by companies participating in this study varied from a
low of 7 seconds to a high of 2800 seconds. Computer
use data are available for eight of the models tested
in this study. These data are listed in Table 6-11.

In view of the different hourly rates charged for
cpu time and the varying hardware and software used,it
would not be fair to compare the cpu costs of the
models run under contract. Howeveryall five wmodels
tested in-house were run on the IBM 370/15S,hence there
is a comparability basis for these models. Assuming a
$700 per hour rate(including cpu time, disk 1/0,core



TABLE 6-7 NUMBER OF MODELS CLUSTERING BY MEAN ABSOLUTE
DIFFERENCE BETWEEN MODEL PREDICTIONS

Number of Different Models
Clustering with Each Model

Mean
Absolute MODELS
Difference
(ppm) Site | AER CAL CEM ERT ESIL GE INT KAM LOC SCI SSS TSC WAL
11 1 1 - - 0 0 0 0 0 0 0 0 2
<0.2
14 0 1 0 0 0 0 0 0 0 0 0 0 1
11 4 4 - - 0 0 0 0 0 0 4. 4 4
<0.4
14 4 3 0 4 1 0 2 0 0 0 0 5 3
11 5 6 - - 0 0 0 1 3 0 4 4 5
0.6
14 7 8 0 7 3 0 8 S 2 0 6 8 8
11 6 6 - - 2 0 0 6 5 0 6 7 6
<0.8
14 10 10 0 8 6 0 9 9 7 8 9 10 10
Total, Site 11 16 17 - - 2 0 0 7 8 014 15 17
Total, Site 14 21 22 0 19 10 019 14 9 8 15 23 22
Grand Total 37 39 0 19 12 019 21 17 8 29 38 39
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TABLE 6-8 NUMBER OF MODELS CLUSTERING BY 80th
PERCENTILE DIFFERENCE BETIWEEN MODEL PREDICTIONS

Number of Different Models
Clustering with Each Model

MODELS
80th
Percentile
Difference
(ppm) Site | AER CAL CEM ERT ESL GE INT KAM LOC SCI SSS TSC WAL
11 0 1 - - 0 0 0 0 0 0 1 0 2
<0.2
14 0 1 0 0 0 0 0 0 0 0 0 0 1
11 4 4 - - 0 0 0 0 0 0 3 3 4
<0.4
14 3 30 2 0 0 2 0 0 0 2 6 2
11 4 4 - - 0 0 O 0 0 0 4 4 4
<0.6
14 6 4 0 4 1 0 3 0 0 0 4 6 4
11 5 6 - - 0 0 0 4 2 0 4 5 6
<0.8
14 6 8 0 7 2 0 8 4 3 1 7 7 8
Total, Site 11 13 15 - - 0 0 0 4 2 0 12 12 16
Total, Site 14 15 16 0 13 3 0 13 4 3 1 13 19 15
Grand Total 28 31 0 13 3 0 13 8 5 1 25 31 31
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TABLE 6-9 NUMBER OF MODELS CLUSTERING BY
CORRELATION BETWEEN MODEL PREDICTIONS

Number of Different Models
Clustering with Each Model

MODELS
Correlation
Coofficient | Site| AER CAL CEM ERT ESL GE INT KAM LOC SCI SSS TSC WAL
mls 2 - - 3 00 1 0 1 1 2 3
>0.75
4] 6 6 0 6 6 07 1 0 0 2 7 5
!l 6 6 - - 5 00 4 0 2 2 5 6
>0.65
‘ 4l 7 7 o 8 7 08 4 0 1 5 7 6
Total, Site 11 117 8 - - 8 00 S5 0 3 3 7 9
Total, Site 14 13 13 0 14 13 015 5 0 1 7 14 11
Grand Total 24 21 0 14 21 015 10 0 4 10 21 20
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TABLE 6-10

NUMBER OF MODELS CLUSTERING BY ALL
DISTANCE MEASURES

Total Number of Different Models

Clustering with Each Model

MODELS

TOTAL AER CAL CEM ERT ESL GE INT KAM LOC SCI SSS TSC WAL

Site 11 40 40 - - 10 0 0 16 10 3 29 34 42

Site 14 49 51 0 46 26 0 47 23 12 10 35 56 48
8 91 0 46 36 0 47 39 22 13 64 90 90

TOTALS
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TABLE 6-11 COMPUTER USE

Company

CPU Time (Secs.)

— Comnuter Used

System, Science, Software

Lockheed Missiles and Space
Company, Inc.

Kaman Sciences Corporation .
Environmental Systems Laboratory
General Electric

TSC/EPA

California Division of Highways

Walden Research, Inc.

68

2800

70

10

2300

60

2000

UNIVAC 1108

UNIVAC 1108
CDC CYBERNET 70
IBM 370/155
IBM 370/155
IBM 370/155
IBM 370/155

IBM 370/155
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memorysetc.),one could approximate the cost of running
each of the in-house models with the synthetic data set
used here. On this basis the TSC/EPA cost approximately
$470 to run,uhereas the GE model cost only 52.

It may be of some interest to relate the remaining
models to the five members of the Consensus Cluster.
To do this we computed the mean absolute difference
between the "consensus™ (the average of the predictions
of the five Consensus Models) and the predictions of
each of the remaining wmodels. In addition, the
percentage of predictions exceeding the consensus
predictions was also calculated for each of the other
models. These results are shouwn in Table 6-12. TIf the
predictions of a model tend to exceed the average of
the predictions of the Consensus Models, then that
model may be said to produce conservative estimates of
pollution. By this definition, INT, LOC, SCI, SSS, CEM
and GE all produce conservative predictions. (However,
the predictions of CEM and GE are extremely
conservative since they almost aluays exceed the
consensus predictions.)

It should be noted that all of the above
conclusions are based upon the results of running the
models with the reduced Airedale data set. Most of the
elements in this data set span a limited range of
values (as shown in Table 6-13) for only two site
configurations (both at-grade). Therefore, the five
Consensus Models identified above are, strictly
speaking, only Consensus Models for input data in the
ranges shown in Table 6-13 and for at-grade sites
similar to the ones here. 1Tt is not clear that these
same models will prove to be Consensus Models, as
defined at the beginning of this section, for other
situations (such as receptors further from the highwuay,
elevated or cut sections, different traffic or
meteorological conditions, etc.).

Morteover, even within the range of the input data, the
use of measured concentrations froam part of the reduced
Airedale data set for calibration purposes may have
affected the overall clustering of those wmodels which

were calibrated to these data. (However, better
calibration data will not exist for any set of
synthetic data, or will they exist in wmany model

applications, e.g., pollution estimations at sites not
yet bullt. )

6-19



TABLE 6-12 DEVIATIONS OF OTHER MODEL PREDICTIONS
_FROM AVERAGE OF CONSENSUS MODEL PREDICTIONS

MODELS

SITE] CEM ESL GE INT KAM LOC SCI SSS

Mean Absolute 11 0.89 3.93 1.68 0.61 0.58 0.98 0.32
Difference

(ppm) 14 3.49 0.64 3.08 0.39 0.54 0.68 0.72 0.52
Percent 11 39.0 99.8 54.5 47.6 68.3 87.0 54.2
Exceeding 14 | 99.2 47,1 100.0 62.1 43.3 66.7 82.1 83.8
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TABLE 6~13 RANGE OF REDUCED AIREDALE DATA ELEMENTS

DATA ELEMENT MINIMUM MAXIMUM
WIND SPEED,mps 1 8
WIND ANGLE,deg. 0 360
STABILITY 2 7
TRAFFIC,vph 105 4303
VEHICLE SPEED,mph 34 39
RECEPTOR DISTANCE,ft 36 48
RECEPTDR HEIGHT,ft 3 30

SITES? AT-GRADE



Thus, the findings of this report are only a first
step toward identifying Consensus Models. Since no
such information is presently available to Federal and
state agencies, it was decided that the results of this
preliminary study should be made available, even though
they may be significantly altered by future tests. If,
as seems likely, no suitable air quality data become
available in the immediate future, clustering studies
using synthetic data for a large range of variables and
site configurations will be used to increase the range
of applicability of the conclusions.



7. SUMMARY AND CONCLUSIDNS

T-1 SUMMARY

a. Thirteen highway air pollution dispersion
models were tested, using the Airedale data base. of
these models, six were Gaussian, six were conservation
of mass, and one was exponential.

b. The Transportation Air Pollution Studies
(TAPS) System was used in the testing process. The
TAPS System is a package of computer programs for
storing, manipulating, and retrieving air quality data,
and for analyzing the performance of dispersion models
by means of a series of statistical tests which
determine the degree to which model predictions agree
with measured air pollution.

€. The initial purpose of these tests, which was
to determine the accuracy of the models, had to be
abandoned because it was found that the quality of the
Airedale data is poor. Instead, it was decided to treat
a portion of the Airedale data as a synthetic data set
and to evaluate models in terms of how closely their
predictions agree with one another.

d. Three measures of the distance between pmodel
predictions were used; namely, the mean absolute
difference, the BOth percentile difference, and the
correlation coefficient. Models whose predictions fall
within a defined cluster diameter are identified as
Consensus Models.

e. It is recognized that this is a preliminary
analysis, based upon a data set with elements which
span a limited range of values for only a single type
of highway (at-grade). Hence, the conclusions stated
belod must be considered as tentative and subject to
revision as further experiments with synthetic (or
real) data are undertaken. However, since no such
analysis is presently available to Federal and state
agencies, it was felt that the results of this
preliminary study should be made available at this
time.



7.2 CONCLUSIONS

a. Five models wuere tentatively identified as
Consensus Models: AeroVironment (AER), California
Division of Highways (CAL), Environmental Research and
Technology (ERT), TSC/EPA (TSC), and Walden Research
(WAL). Of these five models, three are Gaussian (CAL,
TSC, WAL) and two are Conservation of Mass (AER, ERT).

b. When compared to the five Consensus Models,
six of the remaining eight models tended to overpredict
pollution concentrations (i.e., tended to make
conservative predictions).

c. Tt is important to understand that the wmodels
identified here as Consensus Models are not necessarily
more accurate than the other models. Accuracy can only
be determined by evaluating the performance of the
models on a suitable sample of highway air quality
data. Such data do not exist at this time.

d. The kind ot evaluation reported here is useful
to both Federal and state DOT officials who are
concerned with the air quality impact of
transportation. In particular, state highway engineers
who select models from the group of Consensus Models
for use in analyzing air quality may have a basis for
defending their choice in any court case which =might
arise.

e. These experiments have demonstrated that the
Transportation Air Pollution Studies (TAPS) System is a
powerful tool for model testing. In particular, the
TAPS System will allow the accuracy of models to be
assessed on a production basis when suitable air
quality data become available.
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APPENDIX A February 12, 1974

TSC EXPLORATORY LETTER

Gentlemen:

TSC will soon be sponsoring a series of dispersion model validation
experiments to be conducted in contractor plants using air pollution
data supplied by the Center. This exploratory letter is being sent
to you because of your expressed desire to participate in this exer-
cise. Herein we specify the kind of input data to be furnished by
TSC, the desired format of the output data which your company would
supply us, the TSC model validation approach and the contractual

arrangements under which the work will be funded.

The purpose of these experiments is to validate fully operational
dispersion models, not to sponsor model RED. Any work required to modify
your model in order to accommodate the test data provided by TSC would

be done at your own expense.

Input Data

The data to be sipplied by TSC consist of traffic and meteorological
parameters for two or more highway sites, The road types at these
sites will consist of at least one at-grade highway and possibly a
cut, or an elevated highway. Each site will be described in detail
by TSC. Approximately five hundred cases will be supplied by TSC to
each contractor, Some of these cases will include actual measured
pollutant concentrations at receptors. These cases may be used for

model calibration.



Each case will consist of hourly input data such as:
Site number

Meteorological parameters (e.g. wind speed, wind direction,
stability, etc.)

Traffic parameters (e.g. vehicles per hour, vehicle speeds, etc.)
These data will be supplied on punch cards. For example, a typical
set of cards for a case may contain the following data (with the

site description and the receptor locations given separately):

Case number: 97
Site number: 3
Wind speed: Smps
' Wind direction: 272
Stability: E
Vehicles per hour: 472
Average vehicle speed: 47mph

Output Data

For each case, the desired output will consist of carbon monoxide
concentration predictions at approximately 4 to 8 receptor locations.

A typical receptcr configuration might be the following:



Ui

The output data should be supplied on punch cards. The desired data

format is:

CASE NUMBER Gy C, c «..C

where Cy is the concentration predicted at receptor N in parts per

million for the case number shown,

Model Validation Approach

TSC has developed a sophisticated battery of statistical tests to
measure the performance of dispersion models. One of these tests
is based upon the decision theoretic approach which evaluates model
performance in terms of its usefulness for decision-making. We will

consider a simple go/no-go decision such that if 6>Cd decide high

pollution and if 6<Cd decide low pollution, where C is the model-computed




concentration and C, is the decision-level concentration. If the
losses associated with these two decisions are known it is possible
to set up an integral defining the total loss which can be minimized

by a proper choice of Cg.

One of the ingredients of the loss integral is the conditional probability,
Pr(C>C1|E=C2), where C; and C, are arbitrary values of pollutant
concentration, C is the measured concentration and 6 is the corresponding
concentration calculated by the model. (For example, C1 might be the
national primary ambient air quality standard for the pollutant in
question.) This conditional probability is a 'sufficient statistic"

for selecting a model to be used in decision-making (it is, of course,

not a single number but must be determined for all C,, Cp). TSC has
developed a powerful statistical technique for estimating such

probability@s.

In addition to the decision theoretic approach we will use some of
the more conventicnal measures of performance. For example, we will
construct several intuitive loss functions each of which stresses
some aspect of the deviation between a pair of measured and computed
concentrations. The summation of the loss function over data samples
provides a single figure of merit for a model. Familiar examples

of such loss functions are the mean square error and the mean log
difference square error. We also intend to compute the rank
correlation coefficient as a measure of the degree to which C and

C increase together.



Thus each model will be subjected to a variety of tests which
measure many aspects of its performance. Test results will be I
published in a series of reports which wil& be distributed to LOT,

EPA and other interested agencies. These reports will be available

to the public through NTIS.

Contractual Arrangements

TSC contemplates the issuance of unpriced purchase orders (with a ''not
to exceed" provision of $2500) to those companies selected by the
Government as a result of their affirmative response to this letter.
Data will be forwarded to the contractors in mid-March. Delivery

of contractor test results will be required within one (1) month
following receipt of a purchase order. It is further noted that

the Government will incorporate those clauses pertaining to either

patents and/or data, as deemed appropriate,

Kindly use the attached form to indicate whethcr you wish to participate
in these experiments and return same to the following address by
February 22, 1974:
Department of Transportation
Transportation Systems Center
Kendall Square
Cambridge, MA 02142
ATTN: Mr. Robert E. Valente, Code AWC
Should you desire any further technical information, please call Mr. i

Eugene M, Darling, Jr., (617) 494-2671. |

Sincerely,

Robert E. Valente
Contracting Officer
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TRANSPORTATION SYSTEMS CENTER

Contractor Model Validation Experiments

Company Name

/ / will / will not participate in the TSC Contractor

L /wild [

Model Validation Experiments.

REMARKS :

Signature Date

Title



APPENDIX B. TSC LETTER March 22, 1974

TO EIGHT COMPANIES PARTICIPATING
UNDER CONTRACT.
Gentlemen:

Thank you for your affirmative response in reply to our exploratory
letter regarding your possible participation in the dispersion model
validation experiments to be conducted by the Transportation Systems
Center (TSC). A purchase order to cover computer expense related to
running your dispersion model is being prepared by our Procurement
Office and will be sent to you as soon as possible.

Enclosed you will find a deck of cards which is to comprise the air
quality data to be used in this experiment. The format of these cards,
as well as data definitions and their units, is explained elsewhere in
this communication. Additionally, there is an accompanying sketch and
description of each site at which data was gathered. Also to be found
in this package are several model calibration or tune-up cases, if
required by your nodel program.

It is requested that the output of your dispersion model be on
punch cards with ~he concentrations in parts-per-million(ppm)}. A sample
format card and an explanation are also enclosed. Please return the
calibration test case results if used by your program.

Run as many ciases as possible starting with site 11, being careful
not to exceed the agreed upon maximum cost of $2500. If you have

further questions, please contact Eugene M. Darling at DOT/TSC.

6 Enclosures




INPUT DATA

FORTRAN

CoL. FORMAT DATA DEFINITION
4-5 12 SITE NUMBER

' 8-10 I3 CASE NUMBER

17-20 14 VEHICLES PER HOUR

24-25 12 AVERAGE SPEED (mph)

30 11 *STABILITY CLASS (1-7)
33-35 13 *%/IND DIRECTION (deg.)
39-40 I2 WIND SPEED (mps)

41-45 F5.1 UPWIND RECEPTOR 1 (ppm)
46-50 F5.1 UPWIND RECEPTOR 2 (ppm)
51-55 F5.1 UPWIND R:CEPTOR 3 (ppm)

FORMAT (3X, I2, 2X, I3, 6X, I4, 3X, I2, 4X, I, 2X, I3, 3X, I2, 3F5.1)

*1,2,3 - UNSTABLE
4 - NEUTRAL
5,6,7 - STABLE

**WIND ANGLE IS MEASURED IN A CLOCKWISE DIRECTIOM WITH 0° PERPENDICULAR
TO THE ROAD.



COL..
4-5
8-10

21-25

31-35

41-45

51-55

61-65

FORTRAN
FORMAT_

I2
I3
F5.1
F5.1
F5.1
F5.1

F5.1

OUTPUT FORMAT

DATA DEFINITION

SITE NUMBER
CASE NUMBER
DOWNWIND RECEPTOR 1 (ppm)
DOWNWIND RECEPTOR 2 (ppm)
DOWNWIND RECEPTOR 3 (ppm)
DOWNWIND RECEPTOR 4 (ppm)

DOWNWIND RECEPTOR 5 (ppm)

FORMAT (3X, I2, 2X, I3, 10X, 5(F5.1, 5X))
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SITE INIORMATION

SITE 11
Number of Lanes: 6
Highway Width: 72' (6-12' lanes)
Center Strip Width: 95!

For wind angles between 0°-90° and between 270°-360°, receptors
Rl, R2, R3 represent the background concentrations. For wind
angles between 91°-270°, receptors R4, R5, R6 represent the
background concentrations.

SITE

14

Number of Lanes: 4

Highway Width: 52' (4-13' lanes)
Center Strip Width: 6!

For wind angles between 0°-90° and between 270°-360°, receptors
Rl, R2, R3 represent the background concentrations. For wind
angles between 91°-270°, receptors R4, R5, R6 represent the
background concentration.

SITE 15
Number of Lanes: 4
Highway W:.dth 48' (4-12' lanes)
Center St:ip Width: 13!

Height of Road Above Ground 25!

Receptors R1, RZ, R3, R4 and R5 are always placed on the
downwind :ide of the highway. Receptor R6 is always the
background concentration and is positioned on the upwind
side of the highway.
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APPENDIX C. MODEL DESCRIPTIONS
C.1 AEROVIRONMENT, INC. (AER)

The AeroVironment turbulent diffusion model was developed for
air quality estimates for point or line source releases. The analytical
details of the model are described in Ref. 1. This model is capable of

handling any arrangement of sources for both steady and unsteady flows.

The basic turbulent diffusion mechanism is based on the short time
asymptotic result of Taylor's diffusion theorem, thus the results are val-
id for distances less than about 3 kin from the source. The spread of the
plume, O, varies linearly under an equation of the form 0 ~ at where a

is the rms turbulence in an appropriate direction, and t the time of flight,

The rms turbulent velocities, a , are dependent on the suriace
roughness, tke mean wind speed and conditions of atmospheric stratifi-
cation expressed in terms of surface heat 1flux or stability parameters
such as the Pisquill classes. A fundamental relation of turbulence gen-

eration is used to define a , given roughness, heat flux, and wind speed

The unsteady partial differential equition for concentration is formu-
lated with traasfer coefficients expressed {from Taylor's result., A fundec.-
mental solution is obtained which can be exactly integrated both in time
and space. For a steady line source the basic result is that concentration
varies approximately inversely with wind speed and downstream distance,

while the vertical distribution is very close to Gaussian,

Ref. 1. Lissaman, P, B.S., A Simple, Unsteady Concentration Model,
Explicitly Incorporating Ground Roughness and Heat Flux. Preprint No.
73-129, Air Pollution Control Association Meeting, Chicago, June 1973.



This model has been given the name AVQUAIL, Because of its
speed and simplicity, the model can be readily operated on mini-
computers and a number of different programs have been developed
for the Hewlett-Packard 9820A computer. To generate data cards
compatible with the DOT validation exercise, AVQUAL has also been
programmed in FORTRAN to run on an IBM 360/50,

c-2



¢.2 CALIFORNIA DIVISION OF HIGHWAYS (CAL)

INTRODUCT 10M

This éSmputer program calculates the pollutant concentrations generated
by motor vehicles kithin a.highway corridor. Ths mathematical model,
ﬁhich is based on the Gaussian Diffusion Equation, calculates hourly
concentrations of pollutants within the meéhanical mixing cell as well

at receptor points at given distances from the roadway. The computerized
model is'capable of estimating pollutant concentrations where the winds
are éither parallel or at an angle to the highway alignment and where

the highway section may be at grade, elevated or in a cut.

This User's Guide is'intended primarily to assist users in preparing

input data for the computer program. It does not constitute a complete

. documentation of the program nor an instruction manual for its application;

Prospective users should be thoroughly familiar with the contenté'of_a
report titled "Mathematical Approach to Estimafing‘nighway Impact on
Air Quality" (L?part Number FHWA-RD-72-36) aﬁd an accompanying Appendix
(FHWA-RD-72-37) b2fors attempting to use the program. Report Number
72-36 describes t1e mathematical formulation, basic assumptions and
limitations of tr.» modsl that is the basis of the computer program. .
Report 72-36 also contains severai problemé that have been computsd
manually illustrating how the model may be applied.




CORRIDOR ANALYSIS

Mathematical Assumptions

The mathemat1cal model presented in this manual is based primarily

on the Gaussian Diffusion Equation, that is, the conceatrations

of pollutants within the plume generated by the vehicles on highwayse

are distributed normally in both the cross-wind and vertical

directions. The following are othcr basic assumptions that went

into the development of the mathematical model for highway line

sources: .

1. Continuous emission sources from vehicles on highways for -
the time period analyzed.

2, The' surface stability classes of the atmosphere are determined
from studies made by Pasquill (1] and from an cbjective
system of classifying stabilities from mcteorologlcal .
observatzons as suggested by Turner (2],

3. The concentration of pollutants on highways within the
mechanical mixing cell is independent of surface stability
cilasses. The mechanical nixing cell can bhe delincd 25 Lho
ared Uil Lhe nicnvey wiete Chiro 1y 20 3 nipnee zmone of
mxing and turbulence Caus2c iy Tl ~secorn 0of the vohicles,
Thée vertical helgnt of the mixing Cﬁli 1s assuked to be ;
12 feet. The horizontal width of the mechanical mixing
cell is assumed to extend from edge of shoulder to edge
of shoulder for medians less than o.: equal to 30 feet.

(4]

4. A uniform wind flow field exists, that is, there'is no
~variaticn of wind speed with height (wind shear).
. L]

S No aerodynamic effects on air passing over structures,
buildings, and other obstructions.

‘Further discussion of these assumptions along with the 11m1tat1ons ’
and applications is presented later. . ’



‘Calculations for Crosswinds

Mixing Cell Concentrations

The concentration of pollutants on the highway within the
mechanical mixing cell for highways located on elevated, cut,
or at-grade sections may be estimated (for any surface
stability class) by using the following equatlon for @ greater
than 12°:

¢ e -_l.osd -
Where C = Concentration of pollutant gm/h3
Q = Emission source gm/sec-m
0 = Wind speed m/sec (1 mph = 0.447 m/sec)*"

Ky = Empirical coefficient determined by field measurements**,

@ = Angle of wind with respect to highway alignment as
determined from the computer program (5] WNDROS or
STAROS based on a 16 point corpass reporting sysLem.
@ will be one of the following angles using the
highway alignment as a reference or base line:

@ = 22.5° . : ) e .
¢ = 455 . ) .
@ = €7.5°

@ = £0° (wind direction is perﬁendicular to highway
! alignment) .

1.06 = Empirica)l factor relating the height of the
mechanical mixing cell to concentration

To compute the source strength term Q in equation 3 use the
following equation:

Q@ = [1.73 % 1077] x [vehicles per hour] x [emission factor] (4)

Where the numecrical constant is a factor to convert the
units of the product (vph) (gm/mi) to gm/m-sec.

*The minimum recommended wind speed is 2 mph or about 1 m/sec,

**yUntil sufficient data become available from the D1v151on of
Highways Research Project [10] acsume Ky = 4.24.
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The emission factor used in equation-4 depends on the model year,
emission standards, percentage of HDV, average route speed, efc.

[] .
Values are given by Beaton et al [4]. for the prima olluta
. . ry t
.emitted by the motor vehicles. ? g e

The calculated.copcentration from equation 3 should be converted
to parts per million concentrations by using equation (1).-

INPUT

This section describes the formats and input data reéquired by the

computer program.

Tﬁe-required inputs to-the mathematical model to estimate hourly
pollution concentrations on and within the highwav corridor 2re
described below: o

1) Traffic volumne in number of vehicles per hour.

2) Emission fac:ors of vehicles using the highway as a
- function of neavy duty vehicle (HDV) mix and average

. . route speed.



3)-

4)

5)

Meteorological parameters, that is, surfocc stability

-of the atmosphere and its associated probebility of

occurrence along with its corresponding wind rose.

Type of highway design, that is, a highway located on

~a fill or viaduct section, cut section, at grade section,

etc,

Horizontal and vertical dispersion parameters.

Each of the above inputs into the mathematical model is discussed
in detail below.

Traffic .
The traffic input data for a proposed highway normally will
be the peak and off-peak hourly volumes and their associated-
time of occurrence. This information can be obtained from
District Traffic cr Urban Planning Departments and will
cover' the period from the estimated time of corpletion of the
proposed highway to twenty years thereafter. This is
discussed in detail in a report by this departmwent [3].

Emission Factors

The input emission factors [4] for carbon monoxide for the
estimated .time of complctieor znd Cwenuy years nence can be
obtained from reference [4] depending on the percentage of
Heavy Duty Vehicles (HDV) and the averzge route speed. I€.
the estimated HDV mix does not correspcnd to the exact value
used in the figures of reference [4) use a direct linear
interpolation between the lower and hicher HDV mix to obtain
a value for the emission factor.

Wind Speed, Direction{ and Stability
1

The ocutput {rom the computer program [5] WNDROS or STAROS*
will give for a specified tirme, (1) the probability of
occurrence for each surface stability Class A through F
inclusively and (2) the wind roses for :he associated

surface stability classes. Stability Class A is the most
favorable meteorological condition in terms of the dispersion
of pollutants while Stability Class F i& the most unfavorable
(worst) meteorological condition and results in the highest
ground level concentrations. For a quentitative air quality
study, it is necessary to compare two me teorological condi-

.tions which are obtained from the computer programs WNDROS

or STAROS*. The two conditions are (1) the most probable

*The STARZ computer program has replaced the STAROS program.
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gurface stability class and its associated wind rose, and
(2) the most unfavorable, or worst meteorclogical conditions
its probability of occurrence, and its associated wind rose,
The most probable and the worst meteorological corditions
are usually estimated for the :time periods when the peak

and off-peak traffic hours occur. This is discussed in
detail in a report by Beaton et al [5].

Tybe of Highway Design :

The input for the type of highway design consists of one
of the following:

1. at grade section

2. elevated highways 30 feet or less

3. elevated highways over 30 feet

4. cut, section

For each of thc above types of design, with the exéeptién'of
the at grade section, the height of £ill, viaduct, or elevated
section must be determined. The same applies to the cut-
section, that is, the depth of cut must be determined. The
geometric characteristics can be obtained from plans furnished
by the Design fection. .

Horizontal and Vertical Dispersion Parameters
Al

The horizontal and vertical dispersion parameters are used
in the mathemat.ical model to characterize the transport and
dispersion of pollutants for different meteorological
conditions, )

These dispersion parameters are a measure of the surface
stability of°’the atmosphere which greatly influences the
ground level concentrations. Figures 86 and 87 in Appendix®
are plots of the vertical and horizontal dispersion parameters.
The use of these parameters is illustrated in Example 2.



The following describes thé input.déta layou@ required by the progran:

Card_thber 1 (Always Required)

Punch an X in card colwm 1 to select the cross wind calculations. Punch

a P in card column 2 for parallel wind calculations. Punch aa X and a

P in-the respective colums for both Calculations.

. Card Number 2 (Cross wind input data) (All data right justified)

Card Colums

1=-10
11-15

16-20
21-25
26-30
31-35.°
36-0
K-z
1;3-51

52-80°

* Format

F10.0

‘F 5.0

F 5.0
F 5.0

¥ 5.0

F 5.0
F 5.0

I2

.'F 9.0

Symbol

VP
- EF

PHI

CLAS

(Leave BRlank)

Description
Vehicles per hour

Emission Factor (Grams per
mile)

Wind speed (Miles per hour)'
Wind ancla (Degreos)l
Pavement He%gh? (Feet)
Receptor Height' (Feot)

Distance from edee of
Shoulder to receptor (Feet)

Stabllity Class (1-6 = A-F)

Molecular Weight of
Pollutant



Card Number 3 (Parallel wind input data) (ALl data right justified)

Card - Columns - Format - Symbol Description
1-10 : F10.0 - VPH Vehicles per hour
11-15 F 5.0 EF- Emission Factor (Gram per
. mile) _
16-20 F 5.0 v Wind Speed (Miles per hour)
21-25 F 5.0 PRI " Wind angle (Degrees)
26-30 F 5.0 H Pavement height (Feet)
31-35 F'S.O | L. 2 ’ Receptor height (Feet) -
36;h0 F 5.0 | D Distance from edge of
: shoulder to receptor (Feet) |
h-y2 - I2 CLAS Stability Class (1-6 - A-F) |
43-51 F 9.0 Lo © Molecular Woight of
T , ’ Pollutant " a, .
52-60 _ F 9.0 . 10 Dowrind dista.nc:e fron péiﬁt

.. vhere wind initially becomes
parallel to highway (Feet)

61-69 ; F 9.0 W Width of highway, shoulder
; f to shoulder (Feet)

70-78 'F 9.0 . WDTH Average width of cut (Average
of top and bottom widths in
feet) -

79-80 ) : (Leave Hlank)
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OUTPUT .

The output of the mathematical model is a series of curves (Figures
1 to 85 in Appendix). 'These curves arc a plot of the ground level
¢oncentration ratio CuK/Q versus the downwind distance. From these
curves estimates of hourly concentrations of carbon monoxide can

be made for the h;ghway corridor regicn. These values are solely
due to vehicle emissions and must be added to background concentra-
tions to obtain total pollutant concentration levels.

-

*The appendix for this volume is published scparately

These appendix curves are divided into four basic groups as
described below: .

Group l: Appendix Figures 1 to 6 are for at grade sections where
the wind is not parallel to the highway alignment.

Gfoup 2: Appendix Figures 7 to 54 are for elevated sections,
that is, fills, viaducts, and.bridges where the wind
is not parallel to the highway alignment.

Group 3: Appendix Figures 55 to 78 are for cut sections where
the wind is not parallel to the highway alignment.
These curves can be used to estimate the concentrations
of pollutants generated by highways with shallow cuts.
(Depth of cut < 30 feet.) . .

Group 4: Appendix Flgures 79 to 85 are for highway sections where

the wind is parallel to the highway alignment. .
The curves in Appendix Figures 7 to 54 indicate the theoretical
relative difference in ground level concentrations for highways
on elevated sections compared to at-grade sections. In these
figure's the curve for H=0 represents the at-grade section for
winds not parallel to the highway alignment. Detailed field
measurements are required to validate this reduction in ground
level concentration for elevated sections, however, the relative
effects can be seen from the curves. The same reasoning applies
to the comparison between at-grade sections and cut sections
shown in Appendix Figures 1 to 6 and Appendix Figures 55 to 78,
where the winds are not parallel to the highway alignment and
for different surface stability classes..

In Appendix Fiqures 1 through 78 where the winds are not parallel

to the highway, the angle of intersection (@) between wind direc-
tion and the highway centerline has the following application:

¢
@

@ = 67.5° corresponds to angles from 57° to 78°

22,5° corresponds to angles from 12° to 33°
4

45° corresponds to angles from 34° to 56°

.@ = 90° corrésponds to angles from 79° to 101°

Appendix Figures 79 through 85 (where the winds are parallel to
the highway alignment) are used where the angle of intersection

(@) between the wind direction and highway centerline is less
than 12°. .

Figure 1 illustrates the wind dirvection and ranges.
c-11
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.The variables® on the curves in the Appendix are:

C= Concentratlon of pollutant in grams per cubic
meter (gm/m3)

U’ = Mean surface wind speed (n&sec)**
Q = Emission source strength ggg (winds parallel)

and )
m .
Y (dl?ds not parallel)

K = Empirical coefficient determined by field measurements

Until sufficient data become available from the Division of
Highways research project [10] assumz K = 4.24 on all curves.

The system of units for concentrations should be consistent with
the California Air Quality Standards in parts per million by
volume or the Environmental Protection Agency Standards in
micrograms per cubic meter. The following equations convert the.
concentration from the curves in grams per cubic meter to parts

" per million hy volume based on a reference temperaturz of 25°C

and nressure of 750 mm of mercury, and from grems por oubic meier
to micrograms per cubic meter.

3 (0.0245)

ppnm = u3/m MW, ]

Where po>m = Concentration of pollutant in parts
per million by colume .

ugm/m3 = Concentration of pollutant in micrograms
per cubic meter

-6

1 pgm/m’ = 10 gms /m> - (2)
M.W. = lfolecular weight of the pollutant.

*All units used in the model equatipns are in the metric
system,
A}

**U is representat:ive of the undisturbed air flow measured at a
height of 10 mecers above the ground surface over flat level
terrain or modified for surface roughness as defined in
reference [5].

C-13
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SUMMARY

The mathematical analysis of the-impact of a highway on the
environment requires two analyses: (1) corridor analysis and
(2) mesoscale analysis. In the corridor analysis, special
consideration is given to estimating the CO pollutant concen-
trations from the highway to the point downwind where ambient
levels are again approached. The mesoscale analysis emphasizes
the "air basin concept". This analysis evaluates the effects

of the proposed highway on general community air quality.
Consideration is limited, at the present, to two primary gaseous
pollutants emitted from motor vehicles namely CO and HC.

At the present time the California Division of Highways has
concentrated most of its efforts in developing and validating
a mathematical model for the highway corridor region. More
extensive work with actual field measurement of pollutant
concentrations will be made in the future to develop and ’
statistically validate regional models to supplement the
present mesoscale analysis. .

. Figures 14 and 15 are generalized flow charts for the corridor
*and mesoscile analysis along with the requirea inputs.

.

. ' - ~
I ] i P !
TRAFFW- EMISSION . ME TEOROLOGY TYPE OF |

VOLUMES FACTORS HIGHWAY DESIGH

IR L 4

HIGHWAY LINE SOURCE DISPERSION MODEL

‘I
. . ESTIMATE POLLUTANT

CONCENTRATIONS WITHIN
THE HIGHWAY CORRIDOR(S)

__

Fig. 14 FLOW CHART FOR CORRIDOR ANALYS!S_
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C.3 CENTER FOR THE ENVIRONMENT AND MAN (FEM)

TO: United States Department of Transportation
Transportation Systems Center .

RE: The CEM Highway Tratfic Air Pollution Model

The Analysis

Highway traffic air pollution sources and receptor iocations
are defined as a set of discrete x, y, z points. Each source;point repre—
sents an area of unit pollutant emission. For the present case, emissions
are assumed uniform in the relevant stretch of highway; thus, source points

are uniformly spaced down the centerline of each traffic lane.

Pollutant diffusion in the direction of the wind 1is ignored.
It would only be relevant if time variations in emission rate were known.
Horizontal diffusion lateral to the wind is assumed to uniformly fill a
+ 10° azimuthal sector centered on the wind direction. This approximation
to Gaussian diffusion is realistic and is made for convenience and efficlency.
Since the model uses a multi-discrete-point source representation of a line
source representation of the true traffic sourcz configuration, the exact
form of the lateral dispersion function is of little consequence. Vertical
dispersion is assuned Gaussian from real and vi-tual (for ground-reflected

pollution) sources displaced upwind to 'effective' locations.

To compute the upwind displacement, the turbulence depth at the
roadway is estimated. That 1s, o0, at the roadway is assumed to have a
value dependent on the depth of the traffic 'wake'. Assuming this ozo(Ro)
the displacement is the corresponding R, from the Pasquill curves.
Similar.y, the source height is assumed to be 10 ft, since the turbulence
18 assumed to raise the effective source to some point in the traffic wake.
For the elevated roadbed, the effective height was assumed only 5 ft above

the surface.

Since the highway was assumed uniform in both directions from the

test site, source points were only defined in one direction from the test

c-16



(contd) The CEM Highway Traffic Air Pollution Model

site (except a short distance the other way to allow for plume spreading
for winds nearly normal to the highway)., The wind component normal to the
highway then determined which receptors were downwind and the absolute
value of the component along the highway was used to get the correct con-
centration from the one—sided set of sources. A i.10° sector upwind
from each receptor determined the affective sources. Only contributions

from those sources were computed.

A numerical fit to the Pasquill stability curves was made to
-give the constants of a three parameter empirical form. These constants
-were used in the program to generate a o, (R, STABILITY) table from which
0,'s were extracted as needed. Five categories were used (Pasquill B-F)
corresponding to the given 2-6. Given categories 1 and 2 were called 1,
categories 3-6 were called 2-5 and 7 was also 5. Emission source stremgth
was computed for highway traffic using the EPA average emission factor for
Carbon Monoxide for 1973 based on nationwide stéri§tics (62 G/vehicle-mile)

multiplied by a speed correction factor %g;%EBT which is a numerical
fit to the EPA curve for average speed correcti :tors for all model
years.

Execution

The program was written in ANAL7d (a CEM language) for execution
on a UNIVAC '1108. The program consists of 45 lines of code, plus the data
«cards. Storage is automatically assigned by the language and does require
access to a drum. OQutput consists of a printed tabulation of results..
Tape and graphical display output can be generated with one or two mcre
‘1ines of code. The program can handle 1484 cases at a time without modi-
fication. Ten seconds were used to initialize the language, 16 seconds to
-compile the present program, 2 seconds for preliminary computations and
approximately 1/2 sec per case for the final computations. One hundred
-and fifty-nine cases were run (all calibration cases, plus data rumns for
sites 14 and 15 only) for a total execution tiﬁe of 1 min 42 sec.

(Cost = $14.40) c-17



The Program : : )
The program consists of initial system array definitions

followed by -
- Read data cards (DEP cards with 10 values each)
-~ Pre-process data
o convert site numbers’ 11, 14, 15 to 1, 2, 3

o convert wind directions O to 360° from y axis
to 0 to + 90° from X axis in each quadrant

o set wind direction always + at site 3 (15):

o convert stability classes 1 through 7 to
1 through 5

o divide traffic count (VPH) by number of lanes to
get VPH/lane

Read y coordinates of traffic lanes, receptors

Compute relative radius, azimuth between all source,
receptor combinations

Read z coordinates of each receptor, H of each site-
compute (z + H) for each receptor

Read stability coefficients
Compute sigma z as function of stability, radius

Compute —
J o (L8R). _1(z-mn)\? 1(z+H)\?
7 (%5 {exv[ i(‘?“)]“""[‘i(ﬁ]}

Compute for each case

o Extract relative radius, azflmuth tables and
Gaussian function for this site

o Determine all source points for which wind direction
minus relative azimuth of source, receptor is less
than 10° = A®

o Correct Q for VPH, SPEED for this case
o Divide plume function by (0,* WIND SPEED)

o Add effective source displacement to table of
relative radii

o Add to the background concentration the plume
function at each receptor for correct relative
radius from each source which is within * 10°
upwind sector.

o Store answers for this case

- Print table of pollutant concentrations for all cases
for all receptors.

c-18
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C.4 ENVIRONMENTAL RESEARCH AND TECHNOLOGY (ERT)

DESCRIPTION OF THE EGAMA HIGHWAY AIR POLLUTION MODEL
ENVIRONMENTAL RESEARCH AND TECHNOLOGY, INC.
429 Marrett Road
Lexington, Massachusetts 02173

1. INTRODUCTION

_ The Egan-Mahoney advection-diffusion Modeling program is applicable to

a study of the dispersion of vehicular emissions in the ncar field of high-
ways. The program numerically simulates the¢ primary dispersion mechanisms
of emissions from highway sources throughout a ''two-dimensional' grid system
and computes pollutant concentrations for each grid element.-

The capability of treating spatially varying winds - both horizontal
and vertical - and diffusivities is a major feature of the model. The
wind fields and diffusion coefficients can be internally calculated as a
function of highway geometry or, if otherwise available, can be read into
the program. The geometry can be specified to represent at-grade, elevated,
or depressed highway sections. The concentrationsare predicted with a
Torward time step routine until a steady-state solution is reached.

This numerical dispersion model has been developed in the FORTRAN IV
computing language and is called EGAMA in the ERT program library.

2. MODEL DESCRIPTION

2.1 The Tracer Equation

.

The advection and diffusion of a pollutant are governed by the tracer
equation. The two-dimensional equation, used in this study, describing the
change of concentrations resulting from horizontal advection, vertical advec-

tion, vertical diffusion, and source emission is:

X Ly, B B
Uax “az +az U\E)z)+ Q
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where:

(x,2) are the downwind and vertical directions (meters) in a.two-
dimensional Cartesian system,

X is the concentration of the particular pollutant in g/ms,
t is time (seconds),

U(x,z) is the horisontal wind (msec'l),

W(x,z) is the vertical velocity (msec-l),

K(x,2) is the turbulent diffusivity.(m2 sec'l),

and Q is the source emission rate (g/mS/sec),

To simulate pollutant dispersion across and downwind of a highway, a
vertical cross-sectional region enclosing the highway is divided into a
number of grid elements; and the partial derivatives in the tracer equation
are approximated by finite differencég corresponding to the dimensions of
the two-dimensional grid elements.

If the horizontal dimensions of the grid elements are set equal to the
width of a road lane and the vertical dimensions equal to a mean initial
mixing depth for the aerodynamic wake region of the vehicles, traffic in
different lanes can then be represented by volime source emission rates in
the corresponding grid elements. Boundary conditions and initial values of
the concentration field need to be specified fcr the grid cell representation.
For most applications, the initial values of tte concentration field are equal
to zero. The steady-state solution is then gererated from the rest. However,
current pollution levels and upwind background levels can be used as initial

values and boundary values for special situaticns.
2.2 Horizontal and Vertical Advection

The finite-difference simulation for horizontal advection, vertical
advection and vertical mixing in the governing equation is performed in three
separate, sequential steps in the computation procedure.

Conventional finite-difference approximations to the two advection terms,
}Bx/ax and W2x/3z, produce truncation errvors which, in effect, introduce
numerical "pseudo-diffusion,'" errors intc the predicted quantitics. This
artificial upwind and downwind mixing rate of the material by the numerical
schors can be orders of megnitude lorzpor than that resulting from the real

atmaspheric mixing process,
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The pseudo-diffusion associated with the numerical advection term can be
substantially reduced by utilization of one or more statistical moments of
the concentration distribution within a grid element in the computation schemne,
A description of the use of statistical moments in finite difference calcula-

‘tions may be found in Egan and Mahoney (1972) (Reference :1).
2.3 Vertical Diffusion

The vertical diffusion componenf, 3/3z(K 3y /3z), is simulated by a
forward-time, centered-difference technique modified so that variable grid
spacing can be specified in the vertical. In regions where parameters or
concentrations change rapidly with height, resolution and accuracy can be
improved with smaller vertical grid spacing. In other regions where gradients
are smaller, large grid spacings can be used. Details of the computational
routine which involve the conservatio; of the first and second moments of the

horizontal distribution may also be found in Reference 1.
2.4 The Two-Dimensional Grid System

Figure la illustrates the basic forms of the wind and turbulent diffusivity
fields expected for a depressed highway section. Figure 1b illustrates the
two-dimensional grid field representation used for computation purposes in
the model.

The grid syst:m is defined on a two-dimensional Cartesian coordinate
system with the abscissa as the horizontal axis and the ordinate as the
vertical axis. Tie length of the system is the total number of horizontal
grid elements multiplied by Ax, the horizontal gimension of a single grid.

t

241 determines the height of the top of the n

tical dimension of the nth cell is 2z -z As is seen on Figure 1b, the

vertical element. The ver-
n+l
horizontal (U) velocities are calculated at the left and right sides of an
element while the diffusivities (K) and vertical velocities (W) are defined
at the top and bottom of an element. The basic flow is always assumed to be
from left to right. The model allows for three boundary obstacles as simu-
lations of the various highway configurations. These are shown in Figure 1
by the hatched areas. These threec obstucles are independent and may be
specified individually or together. The two outer obstacles with the four
boundurics derund a kinciatic bouncoyy cendition of U= 0, W= 0, and K = 0.
The inner obstacle (h3’ 13) is transparcent to the winds, but diffusivities
downwind are altered by its presence.
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.5 Calculation of the Wind Figld

-

/ .
Both the horizontal, U(x,z), and vertical W(x,z), winds are calculated

on the basis of conservation of mass and according to the "topography' in
the grid system. A simple power law expression for U is assumed to be valid

at the left boundary, i.e., U(x = 0, 2) = Ul(z/zl)a, where

Ul is a measured wind speed,
2, is the height at which U1 is measured,
and
a is an externally imposed parameter depending on atmospheric

stability conditionms.

For computational purposes the wind direction is always perpendicular
to the highway. To simulate the efféét on concentrations of winds at small
azimuth angles (8) from the normal (6 = o with perpendicular winds), the model
reduces the wind speed in the advection terms by a factor cos 6. This medi- |
fication in essence simulates the effects of oblique wind angles on increasing
the travel time of pollutants to corresponding positions normal to the road-
way and on increasing the source emissions per unit time into the flow over
the roadway. The procedure is valid for & less than about 45°., The wind
fields for differ¢nt obstacle configurations are calculated by assuming that
various horizontal velocity profile modificaticns will result from the pre-
sence of obstacles to the flow and by requiring that the wind fields that
result satisfy corservation of mass at each grid element. The fields cal-
culated are expected to be valid for typical freeway cross sections where the
roadway width is large with respect to the roadway depression depth. Certain
constraints are inposed to limit the use of the computation schemes to the
calculation of wind fields to sections of this type.

The model was extensively validated for near highway concentration esti-
mates in a study performed for the District of Columbia Department of Highways

and Traffic (References 2 and 3).
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INPUT

. Dimensions of grid system
. Dimensions of grid elements

. Cross wind angle

. Stability

1
2
3
4. Wind speed
5
6. Dimensions of boundary obstacles’
7

. Source Emission Rates (g/m/sec)

OUTPUT

1. Horizontal wind field N

2. Vertical wind field '

3. Diffusion coefficients for each grid element
4. Emissions field (by grid element)

S. Concentration field (by grid element)

REFERENCES

Egan, B..A. apd J. R. Mahoney, 1972: Numerical Modeling of Advection and
g?d Diffusion of Urban Area Source Pollutants, J. Appl. Meteor., 11.
2-322.

'Development of Procedures to Simulate Motor Vehicle Pollution Levels', ERT

Document P-343-F Environmental Research and Technology, Inc., Lexington,
Mass. February 1973,

Egan, B. 4. and T. F. Lavery, 1973: Highway Designs and Air Pollution
Potential. Presented at the AIAA Third Urban Technology Conference.
Boston, Massachusetts, 26-28 September 1973.
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C.5 ENVIRONMENTAL SYSTEMS
LABORATORY (ESL)

ESL HIGHWAY MICROSCALE DISPERSAL MODEL

The ESL Highway Microscale Dispersal Model has been
designed to provide accurate and rapid calculations of air
pollutant (non-reactive gases and particulates) concentrations
from highway traffic. The model has been calibrated and
validated using field measurements of carbon monoxide and
particulates (especially lead). In the model, the fundamental
Gaussian dispersal equation is employed to calculate atmospheric
diffusion and transport. A formulation of this type provides for
rapid computer calculations which require a minimum amount of
computer storage capacity. Readily available tabulations of the
error function and the normal cumulative distribution function
are employed in the model. For convenience the model requires
only the norma.ly available traffic, geometric, and meteorological
parameters:

1. Traf:lic Data (vehicle classification mix, age
mix, and speed)

2. Roadway Geometry (cut, at-grade, elevated -
distance between roadway surface and ground)

3. Meteorological Condi:ions (calm or definite
wind speed, wind direction, and Pasquill
Turbulence Classification).

NOTE: In contrast to many Gaussian Models, the ESL

model accepts calms and winds parallel to the
roadway.
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In addition to the above parameters, highrway air
pollution dispersal involves such processes as the mechanical
generation of turbulence by high-speed vehicles and the
absorption of vehicular emissions by the ground. The ESL model
incorporates these effects as described below.

Model Description.

The ESL model uses the fundamental Gaussian plume model
for a continuous elevated non-reactive point source to calculate
the dispersal, transport, and precipitation of vehicular
emissions in the atmosphere near the roadway. The general form
of this equation, using the coordinate system described in

Figure 1, is:

_ 2
x{x,vy,z) = — Q exp {~ -——z__f
Znuoy(x)oz(x) ¢0y(x)
_ 2 2 (grams/
X J exp - izL——B%— + Yy exp - lE_i_E%_ cubic
Zoz(x) 2cz(x) meter)

Where: ¥ = mean concentration (grams/cubic meters)
u = mean wind speed (meters/second)
(Note: Wind speed is considered parallel to
X axis).
Q = emission rate (constant, grams/second)
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h = source height (meters)

Yy = absorption coefficient (y = 1.0 indicates
non-absorbing ground surface)

standard deviations of lateral and vertical

Oy (x),0, (x)
relative concentrations distributions,
respectively (meters)

In order to apply the above equation to the highway dispersal
problem, the functions ox(x) and cz(x) must be defined. The
ESL model utilizes the following functions reported in
"Meteorology and Atomic Energy" (Clifford, U.S. Atomic Energy
Commission, July 1968):

The o and o¢ parameters can either be assigned by field
measurements or the Pasquill Turbulence Classification.

The high-speed highway vehicular traffic generates
mechanical turbulence which rapidly disperses vehicular emissiors
throughout a volume over the roadway surface. In simplest terms,
the cross section of this volrne (or mixing cell) is rectangular
in shape with a height Ah and width equal to the roadway. This
mixing cell is also assumed to extend along the entire length of
the roadway. The vehicular pollutants, then, are assumed to
elude from a screen which is the downwind vertical side of the
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mixing cell; thus, the screen is located at the downwind cdqe of
the roadway with the height of the mixing cell (Ah) and length

of the roadway. For at-grade and elevated roadways, the screen
base is placed at the roadway level; however, for cut roadways,

the screen base is placed at ground level (but over the downwind
roadway edge). Figure 2 diagrams this geometric configuration.

The ESL model is then developed by assuming the vehicular

emissions elude uniformly from the screen; therefore, the screen
can be considered to consist of an infinite array of point

sou. ces. The concentration at a receptor point from each point
source is calculated by using the Gaussian equation. Consequently,
the sum of concentrations from all these point sources is the
concentration from the screen. Mathematically, the summing

process reduces to integrating the Gaussian equation over the
screen. If the receptor point is close to the roadway, the

roadway can be considered infinite in lendéh;_then,'the integration
along the length of the screen can be parformed analytically to
yield:

h_+Ah
i = q_ :E: \/ 27
s Ya 0.6610¢2D2 3 0.661062A2cosza
2 . 2
x exp -A” sin‘a

2 2 2

2(0.6610.2 p2 + 0.661062 A% cos?a

¢

0.8130, D tan a
X {1 + erf ¢

dh

2 2 2,2

/2 0.81304(0.6610,% D? + 0.6610,% 2% cos? o)

¢

Cc-33



sueTd PUNOIH - XX SAOQY 82Inog dTIIg TLOTITAA AITUTIUIL <z 2anb1d

N3IJFHOS I0HNOS IoVII /

(3INV1d AX OL TYWHON)} N3I3HIS 30HNOS

7733 ONIXIW 30 LHOIIH SI 4V *3LON

(920 ‘0)
HOLd303¥

C-34



g = emissions per unit length (grams per meter per second)
¢ = angle between the wind direction and roadway length
Ya = 1l if A = Zo-h or Y, =Y if A = zo+h
erf (2) =

VA
2
2 e t dt, the standard error function
ey
[e)

In general, the vertical integration (between ho and ho + Ah) is
performed numerically. However, for two special cases of
parameters, an analytical solution can be easily developed.

In the first case, the term .661092cosza in the
above equation :an be neglected because either o is sufficiently
close to /2 or Azoe2 is small compared to 02¢Dz. Then the above

equation is analytically integrated to yield:

.q tan o (ho-+ Ah - zo) sin a
Y = — |1 + erf| —m— P
2u sin o 0.813/20e 0.813o¢
(h - z_) sin o (h +Ah+z)sina'| (h. + z_)
_F|—2° o +yF |—2 o —yF [—0° o
. 0.813c J 0.8130
0 8130¢ 13 ¢ ¢
Where: L £
_ 2
F(t) = i _/. e S /2 ds, the standard normal cumulative
- distribution
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In the second case if a = o, the equation is also
analytically integrable to yield:

2 2.2
_ q ho+Ah-zo+J(T;o+Ah-zo) + 0.6610,°D
X = — |1ln
2v2mu
2 2.2
hy - zg * /(ho—zo> + 0.6610,“D
L +an+ 2z + |(n+n+z )2+ 0.6610,%D°
(o) o o o ¢
+yln

2 2.2
ho + z, +\/(ho + zo> + 0.6610¢ D

Application of the Model.

In orider to apply the model, it is necessar& to define
the following parameters for one of the three above mathematical
equations:

traffic related: g -- emissions per unit length

per unit time
Ah -- height or mixing cell

roadway-related: h -- distance between the roadway surface
and the ground

pollutant-related: y -- absorption coefficient
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meteorological: u -- wind speed

a -- angle between the wind direction
~and roadway

e,o¢ -~ horizontal and vertical wind direction
variancies, respectively

ESL has applied the model to predict air pollution
dispersal from highways in over six states geographically dis-
tributed throughout the nation. What follows is the methodology
developed and employed to calculate the above parameters. For
some of these parameters, in particular Ah, the assigned value is
based entirely on experimental field data. These parameters have
been found to vary among the various lozations; however, in the
absence of local data, typical values cin be assigned.

Regarding traffic related parameters, the value of g
is calculated by using the methodologv described in the
U.S.E.P.A.'s publication: "Compilation of Air Pollutant Emission
Factors" (AP-42). The value of Ah has been determined by
regression analyses utilizing field data to be approximately 10
feet; thus, this value is inserted in the absence of local data.

Regarding the roadway related parameter, the value
of ho is simply taken as the difference between the road height
and the mean ground level for elevated and at grade roadways.
For cuts, ho is set equal to zero (i.e., the emitting screen is
placed at ground level above the roadway surface).
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Regarding the pollutant-related parameter, the value
of y for carbon monoxide is taken as unity. This assignment
has been extensively verified by field tests. Since carbon-
monoxide is essentially unreactive the absence of absorption is
expected. Because the chemical reactions of other gaseous
pollutants are relatively slow, in previous studies, ESL has
assumed that the unity assignment would apply to hydrocarbons
and total nitrogen oxides. However, in the case of particulates,
the value y has been observed to be approximately 0.5; thus,
this value is applied in the absence of other data.

Regarding the meteorological parameters, there are
two types of meteorological situations which must be addressed:

(1) A meteorological situation in which there is
a definite wind speed, wind direction and
Pasquill Turbulence Class.

(2) A meteorological situation which is simply
described as a calm (i.e., there is no definite
wind, and existing air movements are erratic and
slow).

Assignment of meteorological parameters in the first
situation is relatively straight forward. The actual (or
assumed) wind speed (u) and direction (a) are applied. Using
the methodology in the "Workbook of Atmospheric Dispersion
Estimates" Bruce Turner 1970, the actual (or assumed) Pasquill
Turbulence Class is employed to assign values for Og and o,.

¢
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Assignment of the meteorological parameters in second
situation relies on experimental field data. From validation
data which was acquired under very calm meteorological conditions
at the bottom of a valley, a regression analysis indicates that
the following parameters, when they are substituted into the
model equations, accurately calculate the concentrations: u = 0.7
meters per second, Yy = 90°, and Og and o¢ correspond to the
Pasquill Turbulence Class C.

Validation Data.

Under contract to various highway departments throughout
the nation, ESL has acquired extensive sets of carbon monoxide
and particulate (especially lead) validation data. The majority
of this data was acquired using multiplie air bags which were
simultaneously and automatically filled over a specified time
period; during this time period, meteorological and traffic date.
were also concarrently acquired. The contents of the air bags
were analyzed Eor their carbon monoxide concentration using a
gas chromatograph.

Figure 3 shows a typical arrangement of the egquipment
employed for the measurement of carbon monoxide levels near the
roadway. Figures 4 and 5 are photographs of this particular
experimental site. Normally such air bags were filled using
"Star" Aquarium pumps with a needle valve and bleeder in the
output from the pump to the air bag as shown in Figure 6. With
different adjustments of the valve, the air bags can be filled
in as little as 5 minutes or as long as two hours. Aluminized
"Scotch-Pak" bags were used to collect the atmospheric samples.
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METEOROLNGICAL SENSORS

(‘l/_ ESL MONITORING VAN

' HIGHWAY 101

X o ©0 METEOROLOGICAL SENSORS
® AIRBAG STATION

NOTE: DISTANCES ARE IN FEET

Figure 3. Diagram of a Typical Open Roadway Validation Experiment
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PUMP

TYGON TUBING

Qa“”””,,/" NEEDLE VALVE

BLEEDER

/ TYGON TUBING

POLYETHYLENE

"’//”” BAG

Figure 6. Diagram of Air Bag Pump
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Most validation sets of air bags which have been employed in

model validation and calibration efforts were fille. in
approximately 60 minutes. This time period was selected in order
to assure that the variance ;n the concentration measurement

from statistical fluctuations in atmospheric dispersal
characteristics and traffic emissions would be small compared to -
the mean values. The good agreement observed between similar data
sets and the nearly identical concentrations measured from air
bags located at the same distance from the roadway indicate that
these conditions were achieved.

The array of air bags was designed to measure several
critical parameters. Air bags were located at distances up to
600 feet from the roadway. Bags were located on both sides of
the roadway in nrder to obtain a good estimate of "upwind"
background levels and to examine the levels on both sides of the
roadway during calm or nearly parallel winds. In addition,
several bags were located at the same distance from the roadway
but displaced fiom each other by 3 meters (10 feet) parallel te
the roadway. The purpose of these bags is to determine the
reliability and variance associated with the measurements. Also,
such measurements provide a test on the uniformity of levels
parallel to the roadway.

Figure 7 describes a sample of a set of validation data.
The error bars describe plus and minus one standard deviation of
variance associated with the bags parallel to the roadway. As
can be seen in the figure, in this particular situation
concentrations measured were less than or equal to 1 mg/m3 (or

1l ppm) of carbon monoxide. A gas chromatograph was used to
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accurately measure these low concentrations. The gas chromato-
graph (Beckman Model 6800) measured relative concentrations which
were accurate toc within 2%. The absolute accuracy was limited

to the accuracy of calibration gases. Concurrently with the air
bag collection, Hi Vols-were operated at various distances from
the roadway to collect particulate validation data.

Least-squares analyses utilizing validation data
obtained in this fashion were performed in order to determine the
values of the empirical parameters (in particular Ah and y) and
validate the ability of the model to accurately calculate
pollutant concentrations near the highway from highway traffic.
Figures 8, 9 and 10 are typical comparisons of the model
calculations and the measured concentrations for the three
major roadway geometric configurations. As seen in these figures,
the ESL model accurately calculates concentrations of air
pollutants near the roadway.
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C.6 GENERAL ELECTRIC (GE)

The G.E. Model
The model was developed by the General Electric

Company under a contract with the City of New York.** The purpose
of this contract was to produce a mbdel_for predicting air quality
{(i.e. CO concentrations) in the immediate vicinity of various
urban roadway configurations. The configurations studied were the
following:

Covered on top, open on one side
Long tunnel, ventilated
Shallow Cut
. Short tunnel, unventilated
Deep cut
Grade road
Cantilever cover
Viaduct
City street
Intermittent covered span

The G.E. Model assumes that the decrease in concentration of
CO with height can be represented by the following exponential

relationship:
2 Mﬁ -az
C = Wapwvy © (1)
where M = pollutant emissions in mass per vehicle mile
N = traffic flow rate in vehicles per hour
a = a constant found to be .015 to .025 ft. !
W = width of the roadway

**Study of Air Pollution Aspects of Various Roadway Configurations, Final
Report, New York City Contract No. 209624, General Electric Company,

September 1971.

C-49



D = diffusion coefficient

V = wind velocity )

z = height above vehicle exhaust plane
C = concentration of CO

If z is replaced by the radial distance p then (lj becomes:

C = co, e 3P (2)

where ’

co, = N
b W(aD+V)

which is the concentration resulting from the xth line source.

p = the radial distance between the source and the receptor
(the point at which the concentration is calculated).

This model was further refined by defining a vehicular

pollufion factor ¢ where:

co .
- X _ M
¢ = =" ° W@+ (3)

For eigh: of the ten highway configurations listed above
(i.e. all except the tunnels), G.E. discovered that there is a
strong linear relationship between ¢ and traffic speed. The
regression re.ationship for the year 1971 was found to be:

. -3 ppm-hr
b; [ 0.51 T; + 26.9] x 10 © TChicte ‘ (4)

for 15 mph < T, <. 49 ‘mph
Ti = average traffic speed in lane i.

The total CO concentration at receptor R, COR' is then

obtained by summing the contribution of the S road lanes: et
- S .
= Ny -ap. °
COR z ¢iNi e iR (5)
i=1 :
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C.7 INTERA (INT)

TSC DISPERSTON MODEL
VALIDATION TESTS

Summary of Technical Approach

(1) Turbulent diffusivities used were consistent with the Pasquill-
Gifford stability classes. That is, we have shown' that the
Fickian type diffusivity mode)l can give results virtually
identical to the Gaussian models provided both the eddy
diffusivities and the wind speed are made functions of height
within the boundary layer. These values which we have previously
found consistent with the Pasquill-Gifford stabilities were used
in this study. To accommodate a seventh stability class, we
have extrapolated the diffusivities to provide a more stable
class than Pasguill-F.

(2) Emission levels for the vehicles were assumed to be 6 x 10-3
ft3 of CO/sec/vehicle/ft of roadway. This is equivalent to a
release of 37.5 gm of CO/mile for each vehicle. Since no in-~
formation was provided on the relative traffic flows per lane,
we have assumed an equal distribution per lane. Our release
in the vertical direction was betweepn ground level and 9 feet
uniformly. This distribution in the vertical reflects our
opinion that the warm roadway and thermal buoyancy of the ex-
haust in addition to the eddy motions caused by vehicular travel
create an effective vertical release.

(3) B&ll cases were calculated as two-dimensional. Calder? has
shown that utilizing the wind component normal to the roadway
along with the actual downwind distance from the roadway to
the receptor (mzasured along the wind direction) is in good
agreement with the exact integration. For angles up to 75¢
from perpendicular, the agreement for a Gaussian model was
exact.to thrze decimals. MHMoreover, steady-state Gaussian modzals
are a poor approximation to the parallel wind case since the
effect of both transients and finite length road segments are
important.

Since transients and finite road segments are important, we

have omitted in our analysis any case in which the wind direc-
tion was within + 10° from parallel to the roadway; not because
these cases could not be run, but rather because the along road-
way segment lengths were unknown. At site 11, eight of the 160
cases were omitted. These were cases 19, 41, 88, 89, 99, 100,
101, and 109. At site 14, one of the 90 cases (case 10) was
omitted. At site 15, none of the 25 cases was omitted.
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(4)

(5)

At site 15 (with an elevated roadway), preliminary calculations
indicated the flow remained essentially parallel to the elevated
section. As a conseguence, the test cases werc calculated using
this assumption.

Initially, we examined in detail the calibration data. Based"
upon a cursory examination of the data, it appeared that the
measured concentration buildups would not correlate well with
source strength. That is, the concentration increase from the
roadway did not appear to correlate well with the number of
vehicles per hour given that stability class, wind speed, wind
direction and vehicle speed were essentially constant. As a
consequence of this cursory examination, we did a regression
znalysis of the calibration runs. To allow linear regression
analysis, the variables were transgenerated. As an example,
one of the regression analyses examined the equation:

2
-8 Z.
= N.
Ci o \l/U e i
i
where Ci = the concentration increase downwind over upwind
Ni = the number of vehicles/hr.
U, = wind speed

zi = the elevation of a receptor
a,B = regression constants
and i = individual data point

The above equation obviously ignores effects .of atmospheric
stability and wind direction; however, other regression runs
included these variables as well.

This regression analyses indicated that for either site 1l or

site 14, the calibration data concentration increases, although
correlated with the source rate (number of vehicles), showed a

general inverse relationship. That is, the greater the number
of vehicles, the lower the concentration increase. Of course,
the number of samples at each site was small and often part of
these were deleted to avoid the problem of parallel winds dis-
cussed earlier. Still, this finding disturbed us sufficiently
that we contacted TSC about the problen.

TSC examined the test data and found that the complete set of
data did correlate with the number of vehicles. As a consequente,
we have virtually ignored the calibration data and provided !
predictions based upon our limited experience in traffic

modeling.
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What we had hoped to back out of the calibration data was the
most representative vertical distribution of carbon moncxide
emissions above the roadway. Because of the limitations in
the calibration data discussed above, this was not possible.

Instead, our distribution was consistent with our previous ex-

perience from a traffic validation study conducted by EPZ.
This experience is obviously somewhat limited.

Description of Model

General

The model used is a numerical solution of the three-dimensional
material balances for both pollutant transport and for the air stream.
The pollutant transport equation includes advection and turbulent
diffusion. The turbulent diffusion is characterized by a Fickian
approach with spatially dependent properties. 1In particular, the
turbulent diffusivities are made a function of height within the
boundary layer. The wind calculation, though based upon a modified
potential flow, allows the horizontal wind to vary with height. The
modified potential flow allows (1) inviscid potential flow at high
elevations and (2) empirical height-dependent coefficients which
account for surface friction (viscous effects) within the boundary
layer.

Application to Traffic Problem

The user must specify a set of three-ilimensional grid blocks.
Variable grid spacing allows the user sufficient flexibility tc in-
clude adequate description of the emission source distribution. In
the case of application to traffic problams, the emission source
generally takes thz Fform of connected fini:e-length line segments.

In the validation tests, the receptor locations were relatively
close to the roadway. Moreover, no line segment specification of
roadway path was prcvided so that we treated this application as
an infinite-length lins segment. Calder? has shown that a good
approximation for a wind oblique to a line source can be determined
from the perpendicular wind line source solution. This takes the
form :

~ U(x
c "’("/coss)
cos?

where C = concentration at perpendicular distance x from
the line source

<=
I

the solution for a perpendicular wind

@
n

the wind angle measured from perpendicular
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This was the concept used in the present s!ud: alluwing the calcule-
tions to be two-dimensional instead of three.

The program calculation proceeds by specifyinj the qr.id, line
(area) source locations, background concentration levels, and recceptor
locations as if the wind were going to be perpendicular to the roadway.
For any specified wind direction, the prcgram then avtomatically aé-
justs the grid block sizes in the x-direction by dividing oy cosf.

The wind speed is also adjusted to give the perpendicular ccmponent
(totally equivalent to dividing the perpendicular line source solu-
tion by cosf as specified in Calder's paper). The program then pro-
ceeds with a normal two-dimensional, x-z, finite difference calcula-
tion of wind perpendicular to a single or series of line (area)
sources.

Program Input

The user must specify a number of input variables. The physical
meaning and a brief description of these variables is summarized below:

(1) Program control information including the number of
grid blocks in each of three directions (for 2-D one
is permissable), output desired, the number of source
blocks, and other similar data; :

(2) Source location and magnitude specification including the'
number of traffic lanes, their location in the grid, the
vertical blocks above the roadway through which this emission
is to be distributed and the relzstive emission weighting
factors for the vertical distribution for each lane;

(3) The vertical distribution of the background concentrations
which flow across the x = 0 face of the grid;

(4) The definition of grid block sizes (normally one x-grid
block is usz2d to describe each traffic lane) in each
coordinate direction;

(5) Wind direction and speed, atmospheric stability, mixing
layer height if vertical diffusion is to be limited; and

(6) Receptor X, y, z coordirates

Program Qutiput

The user has considerable control in the kind of output he
desires to see. The output which always is printed includes the
control information, the source locations and strengths, the block
sizes, the wind direction and speed, and the receptor concentrations.
Optional output includes:

-

C-54



(1) concentrations in each grid block,
(2) printer contour maps of the concentrations, and
(3) wind velocity output for each ceoordinate directior.

Model Equations

The attached abstract includes a brief description of the égua-
tions and method of solution used in the finite difference model.
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ATTACHMENT I

AIR QUALITY MODEL

3.1 WIND CALCULATION CONSIDERING TOPOGRAPIY

Material balance on the flowing air stream, assuming constant
density, gives .

v S = oS TEnuss Ton ad olfE | D ovregaa (SN0 usy

where:
U = the time-averaged air velocity vector, consisting
of components u, v and w in the x, y and z directions,
respactively.

If a velocity potential defined by
U =3yg s, “FEN FAFS, LS W IANFRCABN T B, =8, 055, 080, (2)

is introduced into Eguation (1) Laplaces' equation is obtained;
V26 = 0 teeverennirnireinitertitctenenciencnnness (3)

The assumption that the fluid motion is irrotational is
contained in the dzfinition of potantial given by Equation (2).
Solution of Egquaticn {3) for boundary conditions of constant
potential in the vertical direction and no terrain feature results
in horizontal velocities which do not vary with height. Near
tne ground surface, ncwsver, air viscosity becomes important
and measurement of turbulent flow over a :Zlat plate are found to vary
in logarithmic or pcwzxr law fashion. To account for this knrnown
behavior, the definition of velocity potential in Equation (2)
was modified to include an empirical resistance "flow coefficient”,
K, given by c :

[ S - R - |

,

where X has comocnents Ky, Ky, K.

As a consequance, over flat terrain, the horizontal velo-
cities will have the szme variation with height as do the cor-
responding flow cosfficients in that direction. Over uneven
terrain, vertical and crosswind flow will modify this power
law or logarithmic wvariation. Additionally, these coefficients
can be varied spatizally to indicate different amounts of surface
roughness. Substituting Equation (4) into Equation (1) gives

v s KGe0=-omed Spn el oBEeeel, Log sTuling, USSR, L (5)
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These empirical resistance flow coefficients do have phvs;-
cal significance. In laminar steady flow over a flat plate, the
horizontal velocity is proportional to a function of height
(a height squareid re;atlonshlp) multiplied by the fluid poten Llal
defined by p + p3%, where p = pressure, p = fluid density, g =
the gravitational constant and Zz = vertical height. If a turbu-
lent eddy viscosity is defined analogous to the Newtonian molecu-
lar viscosity, the same type of expression can be derived;y hcwever,
a different functionality with vertical distance from-the ground
surface should be expected. This 1is our concept for the horizontal
flow coefficients, Xy and K,,. These coefficients are normally
taken as power law function5 of height as follows:

(4/25)% for 2<Zg
unity for Z>Z,4

..........................(6)

Ky, Ky

&

The vertical coefficient, other thamn for flow vertically alcng
cliff, should be only slightly affected by the viscous friction of
the ground surface. BAs a consequence, the vertical variation of
this resistance cozificient, K,, realistically reflects the dansity
variation with height. For neutral conditions the adiabatic
lapse rate gives ¢p/dZ = O and the coefficient, K, would be
approximately unity. For stable conditions, there is a severe
restriction to vertical flow and K, should be significantly less
than un;ty. Our approach has been to assume Kz is constant but
varies with auno=ph3r1c stability from roughly 0.01 for stable
conditlons up to 1.0 for unstable conditions.

Solution of Eguation (5) for the potential, ¢, along wi
Eguation (4) gives the three-dimensional veloc1ty field U. The
[~}

boundary conditicn used for Equation (5) is that the wind is one-
dimensional along tha external boundaries That is, u is spaci-
fied and v and v ars zero. The hor izontcl velocity at the bocundary
can, of course, ke variable vith height. No flow boundaries
representing terrair are created by setting the. appropriate cirection
flow coefficients to zero.

Formulation of the air flow in terms of a modified velocxty
potential represants a 51gn171cant simplification. Neglectci in
such an approach are such factors as (1) the change in wind

tion with increzsing elevation (Ekman spiral), (2) formation
of eddiss on ths downwind side of obstacles to flow and (3) thermal
density instability which can cause vortices in the ilcw.

Our model for describing wind flow over irregular terrain
features has been kept simple for two reasons. First, we did not
want to censumsz a disproportionate share of computer time in
solving the wind flow problem comparad to that required for the
turbulent diffusion solution. Second, the mathematical description
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of individual eddies downstream from obstacles in the flow is
probably not essential to the pollutant dilution problem. "In

fact, refinement in the grid to adequately compute eddy formation
will generally be impractical for realistic terrain problems.

In a gross sense, the increased dispersion of pollutant due to

eddy formation can be approximated by increasing the eddy diffusi-
vity downstream of obstacles. In our model, we have made the
diffusivities dependent on velocity, and thus an increase in diffu-
sion occurs automatically as the flow progresses around an obstacle.

The finite difference representation used for Equation (5) was
ATAGYi4k = 0 ccvceemuncnrernennernacrarercananase.()

where T is the transmissibility at any point, defined as follows:
D(TB) = By(Ty By 6) + By(Ty Ay ) + B,(Ty by 6) |
Bx(Tx Bx 9) = Ti+%(6i+l = i) g~ Tiegldy - 05 3) gk
Ti+%,jk = (K, &y &Z/AX)i+%,jk

Equation (7) is solved by the line successive over-relaxation
(LSOR) method. This is an iterative procedure which develops
the steady flow solution through a reduction of the coefficient
matrix to tridiagonal by calculating the vertical direction po-
tentials at the new iterate while the others are at known iterate
levels. Iteration oropceeds until the material balance error is
acceptable.

Cenvergence >£ the jterative procedire can be accelerated -
by the choice of a "gocd" iteration parameter. Theory has been
adeguately develcged for estimating an optimum iteration paramster
for the LSOR proczdwra, This determination depends upon estimating
the spectral radius of the Gauss-Seidel matrix. This procedure
has been included in the program. As a consequence the program
makes a few iterations (5 or more should be used) on the terrain
problenm specified with slightly different boundary conditions.
Based upon the maximum change in potential during iterations of
this modified problsm an estimate of the optimum parameter can
be calculated. This parameter is then used in iterations on the
actual wind f£low problems.

3.2 TURSULENT DIFFUSICN

) Material balance on the pollutant flowing in the air stream
with velocity field, U, defined in the previous sections gives:

V’EVC"[-J_’VC+I= %‘%’+qs+qa -..-l'n.o-oo...(a)
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wnere: )
C = pollutant concentration, lbs pollutant/lb air

E = eddy diffusivity with components Ex, Ey, and Ez in ft.%?/sec.

r = rate of disappearance of pollutant due to reaction, 1lb
pollutap;/sec/lb air

gs= pollutant source rate, 1lbs pollutant/sec./lbs air
ga= pollutant ground adsorption rate, lbs pollutanﬁ/sec/lb air
t = time, sec.

The rate of disapzearance of pollutant by chemical reaction,
r, is assumed to be first-order and thus is proportional to the
concentration. The pollutant source rate, dg, is the pollutant
mass source rate per unit volume of the total emission, divided
by the air @ensity. The ground adsorption rate, qa, is the mass
rate of pollutant absoxbad (or adaorced) at ground level per unit
surfacs area multiplied by the specific surface of the ground and
dividecd by the aix censity.

Fruation (8) can be salved once the velocity field, U, and the
boundary conditions are specified. Calculation of the velocity g
profile is discuss=32 in the previous section. Boundary conditions |
for diffusion are thzt the flux normal to tne ground surface, at
the uoosr and side boundaries is zero. -The upper boundary can
represent a temperature inversion if desired.

The finite-diffsresnce approximation used for Equation (8)
is oI the form:

(8TAC) § 5% ,n+1 ~ hV(‘~'C)13k ntl — B (VAZC)l]k n+1 T Vijx(qs Ajk

1n2 — L1 AzAC
e Cijx,n+1) = Lx(quC)ijk,n+1 TThE (Vi + ’Ezai)

(Cij:,’n+l— ij‘.. -.-.).o.o-oo.a.-&-..-u.-’»--0-.00--.-00-0000(9)

1S paa

B(PAC) = £y (Ty:2,C) + Ay (TyByC) + Bz (TzA2C)

2 cross sectional area, ft.?

8y (TyLyC) = Tijey,x(Cy+1 = C3ik ~ Tij-%,k(Cj - Cj-1)ik
Tij+%,k (E'L“*Z/Ay)13+¥ k

Ay (vAy,C) = (vaAz)j+%E§Cj + (1 - a)Cj+IJ - (vAxAz)j‘%[§Cj_l +
(1 - c)cil
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Vijk = blcck volume (AxAyAz)ijk
AcC, :
pbC = slcpe of the adsorption.isotherm, ft’/ft?

Cg = mass pollutant/unit area, lb/ft?
p = air density, 1lb/ft?
i,j.,k = x,y¥,z indices
n = the time level index
Ax, Ay, bz, bt = x, y, 2, and the £ime increments
T = the reaction half-1life
¢ = weighting paramster
3.3 TRUNCATION ERROR

amater, o , makes possible several different

The weighting par
fer ence approximaticns to the first order
s

choices of space
convection deriva: . In the program, we have sz2lected a first
order correct ups eam weighting ( if Vitk is negative, ¢ = 0; if
Viry is positive = 1). A second orxdir correct central difference
(¢ = 0.5) could navo bean used. However, the central difference
gives rise to a damp2d oscillation if the eddy diffusivity E is
not greater than wix/2. The first order correct procedure does
not cause this oscillation but h:sz the disadvantage that it
introduces a numarical diffusivity equal to uAx/2 (Reference 13)
Depending upon.tae block sizes used this numerical diffusivity
could dominate tae dasired eddy diffusicn coefficient.

rfrl QJ

Fortunately plume dispersion is quite insensitive to the
diffusion which »>ccurs along the plume centerline. As an illustra-
tion, the Gaussian plume models do not even contain a coefficient
for mixirg in th2 dirsction of flow. We have made calculations
with substantial <variztions in the diffusion levels in the down-~
wind direction aad verified the minimal importance of this coef-
ficient. Velocitisz=z in the crossvind and vertical directions are

lo

generally much smalle nd thus the space truncation er.or which
is proportional to ve ty is ordinarily negligible.

on error can also be important. The first order
time derivative roximation results in an apparent diffusivity
equal to u<At/2. T lratantaneous releases of pollutant were
important (for example a few minute tracer release), small time
Steps would be reguired to assure a negligible time truncation

Time truncat
-
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error. For the most part, the problems of interest are continuous
releases with wind changes occurring on the order of hours.

Under these circumstances, the concentrations within the region
5-10 miles downwind from the stacks is near steady-state. Time
truncation for steady state problems is not present, thus the
calculated concentrations for these cases 1s accurate. -

Alternative approaches such as Lagrangian methods (Reference 14)
and variational methods (Reference 15) have been used to minimize
truncation errors. However, our experience comparing the numericel
model with analytical solutions indicates truncation error will
not be an important limitation for the majority of the problems
of interest.
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C.8 KAMAN SCIENCES CORPORATION (KAM)

KAMAN SCIFNCES COKPORAI:ON LINE SOURCE
MODEL VALIDATION

INTRODUCTION

The Kaman Sciences Corporation air pollution dispersion model
used in this study is Gaussian and can accommodate poii.t,
area, and line sources at arbitrary eifective heights, and
receptors at arbitrary heights. t calculates concentrations
of CO, HC, NOx, SOZ'
in a mode which excluded point and area sources and all pollut-

and particulates. Used here it operated

ants except CO. The program is written in FORTRAN IV and
incorporates unique features which reduce running time signifi-
cantly below that of similar models.

The KSC Line Source Model was not originally designed for
microscale calculation of pollution concentration. For custom-
ary problems, the model is used to calculate annual average
pollution concentration in the vicinity of finite length
highway sections and point and area sources, using annual fre-
quency of wind wi:hin direction, speed, and stability classes.
For use on highwa/s only, the model is used to calculate
hundreds or thousands of highway sections within a metropolitan
area, for dozens or hundreds of receptor locations, usually
arranged in a square grid. To eliminate the occasional co-loca-
tion of a source and receptor, calculations are not permitted
within a parametric distance of a source. The most frequently
used distance is 0.05 mile (264 f:). Where a receptor grid
point is closer than that distance, alternate calculations at
a distance of 0.05 mile perpendicular to the highway in both
directions is considered as representative of the vicinity.
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Despite the interded end use of the model, there are no math-
ematical restrictions to prevent its use in small scale
calculations, and it has been adapted for calculating cocncen-
trations of CO close to elevated, at grade, and depressed
highways.

DESCRIPTION

This model simulates a line source by dividing a finite length
of highway into N square areas, computing the pollution concen-

tration from each area and summing all N areas.

The dispersion equation useéd is:

2
.20 _ Afn
z ( 16
where the quantities have the customary meaning. This is

equation 5.13 from D. Bruce Turner: Workbook of Atmospheric

Dispersion Estimates. The downwind distance, X, in this equa-

tion is modified by adding a distance AX to simulate in the
accepted manner distance from each area to a virtual point
source upwind a distance AX. This equation also assumes that
wind direction is not constant, but equally probable within

an arc of 2n/16 radians.

ASSUMPTIONS

Assumptions used in this model are typical of those for Gaussian
formulations including no change in wind speed with height, a
constant wind field during the averaging time, reflection from
the ground, mixing height is accounted for in the standard
deviation Gz' and steady state emission during the averaging
time.
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MODIFICATIONS

The model was modified to the minimum extent required to run

the TSC test problems. Modification included changes to

vehicles per hour rather than vehicles per day; a single wind
sector, speed, and stability rather than all directions, multiple
speeds, and five stabilities. (This program uses only one

stable class; classes 5, 6 and 7 are identical.)

An expression to compute emission rate as a function of speed

used was:
(' 280
Q = 100 (0.4 + ———————5) (2)
(v+2.4)
where: Q = CO emission rate per vehicle mile, g/mi.
v = vehicle speed, mph.

A finite length of highway of 1 km was assumed.

The normal output from the program is concentration in ug/m3.
This was divided by 1205 to change units to ppm. (This
factor assumes standard sea level pressure and 10°C,)
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2.
3.
4.

10.

11.

Normal Inputs

Effective height of emmitter
above receptor

Length of highway section
Orientation of highway

Traffic count, vehicles

Number of square areas

per highway section

Location of source(s)

Location of receptor(s)

Annual frequency of wind

by speed, direction, stability

Table of emission rates by highway type
for each pollatant

Output format

Description of grid for receptors
and location »f other receptors

Normal Outputs

Annual average concentration for ground
level for each pollutant for each
receptor on grid and each receptor not
on grid, summed over all sources -
ug/m?

Total calculated emissions - g/sec

Total vehicle miles per day
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Modified Inputs
for This Problem

10.
11.

Same

1l Km
East-West

Vehicles per
hour

81

X=0,Y=20
Same

Single speed,
direction,

stability

Function

Same

Location
of receptors

Modified Output
for This Problem

1.

Print concen-
tration for
single recep-
tor, single
pollutant
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C.9 LOCKHEEDMISSILE AND SPACE COMPANY, INC. (LOG)

LOCKHEED FOLLUTION DISPERSION MODEL
AND VALIDATION EXPERIMENT RESULTS

Alan W, Ratliff
Marcus L. Pcarson

1.0 INTRODUCTION

Lockheerd's pollution dispersion model was adapted from a peneral B
computer program written for the solution of viscous mixing and ¢hemically
reacting ilows agscociated with such diversec probiem arecas as rocket o,.}f:\uut
plumes and chemical laser cavities. The program is written in F.OR'I‘RAI‘{ v
language and is well documented (Ref. 1). The program's generality permits
easy application to atmospheric dispersion problems,

2.0 GENERAL DESCRIPTION

This model is based on a computer program originally written to xolve
viscous reacting flows with parallel mixing between two or more dissimilar
streams ¢t constant lateral pressure. The program allows any chemical or
vibrational energy exchange reaction mechanism to be prescribed as input
data as long as thermodynamic properties and associated rate constants {or
the reactions are available for all participating species. Trvanspart prop-
erties arr handled in terms of constant Prandt! and Lewis numbers in con-
junction vith a variety of viscosity options which include models for both
laminar and turbulent flows. The gencral formulation of the basic prezram
will be outlined first, then a description of the adaptation of the code to the
dispersioi problem will be addressed.

Assuming constant lateral pressure, which climinates the lateral
momentuin equation, the following set of conservation equations are solved
simultaneously,

Continuity :
L] d
> (pu) +'57 (pv) = 0O (2.1)
Momentum;:
8u 8u _ dp . 8/ 8u
Uax PV yy = 'dx+W(”W) (2.2)
Species:
oF, °F; o fre PE\ .
pu-e—x—'l'pv-b—);- =B—y-—-ry'8—y- +wi (2.3)

c-77



Energy:

i=1
2 3 BF.
du Le (8T i
v ul(53) *ﬁ(z‘y‘)‘ °p, By (2.4)
: i=1
State:
RT

Assuming planar two-dimensional flow, the following initial and boundary
conditions apply.

x=0: u=uly), T=Tl) F; =Fily)

Y=Yy V7 Ymax*
BFi
= = 0 (2.6)

212
1l
213

@ Transformation to Stream Function Cooi:dinates

The solution of the governing equations is considerably facilitated by
transforming them from the physical x,y-plene into an x,b-plane. This
transformation (von Mises) is chosen to satisfy the global centinuity equation,
Accordingly, the following definitions are in roduced:

g_;l:_

= pu
%3% = -pv (2.7)
These definitions then result in the following transformations for the derivativer:
(%), = (&)
by/, 89/,
9 9
(-5-;) = (-5-;) - pv(n) (2.8)
y x



With these transformations, the conservation c¢quations for momentum,
species, and energy then assume the follcwing form:

bu _ __1dp 38 8u
R e (pup aw) (2.9)
8F, F w
i _ 8 (Le B ) R 4
e 8¢<Prpu“ u4,>+‘)‘1 (2.10)
8T 1)1 4 1 X b
- 1)idp 1 ;
5x ~ cp‘p dx puz:lhiw1+b¢ (Prp“cpﬁ?)
i=
-a_uz Le 8T NS 8F,
teoul\ey) *Pr By 24 °p, TG (2.11)
i=1

Finite Difference Formulation

For rumerical integration the conserva:ion equations are cast into an

explicit, veriable grid finite-di

fference form Using truncated Taylor series

expansions around the center point (n, m) in the finite difference shown below,

(n, m+1)

?

Aq’mﬂ

(no m) ‘L¢--‘ {n+1, m)

(nnm"l)‘

the following expressions can b
direction:

(o) My, @

n,m+1 ~

Ay

m

b

e obtained for the derivatives in the lateral

Q )

n, m A\pm-{»l (QnJm-l " “n,m

(3

)n, m

A"pm+l (Aq‘m

+ A\‘"m+l) ) Aq’z'n (Aq'm + All’tn-l»l) i
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82Q - z (Qn,m-i-l - Qn.m) + 2 (Qn,m-l - Qn,m) (2.15)

Bupd n. A‘pmﬂ (Aq’m + A“'m+l) A‘l'm (A\um + Aq’m+l)
and, approximately,
9 DQ) Zan,m-l--;- (Qn,m+1 -Qn,m) zan.m-% (Qn,m-l 'Qn,m) I
=l = + A
oy ( by m wmﬂ (Aq’m * A¢m+l) ‘M'm {‘_&‘"m + A‘bm-f-l)
where

an, m¥ %n, m+tl
an.mi% = 5 (2.1%)

and, for two-dimensional flow, typically

L C
a = pup P, PUMH, OT pu p o

A simple Luler integration is used for integrating in the x-directien; i.c.,

~ 80
QMMn—Qmm4WlmN‘ (2.16)

Correspording expressions for the lateral devivatives on the boundary stream-
lines can se derived by using the symmetry condition; i.e., setting

Qn, m¥l Qn.m—l

at

el Ay (2.17)

m

®  Stability and Axial Step Size

The preceding finite-difference formulation subjects the resultinrg equa-
tions to a stability criterion governing the maximum allowable step size in
the flow direction, Ax. Due to .he nonlinearity of the differential equations,
the proper stability criterion can only be approximated. For plane flow, the
maximum allowable step size at each lateral grid point within the flow field
is estimated to be

Ax < A\l‘m A (A, ¥ Aq’mﬁ»l)
2(ad 2 1+ A %) (2.18)

n,m+2 m+1 an'm.i
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3.0 CHEMICAL REACTIONS

3.1 Rate Equations

Twelve types of chemical reactions are considered as possible con-
tributors to the calculation of the net rate ol production, \ili:

Reaction type

17
(2,8)
(3,9)
(4,10)
(5,11)
(6,12)

A+B

A+B+M

A+B
A+B

A+M
A+M

CcC+D
C+M
C+D+E
C
C+D+M
C+M

111l

(3.1}

Reaction types (7) through (12) correspond to reaction types (1) throuch
(6), but proceed in the forward direction only.

The net rate of production for all reac’ions is given below in the form

v'.'(j) = R.P(i) - RMU), which are the symbols used in the computer program.

- (3)

1. w
5 ol
3. Wi
o ol
5. W)

2
K. p? F,F ke Fefp
(P “ATRB K

P

2
Flawze o o FoFm
P “A*B M " KPRT
k. p> F.F F_ RT

k. o2 F.F ftP “C'DYE
fP *A'B ~ Kp

2
kep” FpFp - K, AT

2

kprF -

A
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kep Fg

kfpSF F

cFpfm RT

K
P

(3.2)

(3.3)

(3.4)

(3.6)




2
. k,p“ F.F
V) I 2 £ _CcM
6. wil = k. p® FyFy, - R (3.7

p

To reduce round-off and truncation errors, RP(’) and RM(J) for each
reaction are computed separately. All contributions to the molar rzte of
production of a given species are then computed and added algebraiczlly to
form \iri. Since reaction types (7) through (12) proceed in the forward directicn
only, the second term on the right-hand sides of Eqgs. (3.2) through {3.7) is
disregarded in calculating the contributions to w;.

In reactions (2), (5) and (6) as well as in (8), (11) and (12), M denotes
a third body species which can be specified. For these reactione the situation
often occurs where for various third bodies the respective rate censtants differ
only by a constant multiplier. These multipliers can be considered as third
body efficiencies or weighting factors., If such a case is encountered, the
third body species mole mass ratio FM becomes effectively a fictitious mole

mass ratio, consisting of the weighted sum over all those species having a
nonzero weighting factor, i.e.,

Fyp = 20 6 Py (3.8)
i i
where fi are the weighting factors.
3.2 RATXZ CONSTANTS

The forward rate constant k, is generally expressed in Arrhenius form.

The equilitrium constant, K_, is determined from the Gibbs free energy
difference P

mK, = - AG/ST (3.9)

For speed in computation the rate constants are divided into five types:

Rate Constant
Type

1) ko = A (3.10)
(2) ke = AT (3.11)
3) k, = A exp(B/RT) (3.12)
(4) K = AT N exp(B/RT (3.13)
() Kk = AT exp(8/RTM) (3.14)
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4.0 ADAPTATION TO POLLUTION DISPERSION

To solve the CO dispersion cases posed by the TSC", the generil model
was operated in 2 mode appropriate to the wind driven atmospheric dirnsrsien
problem. The momentum and energy equations were temporarily 5, 5. sed
within the computer code since pressure was asasumed constaut, the velocity
profile invariant, and no energy was added or detracted from the ovoerall
system. Additionally, chemical reactions were climinated by ascuming
frozen conditions for the CO and the remaining atmospheric constitients,

This essentially reduces the complex set of ccnservation cquations o one
comprised of the species continuity equation, which in the transforimed plane
is:

O e Byl e Pk ety
Tx = 55 \Br P HTY) tu .
with
Su _ aT _
I = 0 and B 0 (4.2)

Since chemical reactions were not considered for this analysis, the species
production rate w; was utilized to input the pollutant production over the high-
way width where CO is the ith species. The remaining species are NZ, OZ'
COZ and Ar in proportions corresponding to the standard atmosphere {abies.
The first term on the right side of the species equation is, of cource, the
diffusion rate of each species.

Computing the dispersion in finite differences provides a complete de-
scription of the pollutant in a vertical plane o:iented in a windward coordinate
systern wi:h x the windward coordinate and y the vertical coordinats, They
coordinate was extended vertically high enough such that the lateral CO gradient
approachel zero. Integration of the finite difference equations is done in a
forward marching sense along the x coordinate; thus information on the dis-
persion of the CO species is available not only at the receptor site but also at
every integration step along the x axis if desired.

® Problem Set-Up

Utilizing the information given, which consisted of the site gecometry
i.e., number of lanes, width of road, width of center strip, relative location
of receptors, and other physica’ data such as the wind speed and direction,
number of automobiles and their speed (average), and the atmospheric sta-
bility, the dispersion model was utilized in the following manner.

The problem was initialized at the upwind edge of the road using a
vertical wind velocity profile based on the following equation:
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- N

a o= u,y/yy) (4.3)

where -61 is the time averaged wind speed at the measurement point of ¥y =

18 ft. The exponent N was based on assuming a roughness height corresponding
to short grass, i.e., N = 0.1 (Ref. 2).

Temperature and pressure were assumed constant throughout the reyion
of the computations as was the distribution of the atmospheric constituents and
the background CO concentration.

Calculation of the emission strength was based upon the nmumber of carg,
their average speed, and emission factors for CO emission from 1972 EPA
data (Ref.3). A {inite area source comprised of the road width and one-half
a car height was used to input the emission data. The source was assumed
to be of constant strength acrose the width of each set of lanes and of zero
strength in the median and off the edges of the road.

The wind speed was taken to be uniform in the horizont2l plane but varied
vertically as mentioned previously. The solution of the CO dispersion equation
algo requires knowledge of the viscosity coefficient, U, which waes gencrated
from the fcllowing.

® - I-ll (Y/YI)M

where [, is the viscosity coefficient at the 2 meter height-from Pasquill (Ref. 2)
The exponent M was taken as 0.9 which is related to the rouphness height and
atmospher: ¢ stability, i.e., M=1-N. The coefficient () was varied from case
to case bat ed on the stability classes provided. A bouyancy effect wus included
in an apprcximate manner by displacing upward the emission source uring cal=
ibration te ;t cases to fine tune the analysis. This approach was used in lieu of
a rigorous analysis of buoyancy due to lack o sufficient time and atmospheric
data from ‘vhich to derive the appropriate factors.

4.1 INPUT DATA SUMMARY

Highway geometry
Emission strength

Location of emissions in both x and y coordinates

Wind direction and speed

. Height of mixing layer

o v b W N -

. Receptor locations
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4.2 OUTPUT SUMMARY

1. Continuous vertical (y) distributions of all parameters
at desired (prescribed) x (axial) locations.

2. Special output at receptor locatior, both printed and
punched cards for CO concentration in PPM,

3. CO predictions for both the calibration cases and the remain-
ing site prediction are included as attachments.

5.0 GENERAL COMMENTS

Computation of the emission strength involves several critical assump-
tions which should be standardized for irput to the various models used in
future validation projects, Otherwise the comparisons involve no! only the
various models, but also the assumptions used by each model. Emisasion
factors, for instance, were found to vary widely in the literature dependin:
on the source and when the measurements were made. Perhapo the {actors
should be specified or at least indicate the source of the data so that each
participant uses the same input data. Then orly the "model,'" not one's inter-
pretation of input information is tested.

The height of the stable layer should also be supplied preferably based
on measured data at the time the receptor dati was taken. This would elimi-
nate an assumption about how high to go with the computations as well as
supplying additional information on how the viscosity coelficients should vary
with altitude. Definition of the height of the ir.version layer would also help
in estimatirg the bouyancy effect.

Some inconsistencies were detected in tie calibration came results which
were apparuntly unexplainable in terms of the parameters supplied. On- wovld
expect, for instance, that if all other factcrs were the same for two casec
except, say the number of automobiles per unit time, then only the magnitud:
of the concentration would change. But some cases indicated not only a charge
in magnitude but also in the gradient (reversed) which would be impossible for
any model to predict since the calculational results are always consistent with
the input data,
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Site Case
No.

No.

11
11
13
1
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

14
14
Vo
14
14
14
14
14
ia
14
14
14
14
14

15
15
15

1
9
13
19
33
aq
a7
61
67
80
86
89
ea
oR
1n?
106
111
116
119
141
142
154
165
166

19
2n
2=
27
28
as
37
58
64
68
60
73
83
Q4

23
24
24

Attachm nt 1
CALIBRATION CASE PREDICTIONS

bed
1.9
Te2
35
L3
H4el
52

469
13.4
1501

4Led

57

HeS
261
Q.0
1.9
409
22
361
6e2
1.6
6

15
lea
43
1.8
365
10.6

le6
Y% 4
25
1.9
563
lea
Le6

o DO
°

C-86

3.9
Sel
1.6
4.3
13.1
14.6
Sel
6e5
|
6Ge O
4.1
9.3
273
As6H
1.7
17
8.4
1e5
5

13
15
heR
27
4.0
9.0
2.8
1ol
Se?
25
1e6
3.8
e Q
4.8

9.4
Ba.4
B.4

Receptor Number
3

S35
3e7
6ol
345
444
442
“lq
1ea
463
157
13-“
4,8
5.0
1.3
55
3.4
B4
a.a
3.8
12
l1ed
Sel
17
1.8

1.9
1.2
]
277
3.9
Te7
25
l.S
407_
3l
22
2.9
8
21

99
8.9
8.8

Qe4
Be.4
8.4

Se'35
8.5
BeS5



Attachment II
SITE PREDICTIONS

Site Case Recaeptor Number

No, No. 1 2 3
13 1 560 5.6 Ao
1 2 68 6e5 549
11 3 58 5.6 5.0
1 4 7.0 7.0 (X |
11 5] 5.1 6.l 4.6
11 6 402 4,3 28
113 7 48 4.3 3.5
11 3] 2e7 2e5 2.0
11 9 3.0 3e4 243
11 10 [ X Te? 6.0
11 11 bLe2 Sef Qe¢7
11 12 53 63 5.1
11 13 5,2 7ol 6e5
11 14 X4 7.8 5.5
11 15 oS 6.8 4.9
113 16 56 6Ge3 Bel
11 17 4R Q.= 4.0
11 18 el 36} 269
1t 19 17,9 10.6 10.5
11 20 He? Se2 409
11 21 he2 Te 2 Ge3
11 22 Hes Ge 8 Ge 7
11 23 HBeO Se7 Se2
11 24 540 Sl 442
11 2% 440 403 3.3
11 26 367 3.8 3e7
11 27 4% Se2 45
i1 28 50 Ge7 6ol
11 29 9.0 96?7 8.8
11 30 3.9 562 443
11 31 3e@ SeQ@ 4¢2
1 32 3ol Q62 4e¢8
1M 3n 20 3.© 33
11 34 3.0 4.2 33
11 35 54 Tel Ge7
1 26 62 70 6e¢7
11 37 . 8eqa 9.0 8.0
11 38 60 6.1 53
11 39 57 6o Tl
I} 40 13.3 1264 10.9
11 41 lhe? 3.5 5.0
11 a4 bGea Ke 53
11 L) 53 7.0 5.9

Cc-87



SITE PRET..L I'IONS (Ccrtirued)

Site Case Receptor Number

No. MNo. 1 2

1 an [ TeH €el
113 ans Teti oot J
11 fly Gelt 7 )
1" A7 a7 0 R

[ ] nn el e o
11 49 Hhe I 1.0
11 &0 40 3o 37
11 51 206 3.7 27
11 52 32 Re7 3.0
11 53 3.1 LY Peb
11 5S4 P27 A, (Y 27
1" o9 P26 1.0 Te
11 LY e Pe? a7
,‘ q’? "'1 '\i(‘. I‘-S
11 FY 2e7 Qel Pef}
1 Se 2e1 3.3 1.9
11 60 P2e2 35 261
1 61 Qe ¢; 4472 Pe7
1 62 35S 3.0 . Ped
11 63 Hen Geb el
11 64 1.3 3.8 2.9
1 65 EXR! 4ol 3.0
e 66 4o asa s,
tr 67 4oy 309 TR
1 68 3.0 fte? 35
1" 69 3a1 Sed 3.0
“ 70 1‘.2 5,0 P
T 71 29 4,0 2.8
B 72 723 Pel e
1t 73 2.0 1.0 1e7
' 74 3.4 36 Se2
11 75 4e6 4.6 3.9
11 76 L9 55 Se 0l
11 77 3.0 4.5 3¢9
11 78 41 e 4.5
11 79 Le R 465 443
1] an Rett B0 Ae3
1 ai 0.6 .0 104
11 83 6.9 6ot 6B
11 8a Te3 6e9 740
i as 50 7.0 Se7
1 8a 27 3.6 2.8
11 87 669 7.0 6o
1 RAa .M 5.4 o
1 oS Le b As B 3e6
n 20 2.8 4.1 4.0
11 91 440 5.0 3.9
11 92 1.7 261 1e7
11 93 1.2 1e3 1e2
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Site
No.

b it b b b bl et b b b d At bd bl A b8 bh smh bd Bl G o meh Ped e et ks A ed bh b d d bed d e et bed s S e d bt ef vl el d e

-t e s Mt bt s s bt e e e sh B eh e e s b b bd e b b e e s s b e ek s h A e e v s s s s M oo e 8 s e

Case
No.
Qg
Q5
QA
o7
9A
99

100

101

1n2

107

104

1ns

106

107

10R

109

110

11

112

t1n

114

115

10

117

11e

119

120

121

122

123

124

125

126

127

12R

129

130

131

132

133

134

138

136

137

138

139

14n

141

142

SITE PREDICTIONS (Continued)

lea
Pe
l«.(‘
liel
2e
LeB
He8
Qe
1.1

he?
Ae
Te)

5¢5
723
25
Lae?
Lo

Fett
17
1.2
2¢6
1eD
1eR
1et

2¢3
?.l_,
2e6
2¢3
201

2.0
2e0)
27
2%
2.7
2e1

19
21

32
2¢6
725
?.7
36
q.4
21

2.7

1N,
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L4ab
3.0
Sea

Receptor Number
2

1en
3.;’
e 7
a.!
3e?
4.8
S5e5
6.0
4.5
5.3
Be7
B«
Te O
Dett
Pe6
Go 7
3e6
3e1
"(‘
‘.fy
1.9
26 0
3.)
3.1
3'“
3.3
3¢5
3.3
1.3
2.0
?.7
Ped
3eb6
3.0
3.5
19
16
3.8
3.9
368
248
2.7
Peli
3.3
3."
10.2
7.?
3.7
Te6

1«1
Pe?
4.0
Al
EYR
Lol
Sel
4.5
Qe 6
“.6
Te?
107
6e8
e
z.q
feQ
3e1
Pt
143

.rl
7
e
1e6
ety
Pebs
P8
2¢7
lad
Pedy
24}
1e1
13
1e6
2.0
2.0
le2
3.0
2
1.9
2.0
1.9
3.6
19
Peb
B0
60
2¢3
407



Site Case
No. No.
11 147
11 144
11 145
1 PsAa
11 147
11 148
11 149
1t 150
11 151
11 152
11 153
11 154
11 155
11 154
i1 157
11 19R
11 159
11 160
14 1
14 2
12 3
14 4
1a 5
14 6
14 7
14 a
14 Q
14 10
14 11
14 12
14 13
1a 14
14 15
ia 16
14 17
14 18
14 19
1q 20
14 21
14 22
14 23
14 24
14 25
14 26
14 27
ta 28
14 29

SITE PREDICTIONS (Continued)
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Le5
LYY]
Heh

7o
Hhe?P
3.3
23
1.9
?el

1.7
1.0
3e?
3.‘

204
26
26
2.7
1.8
3.9
Leb
5¢3
SR
Ge3
L4e2
Fe?
468
5eN
465
3.3
bLe?
9.9
Be0
246
2ol
3.0
EXR

43
59
549
40
EXY:
1.3
27
2.1

2¢5
2e1

1.9

Receptor Number
2

Se7
6.0
4.1
<O
ﬁ.g
“.1
4o
2.6
P2
165
4.8
1ed
3.1
37
3.8
3.0
?.q
17
Qe¢K
Sl
Ge?
6.0
Se4
4.8
3.6
Sel
500
3¢5
6e6
52
(<X %)
S8
3.3
20
Sel
Sel
Gl
6.9
Te5
Sel
Qe¢4
3.9
PeS
27
2e5
3.0
lea

3

26
e S
Al

~_ e
e

36
3.6
2¢6
16
1.3
1¢6
3.2
1e7
12
]
el
25
1.6
Pl )

29
T‘.B
el
ne8H
4.1
366
P
3.7
4.2
3.0
3¢5
Se0
6ol
3e4
2.4
2ol
2e6
3.4
Ne3
449
4.8
3.1
3e?
3.1
2.0
2e2
1e4
Pe?
1e3



SITE PREDICTIONS (Continued)

Site Case Receptor Number
No. No. 1 2 3
HE] 20 6 1¢0 102
14 31 200 27 20
14 32 3.0 3.0 1.9
14 313 l1e9 2.9 2l
14 3a N 79 PeS 2el
14 35 240 Pe5 3ea
14 36 17 2e8 1683
14 37 2¢3 3.8 285
14 38 ) 361 38 2.9
14 39 4e3 6.7 4.5
14 a0 3. Pe? 2.8
14 .41 H4ea %60 " 3e2
ta 42 Re7 460 26
1a 43 3.3 Pe7 21
14 a4 2e6 3.9 2R
ta 45 2.3 4.6 1e7
14 a6 heb Sea 4.0
14 a7 Ae 6 2,0 27
14 an 2¢0 362 2e3
Ja 4o Dot Pe5 19
14 50 27 31 1e6
14 51 25 Pe7 e Xs)
1 52 e 9 1.9 o6
ta 57 3¢9y Aol 1.8
V4 G4 qe 3eh 2¢2
14 55 %42 3ea Pel3
1a &, 1e” 3.7 3.0
14 57 et A0 [
ia SR Heth S Hel
14 59 2.0 3.1 2e7
14 6n 1.9 27 240
14 61 2.9 2e0 2ol
e 62 3.8 3.8 2.6
14 63 3.2 3.3 2l
ta 64 1.0 247 2el
14 65 2¢6 o5 1.6
la 66 3e6 4460 1eR
14 67 27 3.3 2etd
14 68 el 2.9 2.9
1a 6a : 27 2e3 2e?
la 70 heD 67 6.0
ta 71 2.0 a4t 7.8
14 772 3.9 3.2 266
14 73 367 Te2 Te2
ta 74 1.5 3.8 3.1
14 75 27 Qe 3.1
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Site
No.

14
14
14
14
ta
1a
1a
14
14
14
14
14
14
14
ta
15
19
15
15
15
15
15
15
1%
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Casc
No.

76
77
78
79
a0
81

az
83
84

SITE PREDICTIONS (Concluded)

35
3ea
3e5
206
3e2
Y]
Lol
4o
Lel
601
LeQ
27
2o
1e9
Ge7
3¢5
460
2e8
Red
6e7
10.0
1N.0
0‘0
540
60
heO
(X Ra)
6ea
Tet
2e1
2e1
3.1
7.0
3.0
440
340
3¢9
3.8
6e3
T3
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2e1

2e1

3e1

200
4.0
3¢5
Y]
4,2
605
TeS

Receptor Number
3

37
4.3
3.0
3.3
3¢eD
3e6:
660
4e0
560
[
3¢5
3el
Zel
3.0
Be6
Jel>r
H,?
209
AeS
Te?
1045
10.6
0.5
S8
Ge7
6.6
Te2
Te2
B.0
243
2¢3
363
2.6
3.6
Q45
G5
53
5.0
6.8
7.8

de4q
4e8
Pe5
7.9
69
10.2
10.7
02
Se?
602
Ge2
6e7
Geb
Teb
Pel
Pe?
3el
2.1
3.l
4.1
3.4
4.2
b1
Gea
T4

3e¢6
Ae?
Peb
BeS
Te?
10.1
101
Ol
Sel
Gel
Gel
69
Ge8
Te7
2¢2
2e2
32
2el
3.l
4
37
46
Ned
6e5
TeS



C.10 SYSTEMS CONTROL, INC (SCI)

SCI Highway Air Dispersion Models

I. Overview and Purpose of the Models

The SCI highway air dispersion models predict downwind pollutant
concentrations given upwind concentration measurements and the local weather
conditions. The basic air dispersion model employed is the Gaussian plume
dispersion model. The developed model, which is appropriately adzpted to
account for cut, at-grade, or elevated highways, predicts the downwind ceuncen~
trations as a function of receptor distance from the highway and receptor

height.

Local weather conditions are defired in tcrms of seven standard stability
classes, wind speed, and wind direction. These stability classes define the
values of the vertical dispersion parameter, O, and the horizontal dispersion

parameter, ay.

The general equations for the parallel and cross wind components of

W,

pollutant dispersion are given as follows

ELEVATED SECTION - ELEVATED RECEPTOR (FOR AT-GRADE, H = Q)

CROSSWIND
K. Q
s ce_ c ¢ [exp . %_(z°+ H)Z e g E'(7 - H 2
g U cos ¢ z
z
PARALLEL WIND
30. 5 1
X = K A<_ =2 = [exp-'z‘(L)Z]
pe o
y -
1 ,z+ H,2 -
i b A E*P-%ﬁ*“’z]
z F4
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CUT SECTION - ELEVATED RECEPTOR

CROSSWIND

K Q 2 .,
- _cc ¢ Ll o2 -1z,
x= o, U cos ¢ [exp *3 (Gz) ] [exp 2 (Uz) ]

PARALLEL WIN

= Q 1 1 ,%.2
X = Kpe A G @23 [e"P 2 (;%)2] [exp +3 6D ]

o327
z

where

= Concentration of pollutant ;m/m3

X

Qc = Crosswind emission source gn/sec -m

Qp = Parallel wind emission sour:e gm/sec

U = Wind speed m/sec

$ = Angle of wind where 0° is purpendicular to highway
y = Straight line distance from highway edge

= Height of receptor above level ground

W~

i = Effective height of highway above surrounding terraln

I, = Vertic%} dispersion coeificient

Jy = Horizontal dispersion coefficient

w = Width of roadway m

2y o= Depth of highway cut m

n = Downwind concentration ratio for parallel winds

Kce’ er Empirical coefficients that relate to characteristics

K K of the roadway being modeled. Determined by field
cc, " pc

measurements.
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The methodology used to determine deownwind concentration p"edictloné with
these equations 1s described in section II. An analytical ¢.* ' -logy that can
be used to assess the sensitivity of the predictions to uner = -iv . it the
model and weather parameters is discussed in section III. Specific a pli aition o

the models to the three TSC cases 11, 14, and 15 is presented in scclion IV.

II. Prediction Methodology

Pollutant concentration on the upwind side of the highway consists oi two
parts, a constant ambient component and a spatially varyiug, parallel wind
component. On the downwind side of the highway, thc pollutant concentration can
be divided into three parts, two of which are the ambient and parallel

components, and the third which is the ¢rosswind component.

The calibration of the dispersion rmodels for a given highway with

available field data is performed with Lha following steps:

1) Fach data sample (where a sample is defined as the set of
+upwind and downwind data points measured at the same time
instant) is considered. For c¢xampl:, one may have 25 data
samples, each of which has 5 upwind measurements and 3 down-
wind measurements. For each, use thie upwind data to estimatc
tie ambient and parallel wind compoients. This estimalion is
parformed by regression fit of the Jdata to the parallel wiud

dispersion model and the assumed constant ambient component.

2) The calculated parallel component model is used to estimatc
4 .
the parallel wind component concentration at the locations

of the downwind measurements.
3) The estimated parallel wind component concentrations and the

estimated ambient concentration are subtracted from the

measured downwind concentrations.
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4) The resulting downwind residuals from all data samnles are used
to calibrate the crosswind air dispersion model. Calibration ie

performed by regression fit of the data to the nodel.

Aftar calibration of the models, downwind concentrations are predicted

from given upwind concentrations in the following way:

1) For each upwind concentration data sample, the ambient and
parallel wind contributions are determinad by regression

methods.

2) The downwind receptor concentration values from the
parallel wind component arc calculated from the resulting

parallel wind componeat model.

3) The downwind receptor concentration values from the cross-
wind component are calculated from the calibrated crosswind

*model.

4) The total downwind receptor concentration values are the
sum of the ambient, the parallel wind, and the crosswind

concentrations.

The calibrated parallel and crosswind models can be used, for specified
’

ambient concentration levels, to predict up-and-down wind concentration levels
at that road site. This prediction capability would be employed in environ-

mental impact analysis.
III. Parameter Sensitivity Assessment

The predictions from the above described air dispersion models are

subject to two types of uncertainties -- uncertainties in the value of the
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modeling parameters (e.g., wind speed, o, oy) and uncertainties tn th~ cerrect
structure of the model. Uncertainties in the structure of the muvdel can only
be analyzed by comparing the model results with the results of other nodels
(e.g., box model). On the other hand, the impact of uncertaintics in the

modeling parameters on the model predictions can be expressed analytically.
Given the function,

X = FXy, Xpp Xg0 o o 0 X))

where Xl might be wind speed, X2 might be source strength, onc can, agsuming
that the variables Xi are statistically independent and gaussian, express the

variance of x as,

N =\ 2
. N :23 "
Var x = £ (ax'> Var iy

1=1

zf A  the partial derivative of F with respect to X, evaluated at

h i
it 3Xi = the expected (mean) values of the Xi .

From this formula, the variance of X can be expresed in terms of the contri-

bution of uncertainty from each parameter X
¢

i

SCI has coded this variance relationship for the gaussian plume model.
Estimates of the uncertainties of thu model parameters can thus be used to

directly determine the variance of x.
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Iv. Processing of TSC Test Cases

Data was received from TSC for 3 roadway sites - 11, 14, and 5.
Each of the three data sets contained calibratvion data (upwind and corresponding
downwind mezsurcrents) and model validation data (upwind measurements frum which

downwind predictions were to be made).

Because of the wide center strip, the concentrations.upwlnd and
downwind for site 11 are assumed to be the superposition of two line sources
representing the two sets of highway lanes. The three upwind measurements of
a data sample are used to compute the coefficients associated with the ambient
and parallel wind concentration components (winds with direction -12° to 12°
or 168° to 192° are considered to have only a crosswind compounent, winds with
direction 78° to 102° or 258° to 282° arc considered to have only a parallel wind
component, winds in other directions are considered to have both parallel and
crosswind components). From these cocfiicients the downwind concentration
predictions for the model validation data are computed with the methodolopy
described in section IX. Values are comruted for Qc and Qp with cquations
specified by reference (1). These values are 1 function of average vehicic
speed and emission factor (that accounts for m>ylel yecar, emission standards,
etc.). The value of W is 36' for each section of the divided road. Values
of A are taken from reference (1). Predi:tions were made on all nndel

validation data.

Site 14 data was processed in princip. e like the site 11 data since
three downwind measuremen}s wvere availlable for each data sample. The only wmajor
difference wias that the highway was considered as a single emission lirne
source, because of the narrow median strip, as opposed to the double line source
used for site 11. The methodology described ir section 2.0 was applied with

the parallel and crosswind models identified in section 1.0.
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Site 15 is a highwvay elevated 25 feet above the sirrounding terrain.
Site 15 presented difficulties to the modeling approach described iu ~rction 2,0
because the number of upwind measurements per sample point is oune w's ceas the
minimum number of points required is three. Consequently, the approach was

slightly modified in order to. utilize the available data.

In order to obtain more than two upwind data points per "data sample”
for both the calibration and model validation data, these data sets were
organlzed into subgroups according to the measured meteorological conditions.
The three calibration data samples (#23, 24, and 25) were grouped together to
estimate the calibration parallel, cross and ambient wind components. The
validation data were divided into the following subgroups in order to perforr

downwind concentration estimates:

Subgroup Data Sample Points in Subgroups
1 4, 5, 12, 13, 14
2 1, 2, 18, 19, 20
3 3, 21, 22, 23
4 9, 10, 11
5 15, 16, 17

Data sample points 6, 7, 8, 24, and 25 were not processed because they could
not be satisfactorily placed into a subgroup with 3 or more data sample polints.
7
The cffective roadway height was selected to be 29 feet, the
additional four feet being the result of zir turbulence resulting from the

traffic flov (as suggested by reference 1).
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C.11 SYSTEMS, SCIENCE AND SOFTWARE (5SS)

EXPLOR

EXPLOR is an acronym standing for EXamination of Pollu-
tion Levels Of Roadways. The EXPLOR finite difference, advection-
diffusion computer code has been developed by Systems, Science
and Software to predict the impact of a highway on local aix
quality from the roadway edge to 1000 feet from the »oadway,
EXPLOR requires meteorological data, consisting of wind velocity
and stability class identification, and traffic information, conr
sisting of traffic counts, and pollutant emission factors. EX-
PLOR is designed to handle cut, £ill, and at-grade roadway ge-
ometries, viaducts, and split freeways at the same or different
levels.

‘the mathematical basis of EXPIOR is the numerical, finiie~
difference solution of the advection-diffusion equation describ-
ing the conservation of mass of the pollutant, i,e.,

,g%.,.ﬁ.vch-(E-Vc)-i-S (1)

where

pollutant concentraticn

]

mean wind velocity
= turbulent diffusivity tensor

ni=x c+a

= emission source strength

In this framework, the pollutant is advected by the mean fluid
motion and dispersed by the turbulent mixing processes, as modeled
by the diffusivity terms, V - (x - ¥c), in Equation 1. fThe emis~
sion of pollutants is modeled by the inclusion of the source term,

C-101



S. Basically, pollutants are introduced at source cells, and
at each time step, At, a metered amount of pollutant is added
to the source. The pollutant is advected and diffused by the
winds until steady state is reached.

Both advection and diffusion are treated in the code by
using a Crowley second-order scheme. In EXPLOR, any quantity,
2, to ba advected in the x-direction (for example) is given by

ntl _ on . At -

a 8 * &g Fi " Fied) (2
where At is the time step, the i subscript denotes the zone num-
ber, and F is a flux term which is a function of the form

Fi = [(uQ) (i+1) - (un)i] ) (3)

u being the x-velocity component. Diffusion is treated by re-
placing the mean velocity in Equation 3 with a diffusion trans-
port velocity.

't is evident that wind-field (ﬁ(x,y)), diffusivity for~
mulation (k(ﬁ,x,y)), and source models (S) are required to numeri-
cally integrate Equation 1. The wind-field calculation should
inclvie both tangential and vertical components of the velocity.
Since rcads are located in the near surface atmospheric boundary
layer, the vertical gradient of the f:angential velocity must be
taken irto account, as well as the variations in eddy diffusivity
in the rear surface region. These effects have been incorporatcd
into the EXPLOR model. '

The wind field in EXPLOR calculations is computed by tak-
ing into account the wind shear that exists in the near surface
atmospheric boundary layer. The usual definition of the velocity
potential, i.e.,

= Ve (4)
is modified by a potential coefficient tensor, 3},
U= aVs (5)
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when;& can be prescribed to fit the wind conditions to be simu-
lated. In EXPLOR, the current prescription £orlaij is

-Aij =0, i3 (6)

Ay = (2/24)P (7)

A2z = A3 = 1 (except at boundaries where (8)
Aza = 0)

where

2z = height above the ground
z9 = reference height
P = coefficient which is a function of stability class
Note that with this prescription of )\ (Equations 6 and 7),
the linear field, ¢ = x, will automatically redyce to a sheared
profile consistent with the specified stahility class.

In general, the prediction of the turbulent diffysivity
at an arbitrary point in the wind field is based on the relation-
ship that

k = u’g (9)
where
k = diffusivity

u’ = turbulent fluctuation velocity at which turbulent
energy is maximized

& = turbulence length scale’
The EXPLOR model incorporates a model yhere

kaa = 0.45 ug L (10)
where

4 = local wind speed
os = mean wind vane flucgtuation

Both 9. and % are functions of the Pasquill stability class and
height above the ground.
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The wind field is calculated by solving the continuity
equation, i.e.,
V.2=0=9-2V (11)
in a finite difference grid which includes block models of majcx

topographical features and structures that present impermeable
slip boundaries to the flow.

In practice, ¢, is obtained by assuming an initial value
and then using the line successive over-relaxation technique,

where

n+l _ _ nth ) 4

¢ij °¢ij + (1 u)¢ij (12)
where

a>1

n = iteration number

Experierice has shown that the solution converges (¢"+1 hd Qn)

after twenty iterations.

The horizontal wind (which is boundary centered) is cal-

culated from
(6545 = 659 3
= . 3 i~-1,9
u Z:Aij z

a
Bx;1

(13)

where 832 is the distance in the x-direction from cell center tc
cell center and ¢ is cell centered.

The horizontal wind field is then modified by the input
data to provide a least-squares fit between the calculated wind
field (uc) and the given wind data (um) by taking

n
> uf
i=1 * %
6 = = (14)
uc uc
= i
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when n = number of wind data sets input.
“hen
u = u®s (15)

where u = final wind value. Note that f-r only one wind measure-
ment, n=1, u = u.
'*he vertical wind is obtained by solving
v.u=0 (16)
in the finite form
o5, ~ a5

Vig = Vi,5-1 F Yy 5% an
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C.12 TSC/EPA’

TSC/EPA Highway Line Source Model
John Zimmexman, EPA
David S, Prerau, TSC
Paul J. Downey, TSC
INTRODUCTION

The TSC/EPA Highway Line Source Model is an air pollution dispursion
model of the Gaussian class. The computer program for this model was
originally written by John Zimmerman, EPA National Environmental Research
Center, Research Triangle Park, North Carolina. Major modifications to
the original model were subsequently made by Dr. David §. Prerau and
Paul J. Downey of the U, S, Department of Transportation/Transportation
Systems Center, Cambridge, Massachusetts. The model program is written
in FORTRAN IV. Examples of its usage for modeling a highway, a street,
or a complex multilevel interchange are discussed in References 1 and 2,
DESCRIPT; ON .

The Model can calculate the pollutant concentrations at any number
of receptors produced by any number of stra.ght line segment sources of
uniform ¢mission., A complex set of roadway:, e.g. an interchange, can
be modeled by a large set of line segment scurces. The Model can handle
upgrade and downgrade roads as well as hori:ontal roads,

The Vodel first calculates the location of line sources to reprcsent
each lane of each road segment, based on the location of the center line
of the roid, the road width, and the width of the center strip. Then it

calculates the concentration at each receptor due to each line source. Finally,
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it sums the contributions at each receptor due to each land of each
road segment to produce the final computed concentration.
The concentration due to a single line source at a receptor is given

by:

L
C(R) -/ Qg Pp(2)ds
[+

Where:
C(R) is the concentration at receptor R
L is the length of the line source

Q is the line source strength

PR(z) is the concentration produced at R by a unit strength point
source located a distance from the end of the line sourcc.

To compute the integral, the Model divides the line source into smaller
line source segments and computes the sum. of the contributions of ecach
segment t> the pollutant concentration at the receptor. The line source
is dividel into progressively greater numbers of smaller line source
segments mmtil successive calculated values >f pollutant concentration scem
to have converged. The contribution from eazh small line source seg-
ment is calculated by the trapezoidal rule, vhich approximates the ccn-
tribution to the integral by a small line source segment as the average
of the contributions of point sources located at each end of the segment.

Thus, the above equation becomes :

C(R) = % R(o) - 'r __(_M_)

N

Q 1 N=1

Wz Pr(O + > Pr(3p) ¢ r |« By
i=1
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Where:

N 1s the number of line source segments of ;—into which tie 1.5

source has been divided.

E is the error term (which decreases as N increases),

Thus, each step in the calculation of the caoncentration due to the
line source is reduced to the calculation of the concentrations at the
receptor due to N point sources. N is continually doubled until a con-
vergence criterion is met.

To calculate the concentration at a receptor due to a point source,

the TSC/EPA Model uses the following equation adapted from Reference 3:

P = —
R(x,y,z,H) 2nUo_o

z 2
A(N) 8 exp¢i£;g;?ﬂd_> &4 expciz+2-2NL2 )
a

az z
- (z-H+2NL) ? - (z+H+2NL) 2
+ exp —;2—)— + exp| s
Zaz 20z
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Where:
PR is the concentration point at receptor R which is loceted at pdint
(x,¥,2) due to a unit point source of pollution located at point
(0, 0, H). [x is the downwind distance; y is the crosswind dis-
tance, z is the vertical distance].

U is the wind speed

(4 a4 function of x, is the standard deviation of concentration in
the crosswind direction.

gz a function of x, is the standard deviation of concentration in
the vertical direction.

L is the height of the mixing laycr.

J is chosen such that N=J is the first value of N such that A(N)

is less than a given small constant.
This equation is a form of the standard Gau:sian plume model of air pol-
lution dispersion. The first exponential accounts for crosswind disper-
sion. The first z exponential gives the cortribution of pellution dircctly
from the source. The second z exponential gives the contribution of pol-
lutior which was reflected from the ground. The A(N) terms account for
multiple 2ddy reflections from both the groind and the stable layer.

The ISC/EPA Model considers multiple wind directions, rather than a
single wiid direction, and computes principal wind direction concentrations
by sector averaging. It is possible for the worst-case traffic and metcoro-
logical conditions to occur for any wind direction. Since the wind direc-
tion is a variable of primary importance in the determination of t'e pol-
lutant concentration produced at a given receptor by a given road con-
figuration, it is desirable to consider many wind directions for each
situation considered. Therefore, the Model iterates on wind direction

so that results for several wind directions can be produced sequentially
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in one Model run. From these results, the worst-case wind direction can
be chosen for each receptor, and thus the wo:st-casc resulis can be used.
In general the worst-case wind direction will be different for each re-
ceptor.

Due to the well known variability of wind direction at the low wind
speeds usually considered in worst-case computations, a sector-averaged

pollutant computation of the following form is used:
1
Cgp = T[C(On - 22.5%) + 2C(8)) + C(e, + 22.S°%

Where
Cgp is the sector-average pollutant concentration for a principal
wind direction.

C(8) is the calculated concentration for wind direction

8, is the nominal angle for the princ:pal wind direction.
Using the multiple wind direction capability, sixteen different runs
are made 1sing wind directions every 22.5°. The Model then

automaticezlly computes the pollutant concent;'ation at each receptor for
each principal wind direction, using sector uveraging.
INPUTS
1. The endpoints of the center line of each road segment.
2. The width of each road segment.
3. The width of the center strip of euach road segment, if any.
4. The height of emissions for each rouad segment,

5. The emission strength of each lane of each road segment.

c-111



10.

OUTPUTS

10.

11.

wind directions to be used.

wind speed.

height of the mixing layer.

coordinates of the receptors.

ground heights (if non-zero) at each reoad segment cendpeint

at each receptor.

endpoints of the center line of each road segment.
width of ecach read segment.

width of the center strip of each raod segment, if awy.
height of emissions for each road scgment.

emission strength of each lane of each road segment.
wind directions to be used.

vind speed.

height of the mixing layer.

coordinates of the receptors.

ground heights (if non-zero} at cach road segment cndpoint
at each receptor.

predicted concentration at each rcceptor for each wind direction

considered.
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C.13 WALDEN RESEARCH INC. (WAL)

WALDEN HIGHWAY MODEL

INTRODUCTION

The Walden itighway Model 1s an air pollution diffusion model based
on the Gauscian Plume equation. The computer program fcr the Walde: Hicne
way Model is a modified version of the Air Qualtity Display Fodei (i)CH)
[1]1, criginally developed under EPA sponsorship and adapted {or couputer
applications by lartin and Tikvard [2]. ~ This multipie-source model his
received 2xtensive application by Federal and State regulatory aqencies
in evaluating regional air pollution control strateqgies. The adaptation
of this cormnuter model to the current highway application for carbon
monoxide (CO) concentrations was made by Walden Recearch Division of
Abcor, Inc., Cambridge, Massachusetts.

Two major modifications were made to the AQDM prcgram. First, a
program module VEHEMI was integrated into the Fortran IV scurce code to
accurately determine vehicle emission rates for CU. VEHEMI is desianed
to compute explicitly the CO emission rate (grams/vehicle mile) for a
specified motor vehicle model year mix. lIn this case, the mix is typical
of an urban area on the East Coast in_1972. The method is tased on a
procedure by Kircher and Armstrong [3] and incorporates such considera-
tions as detericration and speed acdjustment factors. Recent chanages in
federal automotive emission standards related to amendments to the Clean
Air Act o7 1970 have been incorporated. Secondly, a uniaoue method for
transforming highway line sources into series of point sources was incor-
prorated ‘nto the model to conform to the input-output formats desired
in the cuirrent application.

DESCRIPTIUL
The hasic univariate Gaussian diffusion equation for the contentration

at an elevated receptor due to an elevated puint source is given by the
expressiotn:

x(x, ¥y 2} = vg;(z;:/c)( ) 1 exp (—;, (5}1) 2)+ exp (-‘s (‘z_;lz_i)Z) ;

27X 2
16
where:
X{x, y, 2) = pollutant concentration at receptor point (x,y,z),(ams/m?).
= emmission rate, (gms/sec).
u = mean wind speed, (m/sec).
Oz = standard de.iation of the plume concentration distribution
in the vertical direction, (m).
H = height of the point source, (m).
(x,¥,.2) = coordinates of the receptor relative to the point source, ().
¢ = width, at the receptor, cf a 22.5-degree circular sactor

centered on the point source.
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The Gaussian equation is based upon several assumptions, including:
(a) Total reflection of the plume takes place at the earth's sur’ac: .

(b) The plume description represents conditicns averaged over a t, -
period of several minutes. The "“instantaneous" behavior of tha
plune, particularly during unstable atmospheric conditions is
more complex.

(¢) The effluent has neutral bhoyancy in the atmosphere: no fall-out
or buoyancy rise is modeled by the equation.

(d) The time-averaged plume exhibits a Gaussian distribution of concen-
tration, in the vertical dimension. The measure of the spread in
this direction (tne dispersion coefficient) is considered to be a
function of downwind distance and atmospheric stability only.

(e) The plume is a steady-state phenomenon resulting frcm a constant,
continuous emission source, and none of the effluent “disappears"
(by chemical change or by absorption of the ground surface, for
example). Thus, an area integration of the plume conentration in
any plane perpendicular to the center line is constant, regardless
of the downwind distance. .

(f) Pollutant dispersion in the crosswind direction is rodeled using
lin:ar interpolation within a 22.b-decree circular sector, corres-
poniing to the 16-point compass used 1n wind direction measurements.

A1l diffusion calculations made by the Walden Highway Model use this
Gaussian equation. The model treats a higtway iine source by first breaking
it up, one lane at a time, into an aggregate of many small area s~urces, eacn
about 40 square meters in size, arranged ir a line. Each area source is then
converted to a "virtual" point source located upwind of the center of the area.
The “vir.ual" point is placed at such a distance upwind that the 22.5-degree
sector uted in the calculations subtends tke area width.

The values of O, used in this model are Turner's “Workbook" disparsion
coefficients [4] plus 1.7 meters. The "Workbook" coefficients are widely
used and are based on field trial data representative of diffusion at or
near the ground. The additional 1.7 meter spread is to account for an
initial vertical distribution of the emissions, as they diffuse from the
roadway edge, due to mechanical turbulence caused by traffic flow. Note that
the Gaussian distribution used in the vertical dimension accounts for the eleve-
tion of both the highway emissions source and the receptor probe, and the refiec-
tion of The plume at the earth's surface.

The CO concentration as calculated is modified by two scaling factors
before being output. First, it is rmultiplied by 0.7374, a factor to convert
the averzging time of the concentration from the 10 minutes characteristic of
92, to tre desired 1-hour period [4]. This time scaling factor will give a
conservative estimate of the 1-hour concentration. Finally, a factor of 817.

i: gged to correct the units from grams per cubic meter to parts per million
0 :

C-115



l.

REFERENCES

Air Quality Display Model, prepared fcr National Air Pollution Control

Administration uncer contract lio. PH 22-68-60, Hovamber 1949.

Martin, D. 0. and Tikvart, J. A., "A General Atmaspheric Model fur
Estimsting the Effects on Air Quality of One or More Sources”, presenicd
at 61st Annual Meeting, APCA, St. Paul, Minnesota, June 1968.

Kircher, D. S. and Armstrong, D. P., An Interim Report on !ator Vehicle
Emission Estimation (Draft), EPA Office of Air Quaiity Planning and

Standards, Kesearch Triangle Park, HNorth Carolina, Octcber 1972.

Turner, D. B., Workbook of Atmospheric Dispersion Estimates, PHS Publi-
cation No. 999-AP-26, (Revised), 1969.

Cc-116



The
The
The
The
The
The
The
The

The
The
The

APPENDIX

site number.

case number,

total vehicles per hour on the highway segment.
average traffic speed.

stability class.

wind direction.

wind speed.

background concentration at three upwind receptors.

site number.
case number.
predicted concentration at five downwind receptors.

c-117/C-118






APPENDIX D. COMMENTS OF COMPANIES ON VARIOUS

ASPECTS OF THIS STUDY

AEROVIRONMENT INC.

660 SOUTH ARROYO PARKWAY PASADENA, CALIFORNIA 91105 (213) 449-4392

June 18, 1974

Mr. Robert E. Valente
Department of Transportation
Transportation Systems Center
Kendall Square

Cambridge, Massachusetts 02142

Dear Mr. Valente:
Enclosed is a brief description of our model which you requested to
accompany the results of our AVQUAL model test runs using data pro-

vided by TSC. Those test runs were submitted at an earlier date.

Also enclosed is our billing for work performed on this project in ac-
cordance with TSC's letter contract dated February 7, 1974,

We would like to know the results of these evaluations if appropriate.
Sincerely yours,

%mb&_——

Lal Baboolal
Research Scientist

LB:lp
Enclosures



The Center for the ENVIRONMENT & MAN, InC. 275 Windsor Street = Hartford, Connecticut 06120 203 554400

@I*.‘j’m

June 20, 1974

Mr. Paul Dowrey

U.S. Dept. of Transportation
Transportation Systems Center
Kendall Square

Cambridge, Mass, 02142

Subject: P.0. #TS-8138
Dear Mr. Downey:

Enclosed with this letter is a statcment concerning the running
of the CEM llighway Traffic-Air Pollution iodel with the data
you supplied. Also enclosed is a deck of cards required by
subject order.

We at CEM regret the delay in submitting this data and hope that
you were not unduly inconvenienced. Afte: review of the enclosed
inforriation, should vou have any question; of a technical unature
Mr. G. Anderson may be contacted at (203) 549-4400, ext. 390.
Quest:ons of a business or financial natu-e may he directed to
the urdersigned at (203) 549-4400, ext. 3.8. We at CEM appreciate
the ojportunity to participate on this study. We hope review of
the mcdels will lead to the conclusion that future work with CEM
in this area would be useful to your organization.

Very truly yours,

THE CENTER_FOR THE ENVIRONMENT & MAN, INC.

’

R.Z{Dolau, Jr;

Director, Business Administration

[kls
Enc.
cc: R.E. Chandler (DOT)
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REF: 074-005-MR-516
ERT Project No.: P-1090
29 May 1974

Mr. Paul °. Downey
Transportction System Center

§5 Broadwuy

Cambridge, Massachusetts 02142

Dear Mr. [iovmey:

We are enclosing the IBM punched-card outputs of our dispersion model cal-
culations which we have undertaken in accordance with your purchase order
TS-8154. We have performed the calculations corresponding to all of the
calibraticon and validation cases supplied to us within the allotted budget.
In additicn we enclose a brief description of the dispersion model used in
this progiam.

Having recognized that some of the calibration run data set was collected by
ERT for tle District of Columbia Department of Highways and Traffic (DCDHMT},
we feel tlat certain points should be brought: to your attention in order

to assist you in interpreting the results of your study. In checking the
input dat: supplied for the model evaluation runs, we noted soie errors in
the site jeometry and in the units used to e:xpress certain meteorological
paramsters . We feel that in fairness to other participants in your evalua-
tion progiam, you should be made aware of the following discrepancies:

1. The actual width of the center strip at the Independence Avenue
nonitoring site (Site 11) was about 12 feet - not 95 feet.
7This should lead to substantial undcrpredictions of concentra-
tions at the indicated downwind distances by participants who
vere unaware of this fact.

2. The three calibration cases for Site 15 (Anacostia Freeway),
supplied wind speeds of 7 meters/second. In reviewing our
cwn data, we note that during the actual monitoring situatioms,
the winds were recorded as 7 mph. Most models calibrated to
correspond with the former wind speeds could be expected tn
uvnderpredict highway contributions to CO concentrations at this
site by about a factor of two.




REF: 074-005-MR-516

We noted that a large number of calibration cas:s '.sed mea-
surenents obtained during times of very low traffic volunes.

In our analysis of the overall data set, we concluded that

the best cases for model validation purposes were thosc with
relatively large volumes. The problen appears to be that in

an urban setting, the times of day corresponding to low traffic
volumes are characterized by large background contributions.
Thus, the roadway contributions to measured concentrations at
the sites are small compared to backgrruind levels under tiicse
circumstances. For this reason, mode: predictions of the
highway-induced downwind concentrations are generally lowsr
than thosc observed, since the local traffic impact on air
quality is essentially in the 'noise level' of the background
values when traffic volumes are very light. In our validation
program for the DCDHT, we did not use such cases for the evalua-
tion of our model.

Finally, we would like to provide you with a tew comments regarding the
calculations we have done for your study:

1.

We have performed the calculations fo your study without any
attempt to calibratc our model with the calibration data
supplied. We did, however, run the model for all calibration
cases, using correct input parameters where discrepancies were
found to exist.

For the Site 11 runs we used the corruct (12-ft) median strip
wicth as an input value. This was done in agreement with the
uncerstanding of a phone conversation between yourself and
Joln Lague of ERT.

Emission rates were calculated using the ERT program VEMIT which
converts traffic volume, speed, and ycarly mix distribution

into 'line source' emission rates in units of gm m-1 sec-l.

A 1972 Eastern U. S. traffic mix was ussumed for these computa-
tions, with a 5% heavy duty vehicle m: keup.

The calculated concentrations for Site 15, Case 8 reflect only
highway contributions, since no background value was supplicd
for this case.

D-4
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REF: 074-005-MR-516

If you have any questions concerning this work, or if we can be of any
further assistance, please feel free to call either myself or John Las s,

Sincerely,

Porcce b Gpn

Bruce A. Egan, Sc.Df
Technical Director
Environmental Sciences Division

BAE/jc

Enclosure

429 MARRETT ROAD LEXINGTON, MASSACHUSETTS 02173 (617) 861 1490
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May 31, 1974

U. S. Department of Transportation
Transportation Systems Center
Kendall Square

Cambridge, Massachusetts 02142

Attention: Mr. Paul Downey
Reference: TCD
Dear Mr. Downey:

Attached you will find a summary of our results for the
model validation experiments conducted by TSC. The output
is in the form of punched cards as requested. A summary of
the technical approach and model description is also enclosed.

In the technical approach section, I have attempted to
outline the limitations in describing the site, roadway
length, etc., which necessitated making assumptions before
the cases could be calculated. As an example, without a
calibration phase or TSC specifyiny the emiscion levels and
distribution vertically per lane, there could be gquite a
range in answers due to this uncertainty alone.

Perhaps other companies have 1iad considerably more ex-
perieice in traffic modeling and c>uld determine from the
proviled data what emissions to us:. Our experience in traf-
fic modeling is limited and thus tie emission distribution
factors alone introduced consideranle uncertainty. In future
validaition exercises, we would find it preferable for TSC to
defin2 the emission characteristics and then the diffusion
characteristics could delineate the best modeling approach.

If you have questions regarding the enclosed model
description or the results, please contact me.

Sincerely,
[¢
R. B. Lant
Executive Vice President
RBL:jc
Enclosures



KAFSAN SCIENCES CORPORATION a xaman company

1500 Garden of the Gods Kond
Mailing Address: P.O. Box 7.

Colorado Springs, Colorado 80935

Telephone (303} 688-5a80

29 May 1974

Transportation Systems Center
Kendall Square
Cambridge, Maine 02142

Attention: TCD
Gentlemen:

Attached is a description of our dispersion model used
to calculate 275 cases of highway carbon monoxide pollution
from input data furnished by TSC, in accordance with Order
No. TS-8153, 28 March 1974, Requisition No. TCD-5157.

Also attached are listings of the TSC input and XSC
output. The output is being shipped soparately on punched
cards. Calibration test case results are not included because
they were not run.

In this task we used 81 man hour: of Scientist/Programmer
at §9.70 per hour.

One comment we wish to make abou: the program pertains
to emission factors. Only traffic counts and speeds werc given,
not the m:.x of automobiles of differen: yearly vintages. This
meant thail. results could differ bhecause of differing assump-
tions about the mix of automobiles.

I hope this satisfies your requiiements. We were pleased
to participate in this study and look :‘orward to further activi-
ties with TscC.

Sincerely,
Wm. J. Veigele, Manager
Environnental Programs
WIV:kr
Enclosures



SYSTEMS CONTROL, INC.
1801 PAGE MILL ROAD
PALO ALTO.CALIFORNIA 94304

TeLtracne {arn)

TELEX: 343433 494-11G%

May 17, 1974

Mr. Paul Downey

U. S. Department of
Transportation

55 Broadway

Kendall 3quare

Cambridge, Mass. 02142

Subject: Task Order TS-8142
Paul:

With reference to this task order, and our phone conversation 16 May 1974,
enclosed are the required data cards that delincate the results of this
model prediction study. If you have any questions, please do not hesitate
to call e or Ron Lau (415-494-1165).

For your future reference our company has moved to the following new address:

Systems Control, Irc.
1801 Page Mill Road
Palo Alto, Califorria 94304

A full description of SCI's model and assumptions used in this study will be
sent to y>u as soon as possible. It should be noted, in general, that the
specific lata base specified by TSC (for the highways under consideration)
required 'iodification of SCI's standard models for the proper response to
the objec:ives of this study.

Have a pleasant day,

Dr. Robert B. Schainker

RBS:kt

ce: Ms. Ruth E. Chandler
U. S. Dept. of Transportation
55 Broadway
Kendall Square
Cambridge, Mass. 02142
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May 9, 1974 S85-R-74~-2234%
Ref.: WO 2¢€2

Mr., Paul J. Downey
Transportation Systems Center
Kendall Square

Cambridge, MA 02142

Reference: TCD
Dear Mr. Downey:

Systems, Science and Software (S?) herewith submits its results rtor
the Transportation Systems Center (T¢C) dispersion model validetion
experiments. Under separate cover we are sending punched cards with
the S? predicted concentrations in ppm for each case for all thrae
sites. In addition, we are enclosing a brief discussion of our morlel,
EXPLOR, and a graph showing the emistion factors we used for each
site.

§%'s mocdel requires an emission factor as input. We used a standard
set of values for 1972 and 5% heavy cuty traffic. All validation
runs wel'e made with these values, then the predicted concentrations
without background were least squares fitted to the measured con-
centrat:ons less background. From this a factor was obtained to
transla‘“e the curve, as shown, for e:ch site. It would be helriul
on futu:-e studies if emission factors were suppiied so that all
codes being evaluated used a standarcized set. In that way, the
codes could better be evaluated on how well they handled the physics
of the problem.

8 directly added the background concentrations supplied at each
level to the EXPLOR predicted downwind concentrations at the appro-
priate level for sites 11 and 14. For site 15, S? added the given
background concentration directly to each downwind pred.cted value
at whatever level.

Sf was pleased to take part in this study and would be happy to par-
ticipate in any future validation studies you anticipate running.

Our code is capable of handling quite complex topography so we would
particularly enjoy a validation study where terrain is critical.

P.O. BOX 1620. LA JOLLA, CALIFORNIA 92037, TELEPHONE (714) 453.0060

D~-9



Mr. Paul J. Downey May 4, 1974
We will be very interested in your evaluation results when iliey
are completed.

If you have any questions about our code or results. pleose do
not hesitate to call.

Sincerely,

D 2SS rictan .

Ruth S. Sheridan
Environmental Sciences Dept.

RSS:bz

Enclosures
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APPENDIX E. MODEL VALIDATION STATISTICS

MODEL VALIDATION STATISTICS

Peter H. Mengert
David S, Prerau

Transportation Systems Center

1.0 INTRODUCTION

This report deals with the statistical techniques to be incorporated in the
DIspersion MOdel TEst (DIMOTE)* package. It considers various possible tests
for comparing air pollution dispersion models with regard to their uscfulness
in predicting pollution based on known, or estimated, pollution sources and
other attendant physical factors. The term "model" here refers to a specific
computer program accepting standard inputs from the DAta REtrieval System
(DARES)* and predicting pollutant concentrations at specified places and times
according to the format of the Standard Model Output Generator (SMOG)*. Be-
cause they accept standard common inputs and give outputs relating to common
concentration estimations, the models can be compared if actual concentration
measurements were made at the points where the pollutant concentration is

estimated ty the models,

The report will cover the following topics:
I. Description of types of experimental data to be used and the general

nature of the comparison of the models.

1I. Purposes and desired properties of the models.

*DIMOTE, D/RES and SMOG are computer routines of the Transportation Air Pollution
Studies (T/PS) System which is described in Interim Report No. DOT-TSC-0ST-73-24,

The Transpertation Air Pollution Studies (TAPS) System by David S. Prerau and Faul

J. Downey, June 1973,
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I1I. The types of tests which can compare the models according to their
expected use. This is the heart of this report and will get the most complete

treatment.

IV. Discussion of the arbitrariness in selccting tests.
V. Discussion of the problem of "tuning" models on the test data and

comparing models on thc same data.

2.0 OVERVIEW OUTLINE
As The information coming from the models is used to make decisions.

Hence, all tests to be proposed will measure directly, or indirectly, the useful-

ness of thc model as an aid in correct decision-making.

B. One approach to test-construction is to anticipate thec types and reiative
frequencies of decisions, how the decision will be made using the model (the decision
function) and how well the model will perform, i.e. the probability of jts leadiry to
correct decisions. The factors leading to wrong decisions combine to

give an expe:ted loss using each model - that nodel is favored which gives the

least expect:d loss. This will be referred to as the Decision Theoretic Approack,

1. Some of these factors must be estimated from a priori knowledge and
experience and even "educated guesses." This is a fact of life of Bayesian (Sce p.7)
decision theory and considered preferable to completely arbitrary methods with
perhaps elegant structure but ignoring the expected use to which the informatien

is to be put in making decisions.

2. Other factors of course may be estimated from the test experimental data -



this is the manner in which the experiment discriminatcs between the models.

a. Specifically, when a decision function is known, the probzbilitiex
of wrong decisions can be estimated from the experimental data colleciion to

test the models.

b. Even the decision function can be chosen using the experimental
data - that decision function leading to the least cxpected loss for that mouel
would be chosen. This amounts to "tuning" the model, i.e. perhaps expecting

lower or higher pollutions than the model explicitly predicts,

C. Alternatively, one can estimate thc performance in decision situatiops by
qualitatively constructing loss functions which increase as the predicted values
deviate more from the measured values - or as the predicted vialues show less
of a tendency to increase with measured values. This approach will be discussod

in the seciion on Other Measures.

1. One¢ can construct intuitive loss functions which indicate various

average me:sures of deviation of predicted valives from measurced values

a. One of the simplest and oldest - but probably not very uscful in

this application - is the sum of the squares of the deviations:

Z(Ci-ei) 2
C; and éi are respectively the measurcd and predicted values for the ith point

in space and time.



Others selected for various desirable properties could be quite uscful.

For example:

2aicg(logci-logéi)2

has useful properties which will be discussed in Chapter 5.

2. Other measures are of interest; for instance loss functions which
measure the tendency of the predicted value to increasc with the mcesured value.
This can be of value in selecting models with respect to their ability to
predict increases in pollution under certain circumstances. A full blovn
decision thcoretic approach is possible along the lines indicated in B above
and to be described in more detail later. Alternatively, a simple correlation
coefficient is sometimes useful. However, we do not especially recommend the
standard co~relation cocfficient for this purpnse because of the assumpticn
of linearit on which it is based. The rank correlation coefficicnt would be

useful, however.

3. Tests which do not refer each predicted value specifically to its
corresponding measured value (i.e., which ignoie the inherent pairing of
predicted and measured values) must be specifically avoided. This includes
measures of how well.the distribution of predicted values matches the
gorresponding distribution of measured values. Such tests can always be
replaced by more informative and . powerful tests and can give misleading results
besause they ignore information quite needlessly., In particular, alorg these
lires, the Kolmogorov-Smirnov test which is quite powerful in its proper place

would be of minimal usefulness in this context.
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3.0 DECISION THEORETIC APPROACH

A model will be used to make decisions. We will analyze a simple "go/no—éo”
decision. The ﬁodel will be used for a complex linear mix of such binary
decisions and the analysis of the simple decision will form the found: ‘ion for
showing how thc model is to be tested for its value in making decisions.
Suppose a concentration level Cg is set as a standard. If thc pollution exceeds
Cs then one action is preferred,while if it falls below Cs,some other action is
preferred. We shall call these actions the high pollution and low pollution
actions, respectively. If we make the high pollution action,then we have made the
high pollution decision and vice versa. The high pollution action might he to
not build something which is a potential source or to not operate something
which is a potential source; the low pollution action would be the reverse. If
the pollution exceeds Cs and we make the low p>llution decision (take the low
pollution action),then we incur a loss L1 relative to making the right decision.
If the pollution is below C; and we make the high pollution decision our less is
L2. The model will predict a pollution C. A decision function D must he sclected.
It takes the form:

if E>Cd, decide high pollution (i.e. C“Cs}; if é<Cd, decide low pollution

(i.e. C<C5) vshere C, is to be calculated as shcwn below.

d

If we know the a priori distribution of a,Pr(C), and the conditional distri-

bution of C given C,Pr(C>CS|5=Ez), we can estimate the loss as:

& ca
L= Ll I Pr(C>Cs|a=C2)Pr(C2)dC2 + L2 5 l_l-l"r(C>Cs| 6=C2)] Pr(Cz)dCZ (1)
-0 54
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C4q is chosen to minimize this expected loss.

The above determination of Cy is what we refer to as "tuning" thc model in
this particular case. If thc model were perfect and always predicted the correct

measured pollution, C, then C ,=Cg would be the correct choice. However, cven

d
if the modecl is quite good and unbiased Cd will differ from CS if the ratio of
Ly to L, is substantially different from unity, thercby forcing conservative

decisions to bc made (e.g. decide C>C, even if it probably isn't, because L]
is so much greater than L,). In other words,the decision level for the model

may bs different (usually less than) the concentration standard levcl.

The main constituents in equation 1 are of the form:
1. Pr{C>Cy|C=C,)
2. PriCy)

3. Ly Ly

The estima ion of these quantities will now be discussed.

The condit.onal probability Pr(C>C1|é=C2) is to be estimated from the
experimental data. In fact it carries all the information in the experirental
data bearing on the relative suitability of the model. In the parlance of
statistics,Pr(C>C1|é=C2) is a "sufficient statistic" for selecting a model (it i:
of course rot a single number, the value must be known for all C1, €y). The

estimation of these conditional probabilities will be discussed in the next section.



Tables of these conditional probabilities will be¢ constructed, as they can be
used in constructing decision functions and evaluating models for situarions

not yet envisioned.

The a priori distribution Pr(C,) must be estimated in the presence o: 'mcertainty,
It would be based on an estimate of the a priori distribution of the model inputs,
This would then imply an a priori distribution of the model output, for cach
specific model. The a priori distribution of inputs cowmes from the expccted
strengths end other attendant conditions expected in general usage of the model

in making the typc of decision under consideration. This cstimate docs not

refer to specific model inputs or to any observed pollution levels,

Thus, our ignorance of this function is usually not scrious; the more precise

information is carried in the conditional distribution, Pr(C>C1|é=CZ).

Note that cnly the ratio of L1 to Lz is necedec in both choosing the decision
function ard in discriminating between two mouels (See equation 1). ‘The ratin

is ordinarily much easier to guess than the alsolute (dollar) values of Ly and L,

The models will ordinarily be expected to be tsed in numerous decisions. Each
will have its decision function optimized and then the total expected loss will
be the sum of the expected losses in the individual cases,cach weighed by its
expected fiequency. Again we have several quantities to estimate with few known
facts to estimate them on. This is the nature of Bayesian decision theon®: it

gives an cbjective framework in which to imbed unavoidable subjecti.e estimates.

*Bayesian dccision theory derives from "Bayes' rule", which assigns a posteriori
probabilities to events based upon empirical observation and a priori probabilities.
Since there is often no analytic method to know the a priori probabilities required,
they must in effect be replaced by reasonable guesses,



4.0 THE CONDITIONAL DISTRIBUTION FUNCTION

As we said above,the conditional distribution function, Pr(C>Cl1ﬁxF;1, {the
probability that the measured value will exceed C, given that the mudel predicts
C,) contains all the information derivable from the proposed experiwent which

is germane to discriminating between models.

There are various ways to estimate this function from an experimental data sct
(i.e. the pairs Ci,éi, i=1,...,N). All are subject to statistical error due

to the finite sample size, N. This will be especially true if we ascribe
importance to values of C which are sparsely represented in the data set (e.g.
high pollution levels which occur quite infrequently in the experimental data}.
There seems to be no good way around this. In general, data cennot be rcliably
extrapolated into regions where measurements are not taken. I{ it cun be known
confidently that a model which has a certain percent error at one pollution lcvel
will have the same percent error at a different pollution level, then this
extrapolatior. may be possible. In any case, th: best characterization of data
bearing on tle conditional distribution is probibly the Natural Histograwm in

the case wheie it can safely be assumed that th: measured value increases with the
predicted value. This approach will be described below and its propertics
discussed. The Natural Histogram provides an e: timate of the conditional
distribution function which can aid the Planner in cheoosing a model suitable for

his applieation.

In order to obtain a good estimate of the conditional probabilities

Pr(C>C, |C=C;)



the Natural Histogram is used. The Natural Histogram is considered to he the
"minimal sufficient statistic" for estimating the conditional prebabilities

from experimental data.

As shown by the example in Figure 1, the Natural Histogram is a monotcnic step
function which, for a given Cl’ gives the probabjlity that the measured
concentration is greater than C, for each value of the predicted concentration,(;.
Note that the Natural Histogram consists of a set of intervals or "steps' in
which the estimated probability is constant. For each such interval of Ca, this
estimate is equal to the empirical frequency of the event C>Cy within that
interval. The intervals are chosen to be the minimum size consistent with

monotonicity.

The algoritim for choosing the intervals and determining the estimated probability
for each interval is shown in Figure 2. The data points are ordered Ly their pre-
dicted values, €. Then, each of the entries on the corresponding list of measurcc
values, C, .s compared with the given level, Cy. The flowchart §how5 how the

probability P(s) and the size, T(s), of each step, s, of the Natural Histogram is

then found.

5.0 OTHER MEASURES TO USE IN DISCRIMINATING BETWEEN MODELS
Besides the statistical approach which we have briefly presented, there are other
(far simpler) measures of how well the predictions of the model match the measurey
or actual pcllution. These measuiss do not in general extract the invariant inforina-
tion from the experiment; they are influenced more than necessary by the choise of
pollution levels at which the experiment is run. Furthermore, they make no attempt

to match the measure as closely as possible to the intended usage of the model.



P, (035 / €= cy)
A

1 2 3 2 5 3 7

Figure 1. An example of the Natural Histogranm
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Figure 2. The Algorithm for

The Natural Histogram
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T(s) is the total number of

points in the step g, s=s+1

fss) is the estimated probability

within the step s. 1t is equsl to the
empirical frequency g :) .
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Nevertheless, because these approachcs are direct and simplc they should be
spplied,since the cost is small and the potential uscfulness of the results

is significant. Furthermore, since the approach is simple and intuitive,it

is sometimes possible to discover aspects of the correlation between measured

and predicted concentrations in this way which arc not revealed by the previously
discussed statistical framework which has its own limitations. In addition
(again because of the simplicity of these measurcs), it will sormetimes be
possible to derive and estimate a statistic which measures the statistical
significance of the observed difference between the models - a definite bonus

in those cases where it exists.

For the purpose of illustrating such measures, consider the familiar one:

(€i-C;)?

the mean sqiare error. This measure would only be used if it had become a
standard measure for other workers in the area. However, its properties

don't hold liere and in fact accrue to a related measurc which we now discuss,

Since the purcent error of the prediction is of more importance than the sbsoli-te
error, the m asure
N -
L= I ylogC;-logCi)?
i=1
is of particvlar interest. It has at least two other important factors in its favor.
1. Some models predict the pollution to be proportional to the inputs. In

so far as this is an invariant fact,the percentage error of the model should be

a constant for the entire range of concentration levels.

E=12



2., Air pollution distributions have been postulated to be log normal.
The sum of the squares of the differences in logs is a selected and favored

statistic for such a distribution.

The measure:
=¥ (1ogC;-1ogl;) >
i=1
is useful but it may be necessary to modify it to accentuatc those regions

where model performance is most critical. Specifically,

L= T a; bj Cf(logCs-logl;)?
ai=A ifCi>Ci

aj=a<A if Cy<C;

b; is chosen as a weight representing the estimated significance or importance
of the ith experimental pair. The b.'s will ordinarily be equal in blocks with
certain blocks of data from the experiment being favored over others with resuect
to reliability, relevance, range of values, etc. a; depends on whether the
measureu value exceeds or is less than the predicted value. Over-predicting

may be less serious than under-predicting.

The factor Z? represents our assessment that the performance of the model is

more inportait at high pollution levels than at low pollution levels. In fact,

if the pollution level is very low, not only is the prediction of little interest
practically, but the pollution from the selected sources may be overshadowed by

that from exogenous sources. For practical purposes @=1 seems to be a suitable

value, though other a values can be tried.
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A general loss function may be found of the foram

L=2t biR(ci’Ci)
where again by is a significance weighing for the ith experimcutal raiy rnd R
is a function which increases as its two arguments, Ci,éi, get farther ;part.
Let us denote the term bi R(Ci,éi) (which includes aibiCi(logCi-logCi)l as
a special case} by S, and let its dependence on the model, labeled by j, be
expressed by Sij (b; and the functional form of R do not depend on the model,

nor does Cj,but éi does.) We now may write: -

j o=
N
as the loss function for the j th model. Suppose L2>L1, indicuting that model

1 may be better than modcl 2. We may wish to test the statisticual significance
of this conclusion, i.e. test the hypothesis: <Lz>-<L;> > 0 where the '<>"
brackets denote expected value (i.e. the true rean value).

N
Let sj2 = 1 1
i=

2
S:s-L.
N1 ( ij J)

1
Then

may be referred to Student's t-tables at the appropriate level of significance
with the appropriate number of degrces of freecom. The resultant probability

is a confideince level for the significance of the difference between two models,
as indicated by this measure. If the process is indeed log normal and Si=(logC;-
logéi)z then all the 2N-2 possible degrees of freedom may be used. If these
assumptions do not apply then fewer degrees of freedom are applicable
which is not so favorable. In general it must be concluded that a precise

estimate of the relevant number of degrees of freedom will be difficult. This
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is true in many practical situations, However, if reasonable circumstances prevail
(vhich can be determined from the loss function used and pertinent statistics which
the constituent quantities follow) and if there is a sufficient nurher of
measurements, then the number of effective degreces of freedom is intini*e, ‘his
will ordinarily be the case if over 100 measurements, Ci’ are taken. 1. this

case, the probabilities may then be determined and the hypothesis tested without

difficulty.

Other intuitive measuresare not expressible in the form L=L5jj. For example,

it may be of interest to determine the tendency of larger predicted values to be
associated with larger measured values, indcpendent of the absolute accuracy of

the prediction. Here,a rank correlation measure may be used. The rank correlaticn

coefficient may be defined as follows:
Let the 61, i=LN be ordered into the sequence &(1), C(Z) ER

Similiarly, rank the sequence Ci’i=1 «»+s N. Let the i th ranked C be paired
with the j ~h ranked €. The sum I i.j is called the rank correlation cocfficicnt.
As stated, .n this summation, i represents the ranks of a C and j the rank of

the corresponding G when the C's are ranked tog:ther and the &'s are ranked
together. "he rank correlation coefficient is called a ‘non-parameteric" measurc
of the tendency of the variable C to be an increasing function of the variahlc C
(and vice versa). It measures the desirable property of having the measured
pollution being an increasing function of the predicted pollution. This is a

very important property.
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Still other measures of model validity could be proposed. It must be cautioncd
however, that not every measure with intuitive appeal is acceptable for this
purpose. If the measure disregards too much information contazined in the
experimental data (such as-is true of tests based on the distribution of C.and 6,
separately), it may have little validity. The tests we have descrilied in this
report should be adequate for testing models. Other tests will be included

if appropriate.

6.0 DIMOTE TEST PLAN

DIMOTE will compute a set of statistics from the results of the test runs made
with each air pollution dispersion model. Initially, the following statistics
will be calculated:

1. Log Difference Squared Loss Function

2. Biased Log Difference Squared loss Function

3. Rark Correlation Coefficient

4, Natural Histogram

The Log Difference Squared Loss Function, LDS, is dcfined by:

LDS+
i

n otz

(loge,-logc )?
] i i

where Ci is the ith measured pollutant concentration value
éi is the corresponding value predicted by the model

N it the number of measured values

A second lcss fraction will also be used. This is the Biased Log Difference
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Squared Loss Function, BLDS, which is defined by

N
BLDS =iz1 siciclogci-logci)z

where C;,Ci, N arc as defined above and Bi is defined by:

B, = 1if C >C;

B; = 2 if Ci<Ci
In this loss function, the log difference squared is weighted by C.1 (to give
greater weight to higher concentration values) and by 8; (to give greater

penalty to underprediction than to overprediction).

The Rank Correlation Coefficient will be the third statistic computed for cach

model, This will be found by the following technique:

1. The measured values and corresponding predicted values are listed in a
2xN matrix.

2. The measured values are ordered, carrring the corresponding predicted
values with them.

3. Each measured value is replaced by its rank number (the lowest mcasured
value is replaced by 1, the next lowest measurzd value by 2, etc.).

4, The predicted values are then ordered, carrying the corresponding
measured value ranks with them.

5. The Rank Correlation Coefficient, R, is found by

N

R=2E

12
: (ry-3)

1

where rj is the measured value rank number of the jth pair as ordered in Step 4.
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The fourth computation performed by DIMOTE for cach model is the computation
of the Natural Histogram. From the Natural Histogram, one hundred values are

computed. Ten levels, C,, are defined by:
Cii-C

11

where C is the lowest measured value

C,.=C *k k=1,2,...,10.
Cy is the highest measured value
For each level, ten conditional probabilities are computed:
PL(C>Cy]C=Cy)

-=6L+j_u'1—§!—- j=1,2,...,10.

for éJ

where éL is the lowest predicted value

EH is the highest predicted valuc

7.0 TAPS VALIDATION REPORT FORMAT

A final TAPS Validation Report, as now envisioned, will consist of the following

four sectios:

Sectio: 1: Introduction. This section will discuss the background of

TAPS and its goals. This section will be similar in each TAPS Report.

Section 2: Discussion of Statistics. This section will be similar to

the statistical discussion in this report and will explain cach of the tests
used by DIMOTE. It will also discuss the use of the DIMOTE output data. This
section will also contain sample usages, as well as warnings to the user as to
limitations of the statistics. The discussion here will be similar in each

TAPS Report, changing as new statistical tests, or outputs, are added to DIMOTE.



Section 3: Model Statistics: This section will contain tabulations of the
statistics calculated for each model. These will initially inzlude the four
statistics named above. In addition, it will include othe: rodel descriptors
such as average model run-time, amount of datu nccessary for nodel usage,

useability of model with missing data, easc of the use, etc.

Section 4: Model Comparisons: This section will present tables and

graphs which will enable the user to compare the tested models with respect to
his own decision problem. Tables of comparative loss functions and rank

correlation coefficients will be included.
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APPENDIX F. CORRESPONDENCE FROM THE WASHINGTON DC DEPARTMENT OF
HIGHWAYS AND TRAFFIC

GOVERNMNMENT OF THE DISTRICT OF COLUMEIA
DEPARTMENT OF HIGHWAYS AND TRAFFIC

ADDRESS REPLY YO
OFFICE OF PLANNING & PRCGRAMMING
£1S - 12TH STREET., N. W.
WASHINGTCN, D. €. 20004

Mr. Paul J. Downey
Transportation Systems Center
Kendall Square

Cambridge, Massachusetts 02142

Dear Mr. Dowvney:

This is in response to cur telephone converszstion yesterday
regarding cress sectional dinensions for rcadways used in data
collection in developing the ‘otor Vehicle Pollution Siswulation
Model. The dimensions for Independence Avenue vere scaled from
aerial photography. There are six lanes, btut the total rcacuay
width is 68 feet rather than 72 feet as shown. In addition, I have
verified that the center strip width at the monitcring point is
45 feet (abpparently, we had a scaling or typograpiuic transcription
error to indicate 95 feet).

I have also revicwed the other dimensions shown and iind dinension
for the Southwest Freeway which might be misleading to you. The total
nucber of lanes and paveowent width appear to be correct, but the
center strip width scems to reflect only one of the soveral divid
areas. The out~to-out dimzasion of readway includicg iodian, gised
lanes and shoulders scales from contract drawings at 220 feet. Tiis
includes two 10 foot shoulder spaces and paved divider noses. The
270 foot divension for the cut section is correct.

¢s in the final

I hope that this data ceoupled with the sXketeh
I I
L “wdel prior to

report will bLe sufficient for you to validate t

e

application in llassachusetts.

Sincerely yours,

LyOMARY AL DoUAST
to

Assiscont Director



INDEPENDENCE AVENUE

Nunber of Lo
Highway Widt
Center Strip Widtn

nes: 6
I 72' (6-12' lanes)
: 95!

WHITEHURST

Nuiber of Lanes: &
Highway Width:  48' (4-12"lanes)
Center Strip Widin: 4':

E Strcet . .

Nunber of Lancs: &
Highway Width:  40' (4-10' lancs)
Center Strip wWidth: 10°

Wicth of Cut: 60"

Depin of Cut: 25" "

MILITARY ROAD )

- S
Nupirer oi R
Higiway Wid 52' (4-13' lanes)

Center Stiri

ANACOSTIA

e s

Nuimher of Lanes: 4

e s s o ) ] Eiem =

Higiway Wiath: 48" (4-12' lanes)
, R Rt

Conter .'3;1'1‘_7 Gautas 2

Pote al Tia. vy G g1
HCJ;,ML 0% Roaa ALhuve Ground: 25

SOUTIIWEST FRIZWAY

Nunber of Lanes: 11 6 lares main rvoadway, 5 vouwp lanes
Highway Width: 132' (11-12' lanes)

Center Strip Width: 40°

Widih of Cuw: 270! -

Depih of Cut: 24!

NOT=Z:  Miphway width cquals widrh of vosdways oaly., For cuvbd
to curb nieasureeat add coentoer strip widih,
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ROAD (SITE 14)
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3
VALULS MEASURED DURING SFTLMELR 2741972 = GCTURER 1441972
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Y ROAD (SITL 14)
472 = CCTURER 1441572
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VALULS PEASUREL DURING SEPTLMLER 2T\
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MODEL VALIUATION KRESULTS <« MILITARY ROAD (SITE 14)

OCTOBER 1441572

MEASURED DURING SEPTEMLLR 27,1972
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VOUEL VALIUATION KESULTS = MILITA
VALULS MEASUKEL CURING SEPTLNMLER 2741972 ~ OCTUMLR 1%.,1572
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MOCEL VALIUATICN RESULTS = MILITa.f ROAD (SITE 1)

SEPTLNMELR 2741972 - UCTUBER 14.1972
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ROAD (SITE 14)
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MOCEL VALIUATIUN HESULTS - MILIT.
VALUES FEASUREU DURING SEPTEMLEK 2741

[t

VLDEL PREDICTED VALLES

MEASURED
VALUE
3.1
2.6
25

3
15

RECEP-
30

CASE TOR HT,

51

30

52

30

53

FAOQ

VWNO

N x e
NN

-3
o~y

oM
NN

-~ -
LI

.
O et

30

54

N O
Fan

30

S5

NH
¢ o @
NN

o~
O N =t

~am
¢ o 0
Nz,

~~a
0 N~

N 0 >
oo un
0N

F T
e v 0
L 0 O

Qnm
n NN

o n Y
[ ]
noN N

F O
~ NN

2.6

2.4

m N

b4
2.4
2.3

q.z
QQU
607

4.7
2.5
2.3

7.1
7.1
7.0

4.7
2.4
2.3

6.6
6el
6.1

30

57

['2)

4.4 3.

6.8
be3

58

N

2.3
2.7

5.2

15
30

3.4

2.9

3.7 2.7

2.7

S5e1

2.7

“-2 3.0

4,2

2.9

4.7
1.8
l.6

2l

59

F~
-t -t

D ™~
4 el

Mo
NN

3.5
4.1

l.o 5.9 1.5
1.7 9.7 1.7

1.4
1.7

00
~a

15
30

e

6.7
q.l
q.s

10,2

12.3

7.3 18.¢8

Y46

7.9
6.7

16.3

60

4.6
4.5

4.4 3.5 iv.2 4.8 4.3 ta? oel
6.0

3

18.

8.6

15
30

5'3

g

"'. 11!3

Y4t

4.5



RESULTS = MILITARY ROAD (SITE 14)

MOLEL VALIDATION
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