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PREFACE

Tn response to legislation regquiring that each
Federal agency caretully and systematically consider
the environmental effects of its actions, the Office 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 1in air pollution
assessment as part of a family of techniques and
capabilities necessary to support the development in
the Jffice of the Secretary, and in the Operating
Administrations, of planning procedures related to the
environmental impact of transportation systems and
tacilities.

One imoortant goal of this program is to develop

and maintain expertise on the availability,
applicability, and pertormance of techniques for
analyzing the environmental impact of
transportation-generated air pollution. The work

repocted here is the second in a planned series of
reports to evaluate air pollution dispersion models.
It concerns the testing and evaluation of 13 highway
air pollution dispersion models. Subsequent evaluations
will make use of new air quality data and of i{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 W%ashington DC
Departwent of Highways and Traffic, and FEnvironmental
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
Lnvironmental Analysis (TEA) project at the
Transportation Systems Center (T5C) 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
few hundred feet of the road; one hour average
pollutant concentrations. Only the dispersion of inert
gases was considered.

Aecause ol 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 is called a
Consensus Cluster.

The identification of Consensus Clusters will
assist both Federal and State ON7T officials who are
concerned with air quality. The Federal decision-maker
can at least be assured that an analysis made with a
Consensus Mode! 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 TYPZS OF 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
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atmosphere; and produces output estimates of the
concentration of pollutants over the area of 1interest
tor specified time periods. In a recent
state-of-the-art survey of dispersion models (11,
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,

h. Conservation of mass models which require the
solution of the partial differential equations
governing turbulent ditfusion,

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

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

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

1.3 MODEL TESTING PROCEDURE

The Transportation Air Pollution Studies (TAPS)
System €21 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 models, as well as programs
to generate both tabular and graphical output. The
TAPS System is fully operational and will be wused to
validate models as soon as adequate air quality data
become available.

The model testing approach entails:



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

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

c. The evaluation of model per formance., The
predictions of each model 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 local
levels which are concerned with transportation-related
afr poliution. The present report is the first in a
series of such test reports.

e. The awarding ot research and development
contracts to those firms whose models are 3judged to
have the areatest 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 1is
multi-modal. As suitable wmodels 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 detatil.

1.4 AVAILARLE MODELS
Nuring the past several years contact has been

made with individuals, companies, non-profit research
institutions, qgovernment agencies and wuniversities in

the air polluttion 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
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sizable fraction ot all the highway air polilution
dispersion studies being conducted in the United
States, hence this collection of mwmodels adeguately
represents the state of the art. O0f these 13 models, 6
are Gaussian, 6 are conservation of wmass, and 1 f{is
exponential, thus the models are distributed among the
pravailing types.

Section 4 identifies the 13 models that were
tested.

1.5 AVAILABLE DATA

Data base Airedale,acquired by Fnvironmental
Research and Technoloay,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 pollutiorn dispersion models.
The Airedale data base contains 1200 cases at § sites,
inctluding 2 at-grade, 2 -elevated, and 2 depressed
highway segments. All of these data were entered 1{into
the TAPS System. Subsequently, in selecting candidate
cases tor model validation, it proved necessary tor
various reasons to reject all but 230 cases out of the
original 1300. Later, after an exhaustive statistfcal
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 accucacy of models. A methodology
for testing the internal consistency of an air quality
data set s discussed and it is recommended that all
data samples be tested in this way prior to their |use
in testing models for accuracye.

1.6 CLUSTERING ANALVSIS

Tt Was decided to shift emphasis from the
assessment of model accuracy (which was not possible
with the Airedale data) to model comparisons, one
against another. This approach was possible because
those Afredale data elements which are model input
parameters (t.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

i-4



were discarded and the model input parameters were
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 agreement among their
predictions. MNodels which naturally cluster into such
groups were defined as Consensus Models.

Yhen this analysis was performed, 5 wmodels (3
Gaussian, 2 conservation of mass) were tound to bhe
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 comnservation 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:

=2
XI(X:Ynz;t) = 9 exp - —££;E£l + _x;

3732 >
(27" ogoya, 2o 20 gt (11)
2
) z-H +H
exp - 1——71 + exp - IZ 2
Zcz 202 ’
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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

u, mean wind transporting the

g standard deviations

x*Cy 9z
distribution in the

puff

material

of the material concentration
three coordinate directions

relative to the puff center with origin (jt, 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 lY’z)

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

2
= —Q exp - —Z-z-——
Zvcyo u ch
NTRYA 2
(e [ - [t o
) Zcz 20z
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A, Three Dimensional Puff of Material

Q Q Q

Ko
x
7\ /<°y )
i
t x

L

[¢] u [} y (<] 1 z

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
:25/// At xZ
“'°y
y
o y [¢] H o

B. Component Distribution of Material About ({(xj,0,H) and {x2,0,H)

FIGURE 2-2. SCHEMATIC REPRESENTATION OF GAUSSIAN PLUME MODEL
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where Q is now the source emission rate of material (g/sec)
x is in the downwind direction along the plume axis
oy.oz 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
X3(x,y,0) = —29__ exp - [1/2 ("—) J .
L ozu

-

P2
2
1
—~— exp - ( ) dp
Ve ) dp, (3)
P
Y )
where Pi'o_l ’ 1=1'2.
y

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

for a road or airport runway,

P2
2
(-.0' _L _'L'exp'<)dp.
Yixeref) mazaf " Ly @
P1
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If the line is of infinite length,

2
,y,0) = .—29 ) H (5)
X4 (Xx,y,0) Vo exp [1/2 (67) ] .

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

X (x,y,0) = .24

/Im o, u . (6)

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

2q H 2
Xq(x,y,0) = — exp - 1/2(—) (5a)
4 sing lf?ozu [ 92 s
Xq(X,y,0) = 29 (6a)
sin¢/7?ozi .

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 Uyo 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 %6 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.

2-6



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.3! 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 classiecal 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
cy 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, Uy(x) and o0,(x) have been
determined empirically. These relationships obtain for a sampl -
ing interval of ten minutes, for the lower several hundred meters
of the atmosphere, and over flat terrain. Their use under other



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. 1In 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 level. 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 conservation
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: .- :
aci - ¢r
X3 = -V-(Vci) + V’(DVCI) + R1 + S] )

with ¢, concentration of species 1

Al

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

V, the wind velocity with components u,v, and w in the

x,yY, and z directions
> - -+
. 9 7 ]
i+ =3+ k

ay F;
X, Y, z, component directions

- - -
i, j, k, unit vectors in directions X, ¥, 2, respectively

D, molecular diffusivity tensor

<
]
wl =%

X

Ri' rate of generation of species i by photochemical reactions
S;, emission source strength for species i.

Equation (7) governs changes in concentration of a particular species i at a

acy

point in the atmosphere. It states that the concentration change, s 1s

ot
equal to the net effect of four processes: (a) the advection (or transport) of

pollutant, V-d;ci); (b) the molecular diffusion, V-(DVci), of pollutant;

(c¢) the change caused by photochemical reactions, 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 thei; time-averaged values:

c; = Ei + c{,

- v
Vo e T

thus uy -'ﬁ; + ui,
Vi T3¢y,

]

TR



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:

- — o PRI Vet Vet 1t
acy . a(uci) . 3(vci) . 3(wci) . 9 (u ci) . (v ci) . a(w ci)
? 9X Yy 9z X ay 9z

+ Ry *+ S, (8)

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

W

%

du _ v

TXOWO--—ZIO.

c. The turbulent eddy diffusion coefficients Kx' Ky’ K
2z

may be defined as follows:

1 X
- 3¢,
Ve - -KY ax , and
w'ci - -K 3¢
z 9z 2-10



Introducing these assumptions into Equation 8:

— -_— £-3
3c. ac,; 3c, ac. ac, 3¢, \

1, = "1  ="i  =""i - 9 i 3 i 4}
3T T U 3y Yz ax(xax AN =

<

(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:

A salient feature of these equations is that they represent con-
ditions over a three-dimensional grid and hence do not require the
source-r?ceptor formulation of the Gaussiah equations. Instead,
all sources enter cells of the grid and ail1l concentrations are
computed for those same cells. Thus, the model is spatially-
oriented which greatly simplifies computations for a large number
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of sources since each additional source affects only a single
cell (or at most a few cells).* t

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. 1In the Lagrangian method, columns of air are
advected through the air space and solutions are obtained within
the moving columns. There are many mathematical subtleties in both
the Eulerian and Lagrangian solutions to these equations. Detailed
discussions of this subject can 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,
cy(x) and oz(x) are replaced by the diffusion coefficients Ky, Ky
and K,. Although the dependence on stability has been eliminated,
the problem of estimating the diffusion coefficients remains. There
is no completely satisfactory way of doing this. Some investigators
appeal to theory, others rely on empirical methods, and still
others attempt to compute these coefficients from the data.

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

¥Tt should be noted that Donaldson and HilstZ23 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,
but solution of the complete equations is a formidable computing
task.
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Typically, the assumption is made that emissions remain constant
over a period of one hour or so. Furthermore, through the R; temrms,
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 reactions can readily be incorporated in the model.

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

In summary, then, it is clear that the conservation of mass
model overcomes many of the limitations of the Gaussian models
and hence is potentially a more powerful tool for analyzing air
pollution problems.
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3. MODEL 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, several
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
campared 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 DIMDTE evaluates the model, using a variety
of statistical tests to compare 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 run 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 Dita 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 additionm,
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
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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 FUR CUMPANY PAPTICIPATION

In Fehruary of 1974, an exploratory letter was
sent (Appendix A) to several companies who had
previously expressed an interest in participating in
Jispersion 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-ot-the-art survey on
computer modeling of transportatfon-generated air
pollution C11. 1In 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 detined.

4.2 PARTICIPATING CDMPANIES

Tn response to this exploratory letter, 1)
companies agreed to participate in this initial
experiment either by supplying a copy of their
dispersion model tor in-house testing, or by running
their model under contract in their own plant using
data supplied to them. (Appendix B contains the letter
accowpanying the data sent to the eight coapanies
pacticipating under contract.) These moaels, together
with three dispersion models already available
in-house, brought the total number of disversion models
to be tested in this experiment to 13. Appendix C
contains descriptions (provided by the “indivi dual
companies) of these 13 models.

Table 4-1 shouws the type ot model, 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 6 in discussing the results of
the clustering analysis. Company comments on various
asbects ot this study can be found in Appendix D.

The models of two participating companies,
Fnvironmental Research and Technology, Inc. (ERT) and
the Center for the Environment and Man (CEM), were not
tested on Site 11 data. FRT 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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5 AIREDALE 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, Dffice of Planning and
Programming. This program was sponsored jointly by the
Department of Highways and Traffic, and the FfFederal
Highway Administration.

In selecting cases suitable for model validation,
TSC rejected 1059 cases. The data from one elevated
and two depressed sites were relected 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 {its model
validation study, a total ot 674 cases were 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 in
which the measured upwind pollution at one or wmore
receptors exceeded the measured pollution at the
corresponding downwind receptor, due to either a
measurement error or the influence of a source upwind
of the roadway.

TSC used the following criteria in an attempt to
select representative cases for this study: (1) The
carbon monoxide readfing for a downwind receptor must be
greater than the corresponding upwind receptor reading.
(2) In general, very light traffic cases were omitted.
(However, a few 0ot these cases were included as test
data to determine how well dispersion models could
handle them.) (3) OUnly cases uwith wind speeds greater
than one meter per second were used. (4) It 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. 1In 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, Military
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Road, contain no case where the angle of the wind to
the road is less than 29 degrees.

It was found that only 230 cases met the above
four criteria, 150 at Independence Avenue and B8) at
Military Road. This was the candidate data set for use
in the proposed model validation experiments.

52 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 eight 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
validation. To resolve this issue, a series of
statistical tests were performed on the reduced
Airedale data set.

First, a series of rank correlation tests were
run, correlating the measured pollution (background
removed) with certain of the 1input parameters. In
general, these tests showed low correlations. Next, a
secies of multiple regression analyses were undertaken
to determine the dependence of the measured pollution
(background removed) on the various input parameters.

A multiple regression analysis finds the 1linear
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,R,C, and D in the equation:

M° = Au + B|cosB| + Cs + Dq ,
wheres
M® = the best estimate of M,
M = the measured pollution because of the highuay
(as estimated by the difference between the

sum of the downwind pollution measurements
and the sunm of the upwind pollution
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measurements at three heights: 3, 15, and 30
feet, on towers 36 or 43 feet from the
highwuay), '
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 trom Reference 11).

anbe
oo

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?

2
tM(p)-K°(p)] ,
1

Uus =
p

[

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?

2
[M(p) - MAV(D)] ,
1

TS =
P

W=

where MAV is the average value of M:
N
MAV = (1/N) 3 M(p) .
p=1

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

kS = TS-US &

Then, the multiple regression coefficient, R, 1is
defined by:

172
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 perfect
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linear fit ,and R=0.5 means that 25% of the variation
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 in
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 linear and, in fact, (it
can be argued that the pollution may be a
multiplicative function of u, °‘cose’, g, and SIGZ,
where 51G7, the vertical dispersion coefficient, 1is a
function of stability and downwind distance. (This 1is
the Gaussian formulation.) Therefore, a multiple
reqression analysis was run for the data of Sites 11
and 14 using:

In M = A Inu + B ln[cose| + C1lngqg+ D In SIGZ.

The results 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 Alredale
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 wuas
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.

On 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 accuracye.

The next section discusses an approach which
treats the Airedale data as a synthetic data set which

can be used to compare model predictions, one agqainst
another.



Table S5-1 MULTIPLE REGRESSION TEST 1

MULTIPLE REGRESSION

M° VS. u, |cos@|, s, and q

Site 11 Site 14
R Je48 0.61
variation :
Explained 231 17%



Table 5-2 MULTIPLE REGRESSION TEST 2

MULTIPLE REGRESSION

In ¥ vS. 1In u, 1n lcos8|, 1n s, and In q

Site 11 Site 14
R 0«41 0.59
Variation
Explained 17% 353
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e CLUSTERING ANALYSIS

The question 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
(80 cases). Although it had been demonstrated (section
5) that there was little relationship in these data
between the measured pollutant concentrations and the
model 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
shiftinag 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).

6.1 CLUSTERING

The concept of the Consensus Cluster has immediate
application to air quality 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
systems. If a model in the Consensus Cluster has been
used for a particular analysis then the approving
Federal official can at 1least 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 manpower resources that must be allocated to the
project, and thus the cost of using the various models
may vary widely. Therefore, information about which
models produce similar predictions could result in
considerable cost savings in selecting a amodel for a
particular application. Furthermore, it 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 in a
Consensus Cluster are any m@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 ltkely to harbor theoretical or programming errors
in their construction.

Figure -1 gshows 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 diagram for the AeroVironment
and GCe.bk. models in which it can be seen that the
predictions differ markedlye. Models which form a
Consensus Cluster would be expected to produce
predictions which closely agree as in Figure 6-1,
whereas Fiqure 6-2 is an extreme example of two models
whose predictions do not cluster.

6.2 DeEFINITIONS

By a pairuwise 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 1less than a
distance, d, apart. (The distance, d, is called the
“cluster diameter,” and can be defined as some fraction
of the average model 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 MFEASURES

Three types of pairwise model distance measures
were used:

a. Average Absolute Difterence (AAD),
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b. B0th Percentile Difference (80%2D), and
t. 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 & is the number of points.

Two models can have a low AAD and still have large
differences for many data points. Therefore, a second
measure, the B0th 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 wodels to vary linearly.
Thus a high correlation coefficient indicates a strong
linear relationship between two wmodels, 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 followuws:

N 172
CC = (1/N) I T(ML(p)=-M1AV)(M2(p)-M2AV)I/L(VARL)(VAR2)Y .,
p=1
where:
N
M1AV = (1/N) I Mi1(p) ,
p=1
N
M2AV = (1/N) L M2(p) ,
p=1
N 2
VARL = (1/N) I (M1(p)-M1AYV) , and
p=1



N 2
VAR2 = (1/N) :z (M2(p)-M2AV) .
p=1

f.4 PESULTS

for 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 model rcuns for all
models, ditference matrices were found showing the AAD
and the 803D for ali pairs of models for both sites 11

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

corresponding to the model coded names appearing in
these and subsequent tables are shown in Table 4.1) In
these three tables the far right-hand column, ladeled
DAT, pertains to the measured data downwind of the
roadway. 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 deterajine a reasonable cluster diaseter
distance, the average prediction of all models for all
cases was calculated. The difference between the
average prediction and the average background 1is the
average predicted pollution contribution of the roadway
(which was found to be about 1lppm). The cluster
diameter was then defined 1in terms of the average
prediction. Five clusters were formed with diameters
of 0.2, 0.4, 064 and 0.8 (iece, 20’ 40, 60' and R80%
of the average prediction), thereby yielding a series
of expanding Consensus Clusters. In the case of the
correlation coefficient, two clustering criteria were
adopted; 0.75 and 0.55.

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 Coefticient
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

Mcan Absolute

Difference (ppm) Site Clusters
11 (1) AER-WAL
<0.2 (2) CAL-WAL
14 (1) CAL-WAL
11 : (1) AER-CAL-SSS-TSC-WAL
<0.4
(1) AER-CAL-TSC-WAL
14 (2) AER-ERT-TSC
(3) ERT-ESL

(4) ERT-INT-TSC

(1) AER-CAL-SSS-TSC-WAL
11 (2) AER-CAL-LOC-WAL
<0.6 (3) CAL-KAM

1) AER-CAL-ERT -INT-SSS-TSC-WAL
14 «2) AER-CAL-LOC-WAL

(3) CAL-LOC-WAL

(4) ERT-ESL-INT-TSC

(N AER-CAL-KAM-SSS-TSC-WAL
11 (2) AER-CAL-LOC-SSS-TSC-WAL
<0.8 (3) ESL-KAM-TSC

(1 TR-CAL-ERT-ESL-INT-TSC-WAL

14 (2) AER-CAL-ERT-INT-KAM-SSS-TSC-WAL
(3) AER-CAL-INT-KAM-SCI-SSS-TSC-WAL
(4) AER-CAL-KAM-10C-SCI-SSS-TSC-WAL
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TABLE 6-5 CLUSTERING BY 80TH PERCENTILE
_DIFFERENCE BETWEEN MODEL PREDICTIONS

80th Percentile
Difference (ppm)

Site

Clusters

<0,2

11

(1)
(2)

CAL-WAL
SSS5-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

(D

AER-CAL-SSS-TSC-WAL

14

(1)
(2)
1 3)

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

11

(1)
(2)
(3

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

14

(1)
(2)
(3)
(4)
(5)

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

ERT-ESL-INT

SCI-SSS
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TABLE 6-6 CLUSTERING 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-LESL-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
Ditference, 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 wunder all
the circumstances considered. AeroVironment (AFR),
California Division of Highways (CAL), TSC/EPA (TsSC)
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
tn cluster as well as the above five. In particular,
neither the General Electric (GE) nor the Center for
the “nvironment and Man (CFM) 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.

Rased 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 ot Mass (AFR, FRT).

A wide variety of computer hardware was used in
the running of the models studied here. For
example, all in-house runs Wwere made on an IBM
3J70/155;0ne contractor used a minicomputer;most
contracters used largescale computers such as the
Univac 1108,the IBM 360, 370 series,or a CDC model.

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 sottuware used,it
would not be fair to compare the cpu costs of the
models run wunder <contracte. However,all five models
tested in-house were run on the IBM 376/7155,hence there
is a comparability basis for these models. Assuming a
S70% per hour rate(including cpu time, disk 1I/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 O 0 0 0 0 0 2
59.2
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 S 3
11 S 6 - - 0 0 0 1 3 0 4 4 5
<0.6
14 7 8 0 7 3 0 8 5 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 0 14 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 BETWEEN MODEL PREDICTIONS

Number of Different Models
Clustering with Each Model

MODELS
80th
Percentile
Difference
{ppm) Sitec | 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 3 0 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 S 6 - - 0 0 0 4 2 0 4 S 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 6 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
Coefficient Site| AER CAL CEM ERT ESL GE INT KAM LOC SCI SSS TSC WAL

11 S 2 - - kS 0 O 1 0 1 1 2 3
39.75

141 6 6 0 6 6 0o 7 1 0 0 2 7 5

11 6 6 - - 5 0 0 4 0 2 2 5 6
>0.65

14 7 7 0 8 7 0 8 4 0 1 5 7 6
Total, Site 11 11 8 - - 8 0 0 5 0 3 3 7 9
Total, Site 14 13 13 0 14 13 0 15 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 S6 48

8 91 0 46 36 0 47 39 22 13 64 90 90
TOTALS

6-17



TABLE 6-11 COMPUTER USE

Company CPU Time (Secs.) _____Computer Used
System, Science, Software : 68 UNIVAC 1108
Lockheed Missiles and Space

Company, Inc. 2800 UNIVAC 1108
Kaman Sciences Corporation 7 CDC CYBERNET 70
Environmental Systems Laboratory 70 IBM 370/155
General Electric 10 IBM 370/155
TSC/EPA 2300 IBM 370/155
California Division of Highways 60 IBM 370/155
Walden Research, Inc. 2000 IBM 370/155
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memory,etc.),one could approximate the cost of running
each ot 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 S$2.

It may be of some interest to relate the remaining
models to the tive 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 ot the remaining wodels. Tn addition, the
percentaqe of predictions exceeding the consensus
predictions was also calculated for each ot the other
models., These results are shown in Table 6-12. TEf the
predictions of a model tend to exceed the average of
the predictions ot the Consensus Models, then that
model may be sald to produce conservative estimates of
pollution. Ry this definition, INT, LOC, SCI, S5S, CEM
and GF all produce conservative predictions. (However,
the predictions of CeM and GE are extremely
conservative since they almost always exceed the
consensus predictions.)

Tt should be noted that all ot 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. Tt 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 highway,
elevated or cut sections, different traffic or
meteorological conditions, etc.).

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

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

applications, e.g., pollution estimations at sites not
yet built,)
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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
Differcnce
(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 a7.0 54.2
Exceeding 141 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 SPLED,mph 34 39
RECEPTOR DISTANCE,ft 36 4R
RECEPTOR HEIGHT,ft 3 30

SITESt 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. 1If,
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 confiqurations will be used to increase the range
of applicability of the conclusions.



T SUMMARY AND CONCLUSIQNS

7.1 SUMMARY

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

ha The Transportation Air Pollution Studies
{TAP3) System was used in the testing process. The
TAPS System is a package of computer progcams for
storing, manipulating, and retrieving air quality data,
and for analyzing the performance of dispersion models
by weans of a series of statistical tests which
determine the degree to which model predictions agree
with measured air pollution.

Cs The initial purpose of these tests, which was
to determine the accuracy of the wmodels, 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 Afredale data as a synthetic data set
and to evaluate models in terms of how closely their
predictions aqree with one another.

d. Three measures of the distance between nmodel
predictions were wused; namely, the mean absolute
difference, the 8Gth 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
below must be considered as tentative and subject to
revision as further experiments with synthetic (or
real) data are undertaken. Houwever, 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 CODNCLUSIONS

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

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

c. It is important to understand that the models
identified here as Consensus Models are not necessarily
more accurate than the other models. Accuracy can only
be determined by evaluating the pertormance of the
mnodels 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 usetul
to both Federal and state DQT officials w«ho are
concetrned with the air quality impact of
transportation. 1In 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 expresscd 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 spced, wind direction,
stability, etc.)

Traffic parameters (e.g. vehicles per hour, vehicle speeds, etc.)
These data will be supplied on punch cards. TFor 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 speced: 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:



I~ |

- i o

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

format is; |

CASE NUMBER Cl C2 c

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

million for the case number shown,

Model Validation Aoproach

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 C4 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 Cj.

One of the ingredients of the loss integral is the conditional probability,
Pr(C>C1l6=C2), where C) and C, are arbitrary values of pollutant
concentration, C is the measured concentration and C 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;, C;). TSC has
developed a powerful statistical technique for estimating such

probabilitges.

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
published in a series of reports which will be distributed to LOT,
EPA and other interested agencies. These reports will be available

to the public through NTIS.

Contractual Arrangcments

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 purchasc 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 whether you wish to participate
in these experiments and return same to the fol lowing 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.

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 explorator)
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
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INPUT DATA

FORTRAN
COL. FORMAT DATA DEFINITION
4-5 12 SITE NUMBER
8-10 I3 CASE NUMBER
17-20 I4 VEHICLES PER HOUR
24-25 12 AVERAGE SPEED (mph)

30 I1 *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, 12, 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, 12, 2X, I3, 10X, 5(F5.1, 5X))



SITE 1]

N

B-4




=

“hr ads

B-5



~moaz

RY RU.|

05

,Lo
Stoth
LEehy

Qo

081

£ 5

IS

B-6



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
R1, R2, R3 represent the background concentrations. For wind
angles between 91°-270°, receptors R4, RS, 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:rip 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 diffvsion theorem, thus the results are val-
id for distances less than about 3 kim 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, thke mean wind speed and conditions of atmospheric stratifi-
cation expressed in terms of surface heat 1lux or stability parameters
such as the Pisquill classes, A fundamenial 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 traaisfer coefficients expressed from Taylor's result, A funde-
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.
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This model has been given the name AVQUAL. 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.
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¢.2 CALIFORNIA DIVISION OF HIGHWAYS (CAL)

INTRODVCT 10N .

-4

This computer program calculates the pollutant concentrations genarated
by motor vehicles %ithin a.highway corridor. Ths mathematical model,
thch is based on tho Gaussian Diffusion Equation, calculates hourly
concentrations ol pollutants within the meéhanical mixing cell as well

at recoptor 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 méy ba at grade, elevated or in a cut.

This User's Guide is intended primarily to assist users in preparing
input data for the computer prégram. It doco not constituts a complete
- documentation of the program nor an instruction manual for its application;
. Prospective users should be thoroughly familiar with the contenté'o}.a
report titled "Mathematical Approach to Estimafing'ﬁighway Impact on
Adr Quality" (h?part Number FHWA-RD-72-36) aﬁd an accompanying Appendix
(FHWA-RD-72~37) bzafore attempting to use the program. Report Numbor
72-36 describes tae mathematical formuwlation, basic assumptions and
limitations of tr» model that is the basis of the computor progranm. .
Report 72-36 also contains several problemé that have bsen computed
manually illustraning how the model may be applied.

c-3



CORRIDOR ANALYSIS

Mathematical Assumptions

The mathematical model presented in this manual is baved primarily
on the Gaussian Diffusion Equation, that is, the conceatrations
of pollutants within the plume generated by the vehicles on highways
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 [l] and from an cbjective
system of classifying stabilities from meteorological .
observations as suggested by Turner (2].

3. The concentration of pollutants on highways within the
mechanical mixing cell is independent of surface stability
ciasses., The mechanical miwing cell can be defined a5 Gho.

area O Lhe il ooway wiisee Thoaro 14 AN 3 NCance sone of
MXing ohd Lurpulence Cavs-2C i Twne r3vlion Ol the vohicles.,

fhé vertical heignt or the mixing cell 1s assusmed to bc
12 feet. The horizontal wicéth 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. A uniform wind flow field exists, that is, there'is no
variaticn of wind speed with height (wind shear).
- 1

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

‘Further discussion of these assumptions .along with the llmltatlons
and applications is presented later. .



"Calculations for Crosswinds

Mizing 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 equation for @ greater
than 12°; . .

1,06 Q .
K, U sin @ (3)

C *

Where C = Concentration of pollutant gm/m3

Q = Emission source gm/sec-m
U = Wind speed m/sec (1 mph = 0.447 m/sec)* "
K; = 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 system.
@ will be one of the following angles using the
highway alignment as a reference or base line:

g = 22.5° . ' . __g. "
@ = (5o . : .

@ = €7.5°

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

alignment).

1.06 = Empirica} 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 numerical constant ie 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. .
. ¢
**Until sufficient data become available from the Division of
Highways Rasearch Project [)0) acsume Ky = 4.24. :

c-%



The emission factor used in equation-4 depends on the model ycear,
emission standards, percentage of HDV, average route speed, efc.

() .
values are given by Beaton et al [4]. for the rimary ollutan
! ! ts
.emitted by the motor vehicles. ° F

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

INPUT

This section describes the formats and input data required by the

computer progranl.

The required inputs to-the mathematical model to estimate hourly
pollution concentrations on and within the highway corricdor 2re
described below: ’

1) Traffic volune in number of vehicles per hour.
2) Emission fac:ors of vehicles using the highway as a

function of heavy duty vehicle (HDV) mix and average
. . route speed.



3)

4)

5)

Mceteorological parascters, that is, surface stability
g P

-6f the atmosphere and its agsociated probebility of

occurrence along with its corrcspuuding wind rose.

Type of highway design, that is, a highway located on
a fill or viaduct section, cut saction, at grade section,
etc,

Horizontal and vertical dispersion paramcters.

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 obtainecd from
District Traffic cr Urban Planning Departrments and will
cover' the period from the estimated time of corpletion of the
propesed highway to twenty years thereafter. This is
discussed in detail in a report by this departmment [3].

Emission Factors

The input emission factors [4] for carbon monoxide for the
estimated .tine of comnlction 2 cwWunly YyealS nence can be
obrained from reference (4] depending on the percentage of
Heavy Duty Vehicles (HDV) and the averzge route speed, 1€.
the estimated HDV mix does not correspend to the exact valve
used in the fiqures of reference [4] use a direct lincar
interpolation between the lower and hicher HDV mix to obtain
a value for the emission factor.

Wind Speed, Direction, and Stability
4

The ocutput from the computer program [5]) WNDROS or STAROS*
will give for a specified tire, (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 discersion
of pollutants while Stability Class F i the most unfavorable
(worst) moteorological condition and results in the highest
ground level concentrations. For a quentitative air quality
study, it is necessary to compare two meteorological 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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gsurface stability class and its associated wind rose, and
(2) the most unfavorable, or worst metecrclogical 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].

Type of llighway 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 feegt

4. cut section

For each of thc above types of design, with the exception of
the at grade secticn, the height of fill, viaduct, or elevated
section rust bc 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

+
The horizontal and vertical dispersion paramecters are used
in the mathematical 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 atrnosphere 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.



Ths following doscribes the input déta layout required by the progrom:

Card Fumber 1 (Always Required)

Punch an X in card colum 1 to aelect the cross wind calculations. Punch

a P in card column 2 for parallel wind calculations. Punch an X z2nd a

P in-the respective columng for both calculations.

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

Card Columms

1-10
1115

16-20
21-25
26-30
31-35.
36-40

L1-y2
143-51

52-80°

* Format

F10.0

‘F 5.0

F 5.0
F 5.0

_F 5.0

F 5.0
F 500

I2

..F 9.0

*

Symbol
VPd

CLAS
MW

(Leave Rlank)
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Description
Vehicles per hour

Emission Factor (Grams per
mile)

Wind speed (Miles per hour’
Wind anela (Dagracs)
Pavement He%;hp (Feet)
Receptor Height: (Feet)

Distance from edps of
Shoulder to receptor (Feet)

Stability Class (1-6 = A-F)

Molecular Weight of
Pollutant



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

Card : Colunns © Format Syubol Description
1-10 - F10.0 - VPH Vehicles per hour '

11-15 F 5.0 EF Emission Factor (Gram psr

: mile) .
16-20 F 5.0 U Wind Speed (Miles per hour)
21-25 FS5.0 PHI Wind angle (Degrees)
26-30 F 5.0 H Pavement height (Feet)
31-35 F-S.O ' 5w & ’ Receptor height (Feet)
36-40 F 5.0 D Distance from edge of

- shoulder to receptor (Feet)

hhz - I2 CLAS Stability Class (1-6 = A-F)
b3-51 ~ F9.0 o © Molecular Weight of

Pollutant
52-60 F 9.0 : DD Dowrwind distance from point
.. vhere wind initially becomes
parallel to highway (Feet)

61-69 ’ F 9.0 W Width of highway, shoulder

; o to shoulder (Feot)

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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OUTFUT
mhe output of the mathematical model 1o a serics of curves (Figures
1 to 75 in Appendix). Thrse curves arc a plet of the ground level
¢oncentration ratio CuK/Q versus the downwind distance. From these
curves estimates of hourly concentrations of carbpon monoxide can
be made for tle highway corridor regicn. These values are solely
due to vehicle cmissions and must be added to background concentra-
tions to obtain total pollutant concentration levels.

*The appendix for this voiume 15 publisked scparately

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

Group 1l: Appendix Figures 1 to 6 are for at grade scctions 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 .bridg2s where the wind
is not parallel to the highway alignment.

Group 3: Appendix Figures 55 to 78 are fcr 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 Fiqures 79 to 85 arc 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 secticns. In these
figures the curve for H=0 represents the at-grade scction 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 Figures 1 through 78 where the winds are not parallel
to the highway, the angle of intersection (@) betwecn wind direc-
tion and the highway centerline has the following application:

@ = 22,5° corresponds to angles from‘12° to 33°
@ = 45° corresponds to angles from 34°’to 56°
# = 67.5° corresponds to angles from 57° to 78°
.® = 90° corrésponds to angles from 79° to 101°

Appendix Figures 79 through B85 (where the winds are parallel to
the highway ulignment) are used whecre the angle of intersection
(@) betucen the wind direction and highway centerline is less
than 12°,

Figure 1 illustrarn~ys the wind divection and ranqges.
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.The variables® on the curves in the Appendix are:

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

U'= Mcan surface wind speed (L/sec) t*
Q = Emission source strength ;gg (winds parallel)

and

90 '
coeom (dlﬁds not parallel)

K = Empirical coefficient determined by field measurements

Until sufficient data become available from the Division of
Highways research project [10] assume 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 cudic meter. The following equations convert the.
concentration from the curves in grams per cubic meter to parts

" per million by volume based on a reierence temperaturz of 25°C
and oressure of 750 mm of mercury, and from grems per cubic meier
to micrograms per cubic meter.

: 3 (0.0245) o
m = — s ‘e
PP H3/m MW, o (1)
Where ppHm = Concentration of pollutant in parts
per million by colume
' 7 ugm/m3 = Concentration of pollutant in micrograms
) per cubic meter
1 pgm/m’ = 1075 gms/m3 C(2)

M.W. = lfolecular weight of the pollutant.

*All units used in the model equations are in the metric
system, Co
.
*#J is representat:ive of the undisturbed air flow measured at a
height of 10 mecers above the ground surface over flat level

terrain or modiiied for surface roughness as defined in
reference [5].
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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 empliasizes
the "air basin concept". This analysis evaluates the eifects

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 fielcd measurenent of pollutant
concentrations will be made in the future to develop and '
statistically validate regional models to supplement the
present mesoscale analysis. .

. Figqures 14 and 15 are generalized flow charts for the corridor
‘and mesosciale analysis along with the required ainputs.

VOLUME! FACTORS HIGHWAY DESIGH

¥ ‘ @ i \l’

HIGHWAY LINE SOURCE DISPERSION MODEL

1
l - : PE OF |
TRAFFIC EMISSION LETEOROLOGY TYPE OF |

"
. . ESTIMATE POLLUTANT

CONCENTRATIONS WITHIN
THE HIGHWAY CORRIDOR(S)

- Fig. 14 FLOW CHART FOR CORRIDOR ANALYSfS,




C.3 CENTER FOR THE ENVIRONMENT AND MAN (QEM)

TO: United States Department of Transportation
Transportation Systems Center

RE: The CEY nighway Tratffic Air Pollution Model

The Analysis

Highway traffic air pollution sources and receptor locations
are defined &s 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 assumcd uniform in the relevant stretch of highway; thus, source points

are uniformly spaced down the centerline of cach traffic lane.

Pollutant diffusion in the direction of the wind is ignored.
It would only be relevant 1f 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 efficienc,
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 victual (for ground-reflected

pollution) sources displaced upwind to 'effectdse' locations.

To compute the upwind displacement, the turbulence depth at the

roadway is estimated. That is, o, at the roadway is assumed to have a

z
value dependent on the depth of the traffic 'wake'. Assuming this czo(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
is assumed to raise the effective source to some point in the traffic wake.
For the elevated roadbed, the effective height was assumed only 5 £t 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

Cc-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 + 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 strength
was computed for highway traffic using the EPA average emission factor for

Carbon Monoxide for 1973 based on nationwide stﬁtistics (62 G/vehicle-mile)

multiplied by a speed correction factor ,%E?EEBTTB which is a numerical
fit to the EPA curve for average speed correction factors for all model
years. .

Execution

The program was written in ANAL?d (a CEM language) for execution
on a UNIVAC '1108. The program comsists of 45 lines of code, plus the data
cards. Storage is automatically assigned by the language and does require
access to a drum. Output 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 runs for
sites 14 and 15 only) for a total execution time of 1 min 42 gec.

(Cost = $14.40) Cc-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 0 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 VPli/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 —o ;
,——Ae'R). _1{72 -u\2 1 (z+H)2
7 (%5 {exp[ 5<'oz )]Hxv[“f(?;—)

~ Compute for each case

o Extract relative radius, azilauth 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.
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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-Mahoriey advection-diffusion Modeling program is applicable to

a study of the dispersion of vehicular emissions in the near field of high-
ways. The program numerically simulates th¢ 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 fcature of the model. The
wind fields and diffusion cocfficients 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 conceatrationsare predicted with a
forward 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:

[3)
>~
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?.x..:U

- W

1

X + 2 (k2%
z * 9z (K az) +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,z) 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 cquation
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 dimensiors equal to a mean initial
mixing depth for the aerodynamic wake rcgion of the vehicles, traffic in
different lanes can then be represented by voliume 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 representatio
For most applications, the initial values of tke concentration field are equ
to zero. The steady-statc solution is then gererated from the rest. Howeve
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 thre
separate, sequential steps in the computation procedure.

Conventional finite-difference approximations to the two advection terms

U2x /ox and Wy /3=, procduce truncation errors which, in effect, introduce

numerical "pseudo-diffusion,' errors inte the predicted quantitics. This
artificial upwind and downwind mixing rate of the material by the numerical
schare can boe orders of mognitude lozpon 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 component, 3/3z (K 8x/82), 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 gradicents
are smaller, large grid spacings can be used. Details of the computational
routine which involve the conservatioﬁ 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 illustratcs 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 purposcs in
the model.

The grid syst:m is defined on a two-dimensional Cartesian coordinate
system with the ajscissa 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 dimension of a single grid.

Zo41 determines the height of the top of the nth vertical element. The ver-

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

+
horizontal (U) velocities are calculgtid at the left and right sides of an
eleient 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 allews for three boundary obstacles as simu-
_larions of the varicus highway configurations. These sre shown in Figure 1
by the hatched arcas. These three obstrcles are independent and may be
specified individually or together. The two outer obstacles with the four
bounlurvics donand a Lincuatic bounc. vy ceuditios of U - 0, W = 0, and K = 0.
The inner obstacle (h3, 13) is transparcnt to the winds, but diffusivities
downwind arec altered by its presence.
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e

5 Calculation of the Wind Field

-

/£

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, 2z) = Ul(z/zl)a, where

U is a measured wind speed,

zy is the height at which Ul is measured,

a is an externally imposed parameter depending on atmospheric

stability conditions.

For computational purposes the wind direction is always perpendicular
to the highway. To simulate the efféét on concentrations of winds at small
azimuth angles (6) from the normal (8 = 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 o 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 procedurc is valid for 6 less than about 45°, The wind
fields for different obstacle configurations are calculated by assuming that
various horizontal velocity profile modificaticns will result from the pre-
sence of obstacle: to the flow and by requiring that the wind fields that
result satisfy corservation of mass at each grid element. The fields cal-
culated arc 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 concentrstion esti-
mates in a study performed for the District of Columbia Department of Highways

and Traffic (References 2 and 3).



INPUT

1. Dimensions of grid system

2. Dimensions of grid elements

3. Cross wind angle

4. Wind speed

5. Stebility

6. Dimensions of boundary obstacles’
7. Source Emission Rates (g/m/sec)
OUTPUT

. Horizontal wind field

. Vertical wind field

1
2
3. Diffusion coefficients for each grid element
4 Emissions field (by grid clement)

5

. Concentration field (by grid element)

REFERENCES

Egan, B..A. apd J. R. Mahoney, 1972: Numerical Modeling of Advection and
and Diffusion of Urban Area Source Pollutants, J. Appl. Meteor., 11.
312-322,

'Developrent 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 ISL Highway Microscale Dispersal Model has been
designed to provide accurate and rapid calculations of air
pollutant (non-rcactive 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 reguire a minimum amount of
computer storayge 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 normal.ly available traffic, geometric, and meteorological
parameters:

1. Traf:iic 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: 1In 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, higrway 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 ESIL 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 ncar the roadway. The general form
of this equation, using the coordinate system described in

Figure 1, is:

i

X(x,¥,2) — >
2nuoy(x)oz(x) 20 (x)

- 2 Zl (grams/
SEL——E%— + v exp - {z + h) cubic
Zoz(x)

X {exp - 5
2oz(x) J meter)

>
il

Where: mean concentration (grams/cubic meters)

et
Ii

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)

Y = absorption coefficient (y = 1.0 indicates

non-absorbing ground surface)

standard deviations of lateral and vertical

g X),G X,

respectively (meters)

In order to apply the above equation to the highway dispersal
problem, the functions ox(x) and oz(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 Oq and c¢ 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 emissior:
throughout a volume over the roadway surface. In simplest terms
the cross scction of this voluvme (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 cdge of
the roadway with the height of the mixing cell (4h) 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 .
roadvay edge). Figure 2 diagrams this gecmetric 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

sources. 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 length} then, the integration

along the length of the screen can be parformed analytically to

yield:
h_+Ah
. P a V0.6610,°0% + 0.6610,°a%cosa
fo) A=zo—h,zo+h
2 . 2
X exp -A" sin“a
2(0.6610.2 p? + 0.661062 a2 cos2a)

¢

0.8130¢ D tan o

X1 + erf dh

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

¢
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Where:

g = emissions per unit length (grams per meter per second)
@ = angle between the wind direction and roadway length
Ya = 1 if A = Zo—h or Y, =Y if A = Zo+h
2 [7 2
exf (2) = ;:— { e ~ dt, the standard error function
™

Jo

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 .661002cosza in the

above equation :an be neglected because either o is sufficiently

close to /2 or A2062 is small compared to 02 D2. Then the above

¢

equation is analytically integrated to yield:

q tan a (h.+ Ah - z_) sin a
-g=_.._.__1+erf<__>p_° :

2u sin o 0.813/20e 0.8130¢

(h. - z_) sin a (h. + Ah + z_) sin «a (h_. + z)
-F o ° +YF o ) ~YF _° o
. 0.8130 0.813¢
0 8130¢ 81 ¢ ¢

Where:
1 t

F(t) =

2
jr e”8/2 ds, the standard normal cumulative
~00 distribution

3

21
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In the second case if a = o, the equation is also
analytically integrable to yield:

2 22
~ a |, [Pt tn- oz J(b, + en = 2)? + 0.6610,%
X = -
hy -z, + <ho - zo> + 0.6610¢ D

2 2.2
+ .
hy + Ah + z, * J(ho + Ah + zo> 0.6610,“D

¢
2 )
hy + 2, +\/(ho + zo) + 0.6610,°D

+yln

Application of the Model.

In order 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: h0 -- distance between the roadway surface
and the ground
pollutant-related: Y -- absorption coefficient
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meteorologicals: u -- wind speed

0 -~ angle between the wind direction
and roadway

oe,o¢ ~-= horizontal and vertical wind direction
variancies, respactively

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 zbove 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 can be assigned.

Regarding traffic related parameters, the value of q
is calculated by using the methodology 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 Yy 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 becn 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 straigiit 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 acguired 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 9 and c¢ 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 multip.e 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 for their carbon monoxide concentration using a

gas chromatogr aph.

Figu:re 3 shows a typical arrangement of the equipment
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. Aluminizea
"Scotch-Pak" bags were used to collect the atmospheric samples.
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Figure 3. Diagram of a Typical Open Roadway Validation Experiment
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PUMP
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HEEDLE VALVE

BLEEDER
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POLYETHYLENE
BAG

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

model validation and calibration efforts were fille. in
approximately 60 minutes. This time period was selected in order
to assure that the variance in 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 weie located at the same distance from the roadway
but displaced firom each other by 3 meters (10 feet) parallel tc
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

3

concentrations measured were less than or equal to 1 mg/m” (or

1 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 to 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 purjpose
of this contract was to produce a model 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
Léng 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:

C = WT%%*V)- e-az (1)

pollutant emissions in mass per vehicle mile

where
traffic flow rate in vehicles per hour

= a constant found to be .015 to .025 ft. 1
width of the roadway

= o Zeg
u

**Study of Air Pollution Aspects of Various Roadway Configurations, Final
Report, New York City Contract No. 209624, General Electric Company,
September 1971,



D = diffusion coefficient B
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 2P (2)
where /
O MN
COy = §laD+ Wy

which is the concentration resulting from the xth line source.

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

This model was further refined by defining a vehicular

pollution factor ¢ where:

Co, M

¢ = == = §lapvv) (3)

N

For eigh: of the ten highway configuarations 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:

6. = [-0.51 T, + 26.9] x 1073 BRm-hr_ (4)

i vehicle

for 15 mph < Ti < 49 ‘mph

Ti = average traffic speed in lane 1i.

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

obtained by summing the contribution of the S road lanes: T
-4 s R
- X -ap, .
Cop = > 6N, e ?Pip (5)
i=1 :
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C.7 INTERA (INT)

TSC DISPERSTON MODEL
VALIDATION TESTS

summary of Technical Apoproach

(1)

(2)

(3)

Turbulent diffusivities used were consistent with the Pasquill-
Gifford stability classes. That is, we have shown! that the
Fickian type diffusivity model can give results virtually
identical to the Gaussian models provided koth 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 stabilitiecs were used
in this study. To accommodate a seventh stability class, we
have extrapolated the diffusivities to provide a more stable
class than Pasquill-F.

Emission levels for the vehicles were assumed to be 6 x 10._3

££3 of CO/sec/vehicle/ft of roadway. This is equivalent to a
release of 37.5 gm of CO/nile for each vehiclc. 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 between ground level and 9 feet
uniformly. This distribution in the vertical reflects our
opinion that the warm roadwav and thermal buoyancy of the ex-
haust in addition to the eddy motions caused by vehicular. travel
create an effective vertical release.

a1l 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 (m2asured 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 threse decimals. Moreover, steady-state Gaussian mod:als
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 consequence, 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 corrclate well with the number of
vehicles per hour given that stability class, wind speed, wind
direction and vehicle speed werc 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 a \l/U e i
i
where Ci = the concentration increasce downwind over upwind
Ni = the number of vehicles/hr.
Ui = wind speed

z; = the elevation of a receptor

0,8 = 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 11 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 problem.

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 represcntative vertical distribution of carben monexide
emissions above the roadway. Because of the limitations in
the calibration data discussed above, this was rnot possikle.

Instead, our distribution was consistent with our previous ex-

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

Description of Model

General

The model used is a numerical solution of the three-dimensional
material balancecs 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 hich
elevations and (2) empirical height-dependant coefficients which
account for surface friction (viscous effects) within the boundary
layer.

Application to Traffic Problem

The user must spescify a set of three-dimensional 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 problems, the emission source
generally takes thz form of connected fini:e-length line segments.

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

~ U(x
= b /coss)
cos?
where C = concentration at perpendicular distance x from

the line source
¥ = the solution for a perpendicular wind
8 = the wind angle measured from perpendicular
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This was the concept used in the present sind: allewing the calcula-
tions to be two-dimensional instead of three.

The program calculation proceeds by specifyi~j the 4yr.d, line
(area) source locations, background concentration le—~ls, atéd recceptor
locations as if the wind were going to be parpendicular to the roadway.
For any specified wind direction, the prcgram then auvtomatically ad-
justs the grid block sizes in the x-direction by dividing oy cosé€.

The wind speed is also adjusted to give the perpendicular ccmponent
(totally equivalent to dividing the perpendicular line source solu-
tion by cos6 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 dircctions (for 2-D one
is permissablz), output desired, the number of source
blocks, and other similar data; '

(2) Source location and magnitude specification including the
number cf traffic lanes, their location in the grid, the
vertical blocks above the roadway through which this emission
is to be distributed and the relective emission weighting
factors for the vertical distribttion for cach 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
blcck is us=2é to describe each traffic lane) in each
coordinate direction;

(5) Wind di

rection and speed, atmospheric stability, mixing
layer height

ght if vertical diffusion is to be limited; and

(6) Receptor x, y, z coordirates

Program Output

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

~
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(1) concentrations in each grid block,
(2) printer contour maps of the concentrations, and

(3) wind velocity output for each coordinate directior..

Model Equations

The attached abstract includes a brief description of the cégua-
tions and method of solution used in the finite difference mode]
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ATTACHMENT I

AIR QUALITY MODEL

3.1 WIND CALCULATION CONSIDERING TOPOGRADIY

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

V‘[_J—=O .--t---o-----...-.---o.-o,o-----.-tu.po-(l)

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

If a velocity potential defined by
[E TR - S Y €3

is introduced into Eguation (1) Laplaces' equation is obtained;
V2 =0 LT P €< )

The assumption that the fluid motion is irrotational is
contained in the dzfirition of wotantial given by Equation (2).
Solution of Equaticn {(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
the ground surface, hcwever, air viscosityv becomes important
and measurement of turbulent flow over a Flat plate are found to vary
in logarithmic or pcwer law fashion. To account for this kriown
behavior, the definition of velocity potential in Eguation (2)
was modified to include an empirical resistance "flow coefficient”,
K, given by " :

L - R 0/
where X has components Ky, Ky, K;.

As 2 consequance, over flat terrain, the horizontal velo-
cities will have ths same 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 spatially to indicate different amounts of surface
roughness. Substituting Egquation (4) into Equation (1) gives

VrKTO = 0 totiiniiinieietiinsceerennnnanceennnsa(5)
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These empirical resistance flow coefficients do have physi-
cal significance. In laminar steady flow over a flat plate, the
horizontal velocity is proportional to a function of height
(a height souared relationship) multiplied by the £luid potential
defined by p + puy%, where p = pressure, p = fluid density, g =
the gravitational constant and 2 = vertical height. If a turbu-
lent eddy viscosity is defined analogous to the Newtonian wolncu-
lar viscosity, the same type of expression can be derivedy hoiever,
a differcnt. functionality with vertical distance £rxom -the g:cuna
surface should be expected. This is our concept for the horizontal
flow coafficients, K, and K,,. These coefficicnts are normally
taken as power law functiong of height as follows:

[(2/2)% for z<zg

Kx, I\y' :'?_Lllnity for Z>Zo ..........................(o)
The vertical coeffitient, other than for flow vertically alcng 2
lightly affected by the viscous friction of

£
cliff, should be only sli
the ground surface. As a consequence, the vertical variation of
this resistance cozificient, Ky, realistically reflects the density
variation with height. For neutral conditions the adiabatic
lapss rate gives ¢c¢/d% = 0 and the ceoefficient, K,, would be
approximately uniity. For steble conditions, there is a severs
restriction to vertical flow 2nd X, should be sigrificantly less
than unity. Our azooach has been to assume K, is constant but
varies with atmosphoric stability from roughly 0.01 for stabhle

conditions up to 1.0 for unstable conditions.

Solution of Eguztion (5) for thes potential, ¢, along with
Eguation (4) gives ¢! three-dimensional velecity field U. The
boundary conditicn uszd for Equation (5) is that the wind is one-
dimensional along thz external boundaries. That is, u is spzci-
fied and v and w are zaro. The horizontel velocity at the boundary
can, of course, ke variable with height. No flow boundaries
representing terrain are created by setting the appropricta direction

Formalzation of the air flow in terms of a modified velocity
potential represenits 2 significant simplification. Neglected in
such an approach are sucn factors as (1) the change in wind
direction with increzsing elevation (Ekman spiral), (2) formation
of ecdiss on thz downwind side of obstacles to flow and (3) thermal
or any density instability which can cause vortices in the flcw.

Our model for describing wind flow over irregular terrzin

features has been keodt simple for two recasons. First, we did not
want to censumz2 a disoroportionate share of computer tims in
solving the wind Zlow problem compared to that required for zhe
turbulent diffusion solution. Second, the mathematical descziption
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of individual eddics downstream from obstacles in the flow is
probably not essential to the pollutant dilution problem. " In

fact, refinement in the grid to adequately compute ecddy formation
will generally he 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
diffusivitics dependent on velocity, and thus an increasc in diffu-
sion occurs automatically as the flow progresses around an obstacle.

The finitec difference representation used for Equation (5) was
L G B T 2.

where T is the transmissibility at any point, defined as follows:
B(TBY) = By(Ty By 8) + Ay(Ty By &) + A, (T, B, §) |
By(Ty By §) = T341(3541 m ) gk - Tion(dy -4y oy) gk
Tivy,jk = (Kyx by L£2/8x) 54y 5

Equation (7) is solved by the line successive over-relaxation
(LSOR) method. This is an iterative procedurc which develops
the steady flcw 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 proceeds until the material balance error is
acceptable.

Cenvergence >f the iterative procedire can be accelerated
by the choice 0f 2 "gosd" iteration parareter. Theoxry has been
adeguately develozed for estimating an optimum iteration paramester
for the LSCR procadure. This determination depends upon estimatin
the spectrel radius of the Gauss-Seidel matrix. This procadure
has been included in the program. As a consequence the program
makes a fzw iterations (5 or more should be used) on the terrain
problenm specified with slightly different. boundary conditions.
Based upon the maximunm change in potential during iterations of

ol

this modified problem 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 TURBULENT DIFFUSION

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

V'EVC—E’VC’*'J:: %%'*'qs"'qa .----...000-500(8)
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where:
C = pollutant concentration, lbs pollutant/lb air

E = eddy diffusivity with components E,, Ey, and E, in ft.2%/sec.

r = rate of disavpearance of pollutant due to reaction, lb
pollutun;/sec/lb air

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

aozearance of pollutant by chemical reaction,
r, is assumed to bz first-order and thus is proportional to the
concentration. Tha pollutant source rate, gg, is the pollutant
mass scurce rate ver unit volume of the total emission, divided
by the air density. The ground adsorption rate, qa, 1s the mass
rate of pollutant zbsorbad (or ads oroed) at ground level per unit
surface area multiplied by the specific surface of the ground and
divided by the aixr density.

The rate of dis

Fruation (8) can be solved onca the velocity field, U, and the
bouncary conditions are specificd. Calculation of the velocity
profile is discusszd in the previous section. Boundary conditions
for diffusion are in tne flux normal to tihe ground surface, at
the uoo=r and si ndaries is zaro. The upper boundary can
repressnt a tempe ure inversion if desired.

3

QO

'(Lf‘!‘

d

oD
———

(SR

2

The I{inite-differsnce approxzimation used for Fguation (8)
is of the form:

(ATAC) i gk ,n+1 — A¥ (VAD) gk, ney = B2 (WA2C) 34k poq + Vijk(as,ijk -

1n2 .1 AzAC
T Cigk,ne1) = L (uBC) gy nea Tpp Wige + =25>)

(Cij:, n_%.l""i:'.:_. 1—:) ...... :-to..--o-l..».--'-D.bn.pl.--l..-(g)

L (TAC) Ly (T.-2,C) + A (TyAyC) + Az (T,A;C)
i = cross sectional area, ft.?2

A, (TylyC) = Tijf%lk(Cj+l - Cj)ik - Tij—%,k(cj - Cj-1) ik

Ay(vAyC) = (vaAz)j+%E§Cj + (1 - a)Cj+IJ - (vAxAz)j_%[}Cj_l +
(1 - c)(:i}
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Vijk = blcck volume (AxAyAz)ijk .
Ace, :
pAC = slcpe of the adsorption isotherm, ft’/ft?

Cs = mass pollutant/unit area, lb/ft?2

p = air density, 1b/ft?

i,j,k = x,v,2 indices

n = the time level index

Ax, Ay, Az, At = x, y, 2z, and the £ime.increments
T = the reaction half-life

a = weighting paramster

3.3 TRUWCATICY ERROR

The weighting parameter, ¢ , makes possible several different
choices of space difference approximalions to the first order
convection derivatives. In the f[rogram, we have sclected a first
order coxrrect upstrsam weighting ( if Vit is negative, ¢ = 0; if
Vity is pq~1b1v-, ¢ = 1). A se econd ordfr correct central difference
(¢ = 0.8) could have bezn used. lowever, the central difference
gives rise to a damged oscillation if the eddy diffusivity E is
not greater then uvii/2. The first order correct procedure does
not causz this o=c111aulon but h.s the disadvantage that it

introduces a nLI“*lC“1 diffugivit/ equal to ud»/2 (Refercnce 13) .
Depending upon.tne block sizes used this numerical diffusivity
could dominate tae desired eddy diffusicn coefflclcnt.

Fortunately plume dispersion is quite insensitive to the
diffusion which sccurs along the plumes centerline. As an illustra-
tion, the Gaussian plume models do not even contain a coefficient
for mixing in th= dirzction of flow. We have made calculations
with substantial variations in the diffusion levels in the down-
wind direction and verified the minirmal importance of this coef-
ficient. Velocitiss in the crosswind and vertical directions are
generally much smaller and thus the space truncation er.or which
is proportional to velo ocity is ordinarily negligible.

Time truncation error can also be important. The first order
time der ivative approximation results in an apparent diffusivity
egual to u*At/2. If instantaneous releases of pollutant were

important (for exarple a few minute tracer release) , small time
Steps would be reguirzed to assure a negligible time truncation
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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 1s not present, thus the
calculated concentrations for these cases is accurate. :

Alternative approaches such as Lagrangian methods (Refercnce 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 SCINNCES COKPORAL-MY LINE SOURCEL
MODEL VALIDATION

INTRODUCTION

The Kaman Sciences Corporation air pollution dispersion model
used in this study is Gaussian and can accommodate poi..t,

area, and line sources at arbitrary ei'fective heights, and
reccptors at arbitrary heights. t calculates concentrations
of CO, UC, Nox, SOZ' and particulates. Used here it operated
in a mode which excluded point and area sources and all pollut-
ants except CO. The progrém 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 desiyned for
microscale calculation of pollution concentration. For custon-
ary problems, the model is used to calculate annual average
pollution concentcation 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 highwai’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 ccncen-
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 BRI
* = \ﬁ}c u 27X exp 2 [07] (1)
z 16) ”
where the gquantities 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 inclading 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 identi:ical.)

An expression to compute emission rate as a function of speed
used was:

' 280
Q = 100 (0.4 + —————-—§> (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.)



10.

lll

3.

Normal Inputs

Effective heicht 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 of 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

1.

10.

11.

Same

1 Km
East-West

Vehicles per
hour

81

X=0,Y=0
Same

Single speed,
direction,

stability

Function

Same

Location
of receptors

Modified Output
for This Problem

l.

Print concen-
tration for
single recep-
tor, single
pollutant
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INPUT NATA--TS(C

61 1376 35 5 3iw
62 1550 35 5 298
63 1339 35 5 294
bl 1373 35 3 3
65 1732 I3 3 339
6h 2282 35 2 329
67 2638 35 2 262
68 2689 39 2 3490
69 2054 35 6 316
70 17€7 35 6 315
71 121% 35 6 229
7?2 1665 35 & 326
73 333 35 L 350
74 4018 34 L 211
75 1146 39 & 2t7
76 4197 35 3 196
77 2701 35 3 205
78 23€1 35 2 336
79 2853 35 3 323
a0 1491 15 5 290
81 1194 135 5 317
82 1165 35 « 289
83 105 35 4 27
8L 354 35 4 30u
85 3213 Iu « 244
ae 608 35 6 13
87 ©303 3 3 147
88 2304 35 3 27%
89 2140 36 3 278
90 2392 35 4 307
91 12348 35 L 282
92 528 35 5 2¢%6
93 157 33 S 317
g4 371 35 ¢ 306
35 1597 35 4 308
96 4098 3 3 390
97 2763 35 2 287
98 2016 35 ¢ Jub
99 2356 35 2 273
100 2990 35 3 27%
101 3371 3u « 277
102 3ioe 35 o 2
103 2472 35 7 356
10« 1372 35 e 309
105 1319 35 5 312
106 831 35 5 312
107 LiD 35 5 25
108 885 35 L 209
109 91i¢ Tu L 275
110 1594 35 2 230
111 1903 39 2 15%
112 2131 35 3 164
113 2301 35 3 232
114 2385 35 3 244
115 229€ Iy 4 157
iio 2305 35 Lt 195
i17 13840 35 & 206
iid igCc 35 5 178
113 1409 35 6 190
120 1227 35 € 211
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571
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18R 4
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C.9 LOCKHEEDMISSILE AND SPACE COMPANY, INC. (LOG)

LOCKHEED FOLLUTION DISPERSION MODEL
AND VALIDATION EXPERIMENT RITEUL1S

Alan W, Retliff
Marcus L. Pcarson

1.0 INTRODUCTION

I.ockherd's pollution dispereion medel war adapied from a ;'r,e:wri'.I .
compuier progra:n wriften for the scolution of vircous mixing and C“H.!TA)A:‘E-L.'!
reacting ilowe zusociated with cuch diverse probism aress ac_rm_:'».-.‘-r Cod il
plumecs 21.d chemical laser cavities, The propram is wrilten in F :')&‘\lll.wf':' v
languapre and ir well documented (Ref. 1), 1he prorram’s generslity permits
easy application to atmospheric dispersion problems.

2.0 GENERAIL DESCRIPTION

This model is based on a computer program originally written to ralve
viscour reacting {lows with parallel mixing between two or morc dizcimilar
streams «{ constant luteral pressure. The prorram allows eny cheraical or
vibrational energy cxchange reaction imiachanism to be prescrived as input
data as long a8 thermodynamic propertica and associated r2te constants (or
the reactions are available for all participating species. Tvanspost prop-
erties ar« handled in terms of constant Pranitl 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 pregram
will be oullined firsl, then a description of the adaptation of the code to the
dispersion problem will be addressed.

Assumirng constant lateral pressure, which eliminates the lateral

momentuin cquation, the following set of conservation equations are solved
simultanecously,

Continuity :

[} ¢}
E(P“)\‘@(Pv) = 0 (2.1)
Momenturn;
Bu du _ dp . 8 ( 8u
u-b;-+pv-57 T +8_y (“By) (2.2)
Specires;
8F, 8F, 5 fL. BF\ .
pu-aT‘-"l'pv—a-;- =B—)7—-;-1;y—87 +w; (2.3)
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Encrpy:

2 N N3 oF,
du Le [8T) 5 i ’
+u ( ;) + Br (s;) e BT (2.4)

State:
A RT
p=pRT 2, Fih (2.%)

Assuming planar two-dimensional flow, the followinyg initia) znd heandary
conditionn apply.

x=0: wv=uly), T=Tly) F; =Fly)

Y =Y¥or ¥V T Ymax'
ra“ B _5._8}-1 = 0 (2.6)
y = Fy = y = [N

® Transf{ormation to Strecam Function Coo:dinates

The solution of the poverning cquations is considerably farilitated by
transforming them from the physical x, y-plene into an x,u-rlsnec. Thin
transformation (von Mises) is chosen to satiify the global certinuity equition.
Accordingly, the following definitions are in roduced:

W
y
2
b‘% = -pv (2.7
These definitions then result in the following transformations for the derivativen:

(), = ()

(%), (&%) - (), 2o

pu
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With these transformations, the conservation cquaticns for momemur,
species, and encrgy then assume the follewing forrm:

8u 1d B

8o _ _1dp, 8 8u)
9x ~  pudx ‘-841 (p“ " O\p} (2.9)
oF, DF. w,
1 a Le 3 i )
Bx T §¢‘<‘p; puop —,,~\5> toe (2.10)
NS
8T _ 1j}lép 1L §n RS L)
dx ~ cp{p dx pu?.; h1 wi f i (p PUCL B
1=
vou d(B8) ¢ ke OT B0
pu “lam Br 50 2u o, 5 ) (2.11)
i=1 i

(1) Finite Diffcrence Formulation

For rumerical integration the conaervaion equations are cast into an
explicit, veriable grid finite-differcnce formy  Using truncated Tavlor serics
expansions around the center point (n, m) in the finite difference shown below,

(n,m+1)@

AqJm+l

Ax

{n, m) po——"""——-—0 (n+l,m)

Ay

m

(nr m'l) b

the following expressions can be obtained for the derivatives in the lateral
direction:

(_9_(2) _ A (Qn,m+l B Qn,m) A (Qn,m-l - Qn,m) (2.12)
n,m

o ) Aq‘m-l-l (Ad“m * A‘vm+l) i Aq'm (Aq'm * A\pm+1)




3_2_9_ - 2 (Qn,m-&-l - Qn,m) + z (Qn,m-l -9, ) (2.15)

By ¢ o m A“"m4.1 (Aq)m + L“l"m+1) Ad“m (A‘I‘m + A‘;‘m-!'l)
and, approximately,
l'a CQ\] Zan,m-&—é— (Qn,m+1 'Qn,m) zan,m--% (Qn,m-l 'Qn,m) o
l.UFJ (? .b.é';}jn. m - Atl"m+1 (Aq‘m + ‘A"l‘mﬂT ' A‘l‘m (L\-‘]Tn: * :“"'m-(-.l) ----- )
where

an, m + an, m+]
= (2.1%)

a'n, mi%- 2

and, for {wo-dimensional flow, typically

L c
a = pupl—.;le_—, puu, or ﬂ“ll'f,l"r

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

_ 50 _
im * Qn'm+(3-;) Ax (2.16)

1, m

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

Qn,m+l = Qn,m-l

Ay Ay (2.17)

m+l m

© Stability and Axial Step Size

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

Ax < Aq‘m A¢m+l (A¢m + AY )

m+l
- 2.18
z (A“"m an, m+% + Aq‘mi»l an. m-%) ( )

C-g0



3.0

3.1

Rate Equationa

CHEMICAL REACTIONS

Twelve types of chemical reactions are coneidered as possible cun-
tributors to the czlculation of the net rate ol production, \\'Ji:

Reaction type

L7
2,8)
(3,9)
(4,10)
(5,11)
(6,12)

A+B == C
A+B+M == (C
A+B = C
A+B == C
A+M == C
A+M e== C

+D
+M
+D+ E
(3.1}
+D +M
+M

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

The net rate of production for zll reac’ions is given helow in the form

v'/()) = RP(” - RMU), which are the symbols used in the computer program,

W

. G)

- (3)

(3)

- ()

N

k., »" F.F
2 f: Cc°D
ke p” FpFpy - —fg—— (3.2)
P
2
k F_.F
3 £P "c’M
ket FafTM T TRORT (3.3)
3
k,p~ F.F F_ QT
2 f cC'b' L
kep” FpFp - 7 (3.4)
P
k F
2 tP¥c -
(P Fafp K WT (3.5)
3
k., p- F.F_ F  RT
2 f C DM
kep” FpFy - K (3.6)

)
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2 :
. k,p” F LT
LU 2 2 °f C M »
6. w = kfp I"AFNI - ""],\——"‘_p (3.7

To rcduce round-off and {runcation errors, I‘LP(” and !’J\'I(,) for tach
reaction are comapnted separately. All contril utions to the rnoluy wexte of
produciion of a given species are then coraputed and added algetriionly o
form w.. Since reaction types (7) through (12) proceed in the forviard dircetien
oaly, the sccond term on the right-band sides of lgs, (3.2) througl (3.7 in
disregarded in calculating the contributions to w,.

In reactions (2), (5) and (6) as well as ir. (8), (i1) and (12), 1! dendies
a third bedy species which can be specified. For these reictions he situation
often occurs where for verious third bodies the respeciive ratec ceastenis wiijer
only by a constart roultiplier., These muliiplizrs can be connicered 24 ihire
body efficiencics or weighting factors. If such a caseis encountered, the
third body specics inole mass ratio FH. becormnes effectiveily a fiztitious mole
mass ratio, consisting of the weighted sum over all those specins having a
nonzero weighting factor, i.e.,

Py = 24 % P, (3.8)
i i
where fi are the weighting factors.
3.2 RATI CONSTANTS

The rorward rate constant kf is generally expressed in Arrhemus form.

The equilit rium constant, K_, is determined {rom the Gibbs free tnerg
difference p

MK, = - AG/T (3.9)

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

Rate Constant
Type

(1) ke = A (3.10)
(2) Kk, = AT (3.11)
3) k, = A exp(B/RT) (3.12)
(4) k. = AT™N exp(B/RT (3.13)
(5) Kk, = AT exp(B/RTM) (3.14)
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4.0 ADAPTATION TO POLLUTION DISPFLSICR

To solve the CO dispersion cases poeed by the TSC, the generi 1iraodet

wes operated in 2 mode appropriate to the wind driven stmer; nerisn foacrrien
problem. ‘The momenium arnd energy eguationn wers temlorarily sel
within the computer code since pressure was casurmerd constaal, L veioaty
profils inveriant, and no energy wes added or detracted from the 1 oeall

system. Additionally, chemicel reactione were climinated by o vraing
frozen conditiens for the CO and the remaining atmogpheric conutiinents,
This e¢ssceniially reduces the compley set of couservation c¢iuintiong ‘o can
comprised of the epecies continuity equation, which in the transior.:ed ;lane
ir:

8F, 8y, W,
i _ 8 (Le NILR RPN S (+.1)
Bx - By \Pr pu "‘7’\': pu -
with
P2 =0 and g = 0 (4.2)

Since chemical rcactions were not considered for thic analysic, the gpecioe
production rate w; was utilized to inpat the pollutant production over the high.

way widih where CO is the ith species. The remaining epecics arr. 'N?, 07,
COZ

The first term on the right side of the specics equation is, of cource, ‘e
diffusion rate of ecach species,

and Ar in proportions corresponding to the standard atinnophere tobicu.

Computing the dispersion in finite differences provides a com:pletn de-
scripticn of the pollutant in a vertical plane o-iented in a windward czoiinate
systern with x the windward coordinate and y the vertical coordinit», Jley
coordinate was extended vertically high c¢nough such that the luteral €O praaient
approzchel zero. Integration of the finite dif’erence eauations is done in a
forward marching sense along the x coordinate; thus information on tiie diu-
perszion of the CO species is available not only at the receptor eite but also ax
cvery integration step along the x axis if desiced.

© Problem Set-Up

Utilizing the information given, which consisted of the site gecometry
i.e., number of larnes, width of road, width of center strip, 1elative location
of receptorr, and other physica’™ data such as the wind rpecd and dircction,
number of automobiles and their speed (average), and the atmoepheric 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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£l

=4, (y/yl)N (4.3

whereo El is the time avcraged wind speed at the measurement point of ¥y F

18 ft. The e~xponent N was based on assuming a roughness height corvoarandgiy:-
to short grass, i.e., N X 0.1(Ref. 2).

Temperature and pressure were assumed constant throughoutl the e
of the computations as was the distribution of the atmospheric constilurits and
the background CO concentration.

Calculation of the ¢mission strength was based upon the number of carg,
their average speed, and emission faciors for CO emisaion from ;Y72 EiNA
data (Ref.3). A finiie area source comprised of the road width aad one-hif
a car height was used to input the emission viata. The rource wiaa assumed
to be of constant strength across the width of cach set of lanes and of zero
strength in the rnedian and off the edges of the road.

The wind speed was taken to be uniform in the horizont~l plane but varicd
vertically &8 mentioned previously. The solution of the CO d*:¢nrsion eunit n
also requires knowledge of the viscosity coefficient, y, which *r2e gencrated
from the fcllowing.

B-uy (y/y,)M

where |1, i3 the viscosity coefficient at the 2 mecter height-from Pasqil (Res. 2)
The exponent M was taken as 0.9 which is related to the rourhnesy feaght and
atmospher: ¢ stability, i.e., M=1-N. The coefficient [ty was varied from co e
to case bated on the stability classes provided. A bouyancy elfect was inclvdad
in an appreximate manner by displacing upward the emission source usir cai-
ibration te it cases to fine tune the analysis. Thia approach was usad un 11 of
a rigorous analysis of buoyancy due to lack o’ sufficient time #nd atirospheric
data from ‘vhich to derive the appropriate faclors.

4.1 INPUT DATA SUMMARY

. Highway geometry
. Emission strength

Location of emissions in both x and y coordinates

1
2
3.
4. Wind direction and speed
5. Height of mixing layer

6

. Receptor locations



4,2 OUTPUT SUMMARY

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

2. Spucial output at receptor locaiior, both printed and
punched cards for CO concentration in PI3 M,

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

5.0 GENERAIL COMMENTS

Computation of the emission atrength involves severel critical assump-
tions which should be standardized for irput to the various models uscd in
futurc validation projects. Otherwisc the compzrisons involve no® only il:c
various models, but also the assumptions used by cach model. Emission
factors, for instance, were found to vary widely in the literature cepensdip:
on thz source and when the measurements were made. Ferhap: tiue [ncior.
should be specificed or at least indicate tihe source of the data su that canh
participant uses the same input data. ‘Ihen orly the "model," not one's inter-
pretation of input information is tested.

The height of the stable layer should also be supplied nicferably based
on mecasured data at the time the recoptor dats was taken. Vhis weuld elirmi-
nate an essumptlion about how high to go with the computations aas weil as
supplying additional information on how the vi:cosity coeflicicnte shouid vary
with altitude, Definition of the height of the irversion layer would also help
in estimatirg the bouyancy effect.

Some jnconsistencies were detected in tie calibration case resulis which
were apparu:ntly unexplainable in terms of the parameters supplied, Cn. wunid
ezpect, jor inetance, that if all other factcss were the same for two canees
except, say the number of automobiles per un't time, then only the tasnited
of the concentration would change. But somc cases indicated not ¢ily & b2 e
in mapgnitude but also in the gradient (reverseil) which would be impossible fo
any mocel to predict since the calculational results arc always consistent with
the input data.

6.0 REFERENCES

1. Thoenesg, J. et.al., ""Chemical Laser Analysis Development, Volume I,
Laser and Mixing Program Theory and User's Guide," Technical Repori
RK-CR-73-2, Lockheed Missiles & Space Company, Huntsville Research
& Engineering Center, Huntaville, Ala., October 1973.

2. Pasquill, F., Atmospheric Diffusion, Van Nostrand, New York, 1962.

3. Compilation of Air Pollutant Emission Factors, EPA Publication No. AP~
42, February 1972.
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Site
No.

1
11
11
11
11
11
11
11
11
11
11
1
11
11
11
11
11
11

-t s s e s

1
1
1
]
1
1

14
14
LI/
14
14
14
14
14
14
14
14
14
14
14

15
15
15

Casc
No.

1
9
13
19
33
aa
a7
61
67
80
en
89
oR
on
10?2
106
114
116
110
11
142
154
16%
166

19
2n
=
27
28

37
S8
64
6a
6o
73
81
Qa

23
24
24

Attachm

1t I

CALIBRATION CASE PREDICTIONS

bed
2.0
Te2
265
4e3
4.)
5¢2
1%
449
13.a
15.1
“.4
57
].?
X %]
1.‘
Q.0
1e9
469

31
6e2
1.6

1¢S5

Lo
18
3¢5
10.6
22
le6
GLe7
?.5
1.9
5.3
lea
4e6

Qe
Be2
Be2

C-86

2

(7.0
4.0
B¢1
3.4
QAe"
3.Q
5.1
1.6
4,2
1361
146
Sel
6¢5
1e?
6Ge 0
n.l
9.3
2.3
A
l.-,
1.7
B.4
1e%

«5

13

N R
Pe?
4.0
Q9.0
2.8
lel
S5e?
2e5
1e6
3.8
e Q
as.f

g.a
qu
804

Receptor Nutiber

3

el
3.-7
S5e 7
el
Q.4
dep
a5
l'l’
%}
157
13a4
4o+
5.0
163
Se 5
34
Bed
2e4
3¢8
1a2
1.4
Sel
17
1¢8

l-g
1e2
Hen?
e
3.9
Te7
2.5
l.%
4.7_
3.1
2e¢2
2¢9
X3
7o

9e9
8.9
B.8

Qe
8.4
8.4

o090

o »

[} ST



Site

=
0

Pt S et e b e e Meh Sml bt el b b h e he b d Sf b e b hf Bd S d bt M s b e s pes b b d e b et ma e e

S A e e s e ed et s e s e e e et B e s e e s el e e e Ml e A b s e s v A A et s A e g

Case

VDI DIN -

20
21

22
23
24
25
26
27
28
29
30
31

3z
33
3a
35
26
37
34
g
40
41

42
an

Attachmoent II
SITE PREDICTIONS

1

1

c-87

50
6HeB
58
7.0
H5e1
44 2?
Lo O
2¢7
3.0
6e9
a‘?
He3
5.0
(’.-’
66T
S8
L0
1."
').9
HheP
(el
r,.-“
Hel:
50
440
%7
4e@
e O
Q.0
34@
3e©@

3ol

3.0
5ea
6.9
Rea
6.C
5¢7
1.3
he?
hed
5¢3

Receptor Numlber
2

Sah
645
5.6
70
Gl
4,3
4ol
2.%
a4
Ta?
'-)'.P'
6Ge3
7o)
T8
68}
Gel
l‘.‘:
31
10.6
Se?
Te2
68
5.‘,
Sel
4o
300
Ses
6.7
9'--7
Sel
S5e0
Q42
3.0
a."
T2
7.0
9.0
6ol
6’;
1244
35
Sea
7.0




Site Case

No.

1
1
1
1
|
11
11
11
1}
11
1
1
11
1

1
11

11
1
1
B
11
11
11
11
11
1
1
11
H
1
L}
11
1
1
1
11
11
11
11
11
1
11
11
1
11
1
11
11
11
11

ilo.
an
an
ag.
N7
an
K]
40
l‘,)
15 ¥4
3
G4
o
try
=7
1
509
60
61
62
63
6Ga
65
6A
67
68
69
70
71
77
73
74
75
76
77
78
79
[319)
a1
8>
813
84
as
86
87
RA

Py
&S

9n
91
92
913

SITE PRET..C I'IONS (Ccrtirued)

6O

Tea
Gelt
e?
Gelt
Hhel*
lo.O
26
3.?
3.1
?‘-:
De 't
L]
247
XD
27
Qe
q.q
Hen
1.:‘
31
o Q
467
3.0
201
442
769
23
2.0
et
XY
f « ©
3.9
Lael
Lo
Rea
Qa6

12.7

Cc-88

6.0
Tel
5.0
277
69
LN
4.6
2.8
l‘lo
1.7
1.2

Receptor Number

50
201
1.3

Goelh
st
3.6
40
3.9
17
12



Site Case
No.

e b b M bt M e b M e et b R Mh e e et hb s s ed A S R e e he e e s e B s e v b e b b d b b met e e s e mes

T et h et M kb et e e A i e b s b e mh Yeh b s B e mh e e e ek e e s s b wh b e s At e v e e e e e m - e s

No.
Qy
aQn
Q4
a7
QR
[475)
100
101
1n?
107
104
1045
106
1N7
lon
109
110
111
112
t1n
114
11
116
117
1e
119
120
121
122
123
124
125
12A
127
12R
129
130
13}
132
133
134
138
136
137
138
139
19n
141
142

SITE PREDICTIONS (Centinued)

leat
2o
e O
el
Pet
Lo}
55“
het
e 1
Hhe?
[ XXA
T
5.‘;
?.’]
?.’3
Lio?
Hel
Fe

D et
e 4 s & @
v

e N T e B By B B

® ¢ 0 e o o )
>

- J =Y ad

NNVN BV~ NVUN VNV NVNVIVNNNYNVIN= oo
e o e o @ .
EN IR B R

36
364
2e1

347

1N,

Cc-89

Le6
3.0
Sea

Receptor Numrber
2

1ea
:‘.?
o7
A
3e?
4R
569
6.0
45
8.7
8.3
Tels
e /)
?.ﬁ
G467
346
3.
1.6
1efs
1.0
e 0
36
3.1
3.4
3.3
3.5
3.3

3.5

2-7
el
3.3
3.4
10.?
7.?
3.7
Te6

11
767
Q4.0
el
et
Gied
Sl
4.0
266
4406
7.?
102
Hhe R
IEYE)
2.0
A0
3.1
P

1e¢5
1.0
1.7
HEYs)
1e6
2o
?-b
P8
27
a4
Pets
2
1ol
13
166
2.0
2.0
1¢2
3.0
2}
1.9
2'0
1.9
3e6
1.9
Peb
8.0
6.0
23
447



Site Case
No. No.
11 1473
11 144
i 145
] TR
11 taz
11 148
11 149
11 150
11 151
11 152
11 153
1 154
11 155
11 156
11 157
11 158
11 159
11 160
14 1
14 2
14 1
14 4
ia 5
14 6
14 7
14 1}
14 )
14 10
14 1
14 12
14 13
l1a 14
14 15
ta 16
14 17
14 18
14 19
ta 20
14 21
14 22
14 23
14 24
1a 25
1A 26
t1a 27
14 28
14 29

SITE PREDICTIONS (Continucd)

C-90

L5
q.,‘
bLeh
Fe
Hhel
3¢7
33
1.9
?.,

A, 0
q.?
1.1
2e8
?.(’
2.6
?.7
1.R
3.9
Le6
5¢73
r’.q
he
he?
3e 7
468
Sen
4HeS
3.3
he?
9.9
Se0
2'6
et
3.0
Jel
He3
59
5.9
440
1.8
1.3
?.7
q.)
2e5
201
1.9

-Receptor Number
2

Se7
6O
a.‘
o
e H
fel
e}
26
Pe?
,.ﬂ
4.8
I.,‘
3.1
3.?
3.8
39
?.q
1.2
aetS
ﬁ.’
()-?
G0
Seh
a.0R
3.6
el
5.0
3«5
GeH
Se2
65
S8
3.3
?.n
S.l
Sel
6ol
6.9
TeS
Sel
Qe 4
3.9
PeS
Pe7
2e5
3.0
lea

2ot
e
Aol

~_
M

3ey
36
200
16
1¢4
166
3.7
1e7
17
30
Del
20
1e0
fakaa
2e9
—.'n
Ge
Nel}
L |
3e6h
fe)
37
4.2
3.0
3"
S.0
6ol
e
2e¢4
?.l
2.6
3.4
Ne3
469
448
3.1
3.2
3.1
240
P2
1e4g
Pe?
1«3



SITE PREDICTIONS (Continued)

Site Case Receptor Number
No. No. 1 2 3
14 20 el 1e0 168
14 31 70 Pe7 2«0
14 32 3.0 3.0 Te%
14 33 1.9 7.9 Peol
14 34 . 29 PeS Ze
14 35 20 Pe5 3ed
14 36 17 2«8 el
ta 37 23 3.8 26
14 38 ) EYR! 3¢b 249
14 39 4e Ge7 4.5
14 LXe] e} Pe7 2«0
14 41 HeA 560 3e2
14 42 Qe 7 400 26
14 43 3.3 27 el
14 a4 26 3.9 Pat4
14 46 723 4.6 17
14 a6 heb Sea 4.0
14 47 A6 2.0 Pe7
14 4R 2001 Re? e
14 Hna Dt Pes 10
la 50 27 3.1 Je66
14 51 72¢5 Pe7 Pe6
1¢ 57 3 1.9 o6
14 51 3.9 Moty 18
14 ] e 3ehh 2¢2
14 51 %62 3e 4 2.1
14 Eve 1.7 3en .0
14 e Dot e e’
14 5A heh Sa7 Nels
ta S 2.9 31 267
14 60 1.9 ?e7 2.0
14 61 2.9 20 |
14 67 1.8 3.5 2e6
14 63 .2 3.3 21
14 64 1.0 2.7 261
1a 65 2.6 Pem 1e6
14 66 3.6 440 1.8
1a 67 27 3.3 Ped
14 68 e 2e9Q 29
14 6Q ) 27 P2+3 Pe?
14 70 Aol Ge7 6.0
14 71 2.8 LYR] PR
14 77 3.9 32 6
14 7R 37 Te2 Te2
14 7a 1.5 3.8 3.1
14 75 27 4,1 3.1
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Site
No.

14
14
14
14
1A
14
14
14
14
14
14
14
1a
14
14
15
15
15
18
15
15
15
14
195
15
15
15
15
15
14
15
15
15
15
15
15
15
15
15

Casc
No.

76
77
78
7Q
a0
81

a8z
83
84
85
86
87
B
sHO

VDI AD N~

10
1

13
14
15
1A
17
18
19
20
21
2?
273
24
as

SITE PREDICTIONS (Concluded)

305
3ea
%.‘-‘
2e6
3e2
3en
Lael
be
Lol
YR!
Lo O
27
oY
1e9
6.7
3¢5
460
2e4
Red
6.-,
10.0
1N.0
0.0
540
AheO
6e0
[-X1a}
6ea
Tea
21
241
3.1
?.0
340
4.0
q.o
3.9
3.8
6.3
Te3
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N

I s I
s 9
Lo 8P BN BNV

6.0

6e6
Te6
2.
2ot
3e1
2.0
3.0
4.0
3e%
Q.4
Q62
665
Te5

Receptor Number
3

3.7
443
30
36
3¢0
3.(\
GO
Yol
Se0)
€D
e
3.1
cel
3.0
Beb
3efs
Se?
29
(21 aY
Te7
1045
10«6
0.5
5.8
6.7
6.6
Te2
72
8.0
243
243
3.3
266
3.6
8¢5
45
Se3
5.0
6.8
78

3eq
4eq
2.‘;
749

10,2
10.7
0.2
S.2
G2
6e2
67
Geb
Te6
?.1
Pe2
3el
2‘1
3ol
4,1
3.4
Qa2
4]
Ge 4
Tea

36
A2
?‘6
Ae
Te?
10,1
1041
0O}
He
Gel
Gl
Ge9
O.B
Te7
2¢2
Ped
32
2¢1
3.1
Qe
37
4.6
LYY
65
TeS



C.10 SYSTEMS CONTROL, INC (SCI)

SCI Highway Air Dispersion Models

1. Overvicw and Purpose of the Models

The SCI highway cir dispersion modcels prodict downwind pollutant
concentratjons given upwliud concentration measurcuents and tiie loeal weatiyes
conditions. The basic air dispersion nadel emxnloyed is the Caussion plume
dispersion modcel. The developed model, which is appropriately adopted to
account for cut, at-grade, or elevated highways, predicts the downwind cence,,.-
trations as a function of receptor distance from the highway and receptor

height.

Local weather conditions are defired in terms of seven standard stabiliry
classes, winl speed, and wind direction. These stability eclasses define the
values of the vertical dispersion paramcter, G, and the horizontal Jispcrsion

parameter, oy.

The general equations for the parallel aand cross wind coumponent s af

pollutant dispersion are given as follows(]):

ELEVALED SECTION - FELEVATCD RECEPTOR (FOR AT-GRADI, Ul = 0)

CROSSWIND
K Q
ofs) 1 2+ H 2 1l 2z - U .2
x = =S¢ [exp -3 (/—o——-) + exp -3 (7—“‘—_‘)
oz U cos ¢ 2 2

PARALLLL WIND

Q 30.5 1
= Py (22U = (Y2
X er A(U sin ¢) ¢ w ) [exp 2 (oy) ]

1 ,z+ H,2 1 - H,2
° exP‘j(T) + “-XP"Q(ZGT)]
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wherce

CUT SiiCTION ~ ELEVATED RECEPTOR

CROSSWIND
K Q z .
- —te ¢ 3 ley2 R S R
x= o, U cos ¢ [exp ) (c") ] [""P 2 (u7) ]

X = Kpc A _.8_1’_) (_3_0__5_) [‘—‘xP - % (.X_)Z] [c:-:p + l— (;—0—)7]
U sin ¢ w Uy :
® exp - %-(;5)2]
z
X = Concentration of pollutant ;m/m3
Qc = Crosswind enmission source gn/sec -in
Qp = Parallel wind emission sour.e gm/sec
U = Uind speed m/scc
b = Angle of wind where 0% is prerpendicular to highway
y = Straight line distance from highway edge
z ° = Height of receptor above level ground
1 = Effective height of highway above surrounding terrvain
o= VertiCﬁ} dispersion coeificient
Jy = HNorizontal dispersion cocfficient
w = Width of roadway m
e = Depth of highway cut m
A& = Downwind concentration ratio for parallel winds
Kce, er Empirical coefficients that relate to characteristics
N K of the roadway being modeled. Determined by field
cc, pc

measurcments.
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The methodology used to determine downwind concentrabicn rredictions witr

these equations is described in section IT. An analytical . irgy thet can
be used to assess the sensitivity of the predictions te uner - is . iy tho

model and weather parameters is discussed in section TII. fpecidic o ply oo lan

the models to the three TSC cases 11, 14, and 15 is presented in siclion V.

I1. Prediction Msthocology

Pollutant concentration on the vpwind side of Lhe nighway corsists oo two
parts, a constant ambient component and o spatially varyiug, parallel wind
component. On the downwind side of the highuay, the pallutanl cencenLratios roa
be divided into three parts, two of whichi are the anbleut and parallcel

components, and the third which is the crosswind component,

The calibration of the dispersion rodel: for a given highway wvith

available field data is performed with tho followiug steps:

1) Fach data sample (where a sannle 1s defined as the set of
upwind and downwind data point: wmeasured at the same time
instant) is considered. For vxampl 2, one may have 25 data
samples, each of which has 5 upwind measurements and 3 duwi-
wind measurements. For each, use Lic upwind data to estiniitc
tie ambient and parallel wind compoients. This estimatios iy
parformed by regression fit of the Jdata to the parallel wiud

dispersion model and the assumed coistant amblent component .

2) The calculated parallel componunt model is used to estimate
[ 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 vesulting downwind residuals frow all data samnles are used
to calibrate the crosswind air dispersion model. Calibratton in

performed by regression fit of Cthe data to the radel.

Aftar calibration of the models, downwind couacentrations are predicted

from given upwind concentrations in the following way:

1) For each upwind concentration data sanple, the smbicnt and
parallel wind contributions are determined by regression

methods.,

2) The downwind receptor concentratiorn values from the
parallel wind component arce calculited fron the resulting

parallel wind component model.

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

~model.

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

concentrations.

The calibrated parallel and crosswind models can be used, feor specilin:
’
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. PYarameter 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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Tt

modeling parziveters (c.g., wind speed, O, av) awd uncertainties iy (9 er
structure of the model. Uncertainties in the structure of the .o
be analyzed by comparing the model results with the resulls ol other wadal s
(e.g., box nodel). On the other hand, the impast of uncertainties {n the

modeling parameters on the model predictions can be expressed analytically.

Given the function,

X = FG L Xy Xgy oL X))

wherc Xl might be wind speed, x2 might be source streagth, one can, ausining
that the variables Xi are statistically independent and pausai
variance of x as,

N =\ 2
Var x = I %%— Var Ii
i=1 i

3F A the partial derivative of F with respect to X, evalualed at
vhere -~ = 1

T
axi - the expected (mean) values of the Xi .

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

bution of uacertainty from cach parametcr xl.
v

SCI has coded this variance relationship for the paussian plume model,
Estimates of the uncertainties of the model parameters can thus be used to

directly determine the variance of x.
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v, Processing cf 1SC Test Cases

Data was received from TSC for 3 roadway sites - 11, 14, ana 15,
Each of the thice data sets contained caliravicon dita (upwind ound cortesponting
dovrawind mussurcuents) and nodel validation data (upwind measuiemesty L ica ~hich

dournrrind pradictions were to be made).

Beecause of the wide center strip, thno conceatrations upwind ad
downwind for site 11 are assumed to be the superposition of fwo lin: sources
represcenting the two sets of highway lan-s. 7The three upwind weesuremnity of
4 data sauple are used to compute the crefficicnts essociated with the awbicar
and parallel wind concentration componenis (winds vith directioun =12" to !-
or 168° to 192° are considered to have only a crosswind eompouenc, viads vith
direction 7&° to 102° or 258 to 282° are considered to have caly a parallial wing
corponent, winds in other divections are cunsidered to have both parvallel and
crosswind ccmponeats). From these cocfiicicats the downwiad concontration
predicticns for the model validation datz ore computed with the methodology
described in section 11. Values are cor~utled or Qc and Qp wilh cquations
specificd by reference (1). These valuces are 1 function of average vehicico
speed and arission factor (that accounts for oodel yecar, caission stoudards,
cic.). The salue of W is 36' for ecach section of the divided roud. Vilues
of A are tiken from reference (1). Predictions were made on all nodel

validation data.

Sit:: 14 data was processed in princip ¢ like Lhe site 11 datsy sirce
three downwind mcasuremen}s were available for each data sample. The vuly wnjor
diiference was that the highway was consiZered as a single ecmission line
source, bzcause of the narrow median strip, as opposed to the double line source
used for site 11. The methodology descrited ir section 2.0 was applicvd with

the parallel and crosswind models identified ir section 1.0.
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Site 15 is a highway clevated 25 feet above the mirromiding terratn.

Site 15 presented difficulties to the i.odeling approich described iy eriog 2,0

because the number of upwind measurements per sample point is one v ceas rh,.
nininum number of points required is three. Conscquently, the approach was

slightly iwodified in order to. utilize the available duata.

In order to obtain more than two upwind data points per "data sampl "
for both the calibration and model validation data, these data sets ware
organized into subgroups e#ccording to the measured meteovologleal conditions,
The three calibration data samples (i#23, 24, and 25) were grouped togother (o
estimate the calibration parallel, cross and ambient wind components.  The
validation duta were divided into the following subgroups in order to perfor-

downwind concentration cstimates:

Subgroup Pata Swmple Palnts 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 becausc they could

not be satisfactorily placed into a subgroup with 3 or more data sample pointe

S

v

The effecrive roadway height wus selccted to bo 29 feet, the
additional four feetl being the result of zir turbulence resulting from the

traffic flow (as suggested by reference 1).
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C.11 SYSTEMS, SCIENCE AND SOFTWARE (8s8)

EXPLOR

EXPLOR is an acronym standing for EXamiration cf Pollu~
tion Levels Of Roadways. The EXPLOR finite difference, advection-
diffusion cormputer code has been developed by Systems, Science
and Softwarce to predict the impact of a higbway on local aiis
quality from the roadway edge to 1000 feet from the roaduway.
EXPLOR requires meteorological data, consisting of wind velocity
and stability class identification, and traffic information, con-
sisting of traffic counts, and pollutant emission factors. EY-
PLOR is designed to handle cut, fill, and at-grade roacdway go-
ometries, viaducts, and split freceways at the same or different

levels.

‘the mathematical basis of EXNPIOR is the numerical, finile-~
differe:ice solution of the advection-diffusion equation describ-
ing the conservation of mass of the pollutant, i.e.,

+0+Fc=V- (xk-¥) +s (1)

114

where

= pollutant concentration

I

mean wind velocity
turbulent diffusivity tensor !

0= 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. The emiz-
sion of pollutants is modeled by the inclusion of the source term,
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8. Basically, pollutants are introduced at sou-ce cells, uad
at each time step, At, a metered amount of pollutant is added
to the source. The pollutant is advected and diffuvscd by tho
winds until steady state is reached.

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

n At
Gyt B, (F; = Fiy) (2

nn+1
where A: is the time step, the i subscript denotes the zone nirn~

ber, and F is a flux term which is a function of the form

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

u being the x-velocity component. Diffusion is trecated by re-
placing the mean velocity in Equation 3 with a diftusion trans-
poxt velocity.

't is evident that wind-field (a(x,y)), diffusiviiy for-
mulation (k(ﬁ,x,y)), and source models (S) are reguired to nuvmeri-
cally integrate Egquation 1. The wind-fiecld 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 *angential velocity must bhc
taken irto account, as well as the variations in eddy diffusivitiy
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 veloc.ity
potential, i.e.,

u = Vo (4)
is modified by a potential coefficient tensor, A,
U= ¥ (5)
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when ) can be prescribed to fit the wind conditions to be simn-
lated. 1In EXPLOR, the eurrent prescription for Aij is

where

,Aij’:oli?‘l ()

M= (2/z,)P (7)

Aoz = A3 = 1 (except at boundaries where (3)
A22 = 0)

z = height above the ground

2o = reference height

P = coefficient which is a function of siakility crnss

Note that with this pPrescription of A (Equitions 6 and 7Y,

the linear ficld, ¢ « *®, will zutonatically reduce to a sheac_u
profile consistent with the specified stability class.

In general, the prediction of the turbulent diffusivity

at an arbitrary point in the wind field is based on the relation-

ship tha<«

k «u’p (9)
twthere

k = diffusivity

u” = turbulent fluctuation velocity at which turbuloenc

energy is maximized
2

!
turbulence length scale

The EXPLOR model incorporates a model where

where

Both oe

ka2 = 0.45 uael (10)

u = local wind speed
0. = mean wind vane fluctuation

and £ are functions of the Pasquill stability class and

height above the ground.
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The winéd field is calculated by solving che continuity
equation, i.e.,

V.d=0=79"20p (31)
in a finite difference grid which includes block models <7 majcr
topogrcphiczl features and structures that present impcrmeable
slip boundaries to the flow.

In practice, ¢, is obtained by assuming zn initial valuo

and then using the line successive over-relaxation technique,

where

n+l _ ntd —a) ol

¢ij u¢ij + (1 0)4ij (12)
where

a >1

n = iteration number

Fxperierce has shown that the solution converges (¢t s o

after twenty iterations.

The lhorizontal wind (which is boundary centercd) is cal-
culated from

(¢ )

- &
_ . %55
u= 3%j a

i-1

i-1,5

(13)

where As® is the distance in the xz-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 (uS) and the given wind data (u™) by taking

n
[ m
i>'=:1 Y%
§ = 2 (14)
C o]
i‘gl e
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when n = number of wind data sets input.
“hen
u = u®s (15)

where u = final wind value. Note tha'! f-r ornly one win! meacure-

ment, n=l, u = um.

‘the vertical wind is obtained by solving
¥.0=0 (16

in the ftinite form

(17)
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C.12 TSC/EPA’

TSC/EPA Highway Linc Source Model

John Zimmeiman, EPA

David S. Prcrau, TSC

Paul J. Dowmey, TSC
INTRODUCT10

The TSC/EPA Highway Line Source Model is on air pollution dispersian

model of the Gaussian class. The computer program for this model tis
originally written by John Zimnerman, FPA National Environmental Research
Center, Rescarch Triangle Park, North Carolina. Major modifications to
the original model were subsequently made by Dr. David S. 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 strect,
or a complex multilevel interchange are diszussed in Reforences 1 and 2.

DESCRIPY. ON

The Model can calculate the pollutant concentrations at any numler
of receptors produced by any number of stra ght linc segment sources of
uniform c¢mission. A complex séet 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 horisontal roads.

The “odel first calculates the location of line sources to reprcsent
each lane of each road scgment, 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 cach lund of cach
road segment to produce the final computed concentration.
The concentration due to a singlc 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(R) is the concentration produced at R by a unit strength point
source located a distance fronm the end of the line source.

To computs the integral, the Model divides the line source into smaller
line source segments and computes the sum cf the contributions of cacl
segment t> the pollutant concentration at the receptor. The line source
is dividel into progressively greater numbers of smaller line source
segments until successive calculated values >f pollutant concentration scem
to have converged. The contribution from each small line source scg-
ment is calculated by the trapezoidal rule, <hich approxirates the con-
tribution to the integral by a small line source segment as the average
of the contributions of point sources located at cach end of the segrent.,

Thus, the above equation becomes

C(R) = gﬁ RO ; PR(ﬁ). PR(%%); PR(ﬁ), o]+ Ey
=9_5_lp(o)+N§1P(“‘)*lP(L) + E
N {Z 'R RAT/) 2% N
i=1
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Where:

N 1is the number of line source segments of ; into which tiv |

source has been divided.

EN is the error term (which decrcases as N increascs).

Thus, cach step in the calculation of the concentration 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 reccptor due to a point source,

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

P z = ——
R(xy,z,1) 2ulo_o

Yy 2
- 2 - -H 2 _(z'”')z J =
exp ("%) “"l’(ii_zj_) v 0”’(—“2"'—) YA
20 20 2a <
Yy z 2 N=1
. , 2
A(N) 4 exp J&LZTELL o exp [ (zH-2ni) ©
202 Zoz

2 2
+ exp<'(l'l;*2NL ._> + exp('_(2+||+2.§u‘2 )
] z
z

Zoz
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Where:

P is the concentration point at receptor R which is loceted at pdint
(x,y,z) due to a unit point source of pollution located at peint
(0, 0, H). [x is the downwind distance; y is the crosswinl 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 layer.

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

is less than a given small constant.
This equation is a form of the standard Gau:sian plume mode! of air pol-
lution dispersion. The first exponential accounts for crosswind disper-
sion. The first z exponential gives the cor tribution 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 >ddy reflections from both the groind and the stable layer.

The TSC/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 trafiic and meteorn
logical conditions to occur for any wind direction. Since the wind direc-
tion is a variable of primary importance in the determination of t'ec 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



in one Mo
be chosen
In genera
ceptor.
Due
speeds us

pollutant

Where

Csa

c(9)

&

Using the
are made
automatic
each prin
ANPUTS
1.

2.

del run. From these results, the worst-casc wind dircetion cii.
for each receptor, and thus the worst-casc resulis can Le cerd,

1 the worst-case wind direction will be different for cach re-

to the well known variability of wind direction at the low wind
ually considered in worst-case computations, a sector-averag:d

computation of the following fora is used:

Cop = %[C(On - 22.5%) + 2C(8) + C(8_ + 22.5°ﬂ

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

is the calculated concentration fo: wind direction

is the nominal angle for the princ pal wind dircction.

nmultiple wind direction capability, sixtcen different runs
tsing wind directions every 22.5°. The Model then

¢lly computes the pollutant concent:'ation at each receptor for

cipal wind direction, using sector uveraging.

The endpoints of the center line of each road scgment.

The width of each road segment.

The width of the center strip of eich road segment, if any.
The height of emissions for each road segment.

The cmission strength of each lane of each road segirent.
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10.

QUIPUTS

1.

2.

10.

11.

o}

The

The

and

The
The

The

The
The
The
The

The

wind directions to be used.

wind speed.

height of the mixing layer.

coordinates of the receptors.

ground heights (if non-zero) at each rcad segrent cndpeint

at cach receptor.

endpoints of the center linc of each road segment,
width of cach read segment,

width of the center strip of cach raod seguent, if any.
height of emissions for cach road scgment.

emission strength of cach lanc of cach road seguent.
wind directions to be used.

wind spced.

height of the mixing layer.

coordinates of the receptors.

ground heights (if non-zero) at cach road segment cndpuint
at cach receptor.

predicted concentration at each rcceptor for each wind direction

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

WALDEN HIGHWAY HODEL

INTRORUCTION

The Walden Highway Model is an azir pollution dif’usic: model haced
on thz Gauscian Plume equation. The conputer pragran for the Valas . Hic -
vay Model is & modified version of the Air Quality Displey Fodel {(/.10%)
[1], criginally developcd under EPA sponsorship and adudted iar coopuier
applicitions by lartin and Tikvard [2].  This multipie-source rudel hzs
received axtensive application by Federal and State regulafory ¢g-ncios
in evalvating regional air pollution control stratenjes. The 2g:itatien
of this corputer rodel to the current highway applizalion for carion
ronoxide (CO) concentrations was made by Walden Recearch Rivision of
Abcor, Inc., Cambridge, Massachusetts.

Two major modifications were made to the AQDM prcgram. First, a
proaram module VEHEMI was integrated into the Fortran IV scurce cede to
accurately determine vehicle emission rates for (0. VENIM! is desianed
to compute explicitly the CO emission rate {arams/vehicle mil:z) for a
specificd motor vehicle model year mix. In this case, the mix is typical
of an urban area on the East Coast in 1972. The rethod is tased on a
procedure by Kircher and Armstrong [3] and incorporates sush considrra-
tions as detericration and speed adjustment factors. Pecent chances in
federal automotive emission standards relected to amendments ta the Clean
Air Act o7 1970 have been incorporated. Secondly, a uniaue method {or
transforming highway line sources into series of point sources was incor-
prorated nto the model to conform to the irput-output formats desired
in th= cui'rent application.

The [asic univariate Gaussian diffusion equation for the currentretion

at an elerated receptor due to an elevated point source is given by the
expression:

2 " )
vy, 20 = Q{c-y/c) - [Z-H) S )+ 5 (lla
x(x, y, z Var opu (?nx) { exp( % (0 ) ) exh( o }

3

2z
where:
X(%, y, z) = pollutant concentration at receptor point: (x,y,z),(oms3/m*).
= emnission rate, (gus/sec).
u = mean wind speed, (m/sec).
0, = standard de.iation of the plume conéentration distribution
in the vertical direction, (m).
H = height of the point source, (m).
(x,¥, z) = coordinates of the receptor relative to the point source, {.).
¢ = width, at the receptor, cf a 22.5-degree circular secctor

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

(b) The plume description represents conditicns averaged over o (. @
period of several minutes. Tne "instuntzneous" behavior of the
piuae, particularly during unstable atmospheric conditisns is
mora complex.

(¢) The efflucnt 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. 1lhe measure of the spread in
this direction (tne dispersion coefficient) is considerad to be a
funztion of downwind distance and atmospheric stability only.

(e) The plume is a steady-state phencmenon resulting frcm a constant,
continuous emission source, and rone of the effluent “disappears”
(by chemical change or by absorption of the ground surface, for
examnple). 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
linzar interpolation within a 22.5-de¢ree circular sector, corrcs-
pending Lo the 16-point compass used 1n wind direction measurenzits.

A1l diffusion calculations made by the Walden Highwav Model use this
Gaussian equation. The model treats a higtway line source by first breakine
it up, oune lane at a time, into an aggregate of many small area s~urces, ecacn
about 40 square meters in size, arranged ir a line. Each area source is than
convected to a "virtual" peint source located upwind of the center of the arcs.
The "vir.ual" point is placed at such a distance upwind that the 22.5-degree
sector used in the calculations subtends tre 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 diifuse from the
roadway ¢cge, duc to mechanical turbulence caused by traffic flow. Note that
the Gauscian distribution used in the vertical dimension accounts for the ulcve-
tion of toth 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 multiplied by 0.7374, a factor to convert
the aver:ging time of the concentration from the 10 minutes characteristic of
9,, to tte desired 1-hour period [4]. This time scaling factor will qive a
conservative estimate of the 1-hour concentration. Finally, a factor of 817.

3: gged to correct the units from grams per cubic meter to parts per million
0 .
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APPENDIX

The site number.

The case number.

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

The stability class.

The wind direction.

The wind speed.

The background concentration at three upwind recepters.

The site number.
The casec numnter.
The predicted concentration at five downwind receptors.
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APPENDIX D. COMMENTS OF COMPANIES ON VARIOUS

ASPECTS OF THIS STUDY

AEROVIRONMENT INC.

660 SOUTH ARROYO PARKWAY PASADENA, CALIFORNIA 91135 (213) «49 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 io
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,

%WM—-———'

Lal Baboolal
Research Scientist

LB:lp
Enclosures




The Center for the ERVIRONMENT & MAN, InC. 275 Windsor Street » Hartford, Connecticut 06120 203 54t.A400

June 20, 1974

Mr. Paul Dowrey

U.S5. Dept, of Transportation
Transportation Systems Center
Kendall Square

Cambridge, Mass. 02142

Subject: P.0, #TS-8138
Dear Mr. Dovmey:

Enclosed with this letter 1s a statcment concerning the running
of the CEM llighway Traffic-Air Pollution Modcl with the Jata
you supplied. Also enclosed is a duck of cards required by
subject order,

We at CEM regret the delay in submitting this datn and hope that
you were not unduly inconvenienced. Afte- revicew of the enclosed
inforriation, should vou have any questions of a tcchnical nature
Mr. G. Andevrson may be contacted at (203) 549-4400, cxr, 390,
Questions of a business or financial natu-e mny be diveated to
the urdersigned at (203) 549-4400, ext, 348, We at CEM appreclate
the ofportunity to participate on this study. We hope review of
the mcdels will lead to the conclusion thit future work with CEM
in this area would be useful to your organization.

Very truly yours,

THE CENTER_FOR THE ENVIRONMENT & MAN, 1NC.

R.éé??:olnu, Jrijz

Director, Business Administration

/kls
Enc.
cc: R.E, Chandler (DOT)
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ERT Project No.: P-1090

29 May 1974

Mr. Paul . Downey
Transportection System Center

55 Broadway

Cambridge, Missachusetts 02142

Dear Mr. lovney:

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

IMNC

calibration and validation cases supplicd to us within the allotted burdget.

In additicn we enclose a brief description of the dispersion model used in

this program.

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

to assist you in interpreting the results of your study.
input dat: supplied for the model evaluation runs, we noted soise €rrors in
the site jeometry and in the units used to c:ipress certain meteorological

parameters. We feel that in fairness to other participants in your cvajua-

tion progiam, you should be made aware of the following discrepancics:

1,

The actual width of the center strip at the Independence Avenue
ronitoring site (Site 11) was about 12 fcet - not 95 feet.

This should lead to substantial undcrpredictions of concentra-
tions at the indicated downwind distances by participants who
vere unaware of this fact.

The three calibration cases for Sitc 15 (Anacostia Freeway),
supplied wind speeds of 7 meters/sccond. In reviewing our

cwn data, we note that during the actual monitoring situations,
the winds were recorded as 7 mph. Most models calibrated to
correspond with the former wind speeds could be expected t»
vnderpredict highway contributions to CO concentrations at this
site by about a factor of two.

In checking the



REF: 074-005-MR-516

We noted that a large number of calibration cas-s ‘-sed mea-
surements obtained during times of very low triatfiic volurer.

In our analysis of the overall data sct, we concludad that

the best cases for model validation purposes were thosz with
relatively large volumes. The problen appears to he 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 wmcasured concentriotions at
the sites ar¢ small compared to backgrer:nd levels under those
circumstances. For this reasen, mode: predictions of the
highway-induced downwind concentrations are gencrally lower
than those observed, since the local traffic impact on air
quality is essentially in the 'noise level! of the backpground
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 tfew comments regarding the
calculations we have done for your study:

1.

We have performed the calculations fo your study without any
attempt to calibratec our model with the calibration data
supplied. We did, however, run the idel for all calibration
cases, using correct input paramcters where discrepancics were
found to exist.

For the Site 11 runs we used the correct (12-ft) median strip
wicth as an input value. This was donc in agreement with the
uncerstanding of a phone conversation betwecen yourself and
Jobn Lague of ERT.

Emission rates were calculated using the ERT program VEMIT which
converts traffic volume, speced, 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 issumed for these computa-
tions, with a 5% heavy duty vehicle mi keup.

The calculated concentrations for Site 15, Case 8 reflect only
highway contributions, since no background value was supplicd
for this case.

D-4
429 IAAPRLETT ROAD, LEXINGTON, MASSACHUSETTS 02173 (617) 8611490
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If you have any questions concerning this work, or if we can be of mny
further assistance, please feel free to call either mysclf or John Lar .

Sincerely,

Lol Gy

Bruce A. Egan, Sc.Df
Technical Director
Environmental Scicnces Division

BAE/jc

Enclosure

D-5
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; e e e wreT ‘ :I 603 - 7TH AVENUE S5.W., CALGARY, ALBERTA, CANADA TZP 2T" PHOME. (405) 264511.
[ SRR AT l;\...a. - A..*”.:h 2000 WEST LOOP SOUTH, HOUSTON, TEXAS 77027, US.A. FHIOSE (713) 671£233)

May 31, 1974

U. S. Department of Transportation
Transportation Systems Center
Kendall Squere

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 outnut
is in the form of punched cards as requested. A sunmary of
the technical approach and model description ic also enclosed.

In the technical approach section, I have attempted to
outline the limitations in describing the site, roadway
length, etc., which necessitated making assurptions before
the cases could be calculated. As an example, without a
calibration phase or TSC spccifyinjg the emiscion lcvels and
distribution vertically per lane, there could be quite a
range in answers due to this uncertainty alone.

Perhaps other companies have 1ad considerably morc ex-
perieice in traffic modeling and c»huld determine from the
proviled data what emissions to us:. Our expericnce in traf-
fic madeling is limited and thus tie emission distribution
factors alone introduced considerasle uncertainty. JIn future
validation exercises, we would find it preferable for TSC to
defin: the emission characteristics and then the diffusion
characteristics could delineate the best modeling approach.

;f you have guestions regarding the enclosed model
description or the results, please contact me.

Sincerely,
(.
UALEL
R. B. Lant
Executive Vice President
RBL:jc
Enclosures



KAFIAR SOIENCES CORPORATION 4 taman comrany

1500 Gardan of tha Gods h.owd
Mailing Addiess: PO Bux 74...

Coloradu Springs, Colurado 80835

Tolophona (303) 588-5330

29 May 1974

Transportation Systems Center
Kendall Square
Cambridge, Maine 02142

Attention: TCD
Gentlemen:

Attached is a description of our dispersion model usecd
to calculate 275 cases of highway carbon monoxide pollution
from input data furnished by TSC, in accordance with Order
No. T5-8153, 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:s 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 werce given,
not the m:.x of automobiles of differen: yearly vintages. Thic
meant thai. results could differ becaus: of differing assump-
tions about the mix of automobiles.

I hope this satisfies your requi:ements. Ve were pleased
to participate in this study and look :orward to furthecr activi-
ties with TSC.

Sincerely,
Wm. J. Veigele, Manager
Environriental Programs

WJIV:kr
Enclosures




SYSTEMS CONTROL, INC.
1801 PAGE MILL ROAD
PALO ALTO.CALIFORNIA palua

TeLerate aig)

TELEX: 34843) [EYS TN

May 17, 1974

Mr. Paul Downey

U. 5. Department of
Transportation

55 Broadway

Kendall Square

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 ne or Ron Lau (415-494-1165).

For your future reference our company has moved to the following new address:

Systems Control, Irnc.
1801 Page Mill Road
Palo Alto, California 94304

A full description of SCI's model and assumptions used in this study will be
sent to yd>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 1odification of SCI's standard models for the proper responce to
the objec:ives of this study.

Have a pleasant day,

A ylon £

Dr. Robert B. Schainker
RBS:kt

ce: Ms. Ruth E. Chandler
U. S. Dept. of Transportation
55 Broadway
Kendall Square
Cambridge, Mass. 02142



SYSTEMS, SCIENCE AND SOFTWARE
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May 9, 1974 S88~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 sor
the Transportation Systems Center (T¢C) dispersion model validetion
experiments. Under separate cover we are sending punched cardrs with
the S° predicted concentrations in ppm for each case for all thice
sites. 1In addition, we are enclosing z brief discussion of our model,
EXPLOR, and a graph showing the emission factors we used for cach
site. |

S§%'s mocdel requires an emission factor as input. We used a standaid |
set of values for 1972 and 5% heavy cuty traffic. All validation
runs were made with these values, then the predicted concent:atione
without background were least square: fitted to the measurcd con-
centrat..ons less background. From this a factor was obtaired o
transla‘:e the curve, as shown, for eiéch site. It would be helniul
on futu:'e studies if emission factors were supplied so that all
codes being evaluated used a standardized set. In that way, the
codes could better be evaluated on how well they handled the physics
of the problem.

§? directly added the background concentrations supplied at each
level to the EXPLOR predicted downwind corcentrations 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.

5% was pleased to take part in this study and would be happy to pax-
ticipate in any future validation studies you anticipate runniny.

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 ¢, 1974
We will be very interested in your evaluation results when fliey
are completed.

If you have any questions about our code cr results pl.oso do
not hesitate to call.

Slncere]y,

S R Wrictan

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 Centcr

1.0 INTRODUCTION

This report deals with the statistical tcchniques to he 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 cstimated, pollution sources and
other attendant physical factors. The term 'nodel" here refers to a specific
computer program accepting standard inputs from the DAta REtrieval System
(DARES)* and predicting pollutant concentrations at specified places and tim-s
according to the format of the Standard Model Qutput Generater (SMOGY*, lic-
cause they accept standard common inputs and give outputs relating to common
concentration estimations, the models can be compared if actual cancentration
measurements were made at the points wherc thc 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 gencral

nature of the comparison of the models.

I1. Purposes and desired propertics of the models.

*DIMOTE, D/RES and SMUG are computer routines of the Transportation Air Pollution
Studies (T/PS) System which is described in Interim Report No. DOT-TSC-GST-73-241,
The Transpcrtation Air Pollution Studjes (TAPS) System by David S. Prerau and Faul
J. Downey, June 1973,

E-1




III. 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 sclccting tests.
V. Discussion of the problem of "tuning" modcls on the test data ond

comparing models on thc same data.

2.0 OVERVIEW QUTLIKE
Ay The information coming from the models is used to make decisions.

Hence, all tests to be proposed will measure directly, or indirectly, tha userul-

ness of thc model as an sid in correct decisior-making.

B. One approach to test-construction is to anticipate the types and relative
frequencics of decisions, how the decision will be made using the model (the decision
function) ani how well the model will perform, i.e. the probahility of its leading 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 Approach,

1. Some of these factors must be estimated from a priori knowledge and
experience ind cven "educated guesses." This is a fact of 1ife 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 information

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 probanilities
of wrong decisions can be estimated from the experimental data colle.tnon to

test the models.

b. Even the decision function can be choscn using the experimental
data - that decision function leading to the least ecxpected 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 the performance in decision situation: by
qualitatively constructing loss functions which increase as the predicted vilues
deviate more from the measured values - or as the predicted vilues show loss
of a tendency to increase with measured values. This approach will be discussad

in the section on Other Measures.

1. One can construct intuitive loss functions which indicate varia-

average me:sures of deviation of predicted valies from measurcd values

a. One of the simplest and oldest - but probably not very uscful in

this application - is the sum of the squares oi the deviations:
Z(Ci-ci) 2

C; and ﬁi are respectively the measured and predicted values for the ith point

in space and time.




Others sclected for various desirable propertics could be quite useful.
For example:

Zaicg(log(.‘j-logai)2

has useful properties which will be discussed in Chapter 5.

2. Other mecasures are of interest; for instance loscs functions vhich
measure the tendency of the predicted value to increase with the messured valuve,
This can be of value in selecting models with respect to their ability to
predict increases in pollution under certain circumstances. A full blown
decision thcorctic approach is possiblce along the lines indicated in B abeve
and to be described in more detail later. Alternatively, a simple correlaticn
coefficicent is somctimes useful. However, we do not especially recommend the
standard correlation coefficient for this purpnse becausc of the assumpticn
of linecarit:r on which it is based. The rank correlation cocfficicent would he

useful, however,

3. Tests which do not refer cach predicted value specifically to its
corresponding mecasured value (i.e., which ignore the inherent pairing or
predicted and measured values) must be specifically avoided. This includes
mgasures of how well.the distribution of predicted values matches the
Gorresponding distribution of measured values. Such tests can alwayvs be
replaced by more informative and powerful tests and can give misleading results
because they ignorc information quite ncedlessly., 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,



3.0 [DECISION THEORETIC APPROACH

A model will be used to make decisions. We will analyzec a simple "go/no—éo“
decision. The model will be used for a complex lincar mix of such binary
decisions and the analysis of the simple decision will form the found: ion Ter
showing how the model is to be tested for its value in making decisions.
Suppose a concentration Jevel Cs is set as a standard., If the pollviion excecds
C5 then one action is preferred,while if it f2lls below Cs,somc other action is
preferred. We shall call these actions the high pollution and low pollution
actions, respectively. If we make the high pellution action,then we have made the
high pollution decision and vice versa. The high pollution action might be to
not build something which is a potential source or to not opcrate 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 decisron.
If the pollution is below Cs and we make the high pollution decision our loss is
L2. The model will predict a pollution C. A decision functior D must he sclected.
It takes the form:

if 6>Cd, decide high pollution (i.e. C‘Cs); if E<Cd, decide low pollution

(i.e. C<Cs) ~here Cd is to be calculated as shcwn below.

If we know the a priori distribution of e,Pr(C), and the conditional dictri-

bution of C given é,Pr(C>CS|é=C2), we can estimate the loss as:

Cd co
L= J Pr(c>cs|E=c2)x>r(c2)dc2 + sz l_l-Pr((:>cs| 6=c2)] Pr(Cp)dC, (1)
- 00 C‘l
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Ca is chosen to minimize this expected loss.

The above detcrmination of C4q is what we refer to as "tuning' thc model 1in

this particular case. If the model were perfect and always predicted the correct
measured pollution, C, then Cd=CS would be the correct choice. However, cven

if the model is quite good and unbiascd (‘.d will differ from Cs if the ratio of
L; to L, is substantially different from unity, thercby forcing conservative
decisions to be made (e.g. decide C>Cg even if it probably isn't, becausc Ll

is so much greater than L,). In other words,the decision level for the model

may b2 different (usually less than) the concentration standard Jevcl.

The main constitucnts in equation 1 are of the form:
1. Pr{C>Cy|C=Cy)
2. PriCy)

3. L Ly

The estima- ion of these quantities will now be discusscd.

The condit. onal probability Pr(C>C1|é=C2) is to be cstimated from the
experimental data. In fact it carries all thc information in the experirental
data bearing on the relative suitability of the model. In the parlance of
statistics,Pr(C>C1|e=C2) is a "“sufficient statistic" for selecting a model (it is
of course rot a single number, the value must be known for all Cj, C,). The

estimation of these conditional probabilities will be discussed in the naxt section.

E-6



Tables of these conditional probabilitics will b construcicl, us they can be
used in constructing decision functions and evaluating models for situations

not yet envisioned.

The a priori distribution Pr(CZ) must be estimated in the presence o- meeTiLinty,
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 cones from the cxpectad
strengths z#nd other attendant conditions expected in peneral usuge of the model

in making the type of decision under consideration. This estimate docs not

refer to specific model inputs or to any observed pollution leivels,

Thus, our jgnorance of this function is usually not serious; the more precise

information is carried in the conditional distribution, Pr(C>CJ|ﬁ=F?).

Note that cnly the ratio of Ly to LZ is nceded in both choosing the decision
function ard in discriminating between two models (See equation 1). ‘The ratis

is ordinarily much easier to guess than the alsolute (dollar) values of L1 and b,

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 wil)
be the sum of the expected losses in the individual cases,cach weighed by ite
expected fiequency. Again we have several quantities to estimate with few lrnown
facts to estimate them on. This is the nature of Bayesian decision thecory: it

gives an ohjective framework in which to imbed unavoidable subjecti.e estimates.

*Bayesian decision theory derives from "Bayes' rule', which assigns a osteriori
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 rcasonable guesses.

E-7




4,0 THE CONDITIONAL DISTRIBUTION FINCTION

As we said sbove,thc conditional distribution function, Pr(C>C]!ﬁ=F51, {(the
probability that the measured value will exceced ¢ given that the mudel predicts
C,y) contains all the information derivible from the proposed experinent which

is germane to discriminating between models,

There are Various.ways to estimate this functicn from an experimental diuta sct
(i.e. the pairs Ci,éi, i=1,...,N). All are subject to statistical crror duc

to the finite sample size, N. This will be especially true if we ascribe
importance to values of C which are sparscly represented in the data set (e.g.
high poltution levels which occur quite infrequently in the cx>perimental data).
There seems to be no good way around this. In gencral, data cciinot be reliab!y
extrapolated into regions where measurcments arc not taken. 7 it cun be knewn
confidently that a model which has a certain percent error at onc pollution lcvel
will have the same percent crror at a diffurent 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 Histopraw in

the case wheie it can safely be assumed that th: mecasured value incresues 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 choosing 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 coasidered to be the
"minimal sufficient statistic" for estimating the conditional preaabilities

from experimental data.

As shown by the example in Figure 1, the Natural Histogram is a Ronoicitic step
function which, for a given Cl, gives thie probability that the measured
concentration is greater than C, for cach value of the predicted concentration,(;.
Note that the Natural llistogram consists of a set of intervals or "steps' in
which the estimated probability is constant. For each such interval of C,, this
estimate is cqual to the cmpirical frequency of the event C»Cy within that
interval. The intervals are chosen to be the minimum size consistent with

monotonicity.

The algoritim for chaosing the intervals and determining the estimated probability
for each in:erval is shown in Figure 2. The data points arc ordered by their pre.
dicted values, C. Then, each of the entries on the corresponding list of reasure:
values, C, .s compared with the given level, Cy. The flowchart éhows liov the

probability P(s) and the size, T(s), of each step, s, of the Natural llistopran is

then found.

5.0 OTHER MEASURES TO USE IN DISCRIMINATING RETWEEN MODELS
Besides the statistical approach which we have briefly presented, there are other
(far simpler) measures of how well the predictions of the model matech the measurey
or actual pcllution. These measui.s do not in general extract the invariant inforwi-
tion from the experiment; they are influenced more than necessary by the choisc of
pollution levels at which the experiment is run. Furthermore, they make no attempr

to match the measure as closely as possible to the intended usage of the modeil,
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Figure 1. An example of the Natural Histogrim
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the number of steps.

is the number of times
C> Cywithin the step s,

is the total number of
points in the step g,

is the estimated probability

within the step s, It is equsl to the

empirical frequency g : .
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Nevertheless, because these approacics are direct and simplc they <hould b
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 measused
and predicted concentrations in this way which are not revealed by the previcusty
discussed statistical framework which has its own limitations. In addition
(again because of the simplicity of these measures), it will semetimes be
possible to derive and cstimate a statistic which measures the statistical
significance of the observed difference between the models - a definite benus

in those cases where it exists.

For the purposc of illustrating such measures, consider the familiar one:

(Ci-C5)?

N
L.l &
N i=

i=1

the mean sqiare error. This measure would only be uscd if it had become a
standard measure for other workers in the arca, However, its properties

don't hold lLere and in fact accrue to a related measurce which we now discuss,

Since the purcent error of the prediction is of more importance than the obsclite
error, the mcasure
N -
L. I (logC;i-logCi)?
i=]
is of particular interest. It has at least two other important factors in its fav.r.
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.
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2. Air pollution distributions have been postulated to bz log normal.
The sum of the squares of the differences in logs is a sclected and favored

statistic for such a distribution.

The measure:

L= g (logCl-logéj)2
i=}

is uscful but it may be necessary to modify it to accentuatc thosc regions

where model performance is most critical. Specifically,

L= L a; bj C?(logci-logéi)z
a;=A if"Ci>C:-l

ai=a<A if Ci<ci

b; is chosen as a weight representing the estimated significance or importaace
of the ith experimental pair. The b;'s will ordinarily bLe cqual in blocks with
certain blocks of data from the experiment being favored over others with res.ect
to reliability, relevance, range of values, ctc. a; depends on whether the
measurcu value exceeds or is less than the predicted value. Over-prodicting

may bc less serious than under-predicting.

The factor :? 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 oversnadowed by

that from exogenous sources. For practical purposes 9=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 forn

where again b; is a significance weighing for the ith experimcital rai> rna R
is a function which increases as its two arguments, Ci,éi, get farther -part.
Let us denote the term bi R(Ci,Ci) {which includes aibiCi(]ogCi-logtj)' as

a special case) by S; and let its dependence on the model, labeled by j, be
expressed by sij (bj and the functional form of R do not depend on the model,

nor does Cj,but éi does.) We now may write:-

Lj B% Sij

as the loss function for the j th model. Suppose L2>L1, indicating that modcl

M Z

1 may be better than model 2. We may wish to test the statisticul sipnificance
of this conclusion, i.e. test the hypothesis: <Lp>-<L;> > 0 where the "<"
brackets denote expected value (i.e. the truc mean valuc).
N
Let §;% = 1 I (sij-L.)2
N-1T =1 J
Then
¢ = 2ot
2,2
S+
12

may be referred to Student's t-tables at the appropriatc level of significance
with the appropriate number of degrces of freecom. The resultant probability
is a confidence level for the significance of the difference between two models,
as indicated by this ﬁeasure. If the process is indeed log normal and Si=(loaC;-
logéi)2 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 rveasonable circumstances prevall
{which 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 degrees of frecdom is intrini*e, ‘This
will ordinarily be the case if over 100 measurements, Ci' are talen. 1l.a this

case, the probzbilities may then be determined and the hynothesis tested without

difficulty.

Other intuitive measuresare not expressible in the form 1=£8ij. For example,

it may be of interest to determine the tendency of larger predicted values to be
associated with larger measured values, independent of the absolute accuracy of

the predictien. Here,a rank correlation measure may hc used. The rank correlaticn

coefficient may be defined as follows:
Let the &i’ i=LN be ordered into the sequence 6(1)‘ &(2) éR

Similiarly, rank the sequence Ci,i=1 ..., N. Let the i th ranked C be paired
with the j ~h ranked €. The sum I i.j is called the rank correlation cocfiicivnt.
As stated, .n this summation, i represents the ranks of a € and j the raak of

the corresponding G when the C's are ranked tog:ther and the €'s arc runked
together. “he rank correlation coefficient is called a ''mon-parameteric! measure
of the tendency of the variable C to be an incraasing function of the variablc 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. Tt nmust be caution.d
however, that not every measure with intuitive appeal is acceptzble for this
purpose. If the measure disregards too much information contioired in the
experinental data (such as - is true of tests based on the distribution of C and C,
separately), it may have little validity. The tests we have descrilied in 1th's
report should be adequate for testing models. Other test: will be inclaled

if appropriate.

6.0 DIMOTE TEST PLAN

DIMOTE will compute a set of statistics from the results of the test runs nade
with each a2ir pollution dispersion model. Initially, the following statistic:
will be calculated:

1. Log Difference Squared Loss Function

2. Biased log Diffcrence Squared l.oss Function

3. Rark Correlation Cocfficient

4. Natural Histogram
The Log Diiference Squared Loss Function, LDS. is dcfined by:
LDs: ¥ (logl -1ogC,)2
i=} 3 *
where Ci is the ith measured pollutant concentration value

éi is the corresponding value predicted by the model

N i¢ the nurber 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 ¢ 2
BLDS =i21 BiCi(logCi-logCi)

here Ci,Cj, N arc as defined above and Bi is defined by:

B, = 1if C >

Bi 2 if Ci<Ci
In this loss function, the log difference squarcd is weighted by Cj {to give
greater weight to higher concentration values) and by 83 (to give groater

penalty to underprediction than to overprediction).

The Rank Correlation Cocfficicnt will be the third statistic computed for cach

model. This will be found by the following technique:

1. The measured values and corresponding predicted valuces are listed in @
2xN matrix.
2. The measurcd valucs are ordered, carrring the corresponding predicted
values with them.
3. EBach measured valuc is replaced by its rank number (the lowest neosuyed
valuc 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.
S. The Rank Correlation Coefficient, R, is found by
N
R =2 (r5-9)°
j=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 each model is the computation
of the Natural Histogram. From the Natural Histogram, one hundred values are

computed. Ten levels, C, are defined by :

O3-Cu,
11
where CL is the lowest measurcd valuc

ck=CL+k k=1,2,...,10.
Cq is the highest measurcd value

For each level, ten conditional probabilitics are computed:

PL(C>CylC=Cy)
for éj=CL+j-£U;—(;!-— j=1,2,...,10.
vhere éL is the lowest predicted valuc

éH is the highest predicted valuc

7.0 TAPS VALIDATION REPORT FORMAT

A final TAP5 Validation Report, as now cnvisioned, will consist of the following
four scctios:

Sectioy 1: Introduction. This section will discuss the background of

TAPS and it; goals. This section will be similar in each TAPS Report.

Section 2: Discussion of Statistics. This scction will be similar to
the statistical discussion in this report and will cxplain 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, arc added to DIMOTL.
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Section 3: Model Statistics: This section will contain tabulations of ¢

statistics calculated for cach model. These will initially iv:lude the {our
statistics named above. In addition, it will include other 1odel descriptors
such as average model run-time, amount of daca necessary for odel waage,

uscability of wmodel with missing data, case of the use, etc.

Section 4: Model Comparisons: This section will prescnt tahles and
1

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 coefficicents will be includeu.
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APPENDIX F. CORRESPONDENCE FROM THE WASHINGTON DC DEPARTMENT OF
HIGHWAYS AND TRAFFIC

GOVERNMENT OF THE DISTRICT OF COILUMEIA
DEPARTMENT OF HIGHWAYS AND TRAFFIC

ADDRESS REPLY TO
OFFICE OF PLANNING & PRCTRANMMING
415 - 1274 STREET, N. W,
WASHINGTCN, D. €. 200924

Juho 1274

Mr. Paul J. Downey
Transportation Systems Center
Kendall Square

Cambridge, *assachusctts 02142

Dear MNr. Dowaey:

This is in response to cur telephone conversation yesterday
regarding cress sectional diizisions for reoadways used in data
collection in developing the lotor Vechicle Polluticon Sirulation
Medel. The dimensioans for Tudc snece Avenue wore scaled from
aerial photography. There are six lanes, tut the total rocaduay
width is 65 feet rather than 72 feet as shown. In addition, I have
verified that the center strip width at the monitcring point is
45 feet (apparently, we had a scaling or typograpuic transceiption
error to indicate 95 feet).

I have also revicwed the other dimensions shown and {ind dinensions
for the Southwest Freeway which might be misleading to you. The total
nuzber of lanes and pavaient width appear to be correct, but the
center strin vidth scems to reflect only orne of the soveral divider
areas. Jhe out-to--out discasion of roadicy ineludivg v dion, poosed
lanes and shoulders scales {rom coniract drasings ac 220 yoet.  dnis
includes two 10 foot shoulder spaccs and paved daivider aoses. The
270 foot di~ension for the cut section is correct.

I hope that this data ceuvpled with the sketelos ia the final
report will be suificient for you to validote bl ool prior to
[

application in

Sincerely yours,

SEssisoeng




INDEPENDENCE AVENUE . ¢

Nuzber of Lenes: 6

Highway Wiath: 72" (6-12' 1lanecs)
Center Strip widtin: 95

WATTERURST

Nuiber of Lanes: 4

Higiway Width: 48" (4-12'lancs)
Center Strip Widin: 4'

E Sircet .. :

Nusler of lLancs: &

Highway Wiatih: 40" (4-10' lancs)
Center Strip Width: 100

Wiath of Cut: 60"

Depin of Cut: 25' -

bt

MILITARY ROAD :
) foe s T
D

Nukber of ®ozds: 4
Higiway Widin: 52' (4-13' lancs)
Center Strip Wicih: 6

ANACOSTIA

Nuioer of Lines: 4
Nid gl 4

o, et et el
LCldiugy, (RIS OF B B ORI B

D I
waolivay,

2w - Tt . Cea seinn "0 7
“\‘.l‘-,nu 0x Roaa Ahove G Jdie s 25

Nuer of Lanes:

116 lanes rain roadeay, 5 vaup lanes
Highway Width: 132" (11-12' lanes)

Center Strip Widih: 40°

Widih of Cue: 27
Depilv ol Cuis 2

0
o -

45!

NOTE: NI weay widih cquals widih of vosduays only,  For curb
to curb wwasureoent add conter strip widih,
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