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-
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Energy
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Energy

Bending Moment
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Stress
Iintens{ty

Plane Angle

Temperature

CONVERSION FACTORS

English to Metric System (SI) of Measurement

English unit Muitiply by

inches (in)ar("} 25.40
.0254Q

feet (ft)or{') .3048
miles {mi) 1.609
square {nches (fn2) 6.432 x 1074
square feet (ft?) .09290
acres - .4047
galtens {gal) 3,785
cubfc feet (ft3) .02832
cubic vards (yd3) 7646

cubic feet per

second (fti/s) 28.317
gallons per

minute {(gal/min) .06309
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miles per haour {mph) L4470
feet per second {fps) . 3048

feet per secaond
squared (ft/sz) . 3048

acceleration due to
force of gravity (G) 9.807
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kips 11000 ibs) 4448
British thermal
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inch-pounds {ft-1bs) L1130
foot-pounds (ft-lbs) 1.356
pounds per squarse

ineh {psi} 6895
pounds per square

foot (psf) 47.88

kips per sguare
inch square root
inch (ksi vin) 1.0088

pounds per square
inch square root

inch {psi rTn) 1.0988
degrees (°) 0.0175
degrees EF - 32 _ te
fahrenheit (F) 1.8

s
—te

Jo oet metric egquivalent

mittimetres (mmm)
metres (m)

metres (m)
kilemetres (km)

square metres (mz)

square metres {m“)
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Titres (1)
cubic metres (m3)
cubic metres (ma)
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kilograms per cubic
metre (kg/ms)

newtons (N)
newtons (N)
joulas (J)

joutes (J}
Joules (J)

newton-metras (Nm)
newton-metres (Nm)

pascals {Pa)
pascals {Pa)

mega pascals vmetre {MPa vm)

kilo pascals /metre (KPa vm)

radians (rad)

degrees celsiys (°C)
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1. INTRODUCTION

Passage of the National Environmental Policy Act of 1969
(NEPA), and specifically the requirement for filing environ-
mental impact statements (Public Law 91-190, Title 1,

Sec. 102), has led to increased activity in air quality
dispersion modeling over the past decade. The resultihg
mathematical models, characterizing transport and dispersion
of gaseous and particulate emissions within the planetary
boundary Tlayer, aftempt to predict temporaily and spatially
resolved po11utaht concentrations arising from proposed
power plants, transportation faci]ities or other Targe

scale human endeavors. These predictions are used to judge
compliance of proposed projects with the National Ambient
Air Quality Standards or as a means for comparing alternative

Air Quality Management Plan control measures.

The prime thrust of research in this area has been to
parameterize meteorological phenomena so as to better
predict the dynamics of fransport and dispersion proceres
within the atmosphere. Specific processes that are of

most interest to the air quality modeler are those which
affect wind direction, speed and turbulence. The complex-
ity of these processes has-1ed to many empirical and guasi-

empirical descriptions of their behavior.



Prior to the passage of NEPA, research on atmospheric trans-
port and dispersion during the fifties and sixties centered
on probiems associated with large stationary sources such

as coal-fired power plants and emergency or accidental
releases of airborne radioactive substances from nuclear
facilities. By making certain simplifying assumptions, it
was hypothesized that pollutant concentration profiles down-
wind from these type of sources could be described by a
Gaussian or normal distribution function. The spread of
this distribution function, as described by its standard
deviation, was characterized as increasing with distance
from the source and with Tevel of atmospheric turbulence.
These re1ations&ips were quantified empirically by a series
of independent experiments resulting in families of dis-
pers{on curves for both vertical and horizontal plume

spread.'

It soon became apparent that the nature of the source was
also an important determining factor in construction of
these dispersion cufves. Different sets of curves were
needed for ground level and elevated releases. Plume rise
adjustments were needed for hot, buoyant effluents released
from power plants. Puff models were needed to simulate
noncontinuous, accidental releases from nuclear facilities.

Each of these source related effects tended to be most



significant near fhe point of release in what is termed the

microscale region by air quality modelers.

Passage of NEPA meant that air quality impacts within the
microscale region surrounding proposed highways and arterial
streets would have to be assessed. Many modelers chose to
use the existing Gaussian methodology to do this. Sophisti-
cated numericéT models tended to require more input data
than was usually available, were more difficult to implement
because of their complexity, and were not yet fully devel-
oped or proven. Gaussian models, on the other hand,
required minimal input data, were relatively easy to impie-
ment and use, and had been proven to work well for sites
where their somewhat restrictive assumptions were at least
marginally satisfied. However, the physics of emissions
release for moving vehicles was, in several raspects,
significantly different than that for the stationary sources
which had been used for developing previous Gaussian disper-
sion curves. The source geometry changed from a point to a
semi-infinite Tine source. Instead of a single source, there
were numerous contributing Tine sources follewing along a
path of finite width. Emissions were released into a region
of augmented turbulence caused by the passage of the emit-
ting vehicle itself, and by other vehicles immediately

preceding or following it.



The objective of this research has been to investigate the
validity of existing Gaussian dispersion curves for use

near roadways and recommend necessary changes. The results
of this work have already been implemented in the Gaussian
lTine source model, CALINE3, developed by the author

(Benson, 1979), and described later in this report. As with
previous work on Gaussian dispersion parameters, the results
are empirically derived from field observations and apply
only to conservative pollutant species such as carbon

monoxide,

This report is intended to serve as a support document for
the CALINE3 model. It begins with a brief description of
the theoretical considerations and 1imitations inherent in
the Gaussian dispersion methodology upon which CALINE3 1is
based. A history of the development of the Gaussian method
is then discussed along with a review of current literature
on the subject with particular reference to near-roadway
applications. A description of the experimental studies
which provided the basis for deve]opmenf of CALINE3
follows. Analyses of the results from these studies are
presented in two sections, one dealing with meteorological
effects, and the other with characterization of Gaussian
dispersion parameters near roadways. These analyses pro-

vided most of the rationaie for the differences between



CALINE3 and its predecessor, CALINE2. 1In the final section
of this report these differences are discussed, and a

complete description of the CALINE3 model is given.




2. THEORETICAL BACKGROUND

2.1 Definitions of Statistical Parameters Used To Describe
Turbulence

This section is intended to give the reader an introduction
to some of the more basic statistical parameters used to
describe turbulence. An understanding of these definitions
will be helpful in following later discussions in this

paper.

Statistical methods are extremely useful in describing
transport and diffusion of materials and properties in
turbulent fiows beéause of the inherent randomness of
turbulence. The classical approach devised by Reynolds
(1895} involves separation of fluid motions into mean

and randomly fluctuating parts such that

U=E+u, (2_])

The mean value, u, is determined by averaging motions over
a time period long enough to attain a relatively stable
value representative of the mean flow of the fluid in a
particular direction. The fluctuating part, u', can be

thought of as a continuous, quasi-random deviation from



the mean flow caused by the turbulent eddies contained in
the flow. The mean square and root mean square (rms) values
0t a series of discrete observations of u' are defined in
statistics as the variance, 02, and standard deviation, o,

respectively so that, =

(2-2)

Assuming that the deviations about U are generated by a
quasi-random process, the frequency distribution of u can
be characterized reasonably well by a Gaussian or normal
distribution., In this case, u and o, can be used to pre-
cisely define the position and shape of the distribution.
Departures from normality are commonly quantified by the

following measures:

vy = u3el (2-3)
Yo = wiset (2-4)

where Y1 is the skewness, and Yo the kurtosis of the
distribution, Significant values for Y1 indicate that the

distribution is not symmetrical about U, implying a



systematic or biased component to u'. A significant Yo
measure indicates a tendency of u' to be, on the average,

either smaller or larger than would be described by a

normal distribution.

Relative intensities of turbulence in the Xs ¥, z directions

are defined as:

I,z (wf) (2-5)
—_ 1/2

Iy = v'2) / u (2-6)
—s 1/2

I, = w'®y /1 (2-7)

where,

4 = Horizontal wind velocity in the direction of mean

flow (x-axis),

v = Horizontal wind velocity perpendicular to the mean
flow (y-axis),
w = Vertical wind velocity (z-axis).

The overall relative intensity of turbulence is given as:



1/2
[ w4 yr? g oy? } (2-8)
3

—h
il
=| '-—'

Correlations between wind velocity components and other
measurable properties such as air temperature (T) can be
used to estimate vertical fluxes of momentum and heat in
the atmosphere. For instance, the instantanesous vertical
flux of momentum can be written as -puw' where p represents
the mass density of air and the negative sign accounts for
the positive downward definition of momentum flux versus
the positive upward definition of w. Thus, the average

momentum flux, v, is given as,

T = -puw’ ' (2-9)

Assuming that the fluctuating component of p, p', is negli-

gibly small (Munn, 1966), Equation 2-9 can be rewritten as,

~
n

-o(u + ut)w'

-o{uw® + u'w') (2-10)

[[]



By definition, W'

0 so that U w* = u w' = 0 and

T = =pu'w' (2-11)

A similar argument can be made for the average vertical heat

flux, H, yfelding

= pC T (2-12)

where Cp is the specific heat of air at constant pressure,.

Over sufficiently long sampiing times, and barring regions

of convergence or divergence, w = 0. This leads to uw =

uw' = u'w' as follows:

uw = (0 + ut)l{w + w')

= UW + uw' + u'w + u'w'

1]
=
=

(2-13)

Thus, the more readily computed covariances of uw and Tw

can be used to determine t and H.

10



The value 7 can also be thought of as a shear stress exerted
parallel to the mean flow. In the atmosphere, t arises from
the frictional drag exerted by the Earth's surface. The
surface shear stress, Ty is customarily expressed in terms

of the friction velocity, Uy, where

ue = (T /p)1/2 (2-14)

The autocorrelation coefficient is another useful statistic

for analyzing turbulence. It is defined as folJlows:

u'(to)u'(tO + t)

R(t) = (2-15)

(B V2 Bs 4 1))1/2

For stationary turbulence u‘z(to) = g2 (t0+t) = u’z, S0

that,

R(t) = (2-16)

As t increases, R(t) decreases from a maximum absolute value
of one toward zero. The mean time required for R(t) to
reach zero is a gross measure of the scale of turbulence.

This is because autocorrelation is generated by the

11



correlated movemenfﬁ found within turbulent eddies. Given
a flow.made up of predominantly small scale turbulence, the
reference point at which R{t) is being measured will more
rapidly fall out of the influence of each single eddy than

it would for a flow containing larger scales of turbulence.

The autocorrelation coefficient can be measurad in either
an Eulerian (fixed) or Lagrangian {moving) reference
frame. In practice, measurements of the Eulerian auto-
correlation, RE(t), are more easily made than the
Lagrangian value, RL(g). Because RL(g) is measured at a
point which follows the mean flow, the influence of
individual eddies also carried along by the flow are falt
for a longer period of time than when fixed measurements
are made., Thus, RL(g) has a characteristically slower

rate of decay with respect to time than RE(t).
2.2 The Gaussian Dispersion Model

The Gaussian dispersion model can best be described as a
simptified solution to a three-dimensional, first order
gradient transport description of turbulent mixing. The
simplifying assumptions used to develop the model limit
application to neutral to stably stratified surface layer

flows with wind speeds of at least 1 m/s. The model 1is

12



quasi-empirical in nature. A pollutant or tracer release
is assumed to be dispersed in a manner which results in a
Gaussian or normal distribution of the material about the
principle axis of flow. The spread of this distribution as
a function of distance downwind from the source and inten-

sity of turbulence is determined experimentally.

The model can be derived independentiy from two separate
mathematical descriptions of turbulent diffusion. The
first to be discussed here is the mixing length approach
developed by Prandt] (1934) in which the rate of turbulent
diffusion is proportional to the intensity of the turbu-
lence and to a length measure characteristic of the scale
of the dominant turbulence in the flow. Later, the
statistical method advanced by Taylor (1921) and applied by

Sutton (1932) will be shown to yield simiiar results.

The mixing length model was developed primarily for bound-
ary layer flows in pipes and similar engineering applica-
tions. A basic assumption of the model is that a fluid
parcel retains its identity when transported over distances
equivalent to the characteristic mixing length of the
turbulent flow. Clearly, large-scale convective turbulence
and synoptic flows common in the planetary boundary layer

do not meet this assumption. Modeling of such phenomena

13



are better handled by dynamical similarity methods or second
order closure solutions to the Navier-Stokes equations of
fluid motion. For surface layer applications in neutrally
buoyant or stable turbulent flows, the mixing length model

may be considered appropriate for use.

By way of analogy to molecular or Fickian diffusion, the
rate of transfer of a substance or property across a
boundary within a turbulent flow is said by mixing length
theory to be directly proportional to the gradient of the
substance or property at the boundary. 1In a turbulent
regime, the dominant process causing exchange across the
boundary is the random motion of parcels of fluid attribu-
table to a field of various size turbulent eddies, rather
than the random motion of individual molecules. The
constant of proportionality between the rate of transfer
and gradient in a particular direction x is called the mass
diffusivity coefficient, Dx‘ In molecular diffusion, the
analogous molecular diffusivity is related to the average
kinetic energy of the molecules and their mean free path.
Similarly, Dx is related to the intensity of turbulence in
the x-direction and the average size of the eddies consti-
tuting the turbulent flow. Thus, the mixing length, and,
in part, the rate of turbulent diffusion, is determined by

the scale of the turbulence.

14



In order to apply the mixing length model to pollutant dis-
persion problems, a mass balance is customarily performed

on a control volume of size dx, dy, dz fixed in an Eulerian
frame of reference. The net rate of change of mass within
the control volume due to turbulent transfer in the x-dfrec-

tion can then be written as

aMTURB 3 /3(D.C)
X = — | —=— ) dx dy dz (2-17)
ot oX

99X

where C is the mass concentration at the centroid of the
control volume. Similar equations can be written for turbu-
lent transfer in the y and z directions. If we align the
x=axis in the direction of mean flow of velocity u, we can

add the following advective transfer term,

aMﬁDVEC 5(CT)
— = -— dx dy dz (2-18)
ADVEC

where aMx /@t is the net rate of'change of mass within

the control volume due to advective transport.

Assuming there are no sources or sinks occurring within the
control volume (i.e., the pollutant is not undergoing any

significant chemical transformations), the total rate of

15



change of mass within the volume is described by

- 3(D_C)
3C 4y = LT} 4y +_3<_._>5.......>d\1

ax

a(D,C 3(D,C)
oy Y i -
+ay< 5y )d"’*az( == )dv (2-19)

Ly

where dV=dxdydz and Cdv=M'CTAL By assuming that the inten-
sity of the turbulent flow is homogenous so that the mass
diffusivity terms are independent of position, and by

cancelling the dV terms, Equation 2-19 can be rewritten as

. 2 2 2
3¢ _ -3(CH) 34c 34c 2°¢
ot 3% Dx( 2) * Dy( 2)+ Dz( 2) (2-20)

ax ay 3z

Now a series of additional simplifying assumptions are made

to facilitate solution of this differential equation:

1. Wind speed u is invariant with height and horizon-
tal position,
2. Turbulent diffusion in the x-direction is negligi-

ble when compared to the advective transport term,

and can therefore be ignored,

3. A steady-state condition exists so that 3C/at=0,

16



These assumptions lead to

2 2
~fac\_ o [aZc 22¢ .
u(ax) Dy( 2) + DZ(BZZ) ( )

3y

The following boundary conditions are applied to solve

Equation 2-271 for a ground level source:

1. C»= as x»0,
2. C+0 as x,y,z-=,
3. Dzé}g)+0 as z+0 {perfect reflection at the ground
surfacea),
4, éf: uC(x,y,z)dydz = Q (for all x>0, Q can be either
the mass or volume rate of
pollutant release at the

source).

The resulting solution is

2 2 _1 |
‘T znx(njnz)‘/z SxP {‘ [(%_) ' (S—JJTU?J (2-22)

~=

By substituting Dy = gyZUYZX and D, = czzﬁfzx into Equation
2-22, we obtain an equation for which the factors f, and fy

represent ordinates of the normalized Gaussian distribution

17



functioﬁ at distances y and z, respectively, from the plume

centerline:

2 2
_ 1 -y 1 -2
C{x,y,z) -9, exp . exp(—= (2-23)
u Yer <2crz>j \O'Z/ZTT (20 )J

This equation results in a binormal distribution of pollu-
tant concentration about the plume centerline. The
variables ay and o, are called the horizontal and vertical
dispersion parameters. They have traditionally been obtain-

ed empirically from observed data.

Sutton (1932) achieved similar results to Equation 2-23 by
applying a statistical method first put forward by Taylor
(1921). Taylor proposed that the variance of a group of
particles about an origin after time T could be described

as follows:

t
[ R (€) dE dt (2-24)

18



where u'2 equals the rms value of the eddy velocity and
RL(E) is the Lagrangian autocorrelation function. Invoking

Taylor's Hypothesis and integrating R(EZ) over t,, where
R(£)~0 as t>t;, leads to

2 2 u'2 xt
0% = — —— L. ' << 1 (2-25)

|

where tL'is defined as the Lagrangian time scale (equal to

ngL(E)dE) and x is the downwind distance from the source.

Sutton was able to arrive at a practical solution to Taylor's

description of turbulent diffusion by letting

« = w2 [F1g (g) d (2-26)
z =Y 0 Lis &

R () = [———":I Lo (2-27)

where v equals the kinematic viscosity of the diffusing
medium, and n is the exponent for the wind profile power

law under neutral conditions given by

19



|

T, = 31(22/21)2‘" : (2-28)

This ied to a solution for concentration, C, downwind from

a continuous point source of the form

2 2\ g |
1
C(x,y,2) =—QTT_:HEXP -+ 5 ) =, (2-29)
wCyCzux Cy ./ x

where Cy and Cz were defined as generalized diffusion co-
efficients obtainable through measurement of wind velocity

fluctuations in the y and z directions. Substitution of
2 _ 2,.2-n 2 _ 2,.2=n
Cy = ch /X and CZ = 202 /X

Equation 2-23.

into Equation 2-29 yields

2.3 ODispersion Parameters, cy and c,

The normalizing substitutions made to Equation 2-22 require

that
1/2 1/2 .
() ()
— Z
Y u u

20



The proportionality of the root mean square displacements,

/2 _ ,1/2

3y and ¢, to (x/u) is analogous to Einstein's
solution of molecular displacements cause by Brownian
motion. This emphasizes the importance of a random turbu-
Tent flow field to the successful application of the
Gaussian model. Spatial correlations of fluid motions in
either the y or z directions over distances of the same
order of magnitude as Uy or o, will violate the assumed
stochastic nature of the turbulent diffusive process. Thus,
Gaussian models are unsuited for application to thermally

unstable flows or flows over complex terrain.

Equations 2-30 clearly demonstrate the inherent consistency
between the Gaussian and mixing length models of turbulent
diffusion. The mixing length model can be used to show

that turbulent diffusivity is proportional to the turbulence
intensity and a Tength scale, &, characterizing the dimen-
sions of the dominant (largest) eddies contained in the flow

(Tennekes and Lumley, 1972) so that

K « Tl &, K. = TI_2 (2-31)

where Iy and IZ represent relative intensities of

turbulence.
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In Equations 2-30, the variances of the concentration dis-

2 and 022, are

tribution in the y and z directions, T,
proportional to D/u and x. D/u can be interpreted as a
measure of the intensity of turbulence, akin to the relative
value, I. Similarly, x can be thought of as an indicator of
L, As x increéses, the plume size increases so that eddies
characterized by Targer values of £ become dominant in the

mixing process.

The Sutton formulation implies that

(1 - n/2) o (1T - n/2)
- G ='ny s O, = te (2-32)
y /T z vZ
where
1-n
2 4" ;1?
Lo = (2-33)
y (1-n)(z-n)ﬁ"<?'>
—3\1~-n
2 4" w'2>
C = (2-34)
z (1-n)(2-n)ﬁ“<—u2
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The difficulty with this method is that an increase in n,
causing a decrease in o, can result from either an increase
in surfate roughness or in atmospheric stability. Yet sur=
face roughness and stability are known to have opposite
effects on atmospheric dispersion ratas, Also, the appli-
cability of a common n to both Cy and CZ is seriously open

to question (Barad and Haugen, 1959),

As has been mentioned, qhantification of the dispersion
parameters,-oy and T, has been accomplished solely through
empirical methods. Such empiricism is, in fact, appropriate
since Fickian diffusion and the mixing length model exten-
sion of the molecular analogy are gross approximations of an
extremely complex natural phenomenon. Characterizing a
turbulent flow, which contains a spectrum of eddy sizes and
vorticity, by a single length and turbulence intensity is an
inherently empirical approach. 1In addition, the Figkian
assumption on which Gaussian models are based, i.e., dif-
fusion rates as linear functfons of local concentration
gradients, can only be extended beyond neutrally stratified

flows by empirical methods.
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3. LITERATURE REVIEW

3.1 Generalized Dispersion Parameters

By the Tate 1950's, use of the Sutton coefficients, Cy, C,
and n, had been abandoned in favor of‘direct1y estimating
values of °y and Gz using bivane measurements of the hori-
zontal (@) and vertical (¢) wind angles. Cramer (1957)
published a series of graphs relating Gy and o, to the

standard deviation of the horizontal wind angle, Ty o He
also suggested the following power law relations between

the dispersion parameters and wind fluctuation measurements:

g, = cexp (3-1)

6 = g.x% (3-2)

where p and q are related to the atmospheric stability and
x is the downwind distance from the source. Hay and
Pasquill (1959) pointed out the difficulty of predicting
the Lagrangian properties of g, and g, from the Eulerian
measurements, 9 and o,. They realized that in order to
equate the two, the ratio of the Lagrangian to Eulerian
time scales, 8, and the time of travel, T=x/u, had to be

considered. Furthermore, they noted that increased
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sampling time (referred to as averaging time later in this
paper) significantly increased the measured values of Gy
The following relations for Tateral and vertical plume

spread were later suggested by Pasquill (1961),

g./x = (GB)T,T/B (3-3)

GZ/X = (G¢)T:T/8 (3-4)

where Ig and c¢ were measured over the sampling time 7,
using readings averaged over the time period T/g, and g,
was limited to elevated releases. In this method, T/8 acted
as a low-pass filter measuring ever Targer scales of turbu-
Tence as T increased, corresponding to the larger scales of

turbulence dominant in mixing the plume at greater distances.

Pasquill also introduced a method whereby values of vertical
plume spread, h, could be inferred from measurements of
surface wind speed, and insolation, while the horizontal
plume spread, O, could be estimated from the range of an
appropriately long wind direction trace (approximately one

hour).
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The paraﬁeters i and © were defined as encompassing plume
spread out to a concentration of one-tenth the axial value.
Assuming a Gaussian distribution, these parameters could
then easily be used to compute g, and Gy.
The classification scheme used by Pasquill to estimate
vertical plume spread as a function of atmospheric stability
is given in Table 7. While based largely on subjective
constderations, the Pasquill stability classes represented
an attempt to merge evolving similarity theories with
experimental diffusion measurements. The scheme enjoyed
wide application primarily because it used readily avail-
able meteorological observations. As similarity theory
developed, some researchers tried to relate Pasquili‘'s
subjective system to quantitative simiTarity measurements.
Luna and Church (1972) showed that the stability classes
were Tinearly related to the intensity of turbulence, but
poorly correlated to lapse rate and bulk Richardson number.
Pasquill (1974) attributes this to the evolutionary aspects
of atmospheric stability which can lead to the simultaneous
occurrence of very different stability regimes at varying
heights. The measurements used by Luna and Church were

made at a height of 92 meters, while the Pasquill categories
were based on surface measurements of wind speed (at 10

meters) and insolation. Golder (1972) analyzed a much
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Table 1
Pasquill Stability Classification Scheme

Day Might
Surface Yind —
Speed (at 10 m), Incoming Solar Radiation Thinly Overcast

= - <,
m sec or —3/8
Strong Moderate Slight 24/8 Low Cloud Cloud

< 2 A A-8 8
2-3 A=-8 B c E F
3-5 B BE-C C ] E
56 € c-b i} D D
> 6 c D b D D

(After Pasquill, 1961)
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- wider body of data comprised primarily of surface layer
measuremeﬁts. He had considerably greater success in re-
Tating a stability parameter, the Obukhov Length, L, to the
Pasquill stability classes. His findings permitted conver-
sion between the two stability methodologies with an allow-
ance made for aerodynamic surface roughness, ZO. However,
he cautioned that no exact equivalence could be made since

heat flux, used in estimating L, did not depend solely on

insolation.

Gifford (1961) extended Pasquill's work by forming a family
of dispersion curves directly relating oy and a, to downwind
distance for various Pasquill stability categories. These
became known as the Pasquill-Gifford (P-G) curves later
popularized in the United States by Turner (1970) for use

in air pollution modeling work (see Figures 1 and 2). It

1s noteworthy that these curves were derived for ground
level releases, smooth terrain and extremely short averaging
times (three minutes}. Turner (1964) also proposed a seven
class stability scheme using a more precise net radiation
index in place of Pasquill's qualitative description of
insolation. However, the wide acceptance of the P-G curves

made Pasquill's A through F stability scheme the standard

classification system for Gaussian dispersion modeling.
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SGZ1 is adjusted in the model for averaging times other than

30 minutes (used in the GY study) by the following power

Taw:

SBZ1,71y = SGZ1,4% (ATIM/30)0:2 . (8-15)
Yhere, ATIM = Averaging time (minutes)

The value of SGZ1 is considered by CALINE3 to be independent
of surface roughness and atmospheric stability class. The
user should note that SGZ1 accounts for all the enhanced
dispersion over and immediately downwind of the roadway.
Thus, the stability class used to run the model should be
representative of the upwind or ambient stability without

any additional modifications for traffic turbulence.
2.4 Vertica1 Dispersion Curves

The vertical dispersion curves used by CALINE3 are formed
by using the value of SGZ1 from the mixing zone model, and
the value of g, at 10 kilometers (SZ10) as defined by
Pasquill (1974) and Smith (1972). 1In effect, the power
curve approximation suggested by Pasquill is elevated near

the highway by the intense mixing zone turbulence (see

Fig. 38). The significance of this added turbulence to
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being proposed. Smith (1972) used two-dinensional, finite-
difference solutions to the advection-diffusion equation
(incorporating wind speed and diffusivity profiles) to
develop a new set of vertical dispersion curves. These
results were condensed into a family of power law relations

of the form

g. = ax® (3-5)

and presented in Pasquill's revised edition of Atmospheric

Diffusion (1974). Also proposed by Smith was a revised
stability classification scheme essentially equivalent to
Pasquill's original system, but directly incorporating

heat flux and adding a seventh stability category, G.

In 1976, both Pasquill and Draxler proposed an adjustment
factor, f(x), to account for the divergence in Lagrangian
and Eulerian time scales with distance from the source when
computing o, from o measurements using the original Hay

y &
and Pasquill scheme, so that

o, = ogx * FX) (3-6)
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where f(x) = 1 for x = 0, and decreases with increasing Xx.
In the absence of wind fluctuation data from which to
compute Ggs NO modifications to the original P-G curves

were suggested, however,

Application of standard sets of dispersion curves such as
the P-G curves Ted to the use of modifying factors for sur-
face roughness and averaging time. Hanna et. al. (1977)
recommended the following power law adjustments to account

for the differences between actual and standard conditions:

ot = (b2 (A% (3-7)

where the superscripts A and S correspond to actual and
standard conditions, respectively. From Smith's work,
values of p = 0.2 near the source and decreasing to about
0.07 at ten kilometers result. Gifford (1975) has recom=-
mended values of ¢ = 0.25 to 0.3 for 1 <TA<100 hours and

g = 0.2 for 3 <TP

<60 minutes.

A similarity theory approach to atmospheric diffusion
first introduced by Monin (1959) has been paralleling the
statistical approach through the 1960's and 70's, but
lagging behind in practical application. The essence of

this theory is that the Lagrangian behavior of particle
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diffusion can be described by the Eulerian properties of
momentum flux, measured by u,, in a neutral flow, and heat
flux, H, in a thermally strativied flow. Thus, average
horizontal (dy/dt) and vertical (dZ/dt) displacement velo-

cities can be described by

d; = u{cz) (3-8)
g%-= bu, * ¢{z/L) (3-9)

where b and ¢ are universal constants, L is the Obukhov
Length and ¢ represents a function of Z/L. Recent work in
this area is outlined by Pasquill (1978). It is directed
primarily at better quantification of vertical dispersion
during unstable atmospheric conditions. While such meteoro-
logical conditions often lead to the highest observed
pollutant concentrations downwind of Tlarge, stationary
sources, they are of 1ittle or no concern when considering

ground based mobile sources.

Solution of the advection-diffusion equation using 2nd-
order closure techniques is another area where recent

progress has been made, particularly in evaluating the
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vertical dispersion parameter, Sy As reported by Pasquill
(1978), results under neutral conditions have compared well
with Smith's earlier work using simple gradient transport
theory. Another interesting result of the 2nd-order
closure technique is the relative lack of dependence of o,
on stability within 100 meters of the source. Solutions

for g, in this region follow closely those for neutral flow.
3.2 Traffic Induced Turbulence

Turbulence produced by the movement and thermal emissions
of vehicles plays an important role in the initial mixing
of vehicular pollutants. Spectral studies by Rao, Sedefian
and Czapski (1979) have shown that the strongest contribu-
tions to turbulence from traffic sources occur for eddy
sizes of about 4 to 8 meters. This corresponds well to the
average scale of turbulence in stable air reported by
Panofsky (1961), though it is nearly an order of magnitude
below the scales for unstable air contained in Panofsky's

article,

Turbulent diffusion near roadways received virtually no
attention until the early 1960's. In 1960, Congress passed
an amendment to the Air Pollution Control Act of 1955 that

recognized the significance of mobile sources to the
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nation's worsening urban air pollution problems, and direc-
ted the Surgeon General to study the effects of motor
vehicle exhaust on human health. The results of that study
(1962) indicated that severe congestion of motor vehicles
in urban transportation corridors did pose a threat to

human health.

Field measurements of near-roadway carbon monoxide levels
have been available since the early 1920's. Wilkins (1956)
gives a succinct, comprehensive review of this earlier work.
After the Surgeon General's report was issued, a resurgence
of interest in auto-related air pollutants led to manv new
field investigations. Among these, McCormick and Xintaras
(1962) published results of curb-side carbon monoxide {CO)
measurements. They identified traffic volume and wind
speed as the main components affecting CO concentrations
near the roadway. They also pointed out the importance of
accounting for the underlying ambient concentrations,
particularly in urban areas, when attempting to modetl

curb-side levels.

Over the next decade, both Gaussian and numerical models
were developed to assess air pollution impacts near roadways.
These models, particularly the Gaussian ones, grew out of

the large body of knowledge, already briefly reviewed here,
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on b]ume dispersion from stationary sources at downwind
distances of 100 meters and greater. Estimates of near
source dispersion were made without rigorous study of the
dynamics of the mixing process at the source. Beaton et.
al. (1972), chose a value of 4 meters for o, at the roadway
edge, and 8 meters for Gy' These values were based on
visual observations of smoke releases from a single vehicle.
Calder (1973) assumed neutral stability and used the follow-

ing power curves:

= (.13 x0°903 (3-10)

=]
|

a(x + C)b (3-11)

Q
1]

where the Gy curve was based on work by Geomet (1971), and
a and b were chosen to fit the neutral vertical dispersion
P-G curve. The value of ¢ was assigned such that Uz
equaled an assumed value of 1.5 meters when x equaled 0.
Zimmerman and Thompson {1974) later used this value of 1.5
meters for o at the downwind edge of the roadway in their
HIWAY model. They verified this initial g, as a conserva-
tive (Tow) estimate based on observed concentrations at a

height of 2 meters near a roadway using
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_ Q
2 % Tu cos(8) (3-12)

where @ was the angle of the wind relative to the Tine
source (note that this formulation assumes that C was

measured at ground level).

Dabberdt (1975) examined intensities of turbulence and heat
fluxes near the upwind and downwind edges of a 6-lane free-
way, He discovered a significant increase in heat flux
downwind of the freeway which he attributed to waste heat
emissions from the vehicles. He felt that these emissions
were sufficient to create an unstable regime over the road-
way given normal traffic volumes. Dabberdt also found an
1ﬁcrease in intensity of turbulence downwind of the freeway.
While he could not correlate this with traffic speed, voi-
ume or spacing, there was some correlation exhibited with
wind speed. Measurements of o, downwind of the roadway
made later using this data behaved similarly (Benson and

Squires, 1979},

Dabberdt explained this lack of dependence on traffic
parameters by hypothesizing that virtually all the initial

mixing of tailpipe emissions attributable to traffic
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induced turbulence took place within the wake of each
vehicle., He felt that mixing beyond this point was not
efficiently carried out by the scales of turbulence created
by additional vehicles so that traffic volumes and spacing
did not have a significant effect on the initial mixing.
However, Dabberdt did feel that the mean depth of the mixed
zone over the roadway was related to vehicle density and
speed insofar as those factors affected thermal instability.
Another contributing factor mentioned‘by Benson and Squires
is the inverse relation between traffic speed and volume.
This could lead to possible offsetting effects between the

mechanical and thermal turbulence created by the vehicles.

Chock (1977) reported findings on the effects of traffic
turbulence near roadways based on measurements made during
the General Motors Sulfate Dispersion Experiment {Cadle et.
al., 1977). As in Dabberdt's work, he found a higher inten-
sity of turbulence and heat flux downwind of the highway.
Under low wind speed conditions (<1 m/s), Chock noted a
persistent upward movement of air over the roadway which

he attributed to vehicular thermal emissions. He also
reported that traffic influence on low speed mean wind

flows extended at least 15 meters upwind and downwind of

the roadway edge, and that stability measurements made out
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of the influence of the wake effect were consistently more
unstable on the downwind side of the roadway than the

upwind side,

During this same time period, efforts were being made by
other researchers to define the turbulence envelape created
by a vehicle wake using dynamic similarity arguments and
Physical model results., Fay and Eng (1975) formulated a
two-dimensional crosswind turbulent wake model in which the
downwind wake thickness and average concentration were
related to the aggregated vehicle drag of the traffic
stream., They assumed that the rate of entrainment of
ambient air into the wake was proportional to the drag
induced velocity component parallel to the roadway. HNear
field and far field expressions for wake thickness and
concentration were non-dimensionalized by the factor, &s,
where £ equaled the ratio of vehicular to ambient momentum
in the wake, and s equaled the separation distance between
opposing streams of traffic. Their results were verified
with moderate success in a wind tunnel experiment in which
the vehicle wake effects were simulated by an array of jets
directed transverse to the mean flow. The results were so
specialized, however, that they were of 1ittle practical

use to the modeler.
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Lane and Stukel (1976) published results of single vehicle
wake experiments conducted in a low-speed water flume.
Their experiments were run under conditions so as to be
dynamicaily similar to vehicle speeds of 35 to 100 mph in
air. They showed that for speeds greater than 35 mph, the
distribution of pollutants within the wake was insensitive
to vehicle speed, and that the radial distribution of
pollutant concentrations normal to the vehicle direction
followed a Gaussian curve. In addition, they found that
emitited material dispersed rapidly within the wake so

that near ambient levels were recorded by nine vehicle
lengths downstream. These results tended to confirm some
of Dabberdt's earlier reasoning regarding the Tack of
correlation in field data between traffic parameters and

vertical dispersion.

Rao, Sedefian and Czapski {1979) presented results of a
sophisticated field study including a spectral ana]ysis of
vehicle induced turbulence. They found the dominant fre-
quency of vehicle induced turbﬁ]ence for traffic speeds
ranging from 35 to 60 mph to be imn the order of 0.25 Hz
(corresponding to horizqﬁtq] eddy sizes of 4 to 8 meters).
By studying the w'l' and U'w' cospectra, they concluded
that contributions to near roadway turbulence from

vehicular waste heat emissions was quickly disorganized
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by the mechanical turbulence produced by each vehicle's
motion. They also pointed out the importance of vehicle

induced drag on wind flow near the roadway.

Recently, Eskridge and Hunt (1979) have developed a compre-
hensive model for predicting the velocity and turbulence
field in the wake of a moving vehicle. They contend that
the couple on the vehicle, and not its drag force, deter=
mines the wake strength. Solutions are obtained using
finite differencing methods and summing the mean square
components of velocity fluctuations due to wake passing,
wake turbulence and ambient turbulence. Comparisons to
observed results show that predictions of alongwind and

1 2

vertical turbulence intensities, u and w

‘2, are poor to

marginal, while lateral turbulence, v'z, is predicted

fairly well, The authors attribute this poor performance
l2 |2

at predicting u and w to the small component of wake
turbulence relative-to ambient Tevels in these directions,
and the consequent dominance of instrument noise. They aiso
point out that the model does not incorporate the hbuoyancy
effects suggested by Dabberdt and Chock. However, they do
state that this effect should be negligible for wind speeds

greater than 0.5 meters/second,
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The Eskridge-Hunt vehicle wake theory is best suited for
use in gridded numerical air quality models. The theory
can be used to predict eddy diffusivities for multiple,
overlapping wakes on the highway, thus providing the nec-
essary detail to run the grid model with a minimum of input.
Resuits of such an application reported by Eskridge et. al.
(1979), indicated that the buoyancy effect did need to be
accounted for under stable, low wind speed conditions.

They considered a simple, dimensional parameterization to
account for the buoyancy effect, and found it to be inade-
quate. Undoubtedly, the disruption of organized convective
activity by the vehicle wakes makes application of conven-

tional micrometeorological methods difficult.

3.3 Wind Speed Effect

A number of authors have noted a correlation between cross-
road wind speed and initial vertical dispersion. As
mentioned earlier, Dabberdt found some correspondence be-
tween wind speed and increased downwind turbulence inten-
sity while finding no similar correlation for traffic
parameters. Fay and Eng modeled their initial wake thick-
ness as inversely proportional to the crossroad wind speed.
Chock's analyses showed that the ratio of top-to-bottom

level tower concentrations measured 30 meters downwind
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tended to increase with decreasing crossroad wind speed.
He felt that this was an indication of the greater role

played by buoyancy in vertical mixing under low wind speed

conditions.

Benson and Squires (1979) attempted to verify the CALINE?
model using several independent data bases. The inac-
curacies that they found in the model led them to make more
detailed analyses of theiﬁata in the hopes of finding
explanations for the poor performance of CALINEZ, especially
under stable atmospheric conditions. This report is actually
an extension and refinement of that earlier work. One
particular area of interest was the initial vertical dis-
persion of vehicular emissions at the edge of the roadway.
They found that the Gaussian distribution was able to fit
roadside vertical concentration profiles reasonably well.
However, the values of this initial g, did not correlate
well with traffic volume or traffic volume times the square
bf the average vehicle speed (taken to be a gross measure

of the mechanical turbuience created by the moving stream

of traffic). Similarly, measures of % and Ty showed

Tittle or no correspondance to these traffic parameters.

It was concluded that for the range of traffic volumes and

speeds -studied (4000 to 8000 vehicles/hour and 30 to 60

miles/hour) little difference in initial vertical mixing
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was to be'expected. [t was hypothesized that at vehicle
speeds above 35 miles/hour the wake thickness was relatively
insensitive to speed (Lane and Stukel, 1976), and at lower
speeds, and correspondingly higher traffic densities, the
1oss of mechanically generated turbulence was offset by an

increase in thermal turbulence.

Benson and Squires also presented correlated measurements
of initial c, and wind speed for the three independent data
bases they studied. The results were strikingly similar,
suggesting some sort of underlying physical basis. The
authors concluded that the initial vertical dispersion was
dependent upon the residence time of emitted pellutants
within the intensely turbulent region occupied by the
moving stream of traffic. This physical interpretation

was also suggested by Rao and Keenan (1980) in their work
on improving the Environmental Protection Agency's line

source Gaussian model, HIWAY,

DeTar (1979) took the concept one step further and devel-
oped a Gaussian model in which g, was solely a function of
time of travel from roadway to receptor, with a higher
rate of plume growth assigned for travel time spent over
the roadway. This had the interesting consequence of

UZ+“ as u”0 rather than the conventional result of C>
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as u*0. Unfortunately, DeTar did not incorporate Gy into
his model, so that lateral dispersion was not realistically
accounted for. His model does present a provocative alter-
native to the classical Gaussian plume method, however,
particularly in flows where the dominant turbulence gene-
rating mechanism is independent of distance traveled {i.e.,

convective versus shear flows),

Another important aspect of wind speed which must be con-
sidered when using the Gaussian dispersion model, as
derived in Section 2.2, is the assumption of zero wind
shear. Drivas and Shair (1974) have shown that this
assumpfion is totally inappropriate for an instantaneous
crosswind line source. However, they note that the assump-
tion is much more viable for a continuous source. Because
of the gquasi-empirical nature of the Gaussian model,
inconsistencies between model assumptions and actual
conditions, such as the omission of wind shear, can be at
least partially accounted for by reliable field measure-

ments of Gy and ¢ and by rational application of the

Z,
model to situations similar to those from which the dis-

persion parameters were derived.
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4. FTELD MONITORING PROGRAMS

Development of the CALINE3 model has relied heavily upon
comprehensive field monitoring programs conducted indepen-
dently by several organizations during the 1970's. These
programs are briefly described here along with the recently

completed Caltrans Intersection Study in Sacramento.

4.1 General Motors Sulfate Dispersion Experiment

The General Motors (GM) Sulfate Experiment (Cadle et. al.,
1977) was conducted at the GM Milford, Michigan, proving
grounds straightaway track during the month of October, 1975.
The track is 5 kilometers Tong and is surrounded by lightly
wooded, rolling hills. Three hundred and fifty-two cars,
including 8 vehicles emitting tracer gas, were driven at
constant speeds of 80 km/hr around the track. This simu-~
lated a traffic flow of 5,462 vehicles per hour along a

four lane freeway with a median width of approximately

" 12 meters.

Monitaoring probes were stationed at 2 upwind locations and
5 downwind locations out to a distance of 113 meters from
the track centerline (see Fig. 3). In addition, a moni-

toring location was situated in the track median. The
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westerly, median and closest 3 easterly locations were
equipped with tower mounted sampling probes at elevatians
(z) of 0.5, 3;5 and 9.5 meters above the ground. The two
additional more distant downwind probes were positioned at
z = 0.5 meter. Wind speed and direction measurements were
made at each probe location using Gil11 yvy anemometers,
Temperature profiles were recorded at the two outermost
towers, 43 meters from the track centerline. The use of
sulfur hexafluoride (SFG) as a tracer gas in 8 of the vehi-
cles eliminated interference from background polliutant
Tevels, SF6 is a highly inert gas found in only insignifi-

cant amounts in ambient air.

Data from over 60 half hour test runs was compiled. Most
of these were conducted during early morning hours to take
advantage of the étab1e atmospheric conditions prevalent
then. The cars were grouped into 32 single lane packs of
11 cars each and distributed over the track so that two
packs from each direction passed the sampliing area simul-

taneously at approximately 30 second intervals.
The experimental procedure in the GM study was carefully

controlled, resuiting in one of the most reliable highway

air quality data bases yet compiled. The only shortcoming
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in the experiment was the lack of variability in the traffic

parameters of speed, volume and occupancy.
4.2 Stanford Research Institute Bayshore Freeway Study

The site chosen for the Stanford Research Institute (SRI)
field study (Dabberdt, 1975) was Tocated along U.S. Highway
101 in Santa Clara, California, The highway is a six lane,
at-grade section with an approximate 10 meter median strip.
It carries a relatively high volume of traffic {around
100,000 ADT) with traffic speed and directional volume

varying considerably throughout the day.

The area surrounding“the sampling location for a radius of
0.75 kilometer is essentially flat and composed of level
fields containing short grasses. Monitoring was carried
out during selected days in January and February of 1975.
Eight ground Tevel probes (z = 1 meter) were located on
each side of the highway along a line perpendicular to the
highway (see Fig. 4), Two vertical probe arrays were aiso
Tocated on either side of the highway with probes situated
at elevations of 1, 3, 6.1 and 13.6 meters. A similar
tower was located in the highway median. Wind speed and
direction measurements were made at each probe Tlocation on

the 5 towers using either UVW anemometers or propeller
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vanes, Temperature profiles were measured at the innermost
two towers. Samples were taken using sequential multibag
samplers, thus obtaining integrated hodr1y air sampies. Two
vans were equipped to release two types of tracer gases, SF6
and freon-13B1. Concentrations of the two tracer gases,
methane and nonmethane hydrocarbons, and carbon monoxide
were measured at each sampling Tocation. Because of the
small number of tracer vehicles and variable traffic condi-

tions, the carbon monoxide measurements (less ambient levels)

were used in this paper rather than the tracer results.
4.3 New York State Long Island Expressway Tracer Study

The Mew York State Department of Environméﬁta] Conservation
performed a.detailed series of tracer release experiments
during October and November of 1976 on a segment of the
Long Island Expressway (Rao et. al., 1978). For a radius
cf about one kilometer around the site the topography is
essentially flat, with small farms the predominant land
use. The expressway runs approximately east-west with
three lanes in each direction and a 20 meter grass median.
The sampling network ran perpendicular to the expressway
with three ground Tevei (z = 2.0 meters) probes on each
side out to a distance of 80 meters from the median center-

1ine and a single probe in the median (see Fig. 5). Also,
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vertical probe arrays (z = 2, 4, 8, 16 meters) were situated
on each side of the expressway 25 meters from the centerline
or within about 4 meters of the traveled way. 4ind shear
measurements were made at these towers while temperature
gradient was measured at a single tower 45 meters south of

the expressway centerline.

A total of 23 tracer runs of 1 hour duration each were made
usfng SFG‘ Six station wagons following a closed l1aop route
at approximate 90 second intervals were used to release the
tracer. Release occurred from 0.8 kilometer east to about
0.3 kitometer west of the sampling network. Sample recovery
was made using 44 Titer bag samplers operating at a 0.7

Titer/minute flow rate.

A11 but one of the 23 runs were made under neutral to un-
stable conditions. Wind speeds varied from 0.9 to 7.5
meter/second as measured in the median at a height of

8 meters, A variety of crosswind, parallel and oblique
wind directions with respect to the expressway were

reported,
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4.4 Caltrans Los Angeles Freeway Study

During 1974 and 1975, the California Department of Transpor-
tation conducted a detailed monitoring program for poliutants
near freeways in the Los Angeles area (Bemis et. al., 1977).
Comprehensive amounts of meteorologic and aerometric data
were compiled for two sites in particular: a depressed por-
tion of the Santa Monica Freeway (LAl1), and an elevated
{Fi11) segment of the San Diego Freeway (LA3). The config-
urations of meteorological sensors and concentration probes

used for the two sites are shown in Figures 6 and 7.

Two specially equipped air quality research vans were built
for the LA study:' Each contained a computer linked to a
variety of analyzers which recorded concentrations of carbon
monoxide, oxides of nitrogen, methane, non-methane hydro-
carbons and ozone. Up to 15 probe locations could be
monitored simultaneously for carbon monoxide. Also, wind
shear and lapse rates could be measured and recorded at two

separate locatjons.
A single research van was used at each site. Traffic data

for the sites was obtained from the Los Angeles survei11aﬁce

loop, a 42 mile freeway loop containing permanently installed
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traffic counting devices. Monitoring at the LAT site start-
ed in early April, 1974, and continued through mid-July of
the same year for approximately 3-1/2 months worth of data.
The LA3 site was monitored for approximately 8 months,
starting in late August, 1974 and ending April, 19}5.

Both sites were representative of urban residential Toca-
tions, and were far removed from isolated poliutant sources
such as power plants and industrial complexes. The LA1
site was located approximately 10 miles inland from the
ocean in a mixed single and double story residential area.
The LA3 site was situated about 3 miles from the ocean

with a resulting crosswind sea/land breeze wind pattern
prevailing. The area surrounding the LA3 site was open

and flat on the west (seaward) side of the freeway, and

Tight density, single story residential on the east side.
4.5 Caltrans Intersection Study

During the first three months of 1980, the California
Department of Transportation conducted an extensive aero=
metric survey at the intersection of Florin Road and
Freeport Boulevard in Sacramento. One of the purposes of
this study was to evaluate the extent of the near roadway
vertical dispersion of CO under stop-and-go traffic condi-

tions, and compare this to similar results for free flow
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highway conditions. As yet, only preliminary results are

available from the study.

The intersection site chosen consisted of bare or grass
covered ground on all four quadrants for a distance of at
least 50 meters back from the traveled ways. The surround-
ing terrain was level and occupied by scattered single story
residential developments. The intersection was oriented
with Freeport Boulevard running due North-South and Florin
Road due East-West, A small community shopping center was
tocated well back from the intersection in the northwest
guadrant, The site offered a reasonably high traffic flow
without the interfering background sources of gas stations
and parking Tots normally associated with busy intersecg-
tions. Also, the openness of the site promised a low level
of entering mechanical turbulence in the surface Tayer flow.

This made it easier to isolate vehicle induced turbulence.

Fifteen probe locations were chosen--eight in the north-
west quadrant and the remainder in the southwest quadrant
(see Fig. 8). Also, a sequential bag sampler was placed 1in
the southeast quadrant. The two towers innermost to Florin
Road contained vertical probe arrays with four probes on the
southern tower at 1, 2, 4 and 10 meter heights, and five

an the northern tower at 1, 2, 4, 10 and 15 meter heights.
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Three additional grdﬁhd Tevel pfobes {(z = 1.0 meter) were
located on each side of Florin Road. The outermost meteoro-
logical towers had cup anemometers and temperature probes
mounted at 2 and 10 meter heights to provide wind shear and
temperature profile estimates. Uind direction was measured
with wind vanes mounted at the 10 meter Tevel. Traffic
counts were made using pneumatic counters for inflow and

outflow on each leg of the intersection.

One of the Caltrans afr quality research vans constructed
in 1974 for the freeway study in Los Angeles was used to
monitor and record the various air quality and meteoroloegi-
cal parameters. OFf consequence to this study are the CO
and meteoroTogic51 measurements made by the van. Sampling
of CO was accomplished using two separate systems: Non-
dispersive Infrared (NDIR) and gas chromatography with flame
ionization detection. Three HDIR analyzers were used, each
dedicated to five probe Tines. An on-board minicomputer
performed switching at one minute intervals so that each
line was samp]edAone minute out of every five by an NbIR
analvzer at 1ine've1oc1ties of 10 feet/second. The gas
chromatography samples were taken as bag samples over the
first 15 minutes of each hour, thus providing an integrated
concentration measurement rather than the temporally strat-

ified sample taken by the NDIR analyzers. The gas
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'chromatograbﬁy analysis was run only for the nine probes in
the vertical arrays next to Florin Road. Sums and sums of
squares of 0.1 second wind speed and direction readings

were stored by the minicomputer and written out on magnetic
tape every 10 seconds. Temperature readings were recorded
once every 60 seconds. Further information on the operation
of the research van and its data acquisition system has

been reported by Peter et. al., (1977) and Winter and
Farrockhrooz (1976).

A second minicomputer housed outside of the research van was
used to record 0,1 second readings from a pair of bivane
anemometer~-fast response thermistor units mounted at *he
four meter Tevel on the two vertical probe array towers
adjacent to Florin Road. The purpose of these units was to
provide eddy correlation measures of atmospheric turbulence
and heat flux upwind and downwind of one leg of the

intersection.

Climet model 0718-10 bivane anemometer units combined with
fast response thermistor probes mounted 15 centimeters above
the bivane pivot were used {see Fig. 9), The bivane air-
foils respond to wind speeds as low as 0.34 m/s and provide
a damping ratio of 0.6. The propellers have a starting

threshold of 0.22 m/s and a distance constant of 0.91 meters.
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BIVANE ANEMOMETER AND
THERMISTOR PROBE AT 4 METERS

Figure 9
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Kaimal et. al., (1964) compared vertical wind velocity
spectra measured using a bivane anemometer and two sonic
anemometers. The bivane anemometer sensed wind speed using
a hot thermistor anemometer rather than the propeller device
used in this study. Coherence plots showed good agreement
between the three instruments up to 0.15 cycles/second.
Results reported by Rao et. al, (1979) indicate that traffic
induced contributions to turbulent energy are sitrongest at
about 0.25 cycles/second. Thus, measurements obtained at
the Florin-Freeport installation will be somewhat 1limited

in their resolution of mechanically induced vehicular turbu-
lence. The instrumentation package should, however, be

able to adequately sense the Targer scale thermal contribu-

tions to roadside turbulence.

Analysis of the bivane anemometer data is still in the pre=-
1iminary.stage, and therefore will not be presented in this
report, A recent article by Chimonas (1980) has indicated
the need to adjust for systematic errors inherent in the
bivéne anemometer system when measuring eddy correlation
fluxes. These adjustments will have to be made before the

analysis can proceed.
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5. METEOROLOGICAL ANALYSIS

Measurements of horizontal wind speed and temperature at two
heights upwind of the roadway were available for all but the
New York (NY) Data Base. These measurements were used to
make site specific estimates of the Obukhov Length (L),
friction velocity (u,), sensible heat flux (H) and vertical

momentum diffusivity (KZ) for the surface layer.
5.1 Methodology

Atmospheric turbulence generally may be classified as either
mechanical or thermal in origin. Mechanical turbulence is
produced by fluid instabilities generated in regions of
shear or uneven flow. In the atmosphere, shear flow is
created by the frictional drag of the Earth's surface. The
friction velocity, u,, is a parameter which characterizes
the downward flux of atmospheric momentum toward the surface
of the Earth (see Equation 2-14), As such, it is an indica-
tor of the amount of mechanical turbulence being produced at
the location where it is measured. For a neutrally strati-
fied isothermal shear flow, the momentum flux is directly
proportional to the shear, with the constant of proportion-

ality being defined as the momentum diffusivity. Thus,
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both u, and Kz are measures of the mechanical producticn of

turbulence.

Thermal turbulence is produced by density instabilities

caused by either convective transfer of heat away from the
Earth's surface {sensible heat flux) or by delayed release
of latent heat of evaporation. The former process is domi-
nant over arid tand masses while the Tatter is most impor-

tant over oceans, lakes, etc.

Thermal turbulence produced over Tand is typified by verti-
cal, convective celis of a much larger scale than mechanical
turbulence, Because of this, thermal turbulence is a more
enersetic diluting mechanism for air pollution than mechan-
ical turbulence. However, while thermally induced density
instabiiities do much to disperse air pollutants, thermal
and radiative processes can also produce stably stratified
conditions in which density stability acts to inhibit

dispersion by suppressing turbulence.

Meteoro1ogi§ts use similarity parameters such as the
Richardson Number and Obukhov Length as measures of atmos-
pheric gtability or instability. Thé Richardson Number
represents a ratio of the mechanical production of turbu-

ience to the thermally induced production or suppression of
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turbulence. The Obukhov Lehgth is interpreted as the height
above the surface at which effects of thermal stratification
become dominant over mechanical sources of turbulence.
Similarity parameters are most useful in analyzing meteoro-
logical data because they provide a quantitative means of
classifying complex and seemingly diverse atmospheric events

into categories with similar dynamic properties.

Monin and Obukhov (1954} reasoned that relationships estab-
tished for neutrally stratified flows could be extended to
non-neutral conditions using empirically derived functions
of the dimensionless quantity z/L. These functions, called
¢-functions, provided a means of estimating the vertical
fluxes of momentum, heat and water vapor during stably or
unstably stratified atmospheric conditions, Convefse]y,
given field measurements of these fluxes, the relationships

could be used to determine the Obukhov Length, L.

Businger et. al. (1971) performed a comprehensive study in
which ¢-functions for momentum and heat flux were determined
from both profile measurements and direct, eddy correlation
flux measurements. Their results were based on 15 minute
averages of meteorological observations made to a height of
32 meters over a uniform field of wheat stubble extending

2400 meters upwind. The large fetch to height ratio of
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nearly iOO was considered necéssary to assure that the
boundary Tlayer had attained equilibrium with respect to the

homogeneous surface.

Mone of the sites studied in this paper could be termed
homogeneous by strict micrometeorological standards. Fetch
to height ratios were typically an order of magnitude below
those for which the Businger ¢-functions were derived.
However, in most cases, sufface roughness elements surround-
ing the sites were considerably larger than at the wheat
stubble site used by Businger, and were of the same order of
magnitude as the vehicles using the roadway. Thus, the
assumption of site homogeniety was made for locations koth
upwind and downwind of the roadway. This assumption, though
seriously open to question, permitted the use of the

Businger ¢-functions for estimating L, Uy,s H and Kz.

An initial value of u,, assuming neutral stratification, was

computed using,

=‘k(uz - u]) (5-1)
in(z,/2,)

Uy
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where k 1s the von Karman constant (0.35 used) and u; and u,

are horizontal wind speeds measured at heights Z4 and 2,5

respectively. Continuing to assume neutra] conditions,

3
-yl pT “a
L = *"n (5-2) :
kgH
and
= a9 -
H = -CppKh -37 (5 3)

where 6 represents potential temperature, Kh sianifies
sensible heat diffusivity, g is the standard acceleration of
gravity, and T is the absolute temperature., & was estimated

using,

a =T+de (5"4)

where Y4 is the dry adiabatic lapse rate (approximately 1°
C/100 meters). Since all of the field experiments were
conducted during the winter months, and the majority of
runs were made during early morning and late evening,
evapotranspiration was assumed to be negligible. Thus, no

adjustments for latent heat release were made to the
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potential temperature estimates. Combining Equations 5-2

and 5-3 yields,

3
uy T
L = ———— (5-5)
b
kgKh FEd
. 2 _ 3u
Under neutral conditions, u, "~ = K, 77
Thus,
3u
L - Uy 37 (KZ> (5-6}
~ kg 38
57\

A value of 1 for KZ/Kh was initially assumed.

Using the value of L computed from Equation 5-6 and the

Businger ¢-functions, a revised estimate of u, was made.

(34) 2 = ¢, (21 (5-7)

where ¢m(z/L) =1+ 4,7 z/L for stable conditions (58/3z>0)
and @m(z/L) = (1 - 15 z/L)'1/4 for unstable conditions

(96/8z<0). Integrating Equation 5-7 from u; to u, and z,
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to Z, yields,

T Ly - 1) (5-8)
In(zy/2y) + <f=(z5 - 29)

for 30/3 z>0, and

L. = — 1 (5-9)
* 4’2 -1 lp] + + -1 -1
2(tan ‘v, - tan ¥q)
1n{[“’z ¥ 1] ¥ -l ( ? 1

for 30/3 z<0, where Yy = (1 - 15 ::]/L)U4 and v, = (1 - 15
ZZ/L)1/4‘

L was then recalculated using the revised value for u, and

the ¢-function methodology. For all stability conditions,

kzu, 3u
0% 5D (%) (5-10)
and
-kzu,C_p
. R jgi) (5-11)
¢h(Z/L) 9z
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Substituting Equations 5-10 and 5-11 into Equation 5-2

gives

ou
_ Uy 37 ¢'h(2/|-) .
SN T T (¢m(z/u (5-12)
T &z

where z = (z]/zz)”2 and L is the Obukhov length from the
previous iteration. For 238/3z>0, o (z/L) =1 + 17 z/L,
while for 36/32z<0, ¢, (z/L) = (1 - 15 z/1)70-55,

NEW OLDI

If |1/L - 1/L <0.0005, the jterative solution was
considered closed. If not, a revised value for L was

determined by,

1/L = ((1/LNEWy (1, 01Dy, /2 (5-13)

where the proper sign of L was retained. The revised value
of L was then reapplied to either Equation 5-8 or 5-9 to
determine a new value for u, which was then used in Equation
§5-12. This series of computations was repeated until con-
vergence was achieved. At that time, H was determined using

Equation 5-11 and KZ was computed by,
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ku,z
Kz = ;;12713 (5-14)

Golder (1972) studied the relationship between the classes
of the Pasquill stabiTity method and some commonly used
atmospheric similarity parameters. His study was based on
observations made independently at five meteorologically
diverse sites. Golder's findings, presented in nomographic
form, organized the Pasquill stability classes in terms of
inverse Obukhov Length ranges for sites of varying aero-
dynamic roughness length, zZ,- In this paper, the Golder
nomograph was used to estimate Pasquill stability classes

from computed values of L.

Under Tow wind speeds {u<l m/s), the iterative method for
computing L oftentimes would not converge toc a solution.
This was primarily due to the difficulty in measuring wind
shear accurately under such conditions. In order to assign
a Pasquill stability class, the Bulk Richardson Number (RiB)

was computed for these cases as follows,

g 38/3z

.. 2 =2
Rig = T 2 Z (5-15)
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where z equals the geometric mean of the two heights at
which temperature measurements are made to estimate 36/93z
and u is the horizontal wind speed measured at Z. MNomo-
graphs also developed by Golder (1972) were then used to
determine the Richardson Number (Ri) from Rip and z . As
suggested by Golder, L was computed by 1/L = Ri/zz(l - 7Ri)
for 98/3z>0, and 1/L = Ri/z2 for 96/93z<0.

5.2 Results

For both the GM and Caltrans Sacramento (SACTO) studies,
values of L, u,, H and K2 were computad at meteorological
towers upwind and downwind of the roadway. These towers,
located 30 meters from the roadway edge, were outside the
influence of vehicle drag flows, yet close enough to sense
traffic induced modifications to the stability of the
surface layer. Temperature and wind speed measurements
taken at heights of 1.5 and 10.5 meters for the GM study,
and 2.0 and 10.0 meters for the SACTO study were used to
apply the methods described in section 5.1. The results
are given in Tables 2 and 3. As mentioned before, the
Pasquill stability classes were assigned according to
Golder's method. Stability entries containing no values
for 1/L, etc., were assigned using the Bulk Richardson

Number method. Also noted in the tables are the wind
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METEOROLOGICAL ANALYSIS
GENERAL MOTORS SULFATE EXFERIMENT

INSTRUMENT ELEVATIONS!

TOGUER LOCATIONS:

L.5 AND 10.5 HETERS

TABLE 2

20 METERS FROM EDGE OF ROADWAY

u F 3 I X DWW N N D

x X kS

* U H KZ 17k * Ux H KZ 1sL * U PHI
RUM NO. % (M/8) (LY/ZMIN) (SOM/S) (1/i) STAE ¥ (M/S) (LY/MIN)Y (SOM/S) (1/4H) STAR % (M/5) (DEBG)

X * *
2720820 X Fox F % 1.0 g7
2720850 x F % A X 1.2 78
270920 X Foox A Kk ) 73
2720950 X A ¥ ———— A X .7 44
2741416 % 281 054 473 =-.020 C % .25° «038 + 427 =017 C x 3.7 &9
2741440 K 261 08B0 481 =035 C ¥ .261 057 456 =025 C x 3.2 &8
2741510 % 240 21023 -407 ~+010 B x 202 L 057 450 =034 C ¥ 3.6 &%
2741340 % 278 014 +41é =GOS o x .288 » 060 284 =020 cC % 3.9 48
2730810 % L1332 -.003 +151 2011 o & .107 001 +158 -. 004 o % 1.7 3%
2750915 % .252 021 305 -, 007 O *x .28Bé + 041 £441 -.014 C % 3.5 47
Q740945 ¥ 297 048 +481 ~.014 L % .327 048 +3533 =.013 C *% 4,0 Sé
2770810 % L0464 =-.002 +021 +110 F % .082 =002 +0B1 »022 E * 1.8 71
2770840 x .052 =.001 .031 Q72 F % .132 + 003 « 205 -.010 O % 1,35 a7
2790910 ¥ 133 008 + 233 = Q27 C % .,18%5 + 037 + 3556 =045 C * 1.8 73
2790940 % L1800 « 02 V336 =038 C x .228 084 435 -.043 £ % 2.3 70
2810805 % . 099 =004 + 085 21033 E % ,201 008 + 300 ~+004 D % 2.3 3&
ZB10905 ¥ ,0Z0 =+000 . 008 +132 F % .098 «003 -] =+021 C % 1.2 78
2810935 % .103 =003 + 123 +008 o % .187 GAs 373 -.055 B % .2.4 85
2830820 ¥ .091 =, 0032 095 017 E % .i42 »008 +243 -.022 cC x 1.7 74
2B30850 X 0464 -, 009 075 .010 D x ,117 Q27 + 279 =,130 A X 1.2 B3
2830?20 x L 111 004 208 = Q37 C ¥ .145 « 024 +301 -, 047 B ok 1.4 &2
2830950 * .138 £019 277 =056 5Ok .174 +Q32 339 -.048 € % 1.4 40
2900310 % 074 -.002 041 2036 E % .198 +014 +320 -.014 C % 2.5 &8
2900840 * .098 =003 0?2 Q25 E % .241 022 384 -.012 c % 2.5 =8
2900910 * .093F =002 + 076 018 E Kk ,227 +031 «3BS =020 € % 2.5 &2
2900949 ¥ ,127 =.002 L1359 +004 o % 149 043 424 -.022 c % 2.8 =13
2931035 * .174 +004 <241 =+ 006 D % .,224 020 361 -.021 C % 2.5 88
2931105 x .183 011 224 ~-.014 C % ,224 059 <424 ~:041 £ ¥ 2.4 av
2940805 ¥ 099 =006 «076 + 043 E % 173 =003 +20% -G08 oD x 2.2 30
2940835 ¥ .103 ~. 005 .088 . 033 E % ,192 =002 + 255 « 003 D ox 2.2 S5
2940935 % 144 024 + 298 =082 B % .174 032 + 340 =+ 046 c * 1.7 39
2950310 Foox F x ) 51
2950840 « ——— F % F x .8 7%
2950910 x F % E % .2 42
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TABLE 3

METEDROLOGICAL ANALYSIS

FLORIN-FREEFORT INTERSECTION

INSTRUMENT ELEVATEIONS: 2.0 AMD 10.0 HETERS
TOWER LOCATIONS: 30 METERS FROM ERGE OF ROADWAY

U P W I N D * T 0 W N W I NTD
* * *
‘ £ U H KZ 1L ® UK H ¥4 1L x U BRG
RUN NO. % (H/S) (LYZRIN) (SQH/S) (1/8) STABR & (Hr/S) (LYZMIN) {(SOM/S} (1/M) STAB % (H/S} (DEG)
® o ——— X
5014 x ,235 023 L4320 -,01Z  C % ,370 .226 481 —-,085 B % 4.0 334
6015 X% ,153 +009 L3294 -,019 © Kk 204 (112 .532 -,095 B x 2,8 314
5016 % 093 -.000 +132 005 D % .149 .026 W346 -.041 B % 2.5 330
4017 % .032  -.000 020 074 F k.09 +002 .184 =,015 € k¥ 1.7 339
4018 % Fox F x .9 2&2
6107 % F X FE K .5 20
6108 x 096 4004 .219  -,052 B ¥ .107 .004 «210  -,023 C ¥ 1.1 53
5107 X 084 003 4167 =.087 B % ,107 +002 «195  -.013 £ % 1.2 23
6110 * 051 . 004 W142  -,243 A % ,122 (014 2292 -.068 B ¥ 1.2 19
8116 % .339 009 WS74 -,001 D % 330 L 100 .642  -,021 € % 6.1 329
B117 % ,191  =.007 .259 007 Dk L1%4 013 L3358 —.013 € % 4,0 337
89118 % ,09%  =-,002 1104 W020 E % J056 ~.001 049 038 £ x 1,9 330
8119 * .11l  -.003 +133 .015 E % .054 =,002 037 L0655 F x 2.0 319
8126 % .1237  -.00s W134 L023  E % .129 -,004 .138 022 E x 2.9 o
8121 % 157 -.00& 194 L012 E % .253  —,015 343 007 D %k 4.5 19
8706 % .05%  =.001 051 038 E % .055 =.001 .054 028 E % t.2 3
8707 % .06L -.000 +085 ,005 T ok L131 +035 \354 =-.117 A ¥ 1.5 339
8708 % .148 L013 \327 =021 € % 249 .211 .&52  =,102 B ¥ 3,0 328
8715 * .433 +033 WF10  =.003 D X .442 1145 804 =,012 € x 7.2 329
8716 % 372 015 2603 -,002 D % 354 095 V483 -,018 £ X &.4 333
8717 x .251 -.008 .362 L0040 Kk 242 .031 455 ~.014 G % 4.8 334
8718 % ,097 -.002 1109 018 E % ,002 -,000 .000 2,341 F x 2,0 312
8913 x .234 .389 737 -3221 A % .199 +070 \474 =.046 B % 2.5 159
g%14  x .22 .300 LE79  =.209 A X L191 .082 48B4 -.089 B % 2.4 191
8915 % 147 ‘167 .546 -,267 A % .1i81 071 L4561 -,0B9 B X 2.1 203
8916 ¥ 175 <054 429 =.07%5 B % .148 047 .410 -,073 B % 2.2 190
8917 ¥ 073  -.001 074 \026 E % .109 .008 .242 =-.047 B X 1.3 194
8918  k 091  -,004 0748 041 E % 224 005 .349 -.003 D ¥ 2.4 144
8919 x 108 =-.,007 1095 L037 E % .185  =.002 .278 L002 D ok 2,4 142
#4920 % .122  -.004 .127 024 E % ,179 =,002 281 L003 D % 2,4 148
8921 X 044 ~.002 047 057 F % ,142 -,001 212 002 D x 1,7 149
8922 % ,037 =.001 .018 107 F % (133 -.002 .181 W07 D % 1,9 175
8923 % 106  —.005 1100 031 E X 190 .001 .30t -.001 O % 2.3 143
7114 X 215 322 IY-1: -.+243 A Kk J177 078 P 2-1- . 104 B X .3 129
115 x .230 V147 L40S  =,103 B % .234 .089 ,S33 ~.052 B % 3.1 177
2114 ¥ L2463 085 <557 —-. 0335 C x ,287 L0081 «S17 -. 052 B ¥ 3.6 181
2117 X 133 001 + 249 -.002 o % L2335 059 +485 -~ 32 C % 2,9 1460
9516  k ,192  -,004 V277 .004 I x ,247 .032 «441  -.014 € %- 3.2 149
9517 k% .205  -.003 303 003 0 % .230 .025 L4728 =015 € * 3Z.3 148
7518 % .281  -,010 409 ,003 I % .a73 011 L4535 -.004 D % 4.5 151
$519  x .231  -,008 .326 L005 D % 248 .007 L405 =003 Dk 4.4 143
2520 x 207 - Q09 + 280 007 D X .213 + 002 + 343 -, 002 p x 3.7 143
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speed (U) and wind direction measured at the nigher, upwind
instrument location. In Table 2, the wind direction is
given relative to the roadway (PHI, 0° = Parallel wind,

90° = crosswind) while in Table 3 it is given as the
azimuth bearing with respect to true Horth {note that

the Florin-Freeport intersection is oriented north-south,

east-west).

Table 4 gives similar results for the SRI study. However,
only the upwind tower was analyzed because the tower
locations, 10.7 meters from the roadway edge, was close
enough so that advected drag flow velacity components
sometimes caused negative wind shear measurements at the
downwind tower. The micrometeorological relationships
discussed in Section 5-1 are not valid for such transient

boundary layer flows.

Tables 5 and 6 summarize results from the upwind meteoro-
logical analyses for the LAl and LA3 sites. The second
meteorological tower for both these sites was located in
the freeway median, and therefore was not analyzed because

of the same drag flow problem experienced with the SRI data.

Stability classes for the NY study were taken from Rao et.

al., (1979). These were based on temperature gradient and
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TABLE 4

HETEDROLOGICAL AMALYSIS

STANFORD RESEARCH INSTITUTE AT-GRADE SITE
INSTRUMENT ELEVATIONS: 2.0 AND 7.5 HETERS

TOWER LOGCATION: 10.7 METERS FROM EDGE OF ROADUAY

u W I N R

x *
X  Ux H KZ L ¥4 X u PRI
DATE~TIME # (M/S) (LY/MINY (SQH/S) (L/M) STABR X (H/8) (DEG)

¥ *
21 JAM 0700 X F % 7 46
21 JAN 0900 % .Q34 .007 152 —. 374 A ¥ . 79
24 JaN 04600 X 077 -.005 044 075 F ® 1.3 44
24 JAN Q700 *x .1l4 -.0Q11 . 08B0 051 F % 1.8 37
24 Jal 080C¢ X 022 -+000 L 007 +181 F % +8 47
24 JaN 1200 % .131 091 + 3685 ~.294 A X 1.6 44
28 JAN 0700 ¥ .147 -.007 +152 017 E ¥ 3.3 44
28 JaN 0900 % .180 017 +302 -.023 c % 3.1 S1
28 JAN 1100 X .129 145 1404 =487 AOX 7 78
30 JAM 1400 X 154 +106 4046 =.174 A ¥ 1.4 49
30 JAN 1300 X 174 282 512 =347 A ¥ 2.3 20
30 JaM 1400 % L1460 + 395 L3351 —.&72 A ¥ 2.0 &4
30 JaN 1900 X .07& -.006 »Q37 078 F %X 1.9 87
5 FER 1200 % .1g84 »018 +304 =-+021 T % 2.9 4&
5 FEE 1300 % ,1%0 » 008 » 283 -.008 cC % 4.0 a3
5 FER 1300 % .233 <012 + 342 -.007 D % 3.8 &7
5 FER 1500 % 314 008 +A35 -.002 D % S.3 72
5 FEE 1400 % .336 -, 0046 +446 Q01 n ¥ S.2 72
Z FEBR 1700 X ,330 =009 + 437 »001 D x 3.9 &9
S FEB 1800 % .,215 =020 «231 014 E ¥ 2.4 53
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HETEDROLOGICAL ANALYSIS

CALTRANS LDE ANGELES STUDY - SITE 1
INSTRUMENT ELEVATIONS!
TOWER LOCATION?: 15 METERS FROM ENGE OF ROADMAY

TABLE 5

13.4 AND 13.56 HETERS

U P W I ND

* e
X Uk KZ t/L x FHT
DATE-TIME % (M/S) (LY/HIN) (SOH/S) (1/M) STAE # (DEE>

* £
74 423 5 % ,348 2,022 -,000 D % 2,0 84
P4 S 1 9 % ,430 3.092  -.008 F % 2.5 83
74 5 1 11 % .352 3.744 ~.055 A % 2.2 a1
74 5 8§ S % .353 2.306  -.004 C % 1.5 80
73 S 8 & % ,149 +748 001 D % 1.2 39
74 5 8 7 % .287 1,706 =.001 € & 1.6 80
74 5 8 3% .277 1,992 -.008 B £ 1.3 87
74 514 8 % ,279 1.826 -.004 £ % 1,5 85
74 5 17 10 % .447 4,243 -,004 C ¥ 3.3 83
74 5 23 7 & .142 1.050 -.009 B % 1.4 7é
74 323 % x ,312 2,008 -.025 B % 1.8 82
74 5 23 10 % 358 2,892 -.015 B % 2.0 ag
74 3 23 12 % ,307 3,096 -,015 B * 2.4 7
74 S 28 7 & ,348 2,415 ~,006 B %k 1.9 7
74 S 28 8 % ,3iY 2,137 -.006 B & 1.9 77
74 529 & % 4611 3.442  -,002 C % 2.3 84
74 529 8 % ,277 1.987 -,008 B ¥ 1.9 78
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METEOROLOGICAL ANALYSIS
CaL TRANS LOS ANGELES STUDY - GITE 3
INSTRUMENT ELEVATIQGNS!

TOUWER LOCATIONS

13.4 AND 13.4& HETERS
40 METERS FROM EDGE OF RODADWAY

TABLE &

U P W I NTD
ol L3
X Uk H KZ 1L x U PHI
BATE-TIME * (M/S) (LY/HIN) ¢SOM/S) (1/H) STAR % (H/S) (BEB)
* %
74 9 21 14 % .447 +324  3.983 ~,0249 C© * 5.1 78
74 8 123 13 ¥ 495 1§93 4,703 -.033 B ¥ 5.3 ?
74 8 23 15 % ,404 .262 3,488 -,027 € % 5.7 77
734 8 26 13 x .441 +424 4,200 ~.033 B * 4.9 73
74 9 24 14 % 372 »331  3.762 -.044 B ¥ S.1 73
74 8 26 17 % .394 »099 2,993 -.011  C * 5.1 79
74 8 29 14 % ,354 295 3.411  ~.045 B X 4.9 ?
74 8 30 4 % .074 .007 2945 -,117 A& % 1.2 78
74 8 30 14 x ,382 325 3,779 -.039 B % 4.8 78
74 11 13 12 % E % 1.2 78
73 11 13 14 % 279 «211 3,109 -.045 B X 2.0 79
74 11 13 18 X F x .5 78
7412 16 17 * F x .8 75
79 1 1% 16 % E % 1,0 80
7% 1 16 18 % F * .9 a1
75 117 17 % Fox .2 79
75 117 18 % F x .5 81
75 121 12 ¥ .182 L4782 3.414  ~.S553 A % 1.2 77
75 121 18 % F % .8 78
73 2 246 15 x 187 WO015 1,504 =-.015 € x 2,2 77
75 2 26 16 kK 072 -.001 339 007 E * 2.2 77
75 3 13 15 % .302 +090  2.630 —.022 € ¥ 2,1 77
73 3 14 15 * ,234  -,005  1.0%54 003 D % 3.9 77
7% 3 14 17 % ,148  ~.003 540 .007 E % 2.8 7B
75 3 14 18 x .141 ~-,002 544 1006 E %* 2.1 79
75 3 17 18 ¥ F ¥ .2 7
75 318 18 % 051 -.008 090 029 E % 1.3 7s
7S 3 21 10 % .242 .027  1.988 -.013 C ¥ 2.1 78
7S 3 24 18 % ,071  -.001 +200 013 E % 1.6 78
75 325 8 % ,279 2014 1,831 -.004 D % 3J.0 7%
75 3 25 9 % .172  -.004 vy 006 E * 3.2 7
75 3 27 10 % 304 «121 2,809 =029 € % 2.2 77
75 3 2B 16 & ,520 +047  3.203  -.002 D * S.& 79
75 3 28 17 % 394 -.012  1.943 001 D * 4.3 79
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wind speed measurements obtained at the site.

5.3 Discussion

Examination of Tables 2 and 3 indicates a general tendency
for more unstable conditions to prevail immediately down-
wind of the roadway during neutral to stable upwind
episodes. During extremely unstable episodes, the reverse
effect is seen in a Timited number of cases. Table 7 shows
the distribution of GM and SACTO runs cross-classified by
upwind stability class (A = most unstable, F = most stable)
and net change in number of classes between the upwind and
downwind towers. The table contains only those cases
computed by the iterative method. It is clear that either
the traffic or the roadway itself is altering the stability
of at Teast the first 10 meters of the surface layer. The
downwind extent of this modification cannot be ascertained
from the data because of the lack of more distant meteoro-

1ogical towers,

Possihble explanations for the observed pattern of stability
modifications involve the contributions of traffic motion
and heat to the level of turbulence of the mean flow imme-
diately downwind of the roadway. Under stable conditions,

the mechanical mixing resulting from numerous, superimposed
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FREQUENCY DIAGRAM OF
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vehicle wakes could cause a downward flux of sensible heat
in the lTower 10 meters, thus Tessening the strength of the
stable, upwind temperature gradient., Aiso, additions of
vehicular waste heat near the surface might be strong enocugh
to destabilize a stably stratified upwind flow. Under
strongly unstable conditions, the mechanical mixing is
likely to disrupt organized convective air movements by
rapidly dissipating ground level heat build up through

forced convection,

Figures 10 and 17 show the ratioc of downwind to upwind ver-
tical momentum diffusivity plotted against the inverse
Obukhov Length for the GM and SACTQ data, respectively.

For both data sets, the points group about a ratio of unity
for unstable conditions (1/L<Q0), and climb steadily with
increasing stability. Similar plots were obtained for the
ratio of downwind to upwind friction velocity. The graphs
provide a clear indication of the importance of traffic
induced mechanical mixing under stable atmospheric condi-
tions.- Based on thése findings, one would expect conven-
tional vertical dispersion estimates to accurately predict
dispersion downwind of roadways under unstable conditions,

but significantly underpredict during stable episodes,
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In Figures 12 and 13, the difference between downwind and
upwind heat flux is plotted against the inverse Obukhov
Length for GM and SACTO data. An interesting pattern emer-
ges from these two graphs. For strongly unstable cases,
diminished-heat flux is observed downwind of the roadway,
pPresumably due to the disruption of convective heat transfer
from the surface by vehicle induced turbulence. Under near-
neutral conditions thermal contributions from the traffic
apparently become significant leading to enhanced heat flux
downwind. For strongly stable conditions, the amounts of
thermal turbulence added for the traffic volumes studied

are unable to cause any significant change in the downwind

heat flux.

The results of the meteorological analysis show that
stability and dispersion downwind of roadways are signifi-
cantly altered by traffic for cases of neutral to stable
flows, but relatively unperturbed For unstable regimes.

The mechanism of mechanfcal turbulence appears to be most
important in modifying strongly stable flows, while thermal
contributions in the form of vehicular waste heat are

significant only under near-neutral conditions.
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6. DISPERSION PARAMETER ANALYSIS

Vertical concentration profiles and ground Tevel concen-
tration measurements were available for each of the data
bases studied. lnder crosswind conditions (PHI> 35°) these
measurements could be used to directly estimate the vertical
dispersion parameter, . A comparison between the measured
values of Gz and the predicted values using the Pasquill-

Smith methodology could then be made.
6.1 Methodology

For a ground level, sami-infinite 1line source under cross-

wind conditions Equation 2-23 can be rewritten as,

2
_2g xp{i z ] (6-1)
C(.xsz) “mcz_u € Z2 (GZ)

where q 15 the source strength/unit Tength. Equation 6~1

can also be written as,

A 21 2 _
C(Ao’cz) = -a—z-exp [-2-'(%'2) :l (6-2)
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vhere Ao'represents.a variabhle that femains constant with
respect to x and z in accordance with the Raussian assump-
tion of vertical and horizontal wind speed homogeneity, and
o, is constant with respect to z. Given a set of n concen=-
tration measurements at varying heights a distance x from
the roadway centerline, a Teast squares astimate for the
variables Ao and g, may be obtained by the simultaneous

solution of the following two normal equations,

~  3C(Aj,0,)
) (¥, - T) —2—2 = 0 (6-3)
i=1 BAO
and
U LU (6-4)
j21 ! 30,

where Yi is the ohserved concentration and Yi is the concen-
tration predicted by Equation 6-2 (Draper and Smith, 1966),

The two partial differentials may be written as,

2
3¢ _ 1 -l4z . 6-5
m'z;exp[z(cz)} (6-5)
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A T 2 - ‘2
%%}z ;%-B%;) . 1} expl:%—(§;) } (6-6)

Substituting into Equations 6-3 and 6-4 and solving for AO

yields the following equations,

A - (6-7)

0 n z, 2
b [65)]
2 (2
N CORMIEDRIC)
Ao = 2 2 (6-8)

FE) -] [6D)]

A simultaneous solution to these two equations for each
given vertical array of concentration readings was then

obtained using a computerized trial and error procedure.
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At locations where only ground level concentrations were
available, a more simplified method of computing g, Was

used. Solving Equation 6-1 for <, gives,

2

_ 2g -1z ] (6-9)

g, = —-1— exp
2 T Cu [-2-(02)

Since the "around level"” prohes for the various data bases
actually ranged in height from 0.5 to 2.0 meters, a sinple
iterative routine was necessary to solve Equation 6-9. An
initial value of o, was determined assuming z = 0. This

value was then lessened in increments until adjacent compu-

tations converged to within 0.01 meter,

Yhile the method for estimating Uz from vertical probe
arrays was independent of the source strength, q, the

ground level method was not. For the SRI and MY data bases,
mass balance calculations indicated serious inconsistencies
in the reported source strengths and the observed concentra-
tions. Theﬁe same calculations for the G data base agreed
to within an average of +12% of the reported tracer release
rates., Similar results were obtained by Bullin et. al.
(1980) for the GM and SRI data bases. Therefore, when

estimating o_ from ground level concentrations, the

z
reported source strength was used for the GM results only.
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For the SRI and MY data bases, the value of AO measured
at the nearest downwind tower was used in place of the

reported source strength so that,
A 2
=_0 -l7z 6-10)
o, = QXP[Z(UZ)_ ] (

The values of C for the SRI study were in terms of carbon
monoxide concentrations less upwind ambient levels. The
NY study consisted of tracer concentrations so that no

ambient adjustments were necessary. Ground level results

for the SACTO study were not considered in this report.
6.2 Results

Tables 8 thru 10 summarize the vertical dispersion para-
meters derived from.ground Tevel concentrations for the GM,
SRI and NY data bases. The wind speed {U) and relative
direction (PHI) measured upwind of the roadway at heights
of 10.5 and 7.5 meters for the GM and SRI results, respec-
tively, are listed to the right. For the NY results, U

and PHI were measured in the median at a height of 8.0
meters., The stability classes (STAB) given in the tables
were based on upwind measurements using the techniques des-

cribed in Section 5.1. Missing results were caused by
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TABLE 8

VERTICAL DISPERCIDN PARAMETER ¢DICHA 73

CALCULATED FREOM GROUND LEVEL SFSé COMCENTRATIONS

GENERAL HMOTORS SULFATE EXPERIMENT DeTa

x SIGHA Z HETERS) * U PHI
RUN NG. x  1SM 281 43M 430 113 % (M/S) (DEG: STAR
2720820 * * 1,0 &% F
2720850 % x 1,2 7B r
2720920 % x +& 7S F
2720980 x x 7 b4 A
2741410 x 1.7 2.5 3.5 S8 T4 X 3.7 49 c
2741440 X 1.5 2.8 5.2 5.4 11.5 x 3.2 48 c
2741510 % 1.9 2,7 4.7 et 8.7 X 3.6 &9 1]
2741540 % 1.5 2.2 3.7 5.9 10.5 =x 3.7 &8 B
2750310 * 2.0 3.8 11.0 7+2 13.9 % 1.7 3% n
2740915 x 1.3 1.9 2.4 3.8 7.5 % 3.5 47 ju
2750945 x 1.3 2,3 3.1 4,3 6,2 ¥ 4.0 Sa& c
2790810 % 2.0 2,9 3.9 S.1 7.0 ¥ 1.5 71 F
2790840 * 1.7 3.0 4,3 S.4 6.9 % 1.5 47 F
2790910 % 2.2 3.1 4,5 S.,2 11.9 * 1.8 73 c
2790740 % 1.9 3.1 4.4 6,3 11,3 % 2.3 70 [
2810805 X 1.7 e 4,1 = x 2.3 3 E
2810905 % 2.7 —me— 7.1 ————— X 1.2 78 F
2810935 x 1,9 ———- 4.1 ————— ok 2,4 B8& D
2830820 % 2.4 3.7 5.0 Y] 12,9 % 1.7 73 E
2630850 % 3.2 4,7 8.1 i0.9 20,9 x 1,2 83 b
2830930 % 3.3 4,2 .1 8.3 13.5 ¥ 1.8 &2 c
2830950 X 2.8 4.2 4,4 40,5 20,4 %X 1.6 40 B
2900810 * 147 === 441 = e x 2.5 48 E
2700840 * 1.8 ——=—m 3.4 ¥ 2.4 SO E
2900910 X 1.8 -———- 4,5 ® 2.5 &2 £
2700940 X 1,7 —-———- 4.2 *x 2.8 56 .
2931035 % 2.4 3.1 4.8 7.7 11,3 x 2.5 B8 3
2931105 % 2.3 3.5 3.9 4.2 10,4 % 2,4 BY c
2940805 * 1.4 2.0 2,9 4.0 4.1 X 2.2 50 E
2940835 ¥ 1.6 2.6 3.3 4.4 6,3 % 2,2 53 E
2940935 * 2.0 444 4.8 11.8 % 1,7 3% B
2950010 4.8 * .4 51 F
2950040 % 4.1 R R x .8 75 F
2650910 20 747 —mmr mmm—— x 2 a7 3
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TABLE 9

CO CONCENTRATIONS

VERTIGAL DISFERSION FARAMETER (SICMA I
CALIULATED FROM GROUND LEVEL
REST FIT
STANFORD RESEARCH INSTITUTE AT-GRALE SITE DATA

[

P I I I A B W I K M I I I E I I M oA

VERTICAL DISFERSION FARAHETER (SIBMa 23

95

CALCULATED FROM GROUND LEVEL SFé CONCENTRATIONS
AND REST FIT AQO ESTIMATES
. NEW YORK AT-GRADE SITE
* SIGHA I (METERS? * PHI
RUN NO. % 454 414 79H ¥ (M/9) (DEfi) STAR
k- ——
I0QSRE X .8 8.7 11.0 % 1.8 74 D
1008RL X 7.9 ?.8 12,1 x 2.5 &4 B
1018R1I  x Sa1 743 6.3 X 4.5 80 c
1019R2 X 8.9 13.7 16.4 % 1.9 74 B
1019R3 % Sl 7.2 10.4 x 1,8 b4 C
1021Rt % &.0Q 7.8 10.8 % 7.5 48 i
"L115RY Ok &7 8.2 ?.6 % T.,0 o9 B
F114R2 % 7.8 2.3 11.2 * 5.0 74 B
1114R3 X 4.3 ———m—— 7.2 b.7 X% . ? 75 F
1118R1 ¥ 4.8 7.4 P.4 % 6.5 &5 i}

I8 MaAa Z (METER * u PHI
44 35M 44H 7% SH % (M/8) (DEG) STAB
4
8.8 15.4 3 R20.3 L. X v 7 44 F
4.8 12,9 ————— 23.3 5.8 * 2 7% A
4.0 7.3 3.2 1344 mme=e X 1.3 44 F
4,2 72 22 1342 ==eew * 1.8 37 F
¢.? 21.3 -———— 3I1.0 75.8 * 8 47 F
4.7 Fed 1é41 ————— 23,2 ¥ 1.4 44 A
2.7 S.4 5 7P ¥ 3.4 46 [3
3.8 7B mmm—— e 25.5 * 3.1 g1 c
4.0 10,0 ====- 0.0 25.1 * 4 78 A
4.5 P+3 = 12 mm——— ¥ 1.4 A A
4.5 6.3 13.7 23.5 ¥ 2.3 =11 A
2.4 5.2 <2 10.5 11.4 X 2.0 aé A
4.3 8.8 13.3 13.2 22.8 * 1.0 a7 F
4.1 5.7 .9 iS.2 19.0 * 2.9 44 c
3.4 S.3 7.7 8.3 11.° X 4.0 &3 c
3.7 S 8.8 10.0 11.4 * 3.8 &7 D
2.8 2.2 8,6 11.1 Fe7 X 3.3 72 o
3.4 4.7 7.0 Bad wmasim * 5.2 72 o
4.2 S.3 7.8 Pe? —m—— * 3.7 49 D
3.6 T4 8.3 10.4 X 2.4 53 E
TABLE 10



several factors including suspected tracer release system
failure, contaminated bag samples and lack of around Jevel

probes for particular wind direction configurations.

A similar set of tables {11 thru 20) 1ist results for the
least squares estimate of the two variabies, Ao and Gz’
contained in Equation 6-2. AO is given in length units
because the concentration measurements used are in volu-
metric form. A separate table is used for each downwind,
vertical probe array. For the GM data base, four towers
at 0, 15, 28 and 43 meters from the roadway centerline are
analyzed. Results from two towers at 29.0 and 48.8 meters
are summarized for the SRI data base. Both the NY and
SACTO data bases have results given for a single, downwind
tower near the roadway edge while results for the LAl and
LA3 sites are given for a single tower located in the free-
way median. The differences in Tables 11 thru 15 between
the number of runs analyzed for different towers of the
same data base can be explained in two ways: 1) tower
results with fewer than three concentration measurements
were not analyzed, and 2) only two towers were established
on the west side of the GM test track so that the 28 meter
tower result was not avajlable for runs made during east-

erly crosswind conditions.
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TABLE 11

EEST FIT GAUGSIAN DISTRIBUTION - TWO YARIABLES

6M SULFATE EXFERIMEMT

MEDIAN TOUWER

TRACER MEASUREMENTS

(EF& IN FFHB)}

¥ JIGMA AQ YHAT-Y <FPHBY SYX X 3} FHI
RUN ND. % Z (M) (M) 0.5M/3.9M/9.9M (FFHEYX* (M/S) (DEG) STAR
X *
2720820 % 5.0 1271 -10 13 -7 20.0 % 1.0 39 F
2720850 X 4.1 549 1 ~1 2 2.7 % 1.2 78 F
70920 X 4.5 572 =1 -8 7 11.5 % -7 75 F
720950 % 4.5 4625 1 -2 2 2.4 % .7 &4 A
2741410 ¥ 3.1 241 -Q 1 -4 6.3 % 3.7 &9 c
2741440 ¥ 3.5 291 -1 3 -2 9.2 % 3,2 &8 [
2741510 % 3.9 250 -1 2 =3 3.2 ¥ 3.4 & B
2750810 x 4.2 500 2 -3 k] 4.6 % 1.7 3% n
740915 k2.7 336 =0 o -1 t.1 % 3.5 a7 B
2760945 X F.9 401 2 -3 S 6.0 % 4.0 Z& c
2790810 X 3.7 624 1 -2 S .7 kK 1.8 71 F
a7¢0840 ¥ 3.5 590 o ~3 2 2.4 ¥ 1.4 &7 F
2720910 ¥ 3.5 416 [} -1 2 2.4 % 1.8 73 c
2790940 X 3.4 343 C -0 e 2.0 % 2.3 70 c
2810805 * 3.0 480 -0 o ] 3 X 2,3 35 E
2810905 k4.1 774 -2 3 -4 5.7 % 1.2 78 F
2810935 ¥ 2.5 290 -0 aQ -0 3 K 2.4 B84 o
2830830 ¥ 3.2 411 -0 0 1 8k 1.7 74 4
283085C * 3.3 448 =0 [} -1 8 % 1.2 83 i}
2830920 Kk  3F.4 G949 -1 2 -7 7.5 % 1.4 42 c
2830950 %X .2 881 -7 ic ~-& 13.8 ¥ 1.4 49 B
290081¢c ¥ 3.1 302 [+ - 1 .8 % 2.5 43 E
2900840 ¥ 3.0 340 -0 0o 1 A 2.4 58 E
APQ0910 k2.6 383 ] Q -0 3k 2.5 &2 £
2700940 % 3,2 319 -0 Q -i 8 % Z.9 Sé i’
2931035 * 2.4 283 ] o} -0 3K 2.4 j=t=] Yy
2931102 x 2.9 2746 -0 o 0 3 % 2.4 ee C
2940805 ¥ 3.3 427 [+ -0 2 1.9 % 2.2 50 E
IFA0B3S ¥ 2.9 543 -0 0 -0 -3 % 2.2 =t E
240735 k. 3.6 739 -1 2 -4 4.9 % 1.7 39 B
2950810 % 5,3 P44 =7 10 -5 13.4 % 4 51 F
2950840 k¥ T.Q 744 -0 o [} 3 % 3 735 3
2PS0P10 k. 4.5 1042 -3 -1 -4 7:7 %k 4 42 F
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TABLE 12

REST FIT GAUSSIAN DISTRIRUTION - TWO VARIABLES

GH SULFATE EXFERIMENT TRACER MEASUREMENTS (S5F& IN FFHEB)
TOWER 15 METERS [OWNWIND FROM ROADWAY CEMTERLINE

¥ SIGMA A0 YHAT-Y (PPHB) SYX % u PHI
RUN NO. X Z (M) (M) C.5H/3.SM/9.5H (FPHB)X (M/S: (DEG) STAaR
x L 3
2720820 ¥ 4.4 1849 =33 43 -—-14 54.3 %k 1.0 o9 F
272090 % 2.9 748 ~1 2 =28 23.1 % 1.2 79 F
I7I0930 k. 2.8 792 -1 2 -28 I2B.4 % 7 79 F
2720950 % 2.4 7352 -2 0 -256 268.4 % 7 &4 A
2741410 x 2,3 345 -0 9 =10 Fvé Xk F.7 &9 [
2741440 % 2.1 409 =0 0 -2 ?.1 %k 3.2 &8 €
2741510 ¥ 2.3 341 =0 ¢} -7 G.9 ¥ 3.4 &9 D
27413540 x 3.1 359 =-Q o =11 10.8 * 3.9 &8 jal
27%0810 x 2.8 7ZI3 -0 1 =iB 18.3 % 1.7 39 i}
2760915 % 2.8 S8% -0 1 - P2 X Fus a7 ]
2760745 ¥ 2.3 434 -0 o] -7 7.1 % 4.0 5& c
2790210 % 3.2 %03 =1 2 -12 11.8 % 1.5 71 F
2790840 * 2.8 947 -0 1 -12 11.3 % 1.4 &7 F
FTPOP10 k. 2.6 5&é -0 1 =3 4.3 ¥ 1.8 73 c
2790940 x 2.3 489 -0 c -2 2.5 % 2.3 70 c
2810805 *x 2.9 744 -0 o] ~4q 4.0 * 2.3 35 E
2810905 * 3.1 978 -2 4 =34 3b.4 % 1.2 78 F
2810935 * 2.4 S35 -0 [} -1 1.2 % 2.4 84 n
2830820 £ 3.1 707 -0 Q -2 2.5 % 1.7 74 E
2830850 ¥ 3.4 790 -1 2 -8 a7 X 1.2 83 o}
2830920 x 3.7 471 -4 7 —17 18.7 ¥ 1.4 &2 c
2B30950 % S.1 1015 =14 21 =13 28.% % 1.4 40 B
2900810 % 2.3 484 =0 0 -2 l.6 x 2.3 &8 E
2900840 x 2.4 505 -0 Q -3 3.1 x 2.8 1= E
2900910 x 2,4 499 -0 4] -4 4.1 %k 2.5 62 E
2900940 ¥ 2.4 458 -0 0 -3 4.8 x 2.9 56 D
2931035 * 2.9 443 -0 0 ~-1 «0 K 2.4 88 D
2931105 x 2.4 412 -0 o} -2 1.7 % 2.4 89 c
2940805 % 3.1 850 -1 2 =12 132.4 & 2.2 o0 E
2940835 % 2.8 820 -0 1 =12 12.2 % 2.2 55 E
2940935 x 3,1 911 -1 3 =21 AW.?7 % 1.7 39 8
2950810 x  &.4 1884 -31 42 =14 54.2 % + 4 51 F
2930840 x 3.3 939 -4 8 =40 40.8 X «8 73 F
2950910 ¥ 5.0 1427 =21 33 ~20 43.2 % +? 49 F

98



BEST FIT GAUSSEIAN DISTRIBUTION — TWD VARIARLES
EXPERIMENT TRACER MEASUREMENTS
TOWER 28 HETERS DOWNWIND FROM ROADWAY CENTCERLING

GM SULFATE

TABLE 13

(5F5 IN FFPHB)

* SIGHA A0 YHAT-Y (PFHBY SYX % u FHI
RUN HO. % Z (M) (M) CG.5M/T.SM/?.5M (PPHBYX (M/S) (DEG) STAR
X Em———
2741410 ¥ 4.7 S04 [+] -1 1 1,1 % 3.7 &% c
2741440 % 4,1 433 -3 S -7 ?.3 ¥ 3.2 é8 c
2741510 ¥ 4.4 440 -2 2 -2 J.4 2 3.4 &9 D
2741540 % 2,8 333 -0 1 -313 13.2 % 3.9 48 B
2750810 x* 5.2 733 -2 I -1 3.7 % 1.7 39 o
2760715 % 4,3 602 -2 3 -4 5.2 % 3.4 47 n
27560945 % 4.1 452 o -0 o b k4,0 Sé [~
27720810 *x 5.3 1042 -2 3 -2 4,0 ¥ 1.3 71 F
2720840 X 4.7 994 ¢ =14 11 19.8 * 1.4 &7 F
2790910 ¥ 5.0 732 -10 i5 - 20,3 x 1.8 73 c
2770940 % 4.2 527 1 -1 H 1.8 ¥ 2.3 70 [
2830820 x 4.2 400 ~4 .} -7 P77 % 1.7 74 E
2830850 x 5.2 787 -10 14 -8 17.2 % 1.2 83 B
2830920 x 5.6 827 -3 7 -3 47 X 1.4 &2 c
2830950 x 7.0 B85 -4 g -1 ded k1.4 40 B
2931035 x 2.6 347 -0 o -4 4.0 x 2.6 83 1]
2931109 * 3.9 445 -0 Q -1 +9 % 2.8 a9 c
2740805 ¥ 4.4 F&9 -7 11 =11 17.4 % 2.2 S0 £
2940935 ¥ 4.7 1342 =0 0 -0 & X 1.7 3? B
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BEST FIT GAUSSIAN DISTRIBUTION
GM SULFATE EXPERIMENT TRACER HMEASUREMENTS (3F& IN FFPHE)

TOWER 43 METERS DOWNWIND FROM ROADWAY CENTERLEINE

TABLE 14

- TWd VARIABLES

* SIGMA A0  YHAT-Y (PPHE) u FRI
RUN NO. x Z (M) (1) 0.SM/3.5M/%.3H {M/8) (DEG) STAB
¥ *®
2720850 x .0 B97 g 2 * 1.2 78 F
2720920 x 7.0 474 -0 -0 x 7 75 F
2720750 % 10.7 701 -1 =0 * 7 &3 A
27414310 %X 4.8 358 =3 -4 * 3.7 -3 c
2741440 k% 5.7 344 4 2 x® 3.2 48 =4
2741510 * 5.7 327 -3 -2 * b &9 o
2741540 k4.7 312 -3 -4 * 3.9 48 I
2750810 % 9.8 472 i 5 3 * 1.7 39 o
2760915 ¥ F.4 588 -8 -4 1 X J.é 47 ]
27560945 x 4.5 348 -3 -4 X 4.0 56 c
2770810 ¥ 6.3 970 1 0 * 1.5 71 F
2790840 *  &£.2 BG83 1 [} * 1.4 &7 F
2790910 *x 5.9 444 I3 o x 1.8 73 Cc
770940 X 4.8 4ld -0 o -0 X 2.3 70 c
3810905 x 5.3 5795 -2 2 =1 * 2.3 346 E
2810705 x 9.2 1123 -1 L -0 * 1.2 78 F
2810935 ® 4.1 431 -1 2 -3 X 2.9 84 o
2830830 x 9.7 984 -5 7 -3 * 1.7 74 E
283085¢ x 7.7 741 4 -3 i * 1.2 a3 ]
2830920 *x 4.0 439 -4 ) -2 * 1.4 &2 [
2830930 ¥ B.,1 6469 -5 é -1 X 1.4 40 <]
2700810 ¥ 4.3 383 -1 1 -1 X 2.5 &8 E
2ZF00840 *¥ 4.4 432 -4 7 -7 x 2.4 S8 E
2700710 * 5.1 417 1 -1 1 * 2.9 &2 E
2PQ0P40 X 5.4 429 -1 1 -1 x 2.2 Sé D
2931035 ¥ A.4 3432 -4 é -5 * 2.4 88 o
2931105 x 3.1 320 -1 2 =-18 X 2.6 a9 [
2940805 * G.7 B854 -7 10 -4 * 2.2 50 E
2740835 x 9.3 717 -8 12 -& * 2.2 a5 E
2740935 * 7.7 788 -2 4 -1 x 1.7 39 B
2950840 X 9.8 1337 & -7 1 * +8 75 F
2750910 ¥ 12,0 1438 4 -3 i * 2 49 F



BEST FIT GAUSSIAN DIZTRIBUTION - TWO

STANFURD

TOWER

TABLE 15

RESEaMRCH IMSTITUTE

YARIABLES

AT-GRARDE SITE <(CO IN FFM)

29,0 METERS DOWNUIND FROM ROADWAY CENTERLIME

X SIGMA A0 YHAT-Y (F&H) SYX % U FHI
BATE~TIHE % Z (M) (M) 1.0M/3.0M/6.1i1/13.6H (PFM}%X (M/S) (DEG) STAR
* e
21 JAN 0700 ¥710.5 75.8 ~—ud === L4 -2 LJFO X L7 46 F
21 JAN OF00 ¥ 10.2 23,4 W1 —.0 -.1 W0 09 % .9 7P A
24 AN 0400 ¥ 5.1 17.5 =0 =.0 .1 ~.2 .14 % 1,3 a4 F
24 JAN 0700 K 4.4 3B.6 .7 ~1.5 1.1 -.8 1,49 ¥ 1.8 37 £
24 JAN DBOO ¥ 29.7 8.7 2.3 ~1.2 -1.5 .4 3.02 £ .8 47 F
24 JAM 1200 ¥ §,3 14,7 .2 -3 .2 =.2 .35 % 1.6 44 A
28 JAN 07¢0 * 3,9 21.7 -.2 .3 -,2 =.1 .28 X 3.4 44 E
28 JAN 0P00 X 3.3 1043 ==~ .1 -,5 -,2 .59 ¥ 3.1 51 [
22 JAN 1100 X 7.0 5.0 .0 ———— -.0 .0 .02 % .9 7B A
30 JAN 1300 X 8.4 9.4 =1 =,0 .2 —.2  L24 %X 1.4 49 A
30 JAN LT00 X 4.3 186 41 -2 L1 ———-  ,25 ¥ 2.3 SO A
30 JAN 1600 % 3.6 22,3 L1 ~.2 0 W2 =.1 W24 %X 2.0 46 A
30 JAN 1900 ¥ 7.2 14.1 L0 -.1 .1 -.0 .0& ¥ 1.0 87 F
S FEH 1200 % 5.0 7.7 .0 =,0 .0 =.1 ,05 % 2,9 a4 c
5 FEB 1300 ¥ 4.2 6.0 =.0 .0 =.0 .0 .01 % 4.0 &3 C
S FER 1400 X 4.6 B.1 —,0 0 .0 -.,2 ,13 % 3.8 &7 D
S FEB 1500 ¥ 3.T 7.8 =.3 .5 =4 ==== 45 Xk 5.3 72 n
S FER 1400 % 4,1 12,2 -.2 ,3 -,1 -,2 ,26 % 5.2 72 ]
S FER 1700 k¥ 4.3 16,7 —-.0 .0 0 =.,3 .20 % 3.9 49 o
S FEB 1800 % 4.4 9.3 .0 -0 .0 =-,2 .13 % 2.4 S5 E
TABLE 15
BEST FIT GAUSSIAN DISTRIBUTION - TWO UARIABLES
STANFORD RESEARCH INSTITUTE AT-BRABDE SITE (00 IN PPHD
TOWER 48.8 HETERS DOWNWIND FRUM ROADUAY CENTERLINE
* SIGMA 40 YHAT=Y (PFM) 8Y¥X % U FHT
DATE-TIHE ¥ Z (M) (M) 1.0M/3.0M/6.1M/13.6M (FPFMIK (M/S) (DEG) STAR
% ‘ ®
21 JAN 0700 ¥ 9,3 41,1 -—.4 ———- 7 =3 .83 %k .7 44 F
21 JAM. 0900 % 12,8 15.7 .2 -3 .1 ~-,0 ,28 % .9 79 A
24 JAN 0400 ¥ 9.0 15,2 ,4 -4 .0 .0 .40 % 1.3 44 F
24 JaN 0700 X% 10.6 34.3 .1 —-,1 .0 ~——— .17 ¥ 1.8 37 F
24 J&N 0800 ¥ 12.4 45.4 .3 -,8 .S -.1 .70 %k .3 a7 F
24 JAN 1200 % 12,4 1346 —.1 2 -.0 ~——— 30 ¥ 1,6 44 A
28 JAN 9700 X 4.2 19,3 -0 .1 ———— =,0 .07 ¥ .4 44 E
323 JAN 0700 ¥ 7,2 Bubd L1 -1 L0 === 14 % 3,1 51 g
20 JAN 1100 % ?.1 3,9 .1 -.1 -,1 L0 .12 % .9 78 A
30 JaM 1400 % 15.0 B.9 -.0 =.0 .0 -.0 ,04 X 1.5 49 A
30 JAN 1600 % 3.3 15,3 -—-~ .2 -=,9 =,2 .91 x 2.0 && A
S0 JAN 1900 ¥ 8.4 11,3 =2 .2 0 —.0 .17 k% 1.0 &% F
5 FRER 1200 % 9,1 8.3 .0 =,0 ——-= .0 .03 % 2.7 44 c
S FER 1300 ¥ S.1 4,2 .0 —-,0 =.0 .0 .03 X 4.0 &3 C
5 FER 1400 ¥ 5.8 4.7 -0 .0 =0 —== .06 % 3.8 &7 i
S FEB 1500 % 12.5 12,9 =,1 =,0 ,1 =,0 ,10 % 5,3 72 i
5 FEB 1500 ¥ 5.8 12,3 =.0 -.0 .1 -.2 ,iE % 5.2 72 I
S FER 1700 % 5.8 14,8 o1 ~.3 1 —mm=  ,21 %k 3.9 &9 il
9 FEB 1800 ¥ 3.0 7.3 -.2 ,4 =.4 .0 .58 x 2,4 S5 E
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downwind of the roadway. This is probably attributable to
the thorough mixing of the Tower 10 meters of air imparted

by the vehicle induced mechanical turbulence.

The statistical methodology used to fit Gaussian distribu-
tions to observed vertical concentration profiles revealed
that the Gaussian model is flexible enough to simulate
observed vertical distributions as close to the source as
the roadway edge. It also showed that the relationship
between o, and the downwind distance, x, can be adequately
described by a power curve of the form o, = axb for dis-
tances up to at Teast 200 meters downwind from the roadway

centerline.

The unusually high values of :initial vertical dispersion
measured under low wind speed, F stability conditions are
attributed to the increased residence time of pollutants
within the turbulent mixing zone. Results from the compari-
son of upwind and downwind heat fluxes made in the metecro-
logical analysis seem to indicate that thermal turbulence
and plume rise are not important factors under such condi-
tions. Instead, the mixing zone model used in CALINE3 was
derived from the reasonably strong correlations exhibited

between initial o, and residence time,.
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TABLE 19

BEST FIT GAUSSIAN DISTRIBUTION - TWQ UVARIARLES
CALTRANS LGOS ANGELES STUBY - SITE 3 (CO IN PPH)
MEDIAN TOWER

¥ SIGMA A0 YHAT-Y (FFPM} SYX % u PHI
DATE-TIME % Z (M) (M) 1.2M/3.7M/6.1H/11.0M (PFM) % {4sS) (DEG) STAE
* ——-x
74 8 21 14 k 3JT.4 8.3 -3 8 -.7 1 W77 X% 5.1 78 c
74 8 23 13 x 3.4 17.90 0 =.1 +1 -.3 +22 % 5.3 79 B
74 8 23 15 % 3.7 42.1 +3 =.B 7 =4 «+B85 x I.7 77 C
74 8 246 13 X 4.0 26.8 -~-.0 .1 0 -,2 +18 x 4.9 78 ]
74 8 26 14 x 3.9 38.2 ~-.0 +1 +0 =.3 24 % 5.1 8 B
74 8 246 17 ¥ 3,3 24.2 =.4 1.1 =1.1 -.3 1.15 % 5.1 ra-4 c
74 8 2% 14 % 3.7 38.9 -,0 1 O =2 18 X 4.9 79 B
74 B8 30 & % 5.4 50.7 =-.3 25 =2 -.0 «47 X 1.2 78 A
74 8§ 30 14 x 3.5 a43.4 -,2 4 =3 -4 +47 X 4.8 78 B
74 11 13 12 % 5.4 1%2.0 i1 -2 2 -0 W22 %X 1.9 7a E
74 11 13 14 % 4.5 21.5 -,0 +Q W0 =1 «04 Kk 2.0 79 )=
74 11 13 18 * 4.9 60.4 -4 1.0 -.1 -,7 [-L- R G 78 F
74 12 15 17 % 3.8 70.9 -.1 2 a2 3 «30 X .8 73 F
73 1 14 16 ¥ 3.4 S4.3 +1 =.3 +4 —1.2 P2 % 1.0 80 E
75 1 145 18 % 3.3 34.48 +Q .1 2 ~-1.1 WTE K 9 g1 F
79 117 17 % 3.3 82.2 -.2 G —ed -9 YA «8 79 F
73 1 17 18 ¥ 3.8 48.7 -.4 +8 =4 =1,2 1.10 ¥ o F a1 F
75 1 21 12 % 4,7 26,0 =.1 W0 + 3 —ad «48 kX 1.z 77 A
73 1 21 18 X 4.1 40.3 -.2 +4 =.1 =,5 L52 0% 8 75 F
789 2 25 15 % 4.2 31.7 +3 = b o3 .2 54 0% 2.2 77 c
7 2 25 16 ¥ 3.3 35,1 -.1 4 -.4 +Q +39 x 2,2 77 4
79 3 13 13 % 2.7 35.1 =-.0 1 -1 -4 +292 X 2.3 ?7 e
73 3 14 14 x 3.6 32.9 =.1 2 =2 -0 17 %k 3.9 77 ]
75 3 14 17 % 3.4 27.86 =,1 P - «20 % 2.8 7 E
79 3 14 18 % 3.8 25.9 =.1 I -1 -1 «14 x 2.1 7? E
79 3 17 18 % 4,7 22.% R N ! 3 «23 Xk +? i F
75 3 128 18 ¥ 3.9 15.7 -.1 +4 -3 .0 36 k1,3 74 E
75 3 21 10 % 3.4 14.&6 -.2 »3 =4 0 47 %k 2,1 78 c
7% 3 24 18 ¥ 3.5 15.3 -—-,2 3 -4 «0 +49 X 1.4 78 E
7% 3 25 8 % 3.5 14.7 O =1 W1 =2 17 % 3.0 79 il
75 32 92 % 3.8 18,7 1 -t .1 o1 «14 X% 3.2 78 E
75 3 27 10 % 4.1 20.2 0 =0 0 =1 05 k. 2.2 77 [»4
75 3 2B 14 & 3.1 32.3 -.1 4 =5 -1 +47 % 5.5 79 ]
79 3 28 17 % 4.1 20.0 0 =0 =0 o1 10 X 4,3 79 13
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TABLE 20

BEST FIT GAUSSIAN DISTRIBUTION - TWO VARIABRLES
FLORIN-FREEPORT INTERSECTION SITE
TOWER 3 HETERS DOUNWIND FROMH EDGE OF ROADWAY

104

¥ SIGMA A0 YHAT=-Y (FFM) 8YX X% U BRG
RUN NO. % Z (M) (M} 1.0M/2,0M/4.0H/10.0M (PFM)%¥ (M/S) (DEGY STAB
¥ *

4014 ¥ 1.7 4.0 -,0 W0 =0 =l .08 X 4.0 334 c
4015 ¥ 3.2 8.9 -,2 2 —.1 -0 .21 % 2.8 318 C
4014 * 3.0 14.0 N S 3 J18 % 2,5 330 D
4017 X 2.4 19.0 -.4 W7 =ad =1 64 X 1.7 339 F
4018 ¥ 4.9 40.7 ,3 -3 -.i o2 W35 % P 262 A
4107 ¥ 7.5 13.9 +3 .2 =.5 e a4 X .5 20 A
4108 X 5.7 13.9 =.1 4 -4 $2 239 % 1.1 58 B
4109 ¥ 3.0 13.4 -.2 S Y .38 % 1.2 23 B
4110 ¥ 3.0 23.3 -.3 NN Y 258 % 1.2 1% A
8114 ¥ 1.4 5.0 -.1 1 =2 - W19 X &.1 329 D
8117 X 1.5 8.8 =-.0 W1 =3 =1 W24 %k 4.0 337 0
8118 ¥ 2.3 2.1 -.0 Lo =0 =1 .12 % 1.9 330 E
8119 X 4,3 15,7 =.2 +2 0 =1 W20 k2,0 319 E
8120 ¥ 2.6 b.8 »1 =41 L1 =a2 W17 % 2,9 o E
8121 X 1.3 4.8 =-.0 NI T | L1100k 4.5 19 E
g704 % 2,7 S.4 =-.,2 «3 =2 -~ 30 k1.2 ] E
8707 ¥ 5.9 24,7 =.2 23 =1 =0 W27 % 1.5 339 1]

- a708 £ 2.3 B.2 -.1 2 =l =.4 W34 X 3.0 328 [
8715 ¥ 2.0 4.0 -.1 W2 =2 =2 W26 % 7,2 325 ]
8714 X 1.9 4.9 0 =0 0 =a1 +11 %X 4.4 333 D
8717 £ 1.4 5.9 =.0 W1 =2 -1 714 ¥ 4.8 334 1]
az1g X 2.6 10,9 =.0 N 0 =2 14 X 2.0 312 E
8913 X 2.4 9.5 2 =3 .2 0 W25 k2.5 159 a
8?14 X 2.9 5.8 ~.0 1 =0 =0 06 % 2.4 191 A
8915 ¥ 1.6 4.2 -.1 Y- ] 37 % 2.1 203 A
8914 X 2,1 4.8 -.1 W2 =t .0 L1595 ¥ 2.2 190 B
8917 X 2.1 4.8 -~,1 2 =1 =,0 W15 % 1.8 194 E
B918 X 2,1 10,0 ~.1 1 =1 -1 15 X 2.4 144 £
8919 ¥ 2.4 B.S& 5 -9 .5 N WBO X 2.4 142 E
8920 ¥ 2.4 9.9 1 -1 .1 0 «10 X 2.4 143 E
8921 ¥ 3.1 9.7 1 =t 1 -0 W3 %X 1.7 149 F
gean ¥ 2,9 S.8 0 -0 N | 07 % 1.9 175 F
8923 ¥ 1,9 3.2 -0 0 -,0 N 01 % 2.3 143 E
9114 ¥ 4.7 3.4 -,t o1 1% T | 10 X 2.4 179 A
2115 ® 2,2 7.0 L0 =2 .0 N 05 %X 3.1 177 B
?114 ¥ 2.1 7.7 .0 -.1 P | .13 x 3.6 181 c
P117 X 2.3 13.9 W2 -.3 2 - 231 % 2.9 140 o
?514 * 2,5 15,2 -.2 4 =2 .0 +32 % 3.2 149 11}
9517 Tk 2.4 14,2 W2 =3 W2 N .32 x 3.3 148 n
7518 X 1.9 4.8 -.2 3 -4 .0 3% % 4.5 151 ]
?519 X 1.5 3.7 -~-.0 0 =1 .0 .05 X 4.4 143 B
75290 X 2.3 3.t N TS | W0 .0 Q7 X F.% 143 D



In addifion to the best fit values far A, and o, Tables 17
thru 20 contain the differences between predicted (using
Equation 6-2) and observed concentrations for each probe
level on the tower, and the standard error (SYX) computed

as follows,

172
. i - Y'i)z
syx =|—=1 (6-11)

These results provide a measure of how well the Gaussian
distribution is modeling the actual vertical concentration

profile.

After careful review of Tables 8 thru 20, a small fraction
of the results presented therein were deleted from further
consideration. These results deviated significantly from
the trends exhibited by the rest of the data, and could
not possibly be explained using the Gaussian model. Table

21 1ists the deleted results.
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Table 21

" DELETED DISPERSION PARAMETER RESULTS

Data Run MNo. or Ground Level Tower
Base Date-Time Analysis Analysis
GHM 2830950 63 meters

SRI 24 JAN 0800 ATl All
SRI 28 JAN 1100 79 & 110 meters

6.3 Discussion

The results shown in Tables 11 thru 20 can be used to test
the assumption that the Gaussian formulation (Equation 6-2)
adequately describes the vertical distribution of pollutant
concentrations near a roadway. The residuals {(YHAT-Y) for
towers immediately adjacent to the roadway indicate a great-
er amount of kurtosis (higher concentrations in the central
and tail areas of the distribution) in the observed vertical
concentration profile than can be explained by the Gaussian
distribution. This condition is the result of a low ratio
of receptor distance to source dimension (roadway width)
which violates the dgeometric description of the source, used

in deriving Equation 6-1, as a line of infinitesimal width,.

Figures 14 thru 16 illustrate this effect. They show

observed and best fit Gaussian estimates for the vertical
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concentration profile of SFg at each downwind tower of the
GM experiment. The values shown are averages of all cases
for unstable (A thru C), neutral (D) and stable (E and F)
atmospheric conditions., The best fit Gaussian distribution
has difficulty matching the average observed concentration
at z = 9.5 meters on the 15 meter tower (located approxi-
mately 4 meters from the roadway edge}. However, by the
time the 28 meter tower is reached, this effect has almost
disappeared. The close matches attained at all other
probes under varying atmospheric stability conditions pro-
vides strong support for the use of the Gaussian model near

roadways.

An interesting comparison of the values of Gz measured
within the roadway median can be made by studying Tables 17,
18 and 19, Values for 0, measured under similar wind speed
and stability conditions are 2 to 3 times higher for the

LAT depressed section site (Table 18) than for either the
at-grade GM site (Table 11) or the LA3 fill site (Table 19).
Possible explianations include the existence of a "chimney"
effect over the depressed section, or a "dead" air space
within the section permitting more thorough mixing of

emitted pollutants via vehicle induced turbulence.
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Plots of 0, versus downwind distance from the roadway center-
line for crosswind cases of the GM, SRI and MY data bases
are shown by stability class in Figures 17 thru 22. These
plots were used to compare the dispersion curves for pas-
sive, ground level releases proposed by Pasquill (1974) and
Smith (1972) to the observed measures of Uz near roadways.
Both ground level and tower analysis values for dz were
piotted except when both measures of Gz were available at
the same Tocation. Then the tower results were used
exclusively., Downwind distances were computed by dividing
the perpendicular probe or tower distance by the sine of
the roadway-wind angle, ¢, The plots are in log-log
format, and contain best fit dispersion curves, derived by
least squares regression, of the form, Uz = axb. The power
Taw approximations for the growth of vertical spread with
distance suggested by Pasquill aﬁd Smith for z, = 10 centi=-

meters are also plotted, and denoted by the Tlabel, P-S.

A11 of the plots are characterized by well organized trends
with significantly high correlation coefficients (r) des-
pite the independent origins of the three data bases.
Comparison of the best fit curves (shown as dashed) and the
P-S curves for increasingly stable conditions reveals an
interesting divergence in results. For the most unstable

classes (A and B) agreement between the curves is close
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and certainly within the confidence limits of the data.
But for each increasingly stable class thereafter, the P-S
curve falls further below the best fit curve. This illus-
trates the increasing importance of roadway turbulence
contributions to short range downwind mixing as ambient

conditions become more stable.

The best fit vertical dispersion curves for stability
classes A through F are shown on a single graph in Figure
23. With the exception of the most stable class, F, the
curves tend to have a common origin at the roadway edge of
approximately 2.5 meters for g,- Furtheyr downwind they
tend to diverge with greater vertical mixing occurring for
the more unsfable classes. This suggests that the dominant
mixing processes near the roadway are relatively independent
of stability class, and that the influence of the ambient
stability gradually reasserts itself 50 to 100 meters down-
wind of the roadway centerline. The elevated values of g,
near the roadway for stability class F may be attributable
to efther plume bouyancy or enhanced traffic induced initial

mixing under low wind speed conditions,

Assuming the validity of the power curve relationship, ¢, =
axb, for short range dispersion, the vertical rate of plume

growth with respect to distance may be expressed as,
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do . ICED (6-12)
X

This relationship was used to further compare the P-S and
overall best fit dispersion curves. Tahle 22 1lists values
for ddz/dx at 50 meters for both types of curves, and gives

the ratio of the results.

Table 22

PASQUILL-SMITH (P-S) AND BBST FIT VERTICAL
RATES OF PLUME GROWTH (dUZ/dX) AT

50 METERS
dcz/dx
Stability Best Fit P-S Ratio
Class (1) _(2) (1)/(2)
A 0.176 0.170 1.03
B 0.103 0.109 0.95
C 0.096 0.080 1.19
D 0.086 0.059 1.44
E 0.055 ¢.038 1.44
F 0.099 0.022 4.50

The table clearly shows that a faster rate of plume growth
is to be expected under most conditions for pollutants re-

leased from a moving stream of traffic than for the passive
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releases on which:fhe P-S curves are baséd, and that this
effect becomes more pronounced under increasingly stable
conditions. The other interesting aspect of the table is
the expected downward trend in best fit values of dcz/dx
for increasing stability, and the departure from this trend
for stability c¢lass F. This departure again sudgests an in-
teraction between stable, low wind speed regimes and either

thermal or mechanical sources of traffic induced turbulence.

To explore this idea further, values of a, b and dGZ/dx were
computed for individual runs of the GM data base. To assure
consistency in the results, values from ground level anal-
yses with four or more estimates of o, were used exclu-
sively. The plume growth rate, ch/dx, was evaluated at the
location of the downwind meteorological tower, 43 meters

from the roadway centerline.

Plots of dczydx against the downwind values of Kz and H
obtained during the meteorological analysis revealed no
significant correlation. A slight tendency for a slowing
of vertical plume growth with increasing upwind stability
is shown in Figure 24, though it is not statistically
significant. As in the overall analysis, the two F sta-

bility cases shown are above the general downward trend.
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Unfortunately, none of the F stability cases with wind
speeds Tess than 1 m/s could be plotted hecause of lack of

ground Tevel and Obukhov length results.

At this point it was decided that the simplest means to
bridge the gap between the P-S curves and the near roadway
measurements of Gz was to determine a method of predicting
the initial verticaTIdispersion parameter at the roadway
edge, SGZ1, and then modifying the P-S curves to fit this
value. If the Tower wind speeds characteristic of F
stability could be correlated with higher values of initial
vertical dispersion, then an explanation for the high values

of ch/dx observed for F stability could also be made.

Earlier studies made by Benson and Squires (1979) conc1uded.
that SGZ1 was independent of traffic speed, volume and am-
bient stability, given neutral to stable conditions and
traffic volumes of at Teast 4000 véhic]es per hour. It was
argued that vehicle induced mechanical turbulence dominated
near the roadway under free flow traffic conditions, and
that thermal turbulence from vehicular waste heat supplanted
‘the mechanical turbulence when traffic flows became conges-
ted, A strong inverse correlation between SGZ1 and wind
speed was observed, however, and gave rise to the mixing

zone residence time model used in CALINE3.
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The mixing zone residence mcdel simply assumes that SGZ1 is
proportional to the amount of time a parcel of air spends
cver the intensely turbulent mixing zone. The width of the
mixing zone is given as the width of the active roadway plus
3 meters on each side to account for the vehicle wake effect.
The time of residence (TR) is arbitrarily defined as the
quotient of the perpendicular distance from centerline to
mixing zone edge and the wind speed measured upwind at a

height of approximately 5 to 10 meters.

Figures 25 thru 27 contain plots of S6Z1 versus TR for the
GM, SACTO and NY data bases. The SACTO intersection site
nas a much lower intercept than the two freeway sites. This
can be attributed to the stop-and-go nature of traffic move-
ment throush the intersection which tends to diminish ini-
tial mixing of tailpipe emissions due to the vehicle wake
effect. The slope of the 1inear relationship between SGZ]
and TR appears to be inversely related to mixing zone width
(W). This indicates that a wide roadway is not very sensi-
tive to the residence time effect since, for the range of
normal wind speeds, there is always sufficient time for the
full mixing effact of the roadway turbulence to be felt.

For the opposite reason, SGZ1 for a narrow roadwav can be
expected to be much more sensitive to TR, Hota that the

apparent lack of a significant vehicle wake effect for the
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SACTO ihtersection site was accounted for by omitting the 3

meter per side addition to M.

The dispersion parameter analysis demonstrates that vertical
concentration profiles measured near roadways under cross-
wind conditions can be adequately described by a Gaussian
distribution, and that traffic induced turbulence signifi-
cantly enhances the amount of vertical mixing taking place
near the roadway under neutral to stable atmospheric condi-
tiens. Also, the relationship between pollutant residence
time within the roadway mixing zone and initial vertical
dispersion is shown. The CALINE3 model, described in the
Section 8, was based on these findings combined with a
revised geometrical 1ﬁterpretation of the roadway as a

series of finite line sources.
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7. SUMMARY OF FINDINGS AHD COMCLUSTONS

The preceeaing sections have considered the significance and
extent of vehicle induced turbulence, particularily as it
relates to the vertical dispersion of inert gases hear road-
ways. This was done by analyzing changes in surface layer
stability, diffusivity and heat flux measured upwind and
.downwind of test roadways. Direct measurements of carbon
monoxide and tracer gas concentrations were also analyzed in
terms of the Gaussian dispersion model. By classifying
these results into conventional Pasquill stability categor-
ies, insights regarding the mechanisms of pollutant disper-
sion near roadways were obtained. Also, practical infornma-
tion was gathéred on how to hodify the Gaussian model to
account for vehicle induced turbulence., In Section 8, the
CALINE3 line source dispersian model, which was developed
from the findings of this research, is described .in detail.
In this section a brief summary of the findings and conclu~
sions of the meteorological and dispersion parameter analy-

ses is made,

Results of the meteorological analysis make it clear that
vehicle induced turbulence can alter surface Tayer stability
within the immediate vicinity of the roadway., However, this

affect is only significant during neutral to stable regimes,

129



In support of this, the dispersion parameter analysis shows
no significant difference betwean the Pasquili-Smith verti=-
cal dispersion curves and those derived from observed values
of o, under unstable conditions. But, for neutral to stable
conditions, the Pasquili-Smith curves seriously underpredict
a,.

The importance of the two types of vehicle induced turbu-
Tence, mechanical and thermal, is also studied. Comparison
of upwind to downwind values of diffusivity and friction
velocity indicate that mechanical turbulence, originating
within the roadway zone, is unimportant compared to ambient
Tevels of turbulence during unstable canditions, but becomes
increasingly important as conditions move from neutral to
stable., Measurement and comparison of upwind and downwind
heat fluxes using the same data bases suggest that thermal
effects are significant during near-neutral conditions when
relatively small additions of heat can initiate vertical
movements of air, Apparently, during stable regimes, vehi-
cular sources of therma} energy are not of sufficient
magnitude to overcome the prevailing thermal stabitity.
Maturally, during un;table conditions, vehicular thermal
emissions do not add significantly to the thermal turbulence
created by surface heating., In fact, the measurements

indicate a tendency for more neutral conditions to exist
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downwind of the roadway. This is probably attributable to
the thorough mixing of the Tower 10 meters of air imparted

by the vehicle induced mechanical turbulence.

The statistical methodology used to fit Gaussian distribu-
tions to observed vertical concentration profiles revealed
that the Gaussian model is flexible enough to simulate
observed vertical distributions as close to the source as
the roadway edge. It also showed that the relationship
between o, and the downwind distance, x, can be adequately
described by a power curve of the form o, = axb for dis-
tances up to at Teast 200 meters downwind from the roadway

centerline.

The unusually high values of :initial vertical dispersion
measured under low wind speed, F stability conditions are
attributed to the increased residence time of pollutants
within the turbulent mixing zone. Results from the compari-
son of upwind and downwind heat fluxes made in the metecro-
logical analysis seem to indicate that thermal turbulence
and plume rise are not important factors under such condi-
tions. Instead, the mixing zone model used in CALINE3 was
derived from the reasonably strong correlations exhibited

between initial o, and residence time,.
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8. MODEL DEVELOPMENT AND NESCRIPTINN

8.1 Improvements of CALINE3 Over CALINE?

The first formal, computérized version of the California
Line Source Dispersion Model, called CALINE2, was introduced
by Ward et. al. (1976). CALINE2 was used extensively by
transportation agencies across the country for assessing air
quality impacts of proposed transportation projects. Noll
et. al. (1978) reported serious overpredictions made by
CALINE2 for results measured under stable conditions with
winds parallel to the roadway. Benson (1978) confirmed
these findings and also noted a tendency for the model to
underpredict during neutral to unstable, crosswind condi-
tions. The development of CALINE3 was in response to these
findings, and was a result of a total reexamination of the

assumptions and algorithams contained in CALINE2.

The first and most critical area in which CALINE2 seemed
deficient involved the horizontal (oy) and vertical (cz)
dispersion parameter curves. The cy and ¢, curves used in
CALINE2 were developed for averaging time; of approximately
3 minutes and smooth terrain (z0 = 10 centimeters). This

led to extremely conservative predictions for 1 hour
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averaging times and rough terrain such as normally encoun-

tered in urban areas.

CALINE3 solves this problem by applying power Taw correc~
tions for averaging time and surface roughness to the oy
and v, dispersion parameters. CALINE3 also adjusts the
value of Uz at the roadway edge, set at a constant 4 meters
in CALINEZ, to be a function of pollutant residence time in
the mixing zone. This corrects for the CALIWEZ underpre-
dictions that were ohserved for neutral to unstabie, cross-
wind conditons by recognizing that lower initial values of
g, occur at the higher windspeeds typical of Pasquill
stabjlity classes C and D. A special adjustment is made‘by
CALINE3 to account for the apparent increased residence
time for pollutants emitted in depressed sections. This is
in contrast to the CALINE2 depressed section reduction
factor which was derived from concentration profiles
measured directiy over the roadway, but applied in blanket

fashion to all receptors regardless of location.

Another difficulty with CALINE2 involved its indirect
handling of wind directions oblique to the roadway and its
assumption of a single, 5 mile Tong Tine source of constant
emissions. The model could only directly calculate recaptor

concentrations for roadway-wind angles, PHI, of 0° (parallel
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wind) aridVE’OUCJ (crosswind). The parallel wind concentration,
CP’ was computed by summing elemental contributions for a
1/2 mile Tength of roadway, and then extrapolating to 5
miles. This gave no allowance for a change in roadway
alignment or emissions. The crosswind concentration, Cc’
was computed by assuming the 1ine source was of infinite

length. These two results were then combined using,

Coyp = C¢ sin (PHI) + C, cos (PHI) (8-1)

where CPHI equaled the receptor concentration for the

roadway-wind angle, PHI,.

This problem is solved in CALINE3 by adopting a uniform
method of computing incremental contributions from each
roadway element, The contributions are computed as a direct
function of wind-roadway angle, and summed to yield a total
receptor concentration, The roadway or link length can be
adjusted by the user, and multiple 1inks can be used to

simulate changes in alignment or source strength.

CALINEZ computed its value for CP by wmodeling each elemental
area source of the roadway as if it were emitted from a
point source, This "virtual® point source was located suf-

ficiently upwind of the element such that the plume width,
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defined as 40y, equaled the mixing cell width, defined as
the roadway width plus 10 feet on each side, as the plume
traveled over the element. The mixing cell itself was
treated as a box model with a height of 4 meters and a
constant concentration throughout. The basic incompata-
bility between the box model and the Gaussian point source
model led to an unavoidable discontinuity in CALINE2 results
at the mixing cell edge. Furthermore, the assumption of a
uniform concentration across the mixing cell was not suppor-

ted by field measurements taken under crosswind conditions.

In CALINE3, elements are modeled using an equivalent finite
line source. In this scheme, the roadway element, which is
in fact an area source, is modeled as a line source of
finite Tength centered at the element mid-pointland oriented
perpendicular to the wind direction. The emissions from the
roadway element are distributed in a uniform manner along
the equivalent finite l1ine source whose length is determined
.by the element geometry and roadwayv-wind angle. Thus,
elements aré modeled using a single computational scheme
which is one dimension c¢loser to reality than the CALINE2
virtual point/box model method. Discontinuities are
eliminated, and the geometry of roadway emissions are

handled in a more realistic way.
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8.2 Equivalent Finite Line Source Formulation

CALINE3 divides individual highway 1inks into a series of
elements from which incremental concentrations are computed
and then summed to form a total concentration estimate for

a particular receptor location (see Fig. 28). The receptor
distance is measured along a perpendicular from the receptor
to the highway centerline. The first element is formed at
this point as a square with sides equal to the highway width.
The lengths of subsequent elements are described by the fol-

lowing formula:

EL = wxpasg(ME-T) (8-2)
Hhere, EL = Element Length
W = Highway Width
NE = Element Humber
BASE = Element Growth Factor

PHI<20°, BASE=1.]
20;3PHI<50f, BASE=1.5
50°<PHI<70°, BASE=2.,0
70°<PHI » BASE=4.0
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Thus, as element resolution becomes Jess inportant with
distance from the receptor, eTemgnts become larger to permit
efficiency in computation. The choice of the element growth
factor as a function of roadway-wind angle (PHI) range
represents a good compromise between accuracy and computa-
tional efficiency. Finer initial element resolution is
unwarranted because the vertical dispersion curves used by
CALINE3 have been calibrated for the link half-width (¥2)

distance from the element centerpoint.

Each Element is modeled as an "equivalent" finite line
source (EFLS) positioned normal to the wind direction and
centered at the element midpoint (see Fig. 29). A local
X~y coordinate system aligned with the wind direction and
originating at the element midpoint is defined for each
e]ement. The emissions occurring within an element are
assumed to be released along the EFLS representing the
element. The emissions are then assumed to disperse in a
Gaussian manner downwind from the element. The Tength and
orientation of the EFLS are functions of the element size
and the angle {PHI, ¢) between the average wind direction
and highway alignment (see Fig. 30). Values of PHI=0 or
PHI=90 degrees are altered within the program an insignifi-
cant amount to avoid division by zero during the EFLS

trigonometric computations.
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In order to distribute emissions in an equitable manner,
each element is divided into five discrete sub-elements
represented by corresponding segments of the EFLS (see Figs.
31 & 32). The use of five sub-elements vields reasonable
continuity to the discrete element approximation used by the
model while not excessively increasing the computational
time. The source strength for the segmented EFLS is modeled
as a step function whose value depends on the sub-element
emissions, The emission rate/unit area is assumed to be
uniform throughout the element for the purposes of computing
this step function. The size and location of the sub-
elements are a function of element size and wind angle (see

Fig. 33).

Downwind concentrations from the element are modeled using
the crosswind finite line source (FLS) Gaussian formulation.
Consider the receptor concentration attributable to an FLS

segment of length dy shown in Figure 34:

(8-3)

qdy -y? ) ~z=H)? ~(z+H)?
dC = z——— lex ax + exp
2u0y 0y I: p(z@a p 20,2 20,2
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where, dC Incremental Concentration

q = Lineal Source Strength
u = Wind Speed
H = Source Height

Q
u

s 9, Horizontal and Vertical Dispersion
s Parameters

Since o, is constant with respect to y, let:

2 2 (8"4)
z-H) ~(z#H)
A= expl——| + exp
xp[aﬁz} [202}

b4

Y . (8-5)

Note that cy and ¢, are functions of x, not y.

Substituting p=y/cy and dp=dy/oy:

fe/ 9 (8-6)
. __Aa ~p2
¢ mmeae | () e

/0y
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Backsubstituting for A and removing Uy from the integral

Teaves:

=% (8-7)
2 - 2 _P2
q —{z—H) (z+H) } < ( )d
C:= ex + z Rl W) P
270 p[ Uf] { 3
¥4/ 0y
This can be rewritten as:
(8-8)
c-_ @ el I ALl
Vamagu )P g 20;°
Where,
8-9
Y2/0y ( )
|l - p2 Normal Probability
PD= —— e - ‘
T P ( 2 ) d Density Function
Y|/O'
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CALINE3“cohputes receptor concentrations by approximating
the crosswind FLS equation in the following manner (see

Fig. 35):

(8-10)

: S Z-rezwixnP o (—zHraxkx?\| S
= *z ot *z eXp(:-!———é—-—-)-i-exp(—-—zﬂ-—) *Z(WTj* QE; * PD;j)
VewlV = )54 2o 2% SGZ; 2%SGZ; &

Yhere, n = Total number of elements

u

CNT Humber o€ multiple reflections

required for convergence
U = Wind speed
L = Mixing height (MIXH in coding)
SGZi = g_ as f(x) for ith element

z
QE Central sub-element lineal source

strength for ith element

WT. = Source strength weighting factor for
I jth sub-element (WT, = 0.25,
WNT, = 0,75, ...}

2
Vi1
SGY;

o1 -Pa)
PD,]—_VE;; exp ( >} dp
R
SGY;
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Yj’ Yj+1 = (QFffset distances for jth sub-elzment

SBY

Gy as f(x) for ith element

PDij is calculated by use of a fifth order polynomial
approximation (Abramowitz, 1968). MNote the addition of
multiple reflection terms represented by non-zero k indices

to account for restricted mixing height (L).

The source strength weighting factor (HTj) adjusts the cen-
trai sub-element Tineal source strength measured with res-
pect to the y-axis (0QE) to the mean T1ineal source strength
for each peripheral sub-element. Because of the uniform
width of the peripheral sub-elements (EN2) and the assump-

tion of uniform emissions over the element, gq=0 8 y=Y

'I:
q=0NE/2 0 y=Y2, q=0E @ y=Y3, etc.
Therefore,
HT]*QE = HTS*QE = (QE/2+0)/2 ="0.25 QE (8-11)
NTZ*QE = NT4*QE = {QE+QE/2)/2 = 0.75 0OE (8-12)

The elfement summation of the FLS equation is actually initi-
ated twice for each highway 1ink specified by the user (see
Fig. 36). The computation takes place first in the upwind

direction, ending when the element limits go beyond the
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upwind Tength (UWL) for the 1ink. The Tength of the last

element is modified to conform with the 1ink endpoint.

Tne program then proceeds in the downwind direction until
the downwind length (DHL) is exceeded. As soon as a nega-
tive value of fetch (FET) is encountered, the program
automatically concludes the downwind lToop computations. If
a receptor is located within an element or downwind from
part of an element, only the upwind portion of the element

is used to determine the source strength,
8.3 Mixing Zone Model

CALINE3 treats the region directly over the highway as a
zone of uniform emissions and turbulence. This is designa-
ted as the mixing zone, and is defined as the region over
the traveled way (traffic lanes - not including shoulders)
plus three meters on either side (see Fig., 37). The
additional width accounts for the initial horizontal dis-
persion imparted to pollutants by the vehicle wake effect

(Dabberdt, 1975).

Yithin the mixing zone, the mechanical turbulence created
by moving vehicles and the thermal turbulence created by

hot vehicle exhaust is assumed to predominate near the
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ground.‘ The findings presented in Sections 5 and 6 indicate
that this is a valid assumption for all but the most unstable
atmospheric conditions. Since traffic emissions are re-
leased near the ground level and model accuracy is most
ijmportant for neutral and stable atmospheric conditions, it
is reasonable to model initial vertical dispersion {SGZ1)

as a function of the turbulence within the mixing zone.
Analysis of the data base indicates that SGZ1 is insensitive
to changes in traffic volume and speed within the ranges of
4,000 to 8,000 vehicles/hr and 30 to 60 mph {Benson and
Squires, 1979). This may be due in part to the offsetting
effects of traffic speed and volume. Higher volumes in-
crease thermal turbulence but reduce traffic speed, thus
reducing mechanical turbulence., For the range of traffic
conditions cited, mixing zone turbulence may be considered

a constant. However, pollutant residence time within the
mixing zone, as. dictated by the wind speed, significantly
affects the amount of vertical mixing that takes place
within fhe zone. As shown in Section 6, a distinct Tinear

relationship between SGZT and residence time exists.
CALINE3 arbitrarily defines mixing zone residence time as:

TR = H2/U (8-13)
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]

WHhere, We Highway half-width

[t
|

= Hind speed

This definition is independent of wind angle and element
size. It essentially provides a way of making the EFLS
model compatible with the actual two-dimensional emissions
release within an element. For oblique winds and larger
elements, the plume is assumed to be sufficiently dispersed
after traveling a distance of W2 such that the mixing zone

turbulence no longer predominates.
The equation used by CALIME3 to relate SGZ1 to TR is:

SGZ1 = 1.8 + 0.11* TR (8-14)
{m) (secs.) :

Equation 8-14 was derived from an earlier analysis of the

GM data base exclusive of easterly crosswind cases. Con-

sideration of these additional cases leads to the slightly
different version of Equation 8-14 shown in Figure 25,

The differences are well within the 95% confidenﬁe Timits

for bath the intercept and slope, and therefore do not

justify a change in the established model.
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SGZ1 is adjusted in the model for averaging times other than

30 minutes (used in the GY study) by the following power

Taw:

SBZ1,71y = SGZ1,4% (ATIM/30)0:2 . (8-15)
Yhere, ATIM = Averaging time (minutes)

The value of SGZ1 is considered by CALINE3 to be independent
of surface roughness and atmospheric stability class. The
user should note that SGZ1 accounts for all the enhanced
dispersion over and immediately downwind of the roadway.
Thus, the stability class used to run the model should be
representative of the upwind or ambient stability without

any additional modifications for traffic turbulence.
2.4 Vertica1 Dispersion Curves

The vertical dispersion curves used by CALINE3 are formed
by using the value of SGZ1 from the mixing zone model, and
the value of g, at 10 kilometers (SZ10) as defined by
Pasquill (1974) and Smith (1972). 1In effect, the power
curve approximation suggested by Pasquill is elevated near

the highway by the intense mixing zone turbulence (see

Fig. 38). The significance of this added turbulence to
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plume growth lessens with increased distance from the
source, The 10 kilometer Tength is chosen to provide
continuity between CALINE3 and the original 5 mile length
assumed by CALINEZ., It is not meant to imply that measur-
able effects of vehicle induced turbulence exist 10 kiio-
meters downwind from the roadway, but that the original
power curve approximation to the true Pasquill-Smith curve,
which is actualiy concave to the 2nx axis, becomes in-
creasingly inaccuratevbeyond 10 kilometers and is only an
approximation with a maximum error of 10% for distances
less than 10 kilometers. Sensitivity analyses reveal that
contributions from elements greater than 10 kilometers from
the receptor are insignificant even under the most stable

atmospheric conditions.

An alternate method proposed by Calder (1973, see Equation
3-11) for modifying the Pasquill power curve to matgh the
initial roadside dispersion parameter was also examined.
This method had the advantage of asymptotically approaching
the Pasquill curve rather than intersecting it, thus pro-
viding a smooth transition from the modified to conventional

form of the curve.

To compare the two methods, residual root mean squares were

calculated for individual runs of the GM and SRI data bases
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as Tollows,

n A o L 1/2
1= 1
RMST = (3-16)
n
n n o _1/2
.22 (p0,. - 021)
i= 1
RMS2 = ~ (8-17)

observed vertical dispersion parameter based

vwhere, g,
i én ground level results,

o} = PZ'I*xPZZ
! b

50 = a{x+c¢)
PZ1 and PZ2 were calculated by setting SGZ1 equal to the Gz
measured closest to the roadway (GZ ), and ¢ was determined

.i
by assuming the Pasquill values for a and b, and solving
for ¢ given 62 measured at distance x.
1

The results of this analysis are shown in Figures 39 and 40

as the difference between RMST and RMS? plotted against the

inverse Obukhov Length. The predominance of negative
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results, especially for neutral to stable conditioné, indi-
cates that a better degree of fit to observed results is
attained by the intersecting power curve than by Calder's
method. In fact, residual plots reveal that the Calder
curve has a tendency to return to the original Pasquilil

curve much faster than the measured data.

The rates of plume growth for the two types of curves are,

d,o -

12 - pryspzeex(PL271) (8-18)
dx

d,o
27z _ b-1 .
i ab(x + ¢) (8~19)

Because Equation 8-19 is so strongly dependent on the
original Pasquill values for a and b, it cannot account for
the lingering effects of vehicle induced turbulence down-
wind of the roadway. For this reason, the Calder method-
ology, when applied using Pasquill values for a and b
determined from upwind stability measurements, severely

underpredicts mid-distance values for_dz.
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For a given set of meteorological conditions, surface
roughness (Z0) and averaging time (ATIM), CALIMNE3 uses the
same vertical dispersion curve for each element within a
highway 1ink. This is possible since SGZ1 is always defined
as occurring at a distance W2 downwind from the element
centerpoint. SZ10 is adjusted for Z0 and ATIM by the

following power law factors:

) sy 042 0.07 )
SZ10, 11y, 70 = SZ10%(ATIN/3)7+%%(20/10) (8-20)

Where, ATIN = Averaging time {minutes)

Z0

1]

Surface roughness {cm)

Table 23 contains recommended values of Z0 for representa-

tive land use types (Myrup and Ranzieri, 1976).

The vertical dispersion of CO predicted by the model can be
confined to a shallow mixed Tayer by means of the conven-
tional Gaussian multiple reflection formulation (Turner,
1970). This capability was included in the model to allow
for analysis of Tow traffic flow situations occurring during
extended nocturnal low level inversions. Surprisingly high
8 hour CO averages have been measured under such conditions

(Remberg et. al., 1979).
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Surface Roughness for Various Land Uses

Type of Surface

Smooth mud flats
Tarmac (pavement)
Dry lake bed
Smooth desert
Grass (5-6 cm)
(4 cm)
Alfalfa (15.2 cm)
Grass (60-70 cm)
Wheat (60 cm)
Corn (220 cm)
Citrus orchard
Fir forest
City Tand-use

TABLE 23

Single family residential
Apartment residential

Office

Central Business District

Park
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Z0 (cm

0.00t1
0.002
0.003
0.03
0.75
0.14
2,72
11.4
22
74
198
283

108
370
175
321
127



It is recommended for these cases that reltiable, site
specific field measurements be made. The following mixing
height model proposed by Benkley and Schulman {1979) can

then be used:

MIxn = 0. 185*U*k (8-21)
EIn(Z/Z0)*F
Hhere, U = Wind speed (m/s)

Z = Height U measured at (m)

Z0 = Surface roughness (m)

k = von Karman constant (0.35)

f = Coriolis parameter

= 1.45 x 10°% cos® (radians/sec)

@ = 90° - site latitude

For nocturnal conditions with Tow mixing heights, wind
speeds are likely to be less than ] m/s. Extremely sensi-
tive wind speed and direction instrumentation would be
required for reliable results at such low wind speeds. In
order to use CALINE3 for these conditions, measurements of
the horizontal wind angle standard deviation will be needed,
The model can then be modified to calculate horizontal dis=~
persion parameters based on the methodology developed by

Pasquill (1976) or Draxler (1976). The user is cautioned
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that the model has not been verified for wind speeds below
1 m/s, and that assumptions of negligible along-wind dis-
persion and steady state conditions are open to question at

such low wind speeds.

Mixing height computations must be made for each element-
receptor combination, and thus add appreciably to program
run time, As has been shown by sensitivity analyses, the
mixing height must be extremely low to generate any signifi-
cant response from the model. Therefore, it is recommended
that the user bypass the mixing height computations for all
but special nocturnal simulations. This is done by assign-

ing a value of 1000 meters or greater to MIXH.

8.5 Horizontal Dispersion Curves

The horizontal dispersion curves used by CALINE3 are iden-
tical to those used by Turner (1970) except for averaging
time and surface roughness power Taw adjustments similar
to those made for the vertical dispersion curves (see Fig.
41). The model makes no corrections to the initial hori-
zontal dispersion near the roadway. The only roadway
related alterations to the horizontal dispersion curves

occur indirectly by defining the highway width as the
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width of the traveled way plus 3 meters on each side, and

assuming uniform emissions throughout the element.

If field measurements of the horizontal wind angle standard
deviation are available, site specitic horizontal disper-
sion curves can be generated using the methodology devel-
oped by Pasquill (1976) or Draxler (1976). CALINE3 can
then be easily reprogrammed to incorporate the modified
curves. This approach is recommended whenever manpower

and funding are available for site monitoring.
8.6 Site Geometry

CALINE3 permits the specification of up to 20 Tinks and 20
receptors within an X-Y plane (not to be confused with the
local x-y coordinate system associated with each element).
A 1ink is defined as a straight segment of roadway having

a constant width, height, traffic volume, and vehicle emis-
sion factor. The Tocation of the link is specified by its
end point coordinates (see Fig. 42). The location of a
receptor is specified in terms of X, Y, Z coordinates.
Thus, CALINE3 can be used to wodel multiple sources and
receptors, curved alignments, or roadway segments with
varying emission factors., The wind angle (BRG) is given in

terms of an azimuth bearing (0 to 360°)., If the Y-axis is
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aligned with due north, then wind angle inputs to the model
will follow accepted meteorological convention (i.e. 90°

equivalent to a wind directly from the east).

The program automatically sums the contributions from each
link to each receptor. After this has been completed for
all receptors, an ambient or background value (AMB)
assigned by the user is added. Surface roughness is
assumed to be reasonably uniform throughout the study
area. The meteorological variables of atmospheric stabil-
ity, wind speed, and wind direction are also taken as
constant over the study area. The user should keep this
assumption of horizontal homogeneity in mind when assigning
Tink lengths, Assigning a 10 kilometer link over a region
with a terrain induced wind shift after the first 2 kilo-
metefs should be avoided. A 2 kilometer link would be

more appropriate.

The elements for each link are constructed as a function
of receptor location as described in Section 8.2 (see Fig.
43), This scheme assures that the finest element resolu-
tion within a 1ink will occur at the point closest to the
receptor. An imaginary displacement of the receptor in
the direction of the wind is used by CALINE3 to determine
whether the receptor is upwind or downwind from the tink

(see Fig., 44).
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For eaach highway Tink specified, CALINE3 réquikes an input
for highway width () and height (H). The width is defined
as the width of the traveled way (traffic lanes only) plus
3 meters on each side. This 3 meter allowance accounts for
the wake-induced horizontal plume dispersion behind a mov-
ing vehicle. The height is defined as the vertical dis-
tance above or below the local ground level or datum.
CAL&NE3 shouid not be used in areas where the terrain in
the - vicinity of the highway is uneven enough to cause

major spatial variability in the meteorology. Also, the
model should not be used for Tinks with values of H greater

than 10 meters or less than -10 meters,

Elevated highway sections may be of either the fill or
bridge type. Fok a& bridge, air flows above and below the
source in a relatively undisturbed manner. This sort of
uniform flow with respect to height is an assumption of
the Gaussian formulation. For bridge sections, H is
specified as the height of the roadway above the surround-
ing terrain, For fill sections, however, the model auto-
matically sets H to zero. This assumes that the air flow
streamlines follow the terrain in an undisturbed manner,
Given a 2:1 fill slope (effectively made more gradual as
the air flow strikes the highway at shallower horizontal

wind angles) and stable atmospheric conditions (suppressing
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turbulence induced by surface irregularities), this is a

reasonable assumption to make {Gloyne, 1964),

For depressed sections greater than 1.5 meters deep,
CALIHE3 increases the residence time within the mixing

zone by the following empirically derived factor,
DSTR = 0.72* ABS(H)0-83 (8-22)

This formulation was derived by determining the ratio of
the average best fit values for o, obtained for the median
towers of the LAT depressed section site and the fil1l
section LA3 site, and using Equation 8-14 to compute the
cerresponding ratio in residence times. A smooth power
curve was then fit to this point (H = 7.3 meters, DSTR =
3.7) and a value of DSTR = 1 at H = -1.5 meters (a rough

measure of the average vehicle height scale).

Application of the depressed section residence time factor,
DSTR, Teads to a higher initial vertica} dispersion para-
meter {SGZ1) at the edge of the highway. The increased
residence time, characterized in the model as a lower aver-
age wind speed, yields extremely high concentrations within
the mixing zone. The wind speed ié linearly adjusted back

to the ambient value at a distance of 3*H downwind from the
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edge of the mixing zone. By this point the effect of the
higher value for S$GZ1 dominates, yielding lower concentra-

tions than an equivalent at-grade section,

For depressed sections, the model 1is patterned after the
behavior observed at the Los Angeles depressed section site
studied by Caltrans. Compared to equivalent at-grade and
elevated sites, higher initial vertical dispersion was
occurring simultaneousiy with higher mixing zone concentra-
tions. It was concluded that channeling and eddying effects
were effectively decreasing the rate of pollutant transport
out of the depressed section mixing zone. Lower concentra-
tions downwind of the highway were atiributed to the more
extensive vertical mixing occurring within the mixing zone.
Consequently, the model yields higher values for concentra-
tions within or close to the mixing zone, and somewhat
lower values than would be obtained for an at-grade section
for downwind receptors. Except for these adjustments,
CALINEB treats depressed sections computationally the same

&8s at-grade sections.

t has been suggested that the model could be used for
evaluating parking 1ot impacts. If the user wishes to run
the model to simulate dispersion from a parking Tot, it is

recommended that SGZ1 be kept constant at 1 meter, and that
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the mixing zone width not be increased by 3 meters on each
side as in the normal free flow situation. This is be-
cause the sTow moving vehicles within a parking Jot will

impart much Tess initial dispersion to their exhaust gases.
8.7 Deposition and Settling Velocity

Deposition velocity (VD) is a measure of the rate at which
a pollutant can be adsorbed or assimilated by a surface.
It involves a molecular, not turbulent, diffusive process
through the laminar sublayer covering the surface. Set-
tling velocity (VS) is the rate at which a particle falls
with respect to its immediate surroundings. It is an
actual physical velocity of the particle in the downward

direction.

CALIMNE3 contains a method by which predicted concentrations
may be adjusted for pollutant deposition aﬁd settling.

This procedure, developed by Ermak (1977), is fully com-
patibte with the Gaussian formulation of CALINE3. It
allows the model to include such factors as the settling
rate of lead particulates near roadways (Little and Wiffen,
1978) or dust transport from unpaved roads. A recent
review paper by McMahon and Denison (1979) on deposition

parameters provides an excellent reference.
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Most sthdies have indicated that CO deposition is negli-
gible. In this case, both deposition and settling velocity
adjustments can be easily bypassed in the model by assign-

ing values of O to VD and VS.
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