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ABSTRACT

High frequency wind fluctuation data from the General Motors Sulfate
Dispersion Experiment were used to estimate the dispersion near roadways.
The standard deviations of the wind direction and the elevation angle
were computed for six averaging times for three half-hour periods when
the winds were nearly parallel to the test track. The EPA HIWAY model
was modified to use these fluctuation statistics directly to estimate
dispersion. Results from analysis show that model performance was improved
for parallel wind conditions when the fluctuation statistics of the wind
were used to estimate dispersion. The results also show that model estimates
are most sensitive to the vertical dispersion parameter. Indeed, concentra-
tions seem to be insensitive to the horizontal dispersion parameter.
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1. INTRODUCTION

This paper discusses the results of a pilot study on data ob-
tained from the General Motors Sulfate Dispersion Experiment (Cadle et
al. 1976). The purpose of this study is to investigate and develop
methods for estimating dispersion near roadways. A major objective of
this study is to investigate the performance of the EPA HIWAY model
(Zimmerman and Thompson, 1975) using dispersion estimates from the
fluctuation statistics of the wind.

The HIWAY model does not use the infinite line source approximation
to estimate concentrations downwind of a line source. Concentration
estimates are made by numerical integration of the Gaussian plume point
source equation. Thus, concentration estimates are functions of the
horizontal and vertical dispersion parameters (oy and oz). Pasquill
(1976) stated that the horizontal dispersion parameters (Pasquill-
Gifford (PG) dispersion curves) are most appropriate to a 3-minute
sampling time. One would expect that for longer sampling times, say
1 hour, Gy would increase and thus increase dispersion.

For the case where the wind is near perpendicular to the roadway,
the infinite Tine source equation is a good approximation. The effects
of crosswind dispersion are not important since the crosswind dispersion
from one segment of the line is compensated by dispersion in the oppo-
site direction from adjacent segments. However, when the winds are near
parallel to the roadway, it is no longer appropriate to assume that the
dispersion from one point is compensated by that of adjacent points. 1In
the past it has been observed that HIWAY overestimates concentrations
when the winds are near parallel to the road. If the overestimation of
HIWAY is due to a conservative estimate of oy it should be most noticeable
during parallel wind conditions.



The General Motors (GM) Sulfate Dispersion Experiment provides an
excellent data base for investigating dispersion near roadways. Not only
was this a controlled roadway study, but also three components of the wind
were measured and recorded every second at 20 locations across the
test track. This high frequency wind data is the most valuable in estima-
ting dispersion. The data used in this pilot study represent three half-
hour periods during which the winds were nearly parallel with the the road.
While the analysis of the data from the three periods gives valuable
insight into the dispersion during parallel wind conditions, the major
function of this paper is to set forth the techniques that will be
used to analyze the whole data set. The entire data set consists of
about 60 half-hour periods. A brief description of the GM data follows
in the next section.



2. DATA BASE

The data used in this analysis is a small part of a data set col-
lected at Milford Proving Ground by General Motors during the sulfate
dispersion experiment. The experiment was performed during October
1975. The data used in this paper consists of three half-hour periods
on October 24. A fleet of 352 catalyst-equipped automobiles were driven
around a 10 km narrow oval track. At the sampling locations, about
halfway down the track, the cross section simulated a 4-lane road with a
median. Eight vehicles were equipped to release sulfur hexafluoride
(SF6) as a tracer. The SF6 was sampled at 20 locations in the vicinity
of the test track (see Figure 1). SFe samplers were located on towers
1 through 6 at heights of 0.5, 3.5, and 9.5 m. Samplers were also located
on stands 7 and 8 at 0.5 m. Gill u-v-w anemometers were on towers 1 through
6 at heights of 1.5, 4.5, and 10.5 m. On stands 7 and 8 the anemometers were
at 1.5 m. The meteorological data consisted of 1-second values of the u-v-w
components of the wind from the 20 anemometers. The sampling time for SF6
was 30 min. For a more detailed discussion of the experiment and the data
set, see Cadle et al. (1976), and EPA (1976).
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3, ANALYSIS OF THE DATA

The data chosen for this pilot study were three half-hour periods
on October 24. These periods were chosen because the winds were within
5° of parallel to the test track. The fluctuation statistics o4 (standard
deviation of the horizontal wind direction) and oy (standard deviation
of the vertical wind direction) were calculated from the wind data
collected by the anemometer on Tower 1 at the 4.5 m level (see Figure
1).
The standard deviation of the wind direction was calculated from
the u and v components of the Gill anemometer. The mean wind direction

6 is given by,

where 6 = arctan (%&

To avoid the discontinuity at 360°, each 6, was assumed to be a unit
vector with components u and v. 6 is now defined as,

—n L -
- 15] U
8 = arctan n
TV,
i=1 !

Defining & in this way eliminates the discontinuity problem and avoids
the effect of the wind speed on the mean wind direction. oq is now
given as,
— 1/2
2




It is apparent that the maximum deviation between 0, and 6 is 180°.
Therefore, if the absolute value (ABS) of the difference (ei - 8)
was greater than 180°, the deviation is equal to 360-ABS(61-6).

The standard deviation of the vertical wind direction was computed

from the three components of the wind field.
VH is defined as,

v 2 2)1/2

y = (U= + v

The mean elevation angle ¢ is given as,

|
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¢ = arctan
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where w is the vertical component of the wind.

unit vector. o, is given as,

1/2

o =

b n

The horizontal wind speed

w and VH are components of a

The relationship between the horizontal dispersion parameter, Oys
and o, was suggested by Hay and Pasquill (1957, 1959).

0

o, (x) =0 X,

where; = BUS
= mean wind speed,
= averaging time,
T = sampling time.

(1)

X
B = ratio of the Lagrangian to the Eulerian time scales,
u
s



The relationship between o, and % is not as well understood as that for
the horizontal dispersion. In this analysis the following relationship
was used to estimate o,

o (x) =% _ x. (2)

For each half-hour period I, and % were calculated for different

averaging times. Table 1 shows 04 and %% for averaging times of 5, 10,
15, 30, 60 and 90-second. For example, in the first half-hour, o,
calculated from the 5-second averages would be indicated, using the

notation in Equation (1), as ¢ The sampling time is 1800 seconds

(half-hour), and the averagin99%§88’§s 5 seconds. Then, 360 values of & were
determined by forming 5-second averages end-to-end from the 1800 values
of the wind direction. Y 1800,5 is the standard deviation of the 360,
5-second averages. Similarly, values of Ty for the other averaging times
were determined.

Using Equations (1) and (2), the dispersion parameters were determined
as a function of downwind distance x (where x = Bus; the value for B
used in this analysis was 4 (Hay and Pasquill, 1959) for each half-hour
period. Figure 2 shows oy and o, plotted as a function of downwind
distance. The dotted lines indicate the PG dispersion curves. For
small x, cy(x) has a slope similar to the PG curves. Both plots indicate
that the dispersion during these three half-hour periods is that typical
of B-C stability.

The EPA HIWAY model was modified for this analysis to make concen-
tration estimates from the dispersion parameters determined from o_. and

6

c¢. Both Gy and o, are assumed to have the form of axb, where a and b

are constants determined from the data. For example, g is determined
for six averaging times. oy and x are then calculated using Equation (1)
for each of the six averaging times. ay is then known for six downwind
distances. The constants a and b are calculated for each interval in

the following way:

b. = 10 %y(+D -1n %y(J) 2. =
In x(

) -1n x(. X

i+ i) J



L 9401 5969 2°8v¢ L w2t Lot 0°85 (s4919uw) ¥
26" th £€8°¥€ 68°02 19711 768 [L°S (suo38u)Z
9608 L'€9 kA LL"V2 18" L1 06 °6 (suarow)o
9t°2 [8°2 7y € 8¢ A oL's (seau63p) o
A ¥2°G 8.9 518 6L°8 LL°6 (saaubap)®o

$060/262

£°508 6°9€5 v 892 2 el G°68 L' (sdo38u) ¥
£ °GE €562 9061 Lot 50°8 vl (suezaw) o
€069 28°Gt GG 0€ L2°8l 09°€L 0L"L (sa46ap) "o
25°2 GL€ L0"% 9Ly 91°5 £0°9 (saaubap) ¥o
0Z'v 681 25°9 08°¢ LL°8 98°6 (s99ubap) o
v€80/162

L"£68 1869 0°662 G 6yl 166 8°6Y (sd938uW) X
66 t€ 24752 GGGl 2,6 80"/ vLb (sa38w)Z_
L1"6Y 26701 L0792 50°91 9L-2l 0"/ (suaz0u)o
22 92 86°2 2L°e 10"y 9" (seaubop) o
A3 26°¢ £Ls 5179 66°9 oL'8 (seaubap) ©

$080/L62

awl] Aeq
(02) (0g) (09) (ozlL) (o8L) (09¢) SabeJdany

Ul Jaquiny
06 09 0¢ 5L 0L g

(spu029s) auLl bulbedany

404 (%o anv %o Wo¥s aaLving1vo)

o gy "o
*SIWIL ONIOYYIAY INT¥34410 ¥04 o aNY

X “SIONVLSIA ANIMNMOQ IN3Y¥344Id

K

0 1 378vL



0t

*K18AL309dSau

spuoweLp pue su4e}s ¢saJdenbs se pajjo|d sue 294y3 ybnouyi auo spordad

wou4 eieq

Wy ‘JINVLSIQ GNIMNMOD

1

*K19A1223dsau

10t

by pue

-0t

0t

201

¢0tL

0

siajaw "2

0 wouy poyndwod

ol

z

0 pue

Ao "2 34nb14

un ‘JINVLSIO ONIMAMOQ

i

101 ra

1]

¢0l

sigzaw ‘Ag



aj and bj are used to determine oy when the downwind distance is between

the intervals xj and X(j+1) . There are five intervals for which a and b
are determined. For downwind distances less than that given by the 5-
second averaging times, ay and b1 are used to determine oy For x greater
than that given by the 90-second averaging time, ap and b5 are used as the
appropriate constants. Similarly, constants (c and d) are determined for
cz(x).

The initial dispersion parameters oy and o, used in the modified
HIWAY model were not changed. The approp?iate vittual distances nec-

essary to account for the initial dispersion are:

1

a — o d
X = yo b1 ? X = ZO '
Y V4
Where:
= 3m,

Oyo

o = 1.5 m.

Z0

Finally, the equations used to estimate o and o, are

b.
- J
) = a. +
Oy (xJ) aJ (xy x) ,
CFZ (XJ’ = Cj (XZ + X) s
th

where xj =X, txorx, +x in the j~ 1interval.

The modified HIWAY model was used to estimate SF6 concentrations at
the 20 sampler locations (See Figure 1). In Figure 3 are scatter plots
of measured SF6 concentrations versus model estimates for the three
half-hour periods. Figure 3 also contains a composite of all the data for
the three periods. The dashed lines on the plots are least squares fits
to the data with the regression information in the upper left-hand
corner of the plot. Table 2 shows that the mean wind speed and direction

were steady during this time.
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Figure 3. SFg concentrations {ppb). B, M, R, N in the plots are the intercept
slope, correlation coefficient, and number of data points respectively.
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TABLE 2. WIND DIRECTION AND WIND SPEED DURING
THE THREE HALF-HOUR PERIODS

Half-hour periods Wind direction Wind speed )m sec'])
1 182 2.5
2 183 2.2
3 175 2.9

The improvement in the performance of HIWAY can be shown by analyzing
concentration estimates using three different approaches to estimating
atmospheric dispersion. The approach described in Turner (1964) uses cloud
cover, ceiling height, and wind speed to determine the stability class. The
stability class for each half-hour period was determined using the wind
speed at the experimental site and the observations of cloud cover and ceil-
ing height at 3-hour intervals for Flint, Michigan (about 44 km north of
the site). The Richardson Number measured at the site was used subjectively
to determine how fast the atmospheric stability was changing. The stabili-
ty was never allowed to change more than one class from one half-hour period
to the next. Another approach used to determine the stability class was
that suggested by Golder (1972). Golder showed an empirical relationship
between the Richardson Number, roughness height and the stabijlity class.
Appendix A contains a more complete description of how Golder's technique
was applied to this data set. The stability class for each half-hour period
was determined by the two techniques mentioned above is shown in Table 3.

TABLE 3. STABILITY CLASS FOR EACH HALF-HOUR PERIOD

Stability class Half-hour period
determined from First Second Third
Turner (1964) E D D
Golder (1972) F F F

12



Figure 4 is a scatter plot of measured SF6 concentration versus
mode]l estimates using HIWAY with the three different techniques to estimate
dispersion. For the data plotted as squares and stars, the stability class
was determined from the Richardson Number and the Turner (1964) approach,
respectively. In both cases o and g, came from the PG curves once the
stability class was determined. In the third data set, plotted as diamonds,
the dispersion was estimated from o4 and oy using Equations (1) and (2).
Table 4 shows a summary of the regression analysis of the three sets of data.
The slope of the regression line was significantly improved using on-site
estimates of dispersion. However, the correlation coefficient was not
improved.

Using two different sets of dispersion parameters in HIWAY, then analy-
sing the results from model estimates, is analogous to using two different
models. When two models are compared with the same measured concentrations,
one has to be very careful about statistical statements concerning the
regression results. For the case in which both models are compared with the
same measured concentrations, the deviations from the regression lines could
be correlated. Thus for the same measured concentrations, it is not appro-
priate to use a T-test, formed using a pooled variance in the standard way,
to test the difference between the regression slopes from the two models.

A suggested way to overcome this is to split the data into two sets (private
communication from R. J. Hader, N. C. State University, 1977). The two

data sets should have the same characteristics. One approach to insure that
the range of concentration is the same for both data sets is to rank the
measured concentrations and assign every other value to a different data set.
One set would then be used for comparison by one model and the other set with
the other model. A T-test could then be used to test for the significant
difference between the two slopes. This approach was not used for this pilot
study because of the limited size of the data set. However, this approach
will be pursued with further analysis of the GM data.

Four data points (squares) were not plotted on Figure 4. Although
the concentration estimates fell outside the boundaries of the plot, they
were used in the regression analysis.

13
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MEASURED SFg CONCENTRATION, ppb

ESTIMATED SFg CONCENTRATION, ppb

Figure 4. For the data plotted as squares the stability class for each half-hour
period was determined from the Richardson Number. For the data plotted
as stars the stability class was determined from the Turner {1964) classifica-
tion scheme. For the data plotted as diamonds the dispersion parameters oy
and gz were determined directly from 0y and 0.
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TABLE 4. REGRESSION ANALYSIS

Correlation

Type of dispersion Slope Intercept coefficient
Dispersion

parameters from

Equations 1 and 2 0.875 -0.404 0.892
PG curves

stability class

from Turner (1964) 0.536 -0.087 0.923
PG curves

stability class

from Richardson No. 0.268 0.065 0.890

As suggested in the introduction, concentrations in the vicinity of a
1ine source should be most sensitive to crosswind dispersion when the winds
are parallel to the line source. In order to investigate this, concentra-
tion estimates, using a modified HIWAY model, were made using g to estimate
oy and the PG curves to estimate a,s shown as squares in Figure 5. For the
data plotted as stars, both oy and o, were determined from the PG curves.
The regression analysis shows that there is essentially no difference
between the two cases where the oz's were the same. Results from these data
show that on the average concentrations downwind of a Tine source are not
sensitive to variations in oy Further investigation is needed to establish
the effect of crosswind dispersion on the spatial distribution of concen-
tration.

Conclusions drawn from such a limited data set are very preliminary.
Nevertheless, the analysis of the data shows that the model performance,
for parallel wind cases, was significantly improved by using dispersion
parameters calculated from on-site fluctuation statistics. At the
highest measured SF6 concentrations, about 5 ppb, the model estimates
calculated from the regression lines are shown in Table 5.

15
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MEASURED SFg CONCENTRATION, ppb

ESTIMATED SFg CONCENTRATION, ppb

Figure 5. For the data plotted as squares oy was determined from og and oz
from the PG curves. For the data plotted as stars oy and gz were determined
from the PG curves. For data plotted as diamonds oy and oz were determined
from og and 0¢ respectively.
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TABLE 5. COMPARISON OF MODEL ESTIMATES

Measured Model Ratio of
concentration (ppb) estimate (ppb) model/measured
Stability class
from Richardson No. 5 18.41 3.68
Stability class
from Turner (1964) 5 9.49 1.90
Dispersion parameters
from Equations (1)&(2) 5 6.18 1.24
4,  SUMMARY

The major objectives of this pilot study were to develop the
methodology to estimate the dispersion parameters from the fluctuation
statistics of the wind using a small sample of the GM data, and to
modify the HIWAY model to incorporate these dispersion parameters into
the model computations. To that end the pilot study has been a success.

The following conclusions can be made as a result of the analysis
of the data used in this pilot study: (1) during conditions when the winds
are nearly parallel to the test track, concentrations are less sensitive
to crosswind dispersion then expected; (2) dispersion parameters determined
from the fluctuation statistics of the wind have a shape similar to the
PG curves for downwind distances up to 500 m; (3) the fluctuation statistics
of the wind indicate that the atmosphere near the ground was more dispersive
than the stability class indicated; and (4) the performance of the model

was significantly improved using the dispersion parameters determined from
wind fluctuations.

17



REFERENCES

Cadle, S. H., D. P. Chock, J. M. Heuss, and P. R. Monson, 1976:
Results of the General Motors Sulfate Dispersion Experiment. GMR-
2107. General Motors Corporation, Warren, Mich. 178 p.

Golder, D., 1972: Relations Among Stability Parameters in the
Surface Layer. Boundary-Layer Meteorology 3, 47-58.

Hay, J. S., and F. Pasquill, 1957: Diffusion from a fixed source at
a height of a few hundred feet in the atmosphere. J. Fluid Mech.,
2, 299-310.

Hay, J. S., and F. Pasquill, 1959: Diffusion from a continuous source
in relation to the spectrum and scale of turbulence, pp 345-365
in Atmospheric Diffusion and Air Pollution, edited by F. N. Frenkiel
and P. A. Sheppard, Advances in Geophysics, 6, New York, Academic
Press, 471 pp.

Pasquill, F., 1976: Atmospheric Dispersion Parameters in Gaussian
Plume Modeling, Part II. Environmental Monitoring Series. EPA-
600/4-76-030b. US EPA, Research Triangle Park, NC 44 p.

Selected EPA Research Papers, 1976: The General Motors/Environmental
Protection Agency Sulfate Dispersion Experiment. EPA-600/3-76-035.
US EPA, Research Triangle Park, NC 146 p.

Turner, D. B., 1964: A Diffusion Model for an Urban Area. J. Appl.
Meteor. 3, 83-91.

Zimmerman, J. R., and R. S. Thompson, 1973: User's Guide for HIWAY,

A Highway Air Pollution Model. EPA-650/4-74-008. US EPA, Research
Triangle Park, NC 59 p.

18



APPENDIX A.

DETERMINATION OF THE STABILITY CLASS
FROM THE RICHARDSON NUMBER

19



The Richardson Number (Ri) was calculated for each half-hour period in
the following way:

(2%)

where g = gravitational acceleration,
T = absolute temperature,
z = height,
u = wind speed.

Wind speeds and temperatures used in the calculation of Ri were measured
at 1.5 and 10.5 m. The appropriate height for z is given by the geo-
metric mean of 1.5 and 10.5, equal to (1.5 x 10.5)%. For unstable
atmospheric conditions, Pandolfo and Businger hypothesised that Ri is
related to the Monin Obukhov length (L), (Paulson, 1970).

T2 (A-1)

For stable air, an empirical relationship was found by McVehil (1964).

1 Ri
Z (1-8RT) (A-2)

Golder (1972) showed an empirical relationship between L and the Turner
stability types. Consistent with Golder, 8 was assigned a value of 7 in
Equation (A-2). g is the reciprocal of the critical Ri (Binkowski, 1975).
The figure below shows the Turner stability types as a function of L'1
and roughness height Z,- The roughness height typical of the terrain
around the test track is 3 cm. Figure A-1 below is very similar to
Figure 5 in the Golder paper.

20
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Figure A-1. Turner stability class as a function of L™ and Z,-

If a horizontal line is drawn across the figure at z_ = 3 cm, the
stability classes are determined by the ranges of L~ bounded by the
dotted lines. For Ri greater than zero Equation (A-2) is used to
calculate L']. For the Ri less than zero, Equation (A-1) is used to
determine L]. The following values were used to define each stability

class.

TABLE A-1. STABILITY CLASS AS A FUNCTION OF L]

Range of L~ Stability Class
L1 < -0.095 A
L' < -0.055 and > -0.095 B
L1 < -0.018 and > -0.055 c
L! < 0.005 and > -0.018 D
L' < 0.013 and > 0.005 E
L' > 0.013 F
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