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EXECUTIVE SUMMARY

Three Gaussian-puff dispersion models (the BEAR, INPUFF and RIMPUFF

Models) are tested with field data from the Atterbury-87 smoke dispersion field study.
The Atterbury-87 study consists of a total of nine smoke-dispersion experiments con-
ducted in slightly to moderately unstable conditions (stability classes B through D).
Five of these trials were carried out using hexachloroethane (HC) smoke pots as the
source; the other four were conducted using a fog-oil smoke generator. Although the

terrain of the dispersion site is relatively flat, the meteorology is complex owing to the
effects of the surrounding hills and vegetation. The field data include average concen-
tration measurements on four or five transects (depending on the trial) out to distances
of 575 m. In addition, the data base includes time-dependent source measurements
as well as meteorological data from a 10-m instrument tower and a 2-m mast.

The BEAR, INPUFF, and RIMPUFF models are similar in their basic treatment of

transport and dispersion, but differ in implementation. These three were chosen
because they represent the state of the art of models available for general use. The
models treat the release as a series of Gaussian puffs each of which is transported
and dispersed downwind with a time-dependent wind speed. An important difference
between the models revolves around the way dispersion is handled. The BEAR model

uses dispersion coefficients based on stability class which is, in turn, inferred from
synoptic meteorological data. The INPUFF model offers two methods for treating dis-
persion. One method, which we designate "INPUFF-ON", uses on-site measurements
of the standard deviation in the horizontal and vertical wind directions. The second
method, designated "INPUFF-PG", uses dispersion coefficients based on the Pasquill-

Gifford-Turner stability class determined from synoptic data. Although the RIMPUFF
model offers the option of using stability class, its predictions were always mace with
its preferred method which uses on-site measurements of the standard deviation in the
horizontal wind direction.

The INPUFF-ON predictions are consistently better than the predictions of the
other three models (BEAR, INPUFF-PG and RIMPUFF) and are within a factor of two of
the data values 38 % of the time and within a factor of ten 83 % of the time. By
contrast, the other three models predict within a factor of two 24 % of the time and

within a factor of ten 67 % of the time. The predictions are consistent for the fog-oil and
HC trials for the best performing model, INPUFF-ON. However, for the other models,

the predictions for the fog-oil trials are somewhat better than for the HC trials. The
comparisons also reveal that the models incorrectly predict the decay of concentration



with distance from the source, a result which we attribute to the effect of the rising 3
centerline under convective conditions. A second key conclusion involves the
sensitivity of predictions to stability class for those models which use that approach. A
change of just one class has a pronounced effect on predictions and, in fact, may
change the comparison from one of relatively good performance to one of decidedly
poor performance. Moreover, we have observed that the D stability class is
problematic in that it groups together conditions which are slightly stable with those
that are slightly unstable, even though these two conditions have fundamentally differ- I
ent dispersion physics. Lastly, in evaluating model performance, it must be remem-
bered that the meteorological and source data which serve as inputs to the models 3
and the concentration data to which the model predictions are compared both contain
considerable experimental uncertainty. Not only is there the uncertainty associated
with the experimental procedures which are particularly difficult to carry out under field

test conditions, but there is the added fact that each trial represents a single realization
of a process which itself has a very large statistical variance. All things considered, a
variation of a factor of two between similar data sets is not surprising. Th,!s, although
the models can be significantly improved in many respects, their current performance 3
must be viewed in the proper light.
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I i 1, INTRODUCTION

As part of a program to characterize military smokes under actual field conditions,
nine smoke dispersion experiments were conducted at Camp Atterbury, Indiana dur-
ing November, 1987. Five of these nine experiments were carried out using hex-
achloroethane (HC) smoke pots; the remaining four trials were carried out using a fog-
oil smoke generator as the source. This series of field experiments is referred to col-
lectively as the Atterbury-87 Field Studies.

The smoke-dispersion experiments were conducted in slightly to moderately
unstable conditions (Stability Classes B through D). Although the terrain uf the dis-
persion site is relatively flat, the meteorology is complex owing to the surrounding hills
and vegetation. The field data include average concentration measurements on four

or five transects (depending on the trial) out to distances of 575 m. In addition, the
data base includes time-dependent source measurements as well as meteorological
data from a 1 0-m instrument tower and 2-m mast.

This report provides an evaluation of three of the more promising dispersion
models with the Atterbury-87 field data. A preliminary evaluation of these models with

the four fog-oil cases was previously presented (Policastro et al., 1989). Revisions to
the original choice of stability classes have been made (see Section 3.3) based on a
review of these four fog-oil cases. These fog-oil comparisons have been revised and
are presented here in final form.

The purpose of the model evaluation portion of the current research program is to
identify the strengths and weaknesses of the existing modeling approaches and to
define the level of performance which can be expected given the current state of the
art. Based on the experience gained, an improved model can be developed and vali-
dated against the field data. Such a validated model can be used in two ways.

(a) A validated model can aid in assessing the potential environmental and health
effects associated with smokes used in training exercises. Of greatest interesthere is the prediction of dosages (time-integrated concentrations), particke-size
distributions, and deposition rates out to several kilometers from the source.

(b) A validated model can also be used in the planning and execution of training
exercises at the facilities where smoke is used. In this application, predicting the
downwind extent of the visible plume is also an important consideration.

In Section 2 below, we present the key features of the three dispersion models
considered for evaluation. Then, in Section 3, we briefly summarize the Atterbury-87

8
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field study. With this groundwork laid, we present the model/data comparisons in Sec-

tion 4 and, finally, summarize the main conclusions of the work in Section 5.
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2. THE DISPERSION MODELS

A Gaussian puff model treats a continuous release as a number of short-duration

(typically 1 s) puffs, each of which is advected and dispersed downwind based on
time-dependent meteorology. Gaussian puff models differ from each other in the way
this basic approach is implemented. Key differences among the various models lay in
the dispersion coefficients which are used and in the way the wind field is handled.

For the purposes of this evaluation, three representative Gaussian puff models
have been chosen; namely, the BEAR or Ludwig Model (Ludwig, 1977), the RIMPUFF
Model (Mikkelsen et al., 1984), and the INPUFF Model (Petersen et al., 1984). These
three were chosen because they represent the state of the art of models available for
general use. The key features of these models are compared in Table 2.1.

The BEAR Model allows for time-dependent meteorological data at a single spa-
tial location and single height above the ground. The averaging time for the -eteoro-
logical data is taken to be 3 minutes. This means that the wind speed and direction are
averaged over each successive three-minute period, and this average value is used to

I advect puffs during that interval. To account for the effects of turbulent motions with
time-scales smaller than the averaging time, Gaussian dispersion coefficients (ay and
az) are used. The values of these coefficients are determined from the Pasquill-

Gifford-Turner (Turner, 1970) curves which are the de facto standard for routine dis-
persion analysis. The dispersion coefficients depend on the stability class which is
first determined from the meteorological data using one of several available methods.
The issue of selecting the proper stability class is an important one, and we shall

I return to this point later when we discuss the Atterbury-87 field data.
As noted in Table 2.1, the BEAR Model assumes a constant release rate from a

single location. The failure to allow for a time-dependent source is a potentially impor-
tant omission since the release rate in the Atterbury-87 field trials was indeed time
dependent. A time-dependent source is easy to include in a puff model since the
strength of individual puffs can be varied from one puff to the next.

The RIMPUFF Model differs from the BEAR Model in several important respects.
I First, the RIMPUFF Model allows for meteorological data from several locations, using

1/r2 interpolation in space and linear interpolation in time to determine puff advection
I velocities. In the Atterbury-87 field trials, the meteorological data were acquired at two

locations: (a) a 10-m instrument tower near the center of the test site and (b) a 2-m
mast located near the source. Only the data from the 10-m instrument tower were

used in making RIMPUFF predictions, however. As we shall see later, the wind direc-

I
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Table 2.1 Comparison of key features of INPUFF, BEAR and RIMPUFF models. I

Model I
Feature INPUFF BEAR RIMPUFF

rectangular grid of single location and multiple locationsI
Wind Field locations at single s ig ht and heights
Dispersion height height and heights

Dispersion Gaussian Puff Gaussian Puff Gaussian PuffM ethodology__ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

PGT ,,tability I
Dispersion PGT stability PGT stability P or on-site

Coefficients classes a or on-site classes a classes f or on-site

_ _ _ scheme b scheme c
Meteorological

Averaging 2- 5 minutes 3 minutes 15 seconds
Time d

Puff Release 1 second 1 second 1 second
Interval e

Treatment of
Wind Shear on No No Yes

Puff Dispersion I I

Time Dependent Yes No Yes
Source

Multiple Sources Yes No Yes I
Notes."

(a) PGT refers to Pasquill-Gifford-Tumer stability classes A through F.

(b) The INPUFF on-site scheme calculates the dispersion coefficients from measurements of a. and a,
using expressions derived by Irwin (1983) from a combination of the Draxler (1976) and Cramer
(1976) formulas.

(c) The RIMPUFF on-site scheme uses ae and the expressions presented by Smith and Hay (1961) to
obtain the dispersion coefficients.

(d) The meteorological averaging times shown here are those recommended by the model developers
given the averaging times upon which the dispersion coefficients are based.

(e) The values shown here are the smallest values recommended by the model developers and thus
provide the best overall smoothness in the predictions.

(f) The RIMPUFF model uses a non-Gaussian distribution in the vertical direction to account for the I
effects of wind shear. I

11 I



I
tion at the two measurement locations differs by 0 to 200 depending on the test, indi-
cating that significant horizontal wind shear is present for some of the trials. This shear
can have a significant effect on plume trajectory and thus predicted concentrations.

A second important difference lies in the fact that the meteorological averaging
time for the RIMPUFF Model is 15 s or twelve times smaller than the three minutes
used in the BEAR Model. In addition, the RIMPUFF Model handles multiple, time-
dependent sources, although only the time-dependency of the source is important in
simulating the Atterbury-87 releases.

The RIMPUFF Model provides two alternative methods of determining dispersion

coefficients. One method is based on stability class and is similar to the procedure
used by the BEAR rndel, although the coefficients are corrected to account for the
shorter meteorological averaging time. The second method is based on direct mea-
surements of Oe, the stanaard deviation in the horizontal wind direction. In this latter

so-called "on-site" approach, dispersion coefficients are determined using the work of
Smith and Hay (1961). The on-site method is preferred, and thus it was used in
preparing all of the RIMPUFF predictions.

Finally, the RIMPUFF Model is somewhat unique in that it does not assume a

Gaussian concentration profile in the vertical direction, but rather adjusts the vertical3I variation of concentration to account for the effects of vertical wind shear. It is
presently unknown what effect this difference has on model predictions since the field

measurements were all made within 8 m of the ground.

The INPUFF Model is the third Gaussian-puff dispersion model which was tested.
-I With the INPUFF Model, the time-dependent wind speed and direction are specified at

a set of grid points in a form such as might be produced by an auxiliary wind-field
model. Normally, these values are given as a series of discrete-time values, all at a

I-- single height (namely, 10 m). The INPUFF Model then interpolates to obtain puff-
advection velocities from these grid values. 6ince only one 10-m instrument tower
was used in the Atterbury-87 Field Studies, the input for the model/data comparisons
reduces to a single time series of values averaged over successive 3-min. periods.

Like the RIMPUFF Model, the INPUFF Model provides two schemes for determin-I ing dispersion coefficients, an on-site method and a method based on stability class.
The method based on stability class is similar to those used by the BEAR and
RIMPUFF Models as previously described. The on-site method is based on direct
measurements of ae, the standard deviation in the horizontal wind direction, and a*,

I the standard deviation of the vertical wind direction. The on-site scheme is a synthesis
of the work performed by Draxler (1976) and Cramer (1976). To examine the effects of

12I



I
using different methods for choosing dispersion coefficients, we prepared INPUFF 3
predictions using both of the available methods. Those prepared using the oa-site

scheme as designated "INPUFF-ON"; those prepared using the (Pasquill-Gifford-

Turner) stability class method are designated "INPUFF-PG".
One difficulty with the application of the above models is the need to specify cer-

tain "model" inputs which do not correspond to quantities measured or measurable in
the field. An example is the "initial cloud size". Although no quantitative study was

made, it is believed that the effect of the uncertainty associated with these choices is

rather small compared with major issues such as the choice of dispersion parameters.

1
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I 3. THE CAMP ATTERBURY FIELD STUDIES

3.1 Introduction

This chapter provides a brief overview of the Atterbury-87 field studies. Detailed
discussions of the experimental techniques and the resulting data are given in com-
panion reports by Liljegren et al. (1989) and DeVaull et al. (1989). Here, we restrict

i ourselves to those aspects of the study which directly impact the model/data com-
parisons presented in this report.

I 3.2 The Test Site and Sampling Grid Layout

The Camp Atterbury test site and sampling grid are shown in Fig. 3.1. The test
area is a large grassy meadow surrounded on roughly three sides by hills 25 to 50 m
high. The test area itself is relatively flat with a moderate downward slope of between

I i1 and 2 % from northwest to southeast. The ground cover during the period of the
study was grass roughly 1 m high. The ground cover was fairly uniform across the test3 area, although somewhat taller bushes and a few isolated trees were also present.
The area surrounding the site is densely forested in all directions with deciduous trees

10 to 20 m tall. The terrain and vegetation features of the surroundings undoubtedly
affect the structure of the wind field. Accordingly, we characterize this site as having
"simple terrain", but "complex meteorology".

To orient the sampling grid at Camp Atterbury, we analyzed the meteorological

data records for 1985 and 1986 from the National Weather Service recording station at
i Indianapolis, Indiana, 60 miles north of the site. This analysis indicated that the wind

is predominantly from the southwest in November. In addition, we logged wind and
* temperature data near the proposed test area using two portable instrument stations

shortly before full-scale operations at the site began. These data confirmed the pre-
dominant southwesterly direction of the wind in the daytime.

Based on the results of this analysis, a line of alternative source locations was
established in the southwest corner of the test area and sampling transects
(designated Transects 1 through 5) were laid out perpendicular to the predominant
wind direction at distances roughly 50, 100, 250, 450 and 675 m from this line. With

ithe exception of Transect 5 which consisted of only four sampling masts and which
was not used in any of the HC trials for logistical reasons, each transect subtended an

arc of at least 900 with respect to the possible source locations. Each sampling loca-

tion consisted of an 8-m sampling mast with filter cassette samplers mounted at the 2-,

I
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Figure 3.1 Topographical map of the dispersion test site at Camp Atterbury.
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marked increments of 1 km. Topographical data are from a USGS map of3
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i
4-, 6- and 8-m levels, except on Transect 5 where only the 2- and 8-m levels were
used. The separation between masts was 15.2, 30.4, 45.7, 61, and 122 m on
Transects 1 through 5, respectively. Detailed coordinate information for the grid is
given in Appendix A.

Figure 3.2 shows the sampling grid and illustrates the local coordinate system
used to specify the source and sampler locations. Here, the mean wind speed and
direction for each of the five HC tests is indicated. A test is identified by a seven-digit
code consisting of the date on which the test was conducted in the form MMDDYY fol-
lowed by a single digit (1 or 2) indicating the number of the test on that particular day.3 For example, the test designated 1104872 was the second test executed on
November 4, 1987. The wind was out of the southwest as planned for two of the five

i HC trials (Tests 1112871 and 1113871) and out of the north-northeast for the remain-
ing three trials (Tests 1109871,1110871 and 1110872) as the result of a storm front
passing through the area. Fortunately, we were able to conduct tests during this
period by locating the source northeast of the sampling grid as shown in Fig. 3.2. Fig-
ure 3.3 shows the sampling grid once again, but with the mean wind speed and direc-U tion for each of the four fog-oil trials identified. Here, we see that the wind was out of
the southwest as expected for all four of the trials.

S 3.3 Source and Meteorological Measurements

3 A compilation of the relevant source and on-site meteorological data for the HC
and fog-oil smoke trials is given in Tables 3.1 and 3.2, respectively. These data repre-
sent averages over the period of each test. The mean wind speed and horizontal

direction are denoted by u and 0, respectively. The vertical wind direction is denoted
by 0 and is assumed to be 00 in the mean. The symbol a is used to denote a standard
deviation with the subscript indicating the variable of interest. The wind-vector com-
ponents u, v, and w refer to the downwind, crosswind and vertical directions,3 respectively. The downwind and crosswind components are defined relative to the
mean wind direction and thus the average value of u is simply the mean wind speed
Su, and the average values of v and w are both zero.

The values of several meteorological scaling variables, derived from the on-site
data, are also summarized in Tables 3.1 and 3.2. The wind exponent n is determined
by fitting the measured wind speed values to the power-law form u = a zn, where z is
height above the ground and a and n are fitting parameters. The friction velocity u.
and the Monin-Obukhov length L are the relevant velocity and length scales in the

16I
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Table 3.1 Source and meteorological data for the HC smoke dispersion trials.

General Information

Test Designation 1109871 1110871 1110872 1112871 1113871
Date 9 Nov 87 10 Nov 87 10 Nov 87 12 Nov 87 13 Nov 87
Begin Time (CST) 15:45:00 11:27:30 16:37:41 13:31:20 10:21:00 I
End End (CST) 16:10:00 12:04:00 17:25:00 14:17:00 11:04:00
Duration (MM:SS) 25:00 36:30 47:19 45:40 43:00

Source Location

21 . 1 -Distance east of grid origin (m) 270.3 270.3 270.3 -21.1 -21.1Distance north of grid origin (in) 470.8 470.8 j470.8 21.1 j 21.1 I
Summary of Near-source Measurements (2-m height)

Mean wind speed, u (rn's) 2.3 3.6 2.5 1.9 1.9
Mean wind direction, 0 (OE of N) 12 26 13 220 221
Std. dev. in hor. wind dir., ar (0) 18.7 19.7 19.9 28.6 31.2
Temperature, T (OC) 5.9 3.2 3.0 13.8 12.9
Relative humidity, RH (%) 69 61 49 35 45

Summary of Instrument Tower Measurements (10-rn height)

Wind speed, u (rns) 4.4 7.1 5.2 4.9 4.3
Wird direction, 0 (0 E of N) 25 34 24 226 241
Standard deviations:
N (0 11.0 13.2 14.4 15.3 15.5
COa (0) 8.0 9.3 8.3 9.8 9.9
Ou (ONs) 1.03 1.74 1.28 1.32 1.08
av (rm's) 0.80 1.63 1.22 1.34 1.15 I
%, (mrs) 0.75 1.41 0.93 0.94 0.83
AT (10 m- 2 m) (°C) -0.68 -0.95 -0.70 -0.76 -0.74Cloud cover heavy medium mostly clear clear

overcast overcast cloudy

Summary of Scaling Parameters

Wind speed exponent, n 0.130 0.132 0.132 0.121 0.137
Monin-Obukhov Length, L (m) -46 -110 -68 -63 -53 a
Friction velocity, u. (mrs) 0.51 0.72 0.57 0.54 0.49
Roughness height, z, (m) 0.20 0.20 0.20 0.20 0.20
Inversion height, zi, (m) 649 448 434 816 500
Convection velocity, w. (rn/s) 1.68 1.57 1.42 1.73 1.41 i
Turner Stability Class D D D C C
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Table 3.2 Source and meteorological data for the fog-oil smoke dispersion trials.

General Information

Test Designation 1103871 1104871 1104872 1106871
Date 3 Nov 87 4 Nov 87 4 Nov 87 6 Nov 87
Begin Time (CST) 10:31:06 09:36:33 15:25:50 10:51:50
End End (CST) 11:27:00 10:06:00 16:14:00 12:08:00
Duration (MM:SS) 55:54 27:27 48:10 76:1C

Source Locations

I Distance east of grid origin (m) 3.0 3.0 -47.7 -47.7
Distance north of grid origin (m) -4.7 - 4.7 47.7 47.7

I Summary of Near-source Measurements (2-m height)

I Mean wind speed, u (mns) 2.6 2.3 1.7 0.8
Mean wind direction, 0 (OE of N) 241 249 247 224
Std. dev. in hor. wind dir., ce (0) 28.6 23.4 26.0 33.8I Temperature, T (OC) 23.4 20.0 25.3 8.0
Relative humidity, RH (%) 41 25 43 40

I Summary of Instrument Tower Measurements (1 0-m height)

Wind speed, u (m/s) 5.5 5.1 4.7 1.6
"Wind direction, 0 (0 E of N) 239 249 261 240
Standard deviations:
'e (0) 16.2 11.0 18.6 35.4
a# (0) 8.8 8.2 8.2 14.9
au (WNs) 1.52 1.17 1.26 0.70
a,, (rn's) 1.49 0.94 1.54 0.90
aw (m/s) 0.94 0.82 0.78 0.49

AT (10m-2m) (OC) -0.41 -- 1.89 -.89

3 Summary of Scaling Parameters

Wind speed exponent, n 0.143 0.149 0.183 0.103
Monin-Obukhov Length, L (m) -63 -51 -243 -12
Friction velocity, u. (m/s) 0.61 0.59 0.44 0.26
Roughness height, z, (m) 0.20 0.20 0.20 0.20
Inversion height, zi, (m) 668 305 1135 557Convection velocity, w. (m/s) 1.83 1.46 1.00 1.30
Turner Stability Class C C D B
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surface layer where mechanical turbulence dominates transport. The roughness i
height z0 characterizes the roughness elements and is a measure of both the eddy
size at the surface and the efficiency of momentum transport at this level.

The EPA publication entitled "On-Site Meteorological Program Guidance for
Regulatory Modeling Applications" (1987) recommends two methods for estimating u.
and L. The first is the least-squares profile-fitting method developed by Nieuwstadt
(1977) and is favored when wind speed and temperature data are available at three or
more heights. In this method, the wind speed and temperature data are fit using profile
functions derived from the Kansas and Minnesota boundary-layer experiments. Since
these profile functions contain u. and L as parameters, values of these parameters can •
be determined, at least in principle, from this fitting procedure. The second method is
one proposed by Irwin and Binkowski (1980). This method uses the bulk Richardson
number Rib = [z 2 g AT / T2 ] / u2 and the roughness height zo, thus requiring the wind
speed at only one height and the temperature at two heights. Here, the subscripts 1
and 2 refer to the two measurement heights, 2 being the upper one and 1 being the
lower one. In our early analysis of the data, we attempted to use Nieuwstadt's method,

but the fitting procedure failed to give meaningful values for u. and L. The failure of
this method can most likely be attributed to the non-ideal meteorology of the Atterbury-
87 site, since the boundary-layer profiles to which fits were attempted were determined I
using data from very ideal flat-terrain sites. Irwin and Binkowski's method of
employing the bulk Richardson number gave reasonable values, however. These
values were thus chosen as being representative of our data and are given in Tables
3.1 and 3.2. 3

For increasingly convective conditions where -L -ý 0 the relevant scaling parame-
ters are the mixed-layer scales w. and zi. These are also the appropriate scales at

heights above -L where buoyancy dominates turbulent transport. The mixed-layer I
scale w. may be obtained from u., L and the inversion height zi using the basic rela-
tionship i

w. = u. I ,

where K is von Kdrmdn's constant which is roughly equal to 0.4. The inversion height,

in turn, can be estimated from an early morning sounding and the surface temperature
at the time of the test. In this approach, the inversion height is taken as the height at
which the potential temperature given by the early morning profile equals the surface
potential temperature at the time of the test. We used the early-morning vertical pro-

I



files taken by the National Weather Service at the Peoria and Dayton Airports to de-

termine the inversion height.
As previously noted, two of the models being tested (BEAR and INPUFF-PG) re-

quire the stability class as input. Because model predictions are very sensitive to the
choice made, four approaches for determining atmospheric stability class were exam-
ined as shown in Table 3.3. Three of these methods are described and discussed in
the EPA report (EPA, 1987); namely, (a) Turner's method which uses on-site values for
the solar insolation angle, the cloud cover and the surface wind speed, (b) the "0,
method" which uses the wind speed and aq,, the standard deviation of the vertical wind
angle, and (c) the "0a method" which uses the wind speed and CF, the standard devia-

tion of horizontal wind angle. The fourth method which we considered obtains the
stability class from the Monin-Obukhov length and friction velocity using the nomogram
presented by Golder (1972).

Table 3.3 Comparison of stability classes determined by various methods.

Test Turner 00v GO Irwin and

Method Method Method Binkowski /
Golder Method

1103871 (FO) C C C C

1104871 (FO) C C D C

1104872 (FO) D C C D

1106871 (FO) B A A B

1109871 (HC) D C D C

1110871 (HC) C-D D D C - D

1110872 (HC) D C C C

1112871 (HC) C C C C

1113871 (HC) C C C C

The results of these four methods as compared in Table 3.3 indicate that the3 stability classes determined using Turner's method are consistent with but not always
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I
exactly the same as the estimates obtained using the other three methods. Since the 3
EPA recommends Turner's method (EPA, 1987), the Turner stability classes obtained
were used in making model prediction and are given in Tables 3.1 and 3.2 which n
summarize the data for each field trial.

In the preliminary presentation of model/data comparisons for the fog-oil trials i
(Policastro et al., 1989), stability classes were selected based on preliminary estimates
of Monin-Obukhov Lengths. In that report, Trials 1103871, 1104871, and 1104872H1
were classified as stability class B and Trial 1106871 was classified as stability class
A. The results presented in Section 4 (of this report) show the model predictions
based on the revised Monin-Obukhov Lengths and stability classes presented in
Tables 3.1 and 3.2. The predictions with the INPUFF-PO and BEAR models have

been revised since they both rely on stability class information to make predictions.
The predictions with the RIMPUFF model have ' -o been revised since the Monin-
Obukhov Length is an input parameter to, that model. The predictions of the INPUFF-
ON model have not changed from the ;eliminary report. In general, the magnitude of

INPUFF-PG and BEAR model predictions have increased due to the change in stability I
class while the magnitude of the RIMPUFF model predictions has decreased due to
the revised Monir' Obukhov' L.engths. 5
3.4 Conceatratic Measurements

The s,.ioke material ,:as collected on aspirated filter samplers mounted at four
heights (two on Transect 5) as explained previously. Chemical analysis was then
used to determine the amount of material on each filter, and the average concentration
over the duration of the test found by dividing the total mass of material by the product

of the aspiration rate and the duration of the release. For the HC smoke pots, zinc was
used as a tracer since zinc constitutes roughly 37.4 % of the pot material by mass
(Katz et al., 1980). In this way it is possible to eliminate contamination from the ambi- -
ent particulates collected on the filters during the HC trials. Since the filters collect
only oil droplets and not vapors, there is no similar ambient contamination problem in 5
the fog-oil cases. Thus, the fog-oil data are based on the total mass of oil in the proper
molecular weight range collected on the filters. a

Both the fog-oil and HC data are affected by the realities of field testing as is more

fully described in the two companion data reports (Liljegren et. al., 1989 and DeVaull,

et al., 1989). Given the limitations of the field and laboratory techniques and, equally
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I
important, the fact that each trial represents only a single realization of a process
whose variance is many times its mean, we can say that the data are accurate to within

I roughly a factor of two at the 95 % confidence level. This level of uncertainty in the
data must be taken into account in evaluating model performance.

2
I
I
I
I
I
I
£
I
I
I
I
I
I
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I
I 4.0 COMPARISON OF MODEL PREDICTIONS WITH THE

ATTERBURY-87 FIELD DATA

4.1 Preparation of Model Inputs

As previously noted, all three models were tested using the meteorological data

from the 1 0-m level of the instrument tower located near the center of the test site. The
data were time averaged to conform with the averaging period of each model; namely,3 3 min. for the BEAR and INPUFF Models and 15 s for the RIMPUFF Model. In addi-
tion, the RIMPUFF Model requires data on ae for use in determining dispersion coeffi-

I cients, and the on-site scheme of the INPUFF Model (INPUFF-ON) requires data on
both ae and aý. These values were computed directly from the measured values for

I the averaging time appropriate to each of these models. Also, the BEAR and INPUFF-
PG Models take the stability class as a user input. The values determined by Turner's
Method (1970) were used for this purpose as was previously noted.

The release height was chosen to be 2 m above the ground for all of the trials at
Camp Atterbury since that was the observed height of the center of the initial smoke
plume. The strong initial mixing that takes place and the slight buoyancy of the smoke
near the source leads to some uncertainty in the value of this parameter, although theB effect of this uncertainty is expected to be quite small.

14.2 Results of Model/data Comparisons

4.2.1 Classification of Trials

3 A total of nine trials were conducted during the Atterbury-87 field study. These

trials can be group together in any of several ways. First, there is the obvious matter of
I the type of smoke material used. Four of the trials are fog-oil trials, and five are HC

trials. It is important for us to determine whether the results depend on smoke type.
Passive atmospheric dispersion should not depend on the type of smoke material,

although source characteristics such as source buoyancy, differences in the sampling
and analysis techniques and possible interactions between the smoke material and
the atmosphere (such as evaporation in the case of fog oil or hygroscopic accumula-
tion of liquid water in the case of HC) could all lead to differences between the two3 materials in terms of observed downwind concentrations.

In addition, the five HC trials can be further subdivided into two groups based on3 release point and stability class. As shown in Fig. 3.2, the release point for Trials
1110871, 1110872 and 1109871 was located near Transect 4. These trials were all

I
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conducted under near-neutral stability (Pasquill-Gifford-Turner Stability Class D), and 3
thus form a natural grouping which we designate HC Group I. An important consid-

eration for the HC Group I trials is that the grid was configured for releases near
Transect 1 and not for releases near Transect 4 as is the case here. Hence, the

approximately geometric spacing of the transects and sampling masts designed to
capture a spreading plume moving from Transect 1 to Transect 4 leads to reduced
resolution near the source and reduced coverage far from the source. Even though
the grid layout was not ideal, time limitations prevented us from either (a) postponing
the trials until more favorable winds were present or (b) reconfiguring the grid to
accommodate the true prevailing wind direction. Trials 1112871 and 1113871 were 3
both conducted from a release point just upwind of Transect 1 as shown in Fig. 3.2.
Moreover, both of these trials were conducted under slightly unstable atmospheric
conditions (Pasquill-Gifford-Turner Stability Class C), and thus we designate these as
HC Group II trials. Notably, all four of the fog-oil trials were conducted from release
points upwind of Transect 1 as is consistent with the grid layout.

In addition to the three types of releases (Fog-oil, HC Group I and HC Group II),

there is also the matter of stability class which from a atmospheric sciences point of 3
view should be significant in affecting dispersion and thus potentially the model/data

comparisons. Three stability classes are represented among the nine Atterbury-87 3
trials as follows: Stability Class B - one fog-oil trial, Stability Class C - two fog-oil
trials and two HC Group II trials for a total of four trials, and Stability Class D - one fog-
oil trial and three HC Group I trials for again a total of four trials. Because there is a
strong correlation between stability class and release type among a limited number of

trials, it may well be difficult to confidently determine the controlling factors in a statisti- I
cally significant manner.

4.2.2 Overview of Model/data Comparisons

The comparisons between model predictions and data take three forms in this I
report. The first type is a graphical comparison of model predictions and data on a

transect-by-transect basis. This is the most natural method of presentation, and pro- -
vides valuable insight into the models' ability to correctly predict the trajectory and
spreading of the plume as well the magnitude of the maximum concentration on each 3
transect. Figures 4.1 - 4.9 present these comparisons for all nine of the Atterbury-87

trials. Figures 4.1 - 4.3 present the results for the three HC Group I Trials, Figs. 4.4

3
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Figure 4.1 Comparison of predictions of RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with
average zinc concentration data from Atterbury-87 HC Trial 1109871.
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Figure 4.5 Comparison of predictions of RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with
average zinc concentration data from Atterbury-87 HC Trial 1113871.
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Figure 4.6 Comparison of predictions of RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with
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average oil concentration data from Atterbury-87 Fog-oil Trial 1104871.
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Figure 4.8 Comparison of predictions of RIM PUFF, BEAR, INPUFF-ON and INPUFF-PG models withI
average oil concentration data from Atterbury-87 Fog-oil Trial 1104872.
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and 4.5 present the results for the two HC Group II Trials, and Figs. 4.6 - 4.9 present n
the results for t!he four Fog-oil Trials.

The second type of comparison is also graphical in nature and shows the varia- 3
tion of maximum concentration with downwind distance. From these results, we can
determine if the models correctly predict the decay of concentration with distance from
the source independent of magnitude. This comparison is important because none of I
the models includes the effect of the rising mean plume centerline which is character-
istic of dispersion under the influence convective turbulence. This point was 3
addressed in depth in the companion report by Liljegren et al. (1989). Figures 4.10 -
4.18 co-Tipare the predicted and measured concentration decay for the nine Atterbury-
87 trials. Again, the first three of these figures concern the HC Group I Trials, the next
two concern the HC Group II Trials and the last four concern the Fog-oil Trials.

The third type of comparison represents an attempt to better quantify the relative
performance of the models. To this end, the number of predicted concentrations that
are within a given factor (2, 3, 4, 5 or 10) of the data values are tabulated. These i
results are presented on a trial-by-trial basis in Table 4.1. These results are then
grouped according to release type in Table 4.2 and according to stability class in 3
Table 4.3. In tabulating the number of predicted concentrations that are within a given
factor of the data, it is important to avoid including a large number of near-zero values
which would severely skew the distribution. Furthermore, a second problem with this
type of comparison is that the model predictions represent mean concentrations while
the data values represent single realizations of a process which itself has a very large
statistical variance. There are no standard methodologies for rejecting these zero and
near-zero values nor is there a precise way to account for the basic difference

between the predicted and measured values. Therefore, three different approaches
were taken to determine the number of predicted concentrations that fall within a given
factor of the data: (1) an approach that considers only model/data pairs where the
measured concentration value is greater than 10 % of the observed maximum for the

transect (Tables 4.1.a, 4.2.a and 4.3.a); (2) an approach that considers only
model/data pairs where the measured concentration value is greater than twice the

limit of detection (Tables 4.1.b, 4.2.b and 4.3.b); and (3) an approach that considers
only model/data pairs where the measured concentration value is greater than the limit
of detection and accounts for the statistical variance of the measured and predicted
values (Tables 4.1 .c, 4.2.c and 4.3.c).

In the first and second approach, the tabulation may be thought of as the 3
percentage of predictions which fall within a given factor of the measured value for

I
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Figure 4.10 Comparison of predicted concentration decay with downwind distance using
I RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average zinc

concentration data from Atterbury-87 HC Trial 1109871.
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Figure 4.12 Comparison of predicted concentration decay with downwind distance using
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average zinc
concentration data from Atterbury-87 HC Trial 1110872.
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Figure 4.13 Comparison of predicted concentration decay with downwind distance using 1
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average zinc
concentration data from Atterbury-87 HC Trial 1112871. 3
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Figure 4.14 Comparison of predicted concentration decay with downwind distance using
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average zinc
concentration data from Atterbury-87 HC Trial 1113871.
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Figure 4.15 Comparison of predicted concentration decay with downwind distance using
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average oil
concentration data from Atterbury-87 Fog-oil Trial 1103871.

I

100 0 DATA
- - BEAR

- -- INPUFF-PG

E10 INPUFF-ON
0 .RIMPUFF

00 S~I

C
0 0
U .1 0

.01 Distance I
10 100 1000

Distance from Source [m] 3
Figure 4.16 Comparison of predicted concentration decay with downwind distance using

RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average oil
concentration data from Atterbury-87 Fog-oil Trial 1104871. 1
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Figure 4.17 Comparison of predicted concentration decay with downwind distance using
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average oil
concentration data from Atterbury-87 Fog-oil Trial 1104872.
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Figure 4.18 Comparison of predicted concentration decay with downwind distance using
RIMPUFF, BEAR, INPUFF-ON and INPUFF-PG models with average oil
concentration data from Atterbury-87 Fog-oil Trial 1106871.
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Table 4.1.a Percentages of model predictions within a given factor of the data for

the nine trials conducted during the Atterbury-87 Field Study (only
observed values within 10% of the transect maximum are I
considered).

HC-I Trial 1110871 (Stability Class D)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 25 25 57 25
3 39 36 75 57
4 57 54 93 64
5 61 64 93 71
10 82 79 100 89

HC-l Trial 1110872 (Stability Class D) i

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 8 4 56 36
3 24 20 92 60
4 32 28 96 76
5 48 44 96 80
10 68 72 100 92

HC-I Trial 1109871 (Stability Class D) m_

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 18 18 18 12
3 18 18 59 24 5
4 18 18 65 29
5 24 24 71 41

10 47 41 82 59

HC-II Trial 1112871 (Stability Class C)

10__ _76__76___76__71 __i

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 29 24 29 18
3 41 41 53 41
4 59 59 65 47
5 65 71 71 53

10 76 76 1 76 711

HC-11 Trial 1113871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 33 33 27 27
3 60 60 53 53
4 60 60 60 53
5 60 60 67 7310 73 80 80 80 3
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Table 4.1.a Percentages of model predictions within a given factor of the data for

the nine trials conducted during the Atterbury-87 Field Study (only
observed values within 10% of the transect maximum are
considered).

Fog-oil Trial 1103871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 35 39 52 43
3 48 52 52 43
4 52 52 70 43
5 57 57 78 52

10 87 87 91 70I
Fog-oil Trial 1104871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 18 24 24 18
3 41 41 24 24
4 41 41 41 24
5 47 53 47 29
10 59 59 59 35

Fog-oil Trial 1104872 (Stability Class D)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 36 44 48 28
3 48 48 64 52
4 52 56 80 60
5 60 60 80 763 10 76 72 88 80

I Fog-oil Trial 1106871 (Stability Class B)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 42 42 54 21
3 50 50 67 25
4 63 63 67 38
5 63 67 71 46

10 79 79 96 63

4
I
I
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Table 4.1.b Perc.....ages of model predictions within a given factor of the

data for the nine trials conducted during the Atterbury-87 Field I
Study (only observed values greater than twice the limit of
detection are considered).

HC-I Trial 1110871 (Stability Class D) 3
Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF

2 23 23 53 23
3 37 33 70 53
4 53 50 87 60
5 57 60 90 67
10 77 73 97 83

HC-l Trial 1110872 (Stability Class D) U

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 7 3 50 33
3 20 17 80 53
4 27 23 83 70
5 40 37 83 73
10 57 60 90 83

HC-I Trial 1109871 (Stability Class D)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 15 15 15 10
3 15 15 50 20
4 15 15 55 25
5 20 20 60 35
10 40 35 75 50 3

HC-II Trial 1112871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF I
2 20 20 32 16
3 32 32 52 32
4 48 48 64 36
5 52 56 68 4410 64 64 76 60

HC-I1 Trial 1113871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF !
2 20 20 20 17
3 37 37 40 30
4 37 37 50 37
5 37 37 57 50

10 60 63 77 60 3
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I Table 4.1.b Percentages of model predictions within a given factor of the
data for the nine trials conducted during the Atterbury-87 Field
Study (only observed values greater than twice the limit of
detection are considered).

3 Fog-oil Trial 1103871 (Stability Class C)

Factor FEAR INPUFF-PG INPUFF-ON RIMPUFF
2 38 50 56 56
3 56 63 63 56
4 63 63 69 56
5 69 69 75 69
"10 81 81 81 75

I Fog-oil Trial 1104871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 23 23 31 23
3 46 46 31 31
4 46 46 46 31
5 54 69 54 38
10 69 69 69 46

Fog-oil Trial 1104872 (Stability Class D)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 43 48 48 29
3 52 52 62 52
"4 57 62 76 62
5 71 71 76 76
10 81 76 90 81

Fog-oil Trial 1106871 (Stability Class B)

5 Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 45 45 59 23
3 55 55 77 27
4 73 68 77 45
5 73 77 82 55
10 86 86 95 73

4I
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Table 4.1.c Percentages of model predictions within a given factor of the data for

the nine trials conducted during the Atterbury-87 Field Study - using alog-normal probability distribution (only observed values greater than Ithe limit of detection are considered).

HC-t Trial 1110871 (Stability Class D) i_

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 23 23 37 28
3 36 36 56 43
4 45 44 67 52
5 52 51 74 59
10 69 68 89 73

HC-l Trial 1110872 (Stability Class D) i

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 14 13 36 29
3 23 22 53 44
4 30 29 63 53
5 35 35 70 60

10 50 52 84 75

HC-I Trial 1109871 (Stability Class D)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 9 9 24 13
3 14 14 37 215
4 17 18 45 27
5 20 21 51 32
10 31 31 67 46

HC-I1 Trial 1112871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 19 20 27 18
3 30 32 41 28_i
4 38 40 50 35
5 44 46 56 40
10 59 61 72 55___

HC-I1 Trial 1113871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF i
2 18 18 22 17
3 28 28 35 26 3
4 35 35 44 33
5 39 39 50 38

10 52 52 68 51 1
I
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Table 4.1.c Percentages of model predictions within a given factor of the data for

the nine trials conducted during the Atterbury-87 Field Study - using a
log-normal probability distribution (only observed values greater than
the limit of detection are considered).

I Fog-oil Trial 1103871 (Stability Class C)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 27 28 32 27
3 41 42 48 40
4 50 51 57 49
5 56 58 63 54
10 72 73 77 68I

Fog-oil Trial 1104871 (Stability Class C)

3 Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 22 22 20 14
3 34 35 32 21
4 42 43 40 25
5 48 49 46 29
1 63 64 61 39

Fog-oil Trial 1104872 (Stability Class D)

I Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 27 26 34 29
3 40 40 52 44
4 49 49 62 53
5 55 55 69 5910 69 69 85 73

3 Fog-oil Trial 1106871 (Stability Class B)

Factor BEAR INPUFF-PG INPUFF-ON RIMPUFF
2 26 27 31 163 3 40 41 47 26
4 49 49 57 33
5 56 56 64 38
10 72 73 80 52

4
I
I
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Table 4.2.a Summary of model/data comparisons for each of the three types I
of trials conducted during the Atterbury-87 Field Study (only
observed values within 10% of the transect maximum are
considered).

Factor Model All Tests Fog-oil HC-I HC-11 3
BEAR 27 34 17 31

2 INPUFF-PG 28 38 16 28
INPUFF-ON 43 46 47 28

RIMPUFF 26 28 26 22

BEAR 41 47 29 50 I
3 INPUFF-PG 40 48 26 50

INPUFF-ON 62 54 77 53£

RIMPUFF 43 37 50 47

BEAR 49 53 39 59

4 INPUFF-PG 48 54 36 59
INPUFF-ON 73 66 87 63
RIMPUFF 50 43 60 50 3

BEAR 54 57 47 63

5 INPUFF-PG 56 60 47 66 5
INPUFF-ON 77 71 89 69
RIMPUFF 60 53 67 63

BEAR 73 76 69 75

10 INPUFF-PG 73 75 67 78
INPUFF-ON 88 85 96 78 3

RIMPUFF 73 64 83 75

I
I
I
I
I
I
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I Table 4.2.b Summary of model/data comparisons for each of the three types
of trials conducted during the Atterbury-87 Field Study (only
observed values greater than twice the limit of detection are
considered).

Factor Model All Tests Fog-oil HC-I HC-Il
BEAR 25 39 15 20

2 INPUFF-PC 26 43 14 20

INPUFF-ON 41 50 43 25
RIMPUFF 25 32 24 16

BEAR 37 53 25 35
3 INPUFF-PG 37 54 23 35

1 INPUFF-ON 60 61 69 45

RIMPUFF 40 42 45 31

BEAR 45 61 34 42
4 INPUFF-PG 44 61 31 42

INPUFF-ON 69 69 78 56

I_ RIMPUFF 48 50 55 36

BEAR 51 68 41 44

5 INPUFF-PG 53 72 41 45

INPUFF-ON 73 74 80 62

RIMPUFF 57 61 61 47

BEAR 68 81 60 62

10 INPUFF-PG 67 79 59 64

INPUFF-ON 85 86 89 76

RIMPUFF 70 71 75 60

I
I
I
I
I
I
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Table 4.2.c Summary of model/data comparisons for each of the three types i
of trials conducted during the Atterbury-87 Field Study - using a
log-normal probability distribution (only observed values greater
than the limit of detection are considered).

Factor Model All Tests Fog-oil HC-I HC-I1

BEAR 20 26 16 19

2 INPUFF-PG 20 26 15 19

INPUFF-ON 30 30 33 25

RIMPUFF 21 22 24 17

BEAR 32 39 25 29

3 INPUFF-PG 32 40 25 30

INPUFF-ON 45 46 50 38 3
RIMPUFF 33 34 37 27

BEAR 39 48 32 36 i

4 INPUFF-PG 39 49 31 37

INPUFF-ON 55 56 59 47

RIMPUFF 41 41 46 34

BEAR 45 54 37 41

5 INPUFF-PG 45 55 36 42

INPUFF-ON 61 62 66 53

RIMPUFF 46 46 51 39 3
BEAR 59 70 51 55

10 INPUFF-PG 60 70 51 56

INPUFF-ON 77 77 81 69

RIMPUFF 60 60 66 53 3
I
I
I
I
i
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I Table 4.3.a Summary of model/data comparisons for each of the three
stability classes present during the Atterbury-87 Field Study
(only observed values within 10% of the transect maximum are
considered).

Factor Model All Tests B-Stability C-Stability D-Stability

BEAR 27 42 29 22

2 INPUFF-PG 28 42 31 23

I INPUFF-ON 43 54 35 47

RIMPUFF 26 21 28 26

BEAR 41 50 47 34

3 INPUFF-PG 40 50 49 32

3 INPUFF-ON 62 67 46 74

RIMPUFF 43 25 40 51

3 BEAR 49 63 53 42

4 INPUFF-PG 48 63 53 41

INPUFF-ON 73 67 60 85

RIMPUFF 50 38 42 60

BEAR 54 63 57 51

INPUFF-PG 56 67 60 51

INPUFF-ON 77 71 67 86

RIMPUFF 60 46 51 69

BEAR 73 79 75 71

10 INPUFF-PG 73 79 76 68

INPUFF-ON 88 96 78 94

3 RIMPUFF 73 63 64 82

I
I
I
I
I
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Table 4.3.b Summary of model/data comparisons for each of the three I
stability classes present during the Atterbury-87 Field Study
(only observed values greater than twice the limit of detection
are considered).

Factor Model All Tests B-Stability C-Stability D-Stability 3
BEAR 25 45 24 21

2 INPUFF-PG 26 45 26 21

INPUFF-ON 41 59 32 44

RIMPUFF 25 23 25 25

BEAR 37 55 40 31

3 INPUFF-PG 37 55 42 29

INPUFF-ON 60 77 46 67

RIMPUFF 40 27 36 47

BEAR 45 73 46 39

4 INPUFF-PG 44 68 46 38

INPUFF-ON 69 77 57 77

I RIMPUFF 48 45 39 56 3
BEAR 51 73 50 48

5 INPUFF-PG 53 77 54 48

INPUFF-ON 73 82 63 79

RIMPUFF 57 55 50 64

BEAR 68 86 67 64 I
10 INPUFF-PG 67 86 68 62

INPUFF-ON 85 95 76 89 3
RIMPUFF 70 73 61 76

I
I
I
I
I
I
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I_ Table 4.3.c Summary of model/data comparisons for each of the three
stability classes present during the Atterbury-87 Field Study -
using a log-normal probability distribution (only observed values
greater than the limit of detection are considered).

Factor Model All Tests B-Stability C-Stability D-Stability

BEAR 20 26 21 18

2 INPUFF-PG 20 27 21 18

INPUFF-ON 30 31 25 33

RIMPUFF 21 16 19 25

U BEAR 32 40 33 29

3 INPUFF-PG 32 41 33 28
INPUFF-ON 45 47 39 50

RIMPUFF 33 26 29 39

BEAR 39 49 40 36

4 INPUFF-PG 39 49 41 36

INPUFF-ON 55 57 48 60

RIMPUFF 41 33 36 47

BEAR 45 56 46 41

1 INPUFF-PG 45 56 47 41

INPUFF-ON 61 64 54 673 RIMPUFF 46 38 41 53

BEAR 59 72 60 56

10 INPUFF-PG 60 73 61 56

INPUFF-ON 77 80 70 82

- RIMPUFF 60 52 54 68

5
n

i
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those cases where smoke is present in measurable amounts. In the third approach,
the probability of a prediction being within a given factor of the data is considered for
measured values greater than the limit of detection. The probability is determined by
assuming a log-normal distribution of the observed concentrations and assuming that
the geometric mean is equal to 1. Both assumptions have been shown to be valid for
our data (DeVaull et al., 1989). Table 4.4 shows the number of model/data pairs that
are considered for each trial for each of the three approaches.

In these comparisons, we have chosen to use factors of 2, 3, 4, 5 and 10 for the I
tabulations. Since the data are believed to be accurate to within a factor of 2, a model
which is similarly accurate can be expected to predict within a factor of about 2.8 if the 3
differences are independent (correlation coefficient of zero) or a factor of about 4 if the
differences are correlated with a correlation coefficient of -1. Thus, we expect a "good"
model to be accurate within a factor of 4 perhaps 95 % of the time. On the other hand,
we consider predictions which are in error by a factor of 10 or more to be clearly

unsatisfactory. The factors of 2, 3, 4, 5 and 10 were chosen to span the range from
excellent to unacceptable using five different levels of performance.

In general, we see that the three approaches taken to determine the number of
predicted concentrations that fall within a given factor of the data demonstrate similar
trends. The approach that considers the probability of the model prediction being
within a given factor of the data leads to the lowest overall percentages. The approach
that considers only data values that are greater than 10% of the observed maximum 3
for the transect results in the highest overall percentages. For the purpose of this
discussion, the results of all three approaches are averaged.

The temptation to focus too much attention on these quantitative performance I
measures must be avoided, however. In addition to the issues discussed above, it
must be emphasized that the comparisons are made only at those points where sam-
pling masts are located. This leads to inherently selective sampling of the concentra-

tion field. A model may do very poorly in the performance measures if it fails to cor- -
rectly predict the centerline trajectory of the plume. Consider the extreme case in
which the predicted plume completely misses the sampling transects, then the predic- -
tions are all zero and thus differ from the measured values by a factor of more than 10.
The graphical comparisons of predicted and measured concentration decay are more

telling in this respect since they are less sensitive to exact plume trajectory predictions.
Other problems of this type are inherent in the performance measures; hence, all thre9
types of comparisons must be carefully studied before conclusions are drawn.
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I Table 4.4 Summary of the number of model/data pairs used in the
various approaches to determining the percentage of
values within a given factor.

3 TRIAL Approach No. 1 Approach No. 2 Approach No. 3

1103871 23 16 21

3 1104871 17 13 16

1104872 25 21 27

1106871 24 22 28

1109871 17 20 24

1110871 28 30 30

I 1110872 25 30 31

3 1112871 17 25 26

1113871 15 30 34I
Approach No. 1 = data values greater than 10% of observed maximum along a

transect.
Approach No. 2 = data values greater than twice the limit of detection.
Approach No. 3 = data values greater than the limit of detection - probability

i approach.

I
I
I
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4.2.3 Discussion of Individual Trials

Consider first the trials in HC Group I which are summarized in Figs. 4.1 - 4.3,

Figs. 4.10 - 4.12 and Table 4.1. We see that the INPUFF model using the on-site

method clearly outperforms the other three modeling alternatives, including its own

prediction when the Pasquill-Gifford-Turner (PGT) stability class method is used. In

fact, there is typically very little difference between the predictions of the INPUFF

Model using the PGT scheme and those of the BEAR Model. This is to be expected 5
because the BEAR and INPUFF-PG methods are virtually identical. On average, these

two models overpredict concentrations rather significantly. The RIMPUFF predictions

usually fall between the fairly good predictions of the INPUFF-ON method and the over

predictions typical of the BEAR and INPUFF-PG methods.

It is also obvious from Fig. 4.1 and Table 4.1 that none of the models predict the I
results of Trial 1109871 well. In fact, all of the model significantly overpredict this case

with no model predicting within a factor of 2, more than 24 % of the time. No solid

explanation for this apparent discrepancy exists at the present time, although we

continue to investigate possible causes.

Figures 4.10 - 4.12 show the decay of concentration with distance for the three

HC Group I trials. The data are not always monotonically decreasing which raises

some question concerning their validity. We attribute the observed behavior to three I
important factors: (a) the problem of selective sampling noted earlier wherein data val-

ues are at discrete mast locations not at the mean plume centerline, (b) the inherent i
uncertainty in the data (estimated to be roughly a factor of 2) due to the difficulties of
field work and (c) the large statistical variance in the dispersion process itself which

implies that individual realizations will be poorly behaved compared with ensemble

averages taken over many such realizations. The selective sampling problem is made 3
particularly severe here by the fact that the expanding grid spacing runs counter to the
spreading plume behavior. Despite the problems with the data, there is clearly a sug-

gestion at least that the models tend to underpredict within roughly 250 m of the
source and then overpredict at greater distances. We attribute this difference between

the predicted and observed decay rates to the rising centerline effect clearly present I
under convective conditions. The effect is not very severe here as might be expected,

since these data are for D stability. i

Figures 4.4 and 4.5 show the two trials in HC Group II. Here, the stability class is
C and the release point is upwind of the first transect. Here, the predictions are better, n

although the models clearly seem to underpredict close to the source then overpredict

I
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at greater distances. This behavior is clearly consistent with the rising centerline effect
which is more severe here than in the three previous cases where th stability was

I near-neutral. The INPUFF-ON methodology seems to do quite well at T. -"Ccts 3 and
4, although its statistical performance is significantly hurt by the severe underpredic-
tion at Transects 1 and 2.

Figures 4.6 - 4.9 show the model/data comparisons for the four fog-oil cases.
The trends are essentia!y the same as for the five HC comparisons just discussed:3 (a) the model predictions appear reasonably good in qualitative terms but are some-
what disappointing in terms of quantitative performance, (b) the INPUFF-ON method3 generally outperforms the other three, and (c) the models tend to underpredict close to
the source then overpredict farther from the source as is expected based once again
on the rising centerline effect. In some cases, the models perform well close to the
source in which case the overprediction farther from the source is generally worse.

I 4.2.4 Discussion of Systematic Trends

The question naturally arises: "Is model performance significantly different among

the different types of releases or the different stability classes present?" Tables 4.2
and 4.3 address this question in terms of the quantitative performance statistics.

I Unfortunately, the two parts of the question are difficult to decouple, because
(a) release type and stability class are not independently varied and (b) nine trials are3 insufficient to justify conclusions in a rigorously statistical sense given the large vari-
ance of the population from which the cases are drawn. Nevertheless, three conclu-

3 sions seem evident:

1. The INPUFF-ON predictions are consistently better than the other three
methods regardless of release type and stability class. Notably, the
INPUFF-PG and BEAR predictions are virtually identical for all cases
underscoring the similarity in theoretical formulations of both models.
The RIMPUFF method differs in predictions and has fewer systematicbehaviors than the other models, but overall appears to perform about
as well as the INPUFF-PG and BEAR models.

I 2. The predictions are consistent for the fog-oil and HC trials for the best
performing model, INPUFF-ON. However, for the other models, the
predictions for the fog-oil trials are somewhat better than for the HC
trials.
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3. Model performance does seem to depend weakly on stability class with I
the INPUFF-PG and BEAR predictions generally being the best for the
B stability trial. INPUFF-PG and BEAR predictions are consistently
better for C stability than D stability trials.

II
I
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5. SUMMARY AND CONCLUSIONS

Three Gaussian-puff dispersion models (the BEAR, INPUFF and RIMPUFF

Models) were tested with field data from the Atterbury-87 smoke dispersion field study.
The Atterbury-87 study consists of a total of nine smoke-dispersion experiments con-

ducted in slightly to moderately unstable conditions (stability classes B through D).
Five of these trials were carried out using hexachloroethane (HC) smoke pots as the

3 source; the other four were conducted using a fog-oil smoke generator. Although the

terrain of the dispersion site is relatively flat, the meteorology is complex owing to the
effects of the surrounding hills and vegetation. The field data include average concen-

tration measurements on four or five transects (depending on the trial) out to distances
of 575 m. In addition, the data base includes time-dependent source measurements
as well as meteorological data from a 1 0-m instrument tower and a 2-m mast.

The BEAR, INPUFF, and RIMPUFF models are similar in their basic treatment of

transport and dispersion, but differ in implementation. These three were chosen
because they represent the state of the art of models available for general use. The
models treat the release as a series of Gaussian puffs each of which is transported

and dispersed downwind with a time-dependent wind speed. An important difference
between the models revolves around the way dispersion is handled. The BEAR model
uses dispersion coefficients based on stability class which is, in turn, inferred from
synoptic meteorological data. The INPUFF model offers two methods for treating dis-

persion. One method "INPUFF-ON" uses on-site measurements of the standard

deviation in the horizontal and vertical wind directions. The second method, "INPUFF-
PG" uses dispersion coefficients based on the Pasquill-Gifford-Turner stability class
determined from synoptic data in the manner as does the BEAR model. Although the
RIMPUFF model offers the option of using stability class, its predictions were always

made with its preferred method which uses on-site measurements of the standard
deviation in the horizontal wind direction.

The INPUFF-ON predictions are consistently better than the predictions of the

other three models (BEAR, INPUFF-PG and RIMPUFF) and are within a factor of two of
I the data values 38 % of the time and within a factor of ten 83 % of the time. By

contrast, the other three models predict within a factor of two 24 % of the time and
I within a factor of ten 67 % of the time. The predictions are consistent for the fog-oil and

HC trials for the best performing model, INPUFF-ON. However, for the other models,

I the predictions for the fog-oil trials are somewhat better than for the HC trials. The

comparisons also reveal that the models incorrectly predict the decay of concentration

I
59I



I
with distance from the source, a result which we attribute to the effect of the rising

centerline under convective conditions. A second key conclusion involves the
sensitivity of predictions to stability class for those models which use that approach. A
change of just one class has a pronounced effect on predictions and, in fact, may

change the comparison from one of relatively good performance to one of decidedly
poor performance or vice versa. Moreover, we have observed that the D stability class
is problematic in that it groups together conditions which are moderately stable with
those that are moderately unstable, even though these two conditions have 3
fundamentally different dispersion physics. Lastly, in evaluating model performance, it
must be remembered that the meteorological and source data which serve as inputs to

the models and the concentration data to which the model predictions are compared
both contain considerable experimental uncertainty. Not only is there the uncertainty

associated with the experimental procedures which are particularly difficult to carry out
under field test conditions, but there is the added fact that each trial represents a single
realization of a process which itself has a very large statistical variance. All things i
considered, a variation of a factor of two even between similar data sets is not
surprising. Thus, although the models can be significantly improved in many respects, 3
their current performance must be viewed in the proper light.
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I APPENDIX A: COORDINATE INFORMATION

Table A.1 gives the coordinates of the meteorological tower and the two release

points. Table A.2 gives the coordinates of the sampling masts. All values are given in
meters relative to a local origin within the grid.

I Table A.1 Coordinates of the Meteorological Instrument Tower and the Two
Release Points.

I Location East [m] North [m]

Meteorological Instrument Tower 316.39 298.43

Release Point Used for
Tests 1109871, 1110871 270.3 470.8
and 1110872

Release Point Used for -21.1 21.1
Tests 1112871 and 1113871

I Table A.2 Coordinates of the Sampling Masts.

Transect1 Transect 2

Mast East [m] North [mi] Mast East [m] North [m]
Number Number

1 -11.7 80.9 1 -41.5 188.7

2 -1.7 70.6 2 -21.3 166.7

3 8.6 60.2 3 -2.3 146.1
4 18.8 50.1 4 18.0 124.3

5 28.8 39.8 5 38.7 102.1

6 39.4 29.1 6 59.1 80.0
7 49.4 19.3 7 79.0 58.3

8 59.3 9.2 8 98.8 36.8

9 69.7 -1.4 9 118.2 15.6
10 79.9 -11.5 10 138.0 -5.8

11 157.9 -27.2
12 178.0 -49.0
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Table A.2 (continued) Coordinates of the Sampling Masts. I

Transect 3 Transect 4 I
Mast East [m] North [m] Mast East [m] North [m]I

Number Number

1 0.3 348.2 1 74.7 543.6

2 31.3 317.3 2 113.9 507.9

3 61.5 287.0 3 154.5 466.4

4 91.8 256.7 4 194.3 427.3

5 122.6 225.9 5 235.1 388.3

6 153.6 194.9 6 275.5 349.3

7 184.0 164.5 7 316.5 308.7

8 215.1 133.4 8 357.7 267.3

9 246.4 102.1 9 398.8 225.9

10 276.7 71.8 10 440.0 184.1

11 306.7 41.9 11 4.85.5 137.4

12 337.1 11.4 12 526.3 95.2 I

I
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