
AD-A254 930 (
AD) No. ____________

U~! DPG No. DPG'-CR-92-902

US ARMY
MATERIEL COMMAND

METEOROLOGICAL INFLUENCES ON SMOKE/OBSCURANT
EFFECTIVENESS PHASE I I

Volume II

by

Steven R. Hanna, David G. Strimaitis
Joseph C. Chang and Sharon M. McCarthy

Sigma Research Corporation
234 Littleton Road, Suite 2E
Westford, Massachusetts 01886

Contract DAAD09-89-C-0039

DTIC
ELECTES AUG05 1992 November 1991AU

Prepared for

METEOROLOGY DIVISION

MATERIEL TEST DIRECTORATE 92-21104
U.S. ARMY DUGWAY PROVING GROUND

DUGWAY, UTAH 84022-5000

Approved for Public Release; Distribution Unlimited

92 8 o) " -



Disposition Instructions

Destroy this report when no longer needed. Do not return to the originator.

Disclaimer Statement

The views, opinions, and/or findings in this report are those of the authors
and should not be construed as an official Department of the Army position,
unless so designed by other official documentation.

Trade Names Statement

The use of trade names in this report does not constitute an official
endorsement or approval of the use of such commercial hardware or software.
This report may not be cited for purpose of advertisement.

DTIC Uu ~ L D

Accesion For m
NTIS CRA&, J
DTIC "AI3 H

U1laiinoui iced
Jstification.......

B y ... ........... ....
Diit; ibtjtiO~i I

Availability Cldes 1

Dist vail ci o 1

i 



TABLE OF CONTENTS

Appendix A: Representativeness of Wind Measurements on a Mesoscale

Grid with Station Separations of 312 m to 10000 m

Appendix Bi: Uncertainty Associated with Emission Rate Estimation

Appendix B2: Analysis of Fog-Oil Smoke Emissions

Appendix C: Uncertainties in Source Emission Rate Estimates using

Dispersion Models

Appendix D: Display of Relations among Data using Box Plots

Appendix E: User's Guide for the Sigplot Plotting Package

Appendix FI: Listings of the Dugway Data Archives - Historical Datasets
Appendix F2: Listings of the Dugway Data Archives - Smoke/Obscurant

Datasets



APPENDIX A

REPRESENTATIVENESS OF WIND MEASUREMENTS ON A

MESOSCALE GRID WITH STATION SEPARATIONS OF 312m TO 10000m

To Appear in Boundary Layer Meteorology



Appendix A

Table of Contents

Abstract A-1

1. Objective A-2

2. Previous Studies of Mesoscale Wind Variability A-2

Empirical Studies of St. Louis Data A-3

Theoretical Analysis of Spatial Structure A-4

3. Proposed Formula A-6

4. Field Experiment at Hereford, Colorado A-8

5. Analysis of Hereford Data A-il

5.1 Single Station Variances as a Function of Averaging Time A-li

5.2 Statistics of Pairs of Observing Stations A-14

6. Recommended Empirical Formula for Variances A-19

7. Test of General Equation with Independent Data A-20

Acknowledgement A-23

References A-23



Appendix A

List of Tables

Table Page

A-i Steady-State Periods from the Herford Dataset Selected

for Analysis. A-12

A-2 Ratios ov Variances a2(T a/(2 (1 min) for Averaging Times, T a , of 10

and 60 min., for Wind Speed and Wind Dirction at the Herford Site.

Results are Given for Each Runs. The Median of the Ratios for the

Thirteen Stations is Given. The Scatter of the Ratios for the

Thirteen Stations about any Median has a Standard Deviation of about

0.05 to 0.10. Medians over all Dates are Given at the Bottom. A-iS

A-3 Observations and Model Predictions for Dugway Proving Ground Wind

Data, wirth Tower Separation of S00m, for All Levels Combined, and

Wind Speed and Direction Combined. Medians are Listed for the

Observed Values. Model Parameters are given in the Footnotes. A-22



Appendix A

Table of Figures

Figure Page

A-i Schematic diagram of wind station locations at the Hereford

site. Terrain sloped slightly downward from west to east

with an average slope of 1%. North is towards the tip of the

figure and there Is 10 km spacing between stations 1 and 7 or

stations 7 and 13. A-10

A-2 Time series of five-minute averaged wind speed (u) and wind

direction (e) for Station 3 for 31 March 1990 at the

Hereford site. Thick lines indicate steady-state periods

selected for analysis. A-13

A-3 Spatial correlation coefficient, R, as a function of station

separation for E-W and N-S legs of Hereford monitoring network.

Wind speed (u) correlations are on the left, and wind direction

(a) correlations are on the right. Medians over all eleven

runs are shown for averaging times of 1 min. (Long Dashes), 10 mmn.

(Short Dashes), and 60 min. (Solid Line). The standard deviation

of the scatter of the 11 points about each line is about 0.2. A-17

A-4 Spatial correlation coefficients, R, for various spatial

separations, &x, and averaging times, T ( 1 min; 1 10 min; + 60 min)a
from Hereford site. Plotted are the medians over eleven

runs, E-W and N-S legs, and wind speed and wind direction

observations. Typical scatter of all the data about each line is

about 0.2 at a correlation of 0.5. Empirical curves from

Equation (A-17) are drawn (dotted, Ta = 1 min.; dashed, Ta = 10

min.; solid, Ta = 60 min. ). A-18



Appendix A

Representativeness of Wind Measurements on a

Mesoscale Grid with Station Separations of 312m to 10000m

by

Steven R. Hanna and Joseph C. Chang

Sigma Research Corp., 234 Littleton Road, Suite 2E, Westford, MA 01886

Abstract

A field experiment was carried out in which wind speed and direction

were measured over flat terrain at a height of 10 m using 13 identical

instruments spaced logarithmically along two perpendicular 10 km lines.

Station separations ranged from 312 m to 1000 m. One-minute data from 11

sampling periods of duration 6 to 10 hours were studied.

The statistics showed little dependence on whether the line of instruments

was oriented along the wind or across the wind, or whether wind speeds or wind

directions were being analyzed. The integral time scale derived from the

variation of the single station variances with averaging time was found to

equal several minutes. The correlation coefficients between two stations

separated by distance Ax were found to vary exponentially with Ax, with an

integral distance scale on the order of 1 km. At a station separation of

10 km, the correlation coefficient equals 0.24, 0.37, and 0.47 for averaging.

times of 1, 10, and 60 minutes respectively. These correlation coefficients

correspond to root-mean-square differences in wind speed at the two stations of

about 1.2, 1.1, and 1.0 m/s respectively.

Empirical equations based on dimensional analysis are suggested for

fitting these observations. It is found that the observations are best fit if

two independent integral time scales are used - a boundary-layer time scale

about 300s that best applies to small averaging times or small separations and

a mesoscale time scale of about 1800s that applies to larger averaging times

or large separations.
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1. Objectives

In order to solve most atmospheric transport and dispersion problems, it

is necessary to assume that the wind measurements at one site represent the

wind flow at a nearby site. The separation between these two sites can range

from 10 m to 100 km. This assumption is sometimes quite good, but situations

often occur where wind direction observations differ by 180 ° between two

towers in the same mesoscale network. There are a few limited studies of wind

variability over mesoscale distances (e.g. Perry et al. (1978), Lockhart and

Irwin (1980), Hanna (1982), and Panofsky and Dutton (1984)), but there is much

more theoretical and observational work needed.

This study Is part of a comprehensive research program in which the

contributions of meteorological uncertainties to errors in air quality

modeling and source emission estimation are being investigated. A cooperative

two week field experiment was conducted in which 13 wind instruments were set

up along an "L-shaped" pattern with maximum station separation of 10 km.

Variances and spatial correlations of wind speeds and directions are

calculated, with the objective being the development of simplified

empirical/theoretical formulas. The accuracy of these simplified formulas is

calculated and suggestions made for using these formulas in more

generalized mesoscale settings. Finally, the formulas were tested with

independent data from a wind study at Dugway Proving Ground.

2. Previous-Studies of Mesoscale Vind Variability

The literature contains two types of studies of mesoscale wind

variability. Both employ near-surface wind observations made by two or more

wind monitors with separations of 10 m to 100 km. In the first type of study,

the variances for a variety of wind monitor separations are calculated and presented,

and a very simple empirical formula is suggested (e.g., Lockhart and Irwin (1980)

and Hanna (1982)). In the second type of study, theoretical formulas based on

spectral analyses are applied to the problem (e.g., Pielke and Panofsky

(1970), Perry et al. (1978) and Panofsky and Dutton (1984)). Reviews of these

two types of studies are given below.
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Empirical Studies of St. Louis Data. During the St. Louis Regional Air

Pollution Study (RAPS), hourly-averaged wind observations were recorded for

one year from a network of twenty-five wind monitors. The separation of the

wind monitors ranged from 3 km to 80 km. Lockhart and Irwin (1980) and Hanna

(1982) report calculations of the standard deviation, a-, of the difference in

wind speed, u, and wind direction, 6, for concurrent measurements between each

pair of stations. For example, the following procedure is used to calculate

T (UaUb for any pair of stations, a and b, over the entire sampling period:

Cu - -
a,2 i =1 A1

(Ua - Nb N

where the primes Indicate deviations from the average speed at each station

and N is the total number of tize periods being analyzed. As the separation

distance between the stations decreases, this standard deviation should

asymptotically approach the standard deviation due to instrument errors for

two co-located wind monitors. Lockhart and Irwin (1980) suggested the

regression formulas:

r (a9Ob).  = 15 + 5.71nx (A-2)

T(ua-Ub ) = 0. 47 + 0.241nx (A-3)

where x is in km, e is in degrees, and u is in m/s. The median value of

C(8aeb) is about 33* and a _-. ( is about 1.2 m/s, at a median separation

distance of about 20 km. The standard deviations of the points scattered about

equations (A-2) and (A-3) are 0.16 m/s and 4*, respectively.

Hanna (1982) reported an analysis by Nappo.of the same set of RAPS wind

data, emphasizing the dependence of the standard deviations of the wind

differences upon wind speed. Nappo defined the spatial standard deviations,

TAU and a .e using the set of concurrent measurements at the 25 monitoring
2fo

stations. For example, the following procedure is used to calculate (a.u for

any given hour:
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24 252

2 iZ 1 nu-u
1u a 24! (A-4)

where the prime indicates a deviation from the overall average speed for the

25 stations. The magnitude of the spatial standard deviation, U is expected

to be somewhat larger than that calculated from equation (A-2), since the

differences in the means among the stations are included in equation (A-4). it

was found that the differences in wind speed and direction among the stations

Increase by a factor of three or four as wind speed decreases from 5.0 m/s to

about 1.5 a/s. At higher wind speeds (-10 m/s), asymptotic limits of about 5*

for a- and about 0.15 for ou/u are evident. The following empirical formulas

fit these data:

a= (50)2 + (60*/u)2  (A-5)

( lAu/U)2 = (0.15)2 + (0.6/u)2  (A-6)

where u is in n/s and (r is in degrees.

Theoretical Analyses of Spatial Structure

Panofsky and Dutton (1984, Chapter 9) discuss the technical Issues

related to the differences in wind velocities measured at two points. They

look at the problem from the point of view of the spectrum of sizes of

turbulent eddies. They make a distinction bqtween vertical separations, Az,

lateral (cross-wind) separations, Ay, and longitudinal (along-wind)

separations, Ax, between the locations of the measurements. Because turbulent

eddies tend to maintain their identities as they travel with the wind, at a

given separation the along-wind correlations in wind velocities between the

measurement stations should be larger than the vertical or cross-wind

correlations.
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These authors iso point out that most of the correlation between wind

velocities at two points is due to larger turbulent eddies, with dimensions

approximately equal to or larger than the separation between the points. By

the same argument, the wind fluctuations in small eddies at one point are

uncorrelated with the wind fluctuations ir the same size of eddies at a

distant point.

Because of the fact that the larger eddies move with the wind flow and

slowly change with time, the maximum correlation between two time series of

wind velocities at two points separated by an along-wind distance, ax, may

occur at a time lag of about Ax/lu, where is the mean wind speed. This is

the approximate time required for an air parcel to travel from the first point

to the second point.

The issues raised in the previous three paragraphs have led Panofsky and

Dutton (1984) and others to the hypothesis that the spatial correlations are

functions of the eddy size, the wind speed, and the separation between the

wind observation points. They use a mathematical expression known as the

coherence, which "is a measure of the square of the correlation between the

Fourier component of two time series with their phases adjusted to obtain

maximum correlation." The coherence is a function of eddy frequency, n, and

is giveni by-

coh(n) _Co 2(n) Q 2(n)] (A-7)S (n) S 2(n)

where S (n) and S 2(n) are estimates of the spectral density of the two time

series at points 1 and 2, Co(n) Is the cospectrum, and Q(n) the quadrature

spectrum. The frequency, n, can have units of cycles per second or radians

per second. The cospectrum refers to the correlation due to in-phase

fluctuations and the quadrature spectrum refers to the correlation due to

fluctuations that are 90* out of phase. 'The coherence ranges from zero, for

no correlation, to one for perfect correlation. In order to calculate coh(n)

for two long time series, speciaiized computer software fcr carrying out time

series analysis is needed.
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Pielke and Panofsky (1970) generalized an empirical expression for the

coherence, coh(n), based on a suggestion by Davenport (1961):

coh(n) = exp(-aInAxI/u) (A-8)

where the subscript I refers to the direction component and the dimensionless
"constant", al, is called the "decay parameter." Observations show that "a,"

is typically in the range from 1 to 10. The dimensionless variable, nAx./u,

is often referred to as the reduced frequency. It is found that the
'constant," a,, is in fact a function of station separation, Ax. Other

investigators have found a to be a function of the ambient stability, the

turbulence intensity, and the integral time or distance scale of the

turbulence. For example, Perry et al (1978) propose the following formula for

horizontal station separations, Ax:

a = (65c- /u) + (6.3a, Ax/uL ) (A-9)w v y

where a and a are the standard deviations of turbulent velocity fluctuations

in the vertical and cross-wind directions, and L Is the lateral integral

distance scale of the lateral turbulence.

3. Proposed Formula

The relation between wind speed, u, or wind direction, 8, observed at two

stations at positions 1 and 2 can be expressed in terms of a variance or a

correlation. The relationship between the two quantities can be derived by

beginning with the identity:

2 (u2,- Ul,)2 = 2 ,2 - 2 ul'u '  (A-10)
au 2 1 . 12

where the primes refer to fluctuations (i.e., the means have been already

subtracted) and the overbar refers to a time average. If the two variances

u2'
2 and u,'2 are equal, then equation (A-10) can be written in the form:
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Au2/ 2 = 1 R 12 (A-11)

where 2 = u 2 and the correlation coefficient R = U 1 1u2
1/d2. Thus if theu12

correlation equals 1, 0, or -1, the ratio TU2/2ou 2 will equal 0, 1, or 2,

respectively. For two stations that are separated by such a large distance
2 2

that the correlation equals zero, then Equation (A-i1) states that a = 2a-u

After investigating the semi-theoretical formulas (A-8) and (A-9), it was

decided that there was so much adjustment of "constants" taking place that it

was best to begin with a simpler formula based on dimensional analysis.

This simpler formula does not explicitly include the frequency, n, but does

account for frequency effects through the implicit assumption that wind speed

autocorrelograms are exponential (i.e., R = exp(-At/T.,), implying that a

so-called Markov.energy spectrum is valid) and are completely determined once

an integral time scale, Ti. or space scale, Al, is specified. The following

dimensionless relationship can then be postulated:

aAu 2/2ru2 = f(Ax, Ti, Al, Ta )  (A-12)

where f is a universal dimensionless function, and variables and parameters

are defined in the following way:

2 = (u2/- Ul/ )2 where u' and u ' are wind speed fluctuations
AU 2

at positions I and 2.

Su 2  u (u 2 + u2 )/2 is the average turbulent energy at positions
1 and 2.

Ax is the horizontal separation between positions 1 and 2.

T is the integral time scale of the time series of wind speed

fluctuations measured at position 1 or position 2.

A Is the integral space scale of the correlogram of wind fluctuation

differences (u '- u, measured between positions 1 and i for

several positions.

T is the averaging time.a
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The averaging time, Ta , is very important because it is typically of the

same order of magnitude as the integral time scale (i.e., within the range

from 1 min to 1 hr). As Ta approaches zero, the ratio Au 2/2o-u reaches a

maximum at any given station separation, since there are poor correlations

between wind fluctuations in smaller eddies at two positions.

Exponential shapes are proposed for all correlation functions:

R(Ax/A ) = exp(-Ax/A ) (A-13a)

R(At/T I ) = exp(-At/T I) (A-13b)

The following approximation to Taylor's equation is used to account for the

effects of averaging time on variances:

(2 (T )/ 2(0) = (1 + T /2T I) (A-14)

For a given separation, Ax, the spatial correlation R(Ax/AI) is also going to

depend on averaging time, Ta, since the effects of the fluctuations due to

small eddies will drop to zero at large averaging times. Consequently,

R(Ax/A I ) should approach unity as Ta increases, and the second term in the

following empirical formula is proposed to account for this effect:

R(Ta , Ax) =(U2 'U /U a U2(T a , Ax)

= exp(-&x/A1 ) + (i-exp(-Ax/A I))g(Ta u/A ) (A-15)

where the dimensionless function g(Ta u/AI) approaches zero as Ta approaches

zero and approaches unity as T becomes very large.a

4. Field Experiment at Hereford, Color-ado

The research programs summarized in Section 2 all took advantage of wind

observations made at two or more locations. However, none of these wind

observations satisfied all of the following desired characteristics of a study
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in which differences in wind observations are being calculated.

* Flat terrain with few obstructions.

* All wind instruments alike, with relatively fast response and

adequate calibration procedures.

Five or more wind stations along a line with spacings ranging from a

few hundred meters to 10000 meters.

* Two perpendicular lines of wind stations.

* Several days or more of one-minute averaged wind observations.

A field experiment was designed to satisfy these characteristics, using.

instruments and technicians from the National Center for Atmospheric Research

(NCAR). Thirteen identical wind stations from NCAR's Portable Automated

Mesonetwork (PAM) were set up in flat, open farmland (mostly covered by short,

winter-weathered grass) near Hereford, Colorado, and operated for the two week

period between 30 March 1990 and 14 April 1990. The instruments were

installed, maintained and calibrated by experienced NCAR technicians. The

anemometers were located at an elevation of 10 m above the ground. A

schematic diagrams of the relative instrument locations is given in Figure

A-i. The slope of the terrain is less than about 1% over the entire network.

It is seen that logarithmic spacings (312.5m, 625m, 1250m, 2500m, SO00m,

10000m) are used for the instruments along each leg of the "L"-shaped network.

The perpendicular axes were used in order to determine if there was a

significant difference between the along-wind and cross-wind statistics.-

The resulting "Hereford" dataset contained values of N-S and E-W

components of the wind velocity at one minute resolution. First, these wind

components were converted to wind speed, u, and wind direction, 8, for each

minute. Because the threshold of these instruments was about 0.5m/s, periods

with reported wind speeds less than 0.5m/s were flagged and not used in the

analysis. 5-minute averages of u and e were made and the resulting time

series for each station plotted for the entire 16 day duration of the study

(see Figure A-2 for an example of the time series plots for 31 March 1990

Station 6). Visual inspection of the 15 days of time series in the figure

revealed that, most of the time, the wind speed and direction are quite

variable and unsteady in time. For example, during the afternoon on 1 April

and 10 April, the wind speed went through a cycle in which it increased from
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Figure A-i. Schematic diagram of wind station locations at the Hereford site.

Terrain sloped slightly downward from west to east with an

average slope of 1%. North is towards the top of the figure and

there is 10 km spacing between stations 1 and 7 or stations 7 and

13.

A-10



nearly zero to about 10 m/s and decreases back down to zero again. This large

half-sine-wave would totally dominate any statistical analysis of these wind

data.

Because it became clear that any time series analysis of the 16 days

would be overly influenced by diurnal changes and synoptic effects, it was

decided to confine the analysis to time periods on the order of 6 to 10 hours,

when the wind speed and direction appeared to be relatively steady. The

eleven steady-state periods that were chosen are listed in Table A-!. Two of

these periods are indicated by thick lines in Figure A-2. Median values of

wind speed, u, wind direction, 6, standard deviation of wind speed, au' and

standard deviation of wind direction, a-' are also listed on the table. These

eleven periods are seen to cover a wide range of wind speeds (2.5 to 10.5

m/s), wind directions(1700to 330*) and times of the day.

5. Analysis of Hereford Data

This section presents the results of the analysis of the Hereford data

and the next section presents some empirical formulas that fit this dataset.

As a first step, variances and time and space correlations were calculated for.

averaging times of 1, 10, and 60 minutes. A linear trend (estimated from the

data from all 13 stations) was removed from the data from each run. Because

steady-state periods have been selected and linear trends have been removed,

much of the influence of larger mesoscale and regional eddies has been removed

there statistics. As will be shown, mesoscale eddies with time scales

less than the sampling time are still strongly reflected in the statistics.

5.1 Single.Station Variances as a Function of Averaging Time

The variances in the wind speed and wind direction time series were

calculated for each of the eleven "steady-state" runs, for each of the

thirteen stations, for averaging times of 1, 10, and 60 min. The data are

presented in a Table A-2, in the form of ratios of the variance for 10 or 60

minute time periods to the variance for the one minute time period. The

medians over the thirteen stations are listed. The overall medians at the
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Table A-I

Steady-State Periods from the Hereford Dataset Selected for Analysis.

Meteorological Parameters Represent Medians over 13 Stations

Wind Speed Wind Direction
Date/Run Time u(m/s) 0) u(m/s) E) C )

0330 00-10 2.5 130 0.7 17

0330 14-24 3.0 215 0.8 17

0331 00-08 3.5 200 0.45 10

0331 16-24 7.5 325 1.2 13

0404 06-12 5.5 90 1.2 13

0404 12-20 7.5 135 1.2 10

0406 18-24 4.0 215 0.9 14

0409 14-24 10.5 10 1.3 8

0411 06-16 3.0 170 0.9 i3

0412 00-08 5.5 140 1.1 11

0413 14-20 7.5 330 1.1 10
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Figure A-2. Time series of five-minute averaged wind speed Cu) and wind

direction C8) for Station 3 for 31 March 1990 at the Hereford

site. Thick lines Indicate steady-state periods selected for

analysis.
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bottom of the table suggest that there is little difference between the

statistics for wind speed and wind direction, with medians of the variance

ratios of about 0.68 for 2 (10 min)/2 (1 min) and about 0.39 for 2(60

min)/a,2 l min). The run-to-run variability in the median variance ratios is

about ± 0.20, with no dependence on wind speed, wind direction. a- Ua' or

time of day. For a given day, the station-to-station variability in the

variance ratios is typically about ± 0.05 to 0.10.

Table A-2 suggests that observed median values of a2(10 min)/ 2 (1 min)

and a2 (60 min)/'2 (1 min) are 0.68 and 0.37, respectively. Solving Equation

(14) for the integral time scale T, we obtain TI z 9 min for Ta = 10 min

and T I = 15 min. for Ta = 60 min. This trend is duplicated in all types of

calculations in this analysis, i.e., the derived time and distance integral

scales increase as the averaging time, Ta$ or station separation, tDx,

increase. Persistent mesoscale eddies are associated with turbulence at time

scales of several hours and distance scales of several tens of kilometers.

Superimposed on these "baseline mesoscale eddies" are the smaller turbulent

eddies normally thought to be associated with the atmospheric boundary layer.

Consequently it is assumed that the turbulent velocity field is described by

two times scales, one (TII) associated with boundary layer turbulence, and

another (T12 ) associated with mesoscale eddies. These two time scales are

assumed to contribute equally to C(T ),leading to the following modificationa
to Equation (A-14):

2
a 0.5 0.5 (A-16)

2 l T/2TI I+ T/2TI
2 (0) a / i a 12

The Hereford dataset is best-fit by TII a 300s and T12 a 1800s, which yield

a,2(10)/02(1) = 0.71 (slightly above the median observation of 0.68) and

a2(60)/ (1) = Q.35 (slightly below the median observation of 0.37).

5.2 Statistics for Pairs of Observing Stations

The spatial statistics to be presented are all' keyed to wind station

(7) at the corner of the "L" of the network shown in Figure A-i. The results

in this section are given for the spatial correlation coefficient,
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Table A-2

Ratios of Variances -2 (T a)/a2 ( min) for Averaging Times, Ta, of 10 andRatios

60 min., for Wind Speed and Wind Direction at the Hereford Site. Results

are Given for Each of Eleven Runs. The Median of the Ratios for the Thirteen

Stations is Given. The Scatter of the Ratios for the Thirteen Stations about

any Median has a Standard Deviation of about 0.05 to 0.10. Medians over all

Dates are Given at the Bottom.

SCT )/a2 (1 m) CT )/o 2(l min)u (a)/u a mn)a8

Wind Speed Wind Direction
Run 10 Minute 60 Minute 10 Minute 60 Minute

Date/Time

0330/00-10 .88 .61 .93 .58

0330/14-24 .71 58 .69 50

0331/00-0§ .74 .39 .77 .36

0331/16-24 .41 .21 .64 .25

0404/06-12 .55 .19 .81 s

0404/12-20 .51 .37 .42 .17

0406/18-24 .31 .13 .40 .10

0409/14-24 .68 58 .63 .34

0411/06-16 .81 .51 .76 .38

0412/00-08 .80 .56 .92 52

0413/14-20 .38 .15 50 20

Overall 0.68 0.39 0.69 0.36
Median
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R(Ax, Ta) = , which are functions of the separation, ax, of

stations I and 7, the averaging time, T and the integral scale of thea
turbulence. Averaging times of 1, 10 and 60 min are used. Results are

presented separately for the E-W and N-S legs of the "L". Rather than showing

the correlation for all eleven time periods or runs, we present the median of

the 11 periods. These correlations, are plotted in Figure A-3. There does

not appear to be a strong dependence on E-W or N-S leg, or on whether wind

speed or wind direction is being plotted.

As expected, the calculated correlations are lowest for the shorter

averaging times and the largest station separations, due to the fact that the

dominant turbulent eddies are characterized by space scales of a few hundred

meters and time scales on the order of a few minutes.

At the 10 km separation distance, the correlations average about 0.5.

Because of the relation between spatial correlation, R12, spatial variance, -
2.

and variance, -u , indicated by Equation (A-Il), it follows that, at 10 km

2 = 2 Knowing that a 2(T 1 min) = 1.2m2/s 2 , and usingseparation, Tu u T a

the median values of 2(T a)/r 2( min) in Table A-2, it can be concluded that

a, 2 1.1 m2/s 2 for T a = 2 in, ,au 2 0.8m2 /s 2 for T = 10 min., and

(T A 2 0.4m2/s2 for Ta = 60 min at the 10 km separation distance. This value

of 0Tau ~ 0.7m/s for one-hour averages is close to that found with the St.

Louis RAPS data, as discussed in Section 2.

At small averaging times, T , Equation (A-15) suggests that the correlationa
coefficient for wind speed fluctuations at two points separated by a distance,

ax, should be an exponential function of Ax. Therefore, if In R is plotted

against Ax, a straight line should be seen. Observations of R from this wind

network are plotted in Figure A-4, for the six &x values (312.5, 625, 1250,

2500, 5000, and 10000 m) and three averaging times (1, 10, and 60 min) of

interest. Because the correlations in Figure A-3 did not indicate much

dependence on E-W or N-S direction, and were similar for wind speed and wind

direction, all runs, legs, and variables are combined in this table and

figure.
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Figure A-3. Spatial correlation coefficient, R, as a function of station

separation for E-W and N-S legs of Hereford monitoring network.

Wind speed (u) correlations are on the left, and wind direction

(e) correlations are on the right. Medians over all eleven runs

are shown for averaging times of I min. (Long Dashes), 10 min.

(Short Dashes), and 60 Min. (Solid Line). The standard deviation

of the scatter of the 11 points about each line Is about 0.2.
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Figure A-4. Spatial correlation coefficients, R, for various spatial

separations, Ax, and averaging times, T (a 1 min; 0 10 min; + 60
a

min), from Hereford site. Plotted are the medians over eleven

runs. E-W and N-S legs, and wind speed and wind direction

observations. Typical scatter of all the data about each line Is

about 0.2 at a correlation of 0.5. Empirical curves from

Equation (A-17) are drawn (dotted, Ta = 1 min.; dashed, Ta = 10

min.; solid, Ta = 60 min.).

A-18



The points in the figure follcw a straight line only for the largest

averaging time (60 min). For the smallest averaging time (I min), there is a

much more rapid drop-off in correlation at small separation distances. This

behavior can be explained by the same two-scale phenomenon discussed under

Section 5.1 in the analysis of the effects of averaging time; i.e., the

results are influenced by a smaller eddy scale, Al, representative of boundary

layer processes, and a larger eddy scale, A representative of mesoscale

fluctuations. However, the effects of the smaller scales tend to disappear at

large averaging times, T, when the condition T > A 1/u is satisfied. Thus,

equation (A-15) appears to be satisfied, with the limits:

R(Ax, T a 60 min) = e-Ax/A 2a

R(Ax, T a I min) = 0.5e-A/A 1 0. e-2X/A2a

The following empirical equation fits these data and has the proper

asymptotic behavior:

R(Ax, T a e= A/ 2e . -A/ - _Ax/ 1H (Ta:/A1)2 (A-17)

where A, = 300 m, A = 12000 m, and a = 5 when u z5 m/s. The predicted

curves are drawn on Figure A-4. The value of a = 5 is consistent with

"Pasquill's 3eta" = 4, which is the known proportionality factor between

Lagrangian and Eulerian scales. Because the actual eddy diameters are equal

to about five times the integral scales A, the smaller eddy diameters would be

about 1500 m and the larger eddy diameters would be about 60 km. Of course the

confidence limits on the data (t about 0.2) are so broad that a much wider

range of scales, A and A is possible. Furthermore, these results are

limited to this particular site and time of year, and to the ranges of Ax, Ta

and meteorological conditions that we have considered. The sampling time (a

maximum of 10 hours) also imposes a maximum limit on integral scales.

6. Recommended Empirical Formula for Variances

Our analysis of the Hereford data has suggested that the variances and

correlations for wind speed and wind direction are similar. in addition, we
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have found that, despite the theoretical prediction that along-wind

correlations will be larger than cross-wind correlations, there is no clear

dependency of the correlations on wind direction (or any other meteorological

variable). This apparent lack of dependency may be due to the fact that this

effect is overwhelmed by the natural variability in the observations.

The similarity relations in Equation (A-8) have been shown to be valid,

resulting in Equation (A-16) for the effects of averaging time and Equation

(A-17) for the effects of station separation. These equations can be combined

into the following general equation:

2 1
Au a 0.5 0.5

21 CT =0 ) a l Ta/2TaIi I + Ta/ZT12u a

I _ /A2- ./A2  -6xA

S- 0.5 e - e x/A1  (A-!8)
(I - (T u/aA I

where T1 1 -300 s TI2 - 1800 s

A1 - 300 M A 2 - 1200 m

a (Lagrangian-Eulerian scale) - 5

This equation should be tested with independent data from a different

site. Slightly different values of the time and distance scales may be

appropriate at a different site. For any given time and place, the confidence

limits on the results would be expected to be in the same range (about 20% to

30%) has been found here.

7. Test of General Equation with Independent Data

A set of independent wind data from the so-called XM21 field study at

Dugway Proving Ground, Utah, were provided by C. Biltoft. Data were available

from two towers, separated by 500m. on a relatively flat test range.

Instruments were located at heights of 2, 4, 8, 16, and 32m, and measurements

were made at a frequency of one per second. Because the towers were

constructed of scaffolding, it was necessary to disregard periods when the
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wind blew through one of the towers. Two periods of valid data were

analyzed--from 1110 to 1651 on 11 April 1989, and from 0937 to 2059 on 2 May

1989. Both periods were marked by wind speeds of about 3.5 m./s and relatively

strong turbulence intensities (au/u - 0.3 and a- ~30*).

Because the integral scales of the horizontal components of turbulence

are not strongly dependent on height, the results from all five levels are

combined in our analysis. This assumption will cause a slight error, since

the various ratios a2(Ta a.2(isec) and correlations are observed to increase by

about 10% to 20% between heights of 2m and 32m. In addition, the wind speed

and direction results appear similar and are combined in our analysis. The

combined data results (two variables, two days, five levels) are presented in

Table A-3.

The predictions of t2 (Ta)/o2(lsec) in the table have been made using

Equation (A-16), with the same time scales derived from the NCAR wind network

(T1 = 300s and T2 = 1800s). There is a ± 10% agreement between the

predictions and the observed medians, and the predictions are within the :

standard deviation error bounds of the observations. It can be concluded that

the variances 2(T ) show similar behavior at the two sites, and that Equationa
(A-16) can adequately simulate this behavior.

Equation (A-17) (for spatial correlations) does not transfer as well to the

new site. Its predictions are shown under column (2), assuming the parameters

(A, = 300m, A2 = 12000m, and a = 5) derived from the NCAR wind network.

Clearly the predictions of R Au(T a ) are too low by about 10 to 30%. If the A1 ,

A., and "a" parameters are "tuned" with these new data, the predictions under
column (3) are all within ± 4% of the observations. However, the smaller of

the length scales, Al, has to be increased from 300m to 1000m, and the

Lagrangian-Eulerian parameter "a" has to be reduced from 5 to 0.2. It appears

that the weakest part of Equation (A-17) is the correction term, (I

uT a/aA ) 2) -, for averaging time, T . This term is intended to cause an

increase in the spatial correlation as averaging time increases. However, the

functional form for this correction term is not obvious and more thought is

clearly needed.
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Table A-3

Observations and Model Predictions for Dugway Proving Ground Wind Data,

with Tower Separation of 500m, for All Levels Combined,

and Wind Speed and Direction Combined. Medians are Listed for the

Observed Values. Model Parameters are given in the

Footnotes.

o(T a) 2CT a)2 Ta a-2(a

Averaging r 2(isec) a 2(sec) RCu(T ) R u(Ta
Time Observed Predicted
T Observed Predicted

a
Ci) (2) (3)

1 sec 0.78 0.57 0.77

60 sec 0.87 0.95 0.83 0.58 0.86

600 sec 0.68 0.65 0.94 0.83 0.95

Footnotes: (1) Equation (A-16) is used, with the same values for the

parameters as derived from the NCAR data (T, = 300s and

T2 = 1800s)

(2) Equation (A-17) is used, with the same values for the

parameters as derived from the NCAR data (A, = 300m,

A = 12000m, and a = 5)
2

(3) Equation (A-17) is used, with A = iO00m, A2 = 12000m, and

a =0.2.
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Definition of Terms

A,BC,D coefficients which are determined by fitting the observed

wind tunnel experiments to a curve

COVY covariance of xy
xy

2
CV2 squared coefficient of variation of x, a,-1

x

2

y

h relative humidity

M initial mass
0

M mass of zinc or phosphorus aerosolized, as measured in thex
wind tunnel experiments

M
MYF munition yield factor, the ratio --!

M
0

Qt mass emission rate

Qt

q M0

x mean of x

ymean of y

YF yield factor, theoretical adjustment to mass of aerosol based on the

ability of the active ingredient to absorb water vapor

am mass lost during burn, initial mass less final mass, as measured

by the load cell

W 2  variance' of the product xy
xy

7 2variance of x
x

T 2  variance of y
y



Appendix B-i

UNCERTAINTY ASSOCIATED WITH EMISSION RATE ESTIMATION

1. Introduction

To estimate the uncertainty of an entire model it is necessary to

evaluate the uncertainty of its components. The input data for atmospheric

dispersion models consists of emission rate data and meteorological data. In

this discussion we address the issue of uncertainty associated with the

estimation of emission rates of aerosols from smoke munitions. Emission

rates are generally expressed in terms of weight per unit time; in this case

they are expressed as grams of active ingredient, (e.g., phosphorus) per

second.

The issue of estimating the emission rate of obscurant munitions is

complexc, aside from the issue of estimating the associated uncertainty. There

are several reasons for this. First, the critical property which provides the

obscurant effect is not directly emitted by the munition; it results from an

interaction of the active ingredient, e.g., red phosphorus, and moisture in the

ambient atmosphere to form a dense smoke cloud. Second, munitions contain

other materials which burn simultaneously but do not contribute directly to the

obscurant effect; thus measuring total weight loss over burn time only

indirectly measures the amount of active ingredient which has been released.

Third, to experimentally determine the amount of active ingredient released,

the mass of the active ingredient in the entire smoke cloud must be determined

and this measurement can only be carried out in a wind tunnel. Thus, data from

the wind tunnel experiments are extrapolated to the field setting. These

issues affect emission rate estimation as well as contribute to the associated

uncertainty.

This discussion covers the following topics: how emissions are

measured in both wind tunnel and field experiments, the model used for

estimating emission rates, a technique for estimating uncertainty (using

existing data as an example), and conclusions and recommendations for the

collection of additional data which would enhance the uncertainty analysis.

Several reports were reviewed for .this analysis, but the information on the

method of measuring and modeling emissioh rates is based on two reports: Basic
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Smoke Characterization Test (DPG-FR-77-311) (DPG,1978) and Methodology

Investigation Final Report Validation of a Transport and Dispersion Model for

Smoke (DPG-FR-702) (Carter et al., 1979). These reports contain data on

three different types of smoke obscurant munitions: white phosphorus, red

phosphorus, and zinc oxide-hexachloroethane-aluminum. Because only limited

amounts of appropriate data are available for the uncertainty analysis, the

conclusions drawn from this analysis must be considered tentative.

2. Measurement of Smoke Munition Emissions

2.1 Wind Tunnel Experiments

The most detailed measurement of emission rates of submunitions were

conducted in wind tunnel experiments. Although field measurements have been

collected, these data are not adequate for developing a model. Thus, the

model used to predict emission rates is based on the wind tunnel

experiments. The experiments and the data described in this section are

summarized from DPG (1972).

The wind tunnel experiments were conducted at the Dugway wind tunnel. In

the experiments, single submunitions (e.g., an individual component which

contains the smoke producing compound) of zinc and white phosphorus were

burned. In actual field use of smoke munitions, multiple submunitions are

loaded into a canister and burn simultaneously. For red phosphorus, three

submunitions (wedges) were burned simultaneously. The wind tunnel tests were

conducted at a wind speed of 2 m/s and the ambient temperature, relative

humidity, (/%RH), and barometric pressures were recorded. Pre-weighed

submunitions were placed on a load cell in the center line of the tunnel and

fired remotely. The load cell recorded the elapsed time and weight loss of the

submunition as it burned. The end of the tunnel had a barrier that contained a

grid of holes throtigh which the air in the tunnel passed. The air passed into

sampling lines and through collection devices, impingers. (See Figure B-I.) The

impingers were then analyzed for zinc or phosphorus, the appropriate active

ingredient. The concentrations in all impingers were summed to determine the

total amount of active ingredient which had been aerosolized during the burn.

Data collected on each test included: weight loss with burn time, total zinc or

phcsphorus, tunnel wind speed, temperature, and relative humidity.
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Figure B-I. Diagram of Wind Tunnel. Source: DPG, 1978

B-3



Transmittance, which is routinely measured in the field, cannot be measured in

the wind-tunnel because the concentrations are too high. The types of

submunitions tested (as reported in DPG (1978)) were:

155mm HC M1 Canister (zinc)

155mm HC M2 Canister (zinc)

105mm HC M1 Canister (zinc)

6 inch WP Wick (white phosphorus)

2.75 inch Rocket WP Wick (white phosphorus)

81mm Navy RP Wedge (red phosphorus)

155mm Navy RP Wedge (red phosphorus)

81mm German RP Wedge (red phosphorus).

For each type of submunition, two burns were conducted.

2.2 Field Experiments

The field experiments were conducted at the Horizontal Grid, Dugway

Proving Ground, Utah. The experiments described in this section are summarized

from DPG (1978). The data were collected by means of photography, aerosol

sampling with aerosol photometers, particle size analyzers, and impingers.

Samplers were located 1.22 meters above the ground. Motion pictures recorded

the size and shape of the smoke cloud; aerosol photometers recorded total

particle concentration; particle size analyzers recorded size distributions;

and impingers measured zinc or phosphorus concentrations. The mass of zinc or

phosphorus from these impingers cannot be summed to calculate total zinc or

phosphorus aerosolized as was done in the wind tunnel experiments because the

total smoke cloud is not collected by the Impingers.

Figure B-2 (DPG, 1978) shows the layout of the instruments for these

experiments. The sampling line was always oriented perpendicular (± 45*) to

the prevailing wind direction. The impingers were located halfway between the

aerosol photometers. As in the wind tunnel experiments, the munitions were

placed in a load cell so that data on weight loss with bLrn time were recorded.

The types of submunitions tested were the same as those used in the wind tunnel

experiments. For each type of submunition, two burns were conducted.
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The meteorological data recorded in these experiments included: wind

speed and direction, temperature, and relative humidity.

3. The Emission Rate Expression

The critical parameter to be derived from these experiments is the

amount of smoke generated per second of burn time. In its simplest

form, this would be calculated by dividing the mass lost by the burn time

to derive a value in units of grams per second. However, the amount of smoke

generated is more than a function of the mass burned; it is also a function

of the interaction of the zinc or phosphorus with water vapor to create the

smoke. Zinc and phosphorus are hydroscopic, absorbing upwards of four times

their mass in water vapor. Thus, the actual emission rate of interest is

total amount of hydrated smoke generated per second. To add one further

complexity to the equation, the burn rate of the munitions is not constant

with time. There is an initial growt!-. -eriod, followed by a plateau of

relatively constant rate of emissions, followed by a rapid decline. In

field tests, there are data which indicate munitions can burn unevenly; this

is characterized as "flashing" toward the end of the burn time by the

observers.

The following discussion covers two topics. The first topic presents

the parameters in the emission rate expression and the second discusses the

uncertainty associated with those parameters ana presents a technique for

computing the uncertainty in the overall emission rate value.

3.1 Input Parameters

The emission rate of hydrated smoke is a function of the initial mass

of the munition, the fraction of this mass which is the aerosolized zinc or

phosphorus, the increase in mass of the aerosol due to hydration, and burn

time. The expression which was developed from the wind tunnel experiments to

estimate the emission rate is as follows (DPG, 1978):

Q-M MYF YF(A/tb + 2Bt/tb2 + 3 Ct2/tb3 + 4 Ot3/tb ) (B-i)
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where: Qt = mass emission rate

M = initial mass
0

MYF = munition yield factor

YF = yield factor

A,B,C,D = coefficients which are determined by fitting the

observed data in the wind tunnel experiments to a curve.

They are constrained to sum to unity.

The munition yield factor, MYF, is the ratio of the mass of zinc or phosphorus

burned, M X, to the initial mass of the munition, Mo0 Mx is determined from the

wind tunnel experiments and is calculated by summing the mass of zinc or

phosphorus collected by all the impingers. These wind tunnel values of M arex
used to predict the emission rate, Qt, for field experiments, as Mx cannot be

measured in the field setting.

The yield factor takes into account the hydroscopic growth of the

aerosolized zinc or phosphorus and is a function of ambient relative humidity.

For the three different types of smoke munitions, yield factors are based on

theoretical calculations or experimental data. The conceptual definition of

the yield factor is:

= mass of smoke (including aerosol)
mass of starting material

In the case of phosphorus, the final material is primarily hydrated
orthophosphoric acid, (H 3PO 4 + nH 20). According to DPG (1977), it is

assumed that the hydration of the droplets of H 3PO 4 proceeds until their

aqueous vapor pressure equals the partial pressure of H 20 in the atmosphere.

The mass of hydrated H 3PO4 is then constant (assuming no other environmental

changes occur) and the yield factor can be expressed as:

mass H 3PO4 + nH2 0

mass P

DPG (1977) contains the following example of how a yield factor is

calculated. Yield factors for phosphorus can be readily computed from tables

correlating aqueous vapor pressures with the composition of various mixtures
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of H 3PO4 when the concentration of H3PO4 in the solution is expressed as

weight %, (i.e., mass (H 3PO 4 ) x 100/mass (H3? 4 + nH20)). For a specified

aqueous vapor pressure, the ratio of the molecular weight of H 3PO 4 to the
atomic weight of P is 3.16:

YF = 100 x 3.16 316
H3PO4 (wt %) H 3PO 4(wt ')

Taking, as an example, the burning of 1 gram of P in the air at 25*C and

containing moisture at a partial pressure of 22.39 mmHg, the oxidation to

phosphoric oxide and hydrolysis of phosphoric oxide will result in 1 x 98/31

gram or 3.16 gram H 3PO4  H 3PO 4 will then hydrate until the aqueous vapor

pressure of the diluted H 3PO4 (H 3PO4 + nH 20) equals the ambient vapor

pressure. At 22.39 mmHg and 25*C, the equilibrium composition of the mixture

is found to be 20.07 weight % H3PO4. The YF is then 316/20.07 = 15.7, (i.e.,

under these conditions, the mass of smoke is 15.7 gram for every gram of P

burned). An additional correction will be necessary if the munition

efficiency is not 100%.

DPG (1978) notes that the theoretical curve for phosphorus assumes that

orthophosphoric acid is produced immediately during combustion. If this

assumption does not hold, the yield factor may overestimate the effective

dosage. DPG (1977) also presents a derivation which proves that YF's are

insensitive to temperature up to 100 C.

Figure B-3 (DPG, 1978) presents yield factor curves based on theoretical

calculations for P as well as empirical data for red phosphorus and theoretical

calculations for zinc oxide-hexachloroethane-aluminum (HC). It can be seen

from these figures that the slope of the lines for all three materials, white

phosphorus, red phosphorus, and the zinc based munition, is relatively shallow

over the range of relative humidity from approximately 20% to 65%. For

example, over the range of 20% to 65% RH, the yield factor for red phosphorus

increases by a factor of 1.4. However, the theoretical curves rise sharply at

humidities greater than 65%. Between humidity levels of 65% to 80% red and

white phosphorus increase by a factor of approximately 1.3 and hydrated zinc

chloride by a factor of 1.7. For field tests conducted on one day, the

relative humidity would not be expected to vary over this wide a range, so that
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Figure B-3. Yield factors as a function of relative humidity for various smoke

producing agents. Source: DPG, 1978.
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the yield factor between burns should not vary substantially. For example, an

increase from 40% to 50% RH only produces a difference in the yield factor of

1.04 for red phosphorus. During the field experiments, which took place on

several different days, the relative humidity varied from 40% to 80%, but

within a given day the RH only varied by 2%-4%.

3.2 Approach to Estimating Uncertainty in the Emission Rate

A direct method for determining uncertainty values would be to compare

modeled emission rates with actual emission rates; however, emission rate

measurements from the field experiments are not available. In the absence of

actual data, uncertainty values can be modeled based on estimated uncertainty

values for the Input parameters and on the uncertainty inherent in the

emissions rate model. To estimate uncertainty values for the variables, there

should be sufficient data available to calculate the probability density

functions (i.e., measures of variability) of the input variables. To model the

uncertainty in the emission rate model, an assumption must be made regarding

the independence or dependence of the variables in the model, as there are

different approaches for each case.

The following discussion presents both a qualitative and quantitative

assessment of the emission rate uncertainty of the various smoke munitions.

The qualitative assessment highlights the sources of uncertainty of the

input parameters to the emission rate model and the limitations imposed by the

amount of data (for each type of munition) available for the analysis. The

quantitative assessment presents a model for estimating the emission rate

uncertainty and an example application for several munitions.

Two factors limit the uncertainty analysis of the smoke munitions data.

First, to few experiments were conducted for each type of munition to

determine robust probability density functions for the various parameters. For

both wind tunnel and field experiments only two burns were conducted for each

type of submunition, thus means or variances will not be stable or robust.

Confidence intervals are large when n = 2. Therefore the quantitative

uncertainty analysis presented subsequently is neither a precise nor an

accurate measure of uncertainty, but the method is valid with sufficient data.
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Second, the data from the wind tunnel experiment are suspect. For five of

the nine munitions tested in the wind tunnel, the mass of aerosolized active

ingredient, Mx, as measured by the bubblers exceeded the mass burned, AM, as

measured by the load cell on which the munition was placed. This clearly

violates the law of conservation of mass. There are two plausible hypotheses

for these results. First, the design of the wind tunnel is suspect. It has

been observed that there may have been insufficient downwind distance from the

load cell to establish laminar flow at the sampling point (Carter, (1991).

personal communication). Second, the wind speed was measured at only one

location and the assumption of constant velocity may not be correct (Bowers,

(1991), personal communication). Either or both of these situations could have

led to an overestimation of air velocity at the point of sampling. Although

this condition most likely existed for all tests, it was not evident in the

data from the three types of zinc oxide-hexachloroethane-aluminum (HC) smoke

munitions (155mm Ml and M2 and the 105mm canisters) and one red phosphorus (RP)

munition (81mm Navy wedge). (This observation is based on data reported in

DPG, 1978.) The reason for the differences between munitions is not readily

evident, and it is not possible to ascertain given the age of the data. The

error associated with the inaccuracy of the bubbler data will affect all field

experiment data because of the fundamental assumption in the emission rate

model. Namely, the MYF relationship (the ratio of the mass of active

ingredient aerosolized, Hx, to the initial mass of the munition, M ), as

measured in the wind tunnel experiments, is assumed to apply to the field

experiments. As the wind tunnel tests overestimated the MYF, the emission

rate, Qt' would also be overestimated.

A simple analysis was performed to (1) determine if there was a consistent

bias in the data which could be used to adjust the mass aerosolized, M X , and

the MYF for those munitions where M was greater than the mass burned, AM, andK

(2) evaluate the within munition variability for M and M. The computationx
performed was:

bias = I - M /&M
X

where a negative value indicates the mass of Zn or P aerosolized is greater than

the mass burned and a positive value indicates this relationship is reversed.
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The data were taken from DPG (1978) and the results are shown in

Table B-i. The first five entries in the table are for the munitions where Mx ,
the mass of Zn or P aerosolized, exceeds AM mass burned; the next four entries

are for munitions where M is less than AM. For one munition, the 155mm RPx
Navy Wedge, in one test result M was less than AM and for the second testx
M was greater than AM. The reason for this anomaly within a munition type isx
not clearly evident. It can be observed from this table that for munitions

where the mass of Zn or P is less than the mass burned, the within munition

variability is relatively small, less than 20%. However, for the munitions

where the mass of Zn or P is greater than the mass burned, the within

variability was much larger, ranging from approximately 45%-88%. Because the

within munition variability is so large for those cases when M is greater thanx
AM, it is not appropriate to adjust M or MYF for these munitions.x

Three conclusions can be made based on this analysis. First, those

munitions for which the mass of Zn or P aerosolized exceeds the mass burned

will be dropped from further analysis because the data violate the law of

conservation of mass and the large within munition variability precludes

adjusting the original data. Second, the results indicate that there may be

another source of error affecting the data in addition to the wind tunnel

design. One would anticipate that the design error would affect all munitions

equally, however, this is clearly not the case. There could appear to be other

sources of variation related to the type of munition (e.g., mass aerosolized

is less than mass burned is for all of the zinc canister munitions). Or there

may have been some other source of experimental error associated with the

operation of the wind tunnel or in the analyses of the bubblers. These

additional sources of error cannot be evaluated further due to the age of the

data. Third, if one assumes that the affect of the wind tunnel design on the

munitions is constant across all experiments, then it must be concluded.that

Mx, the mass of Zn or P aerosolized, is overestimated for all munitions even if

Mx is less than AM, the mass burned. ft follows then that the MYF, which is
the.ratio of mass aerosolized to mass burned, is overestimated for all
munitions.

To estimate the uncertainty in the emission rate model the issue of

independence or dependence of the variables must be considered. The
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Table B-1

Evaluating Wind Tunnel Bias

Initial Mass burned Mass1 Bias 2

Mass (AM) Aerosolized
(M0) (Mx )

2.75" WP Wedge A9 217 125 150 -.20
A1O 203 116 129 -.11

6" WP Wick AS 102 59 64 -.09
A6 101 51 77 -.51

3" WP Wick A7 63 40 45 -.13
A8 52 36 Void

155mm RP AlS 114 78 72 +.08
Navy Wedge A16 117 69 79 -.15

81mm RP All 30 15 24 -.60
German Wedge A14 35 14 15 -. 07

155mm HC Ml Al 3450 2330 425 +.82
Canister A2 3572 2412 382 +.84

155mm HC M2 A12 2055 1162 369 +.68
Canister A13 1987 1182 391 +.67

105mm HC A3 1178 646 154 ;.76
Canister A4 1177 633 234 +.63

81mm Navy RP A17 117 73 64 +.12
Wedge A18 116 68 61 +.10

1 ZnorP

Bias I -
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assumption of independence allows one to use a relatively simple expression

to calculate overall model uncertainty as the covariance terms can be

neglected. However, if this assumption is incorrect and the variables are

dependent, the estimated uncertainty will be unrealistically low.

In the case where the variables can be assumed to be independent,

Goodman (1960) presents the expression:

2 -2 2 -22 = )2[PV y+ CB-
4r =Y x a, + Y a, x = (X12 + C] B-2)
xy y x

2
where 4o = variance of the product xyxy

x -mean of x

0.= variance of X =n-

y mean of Y

2
IT 2= variance of Y
Y 2

xCV2 - squared coefficient of variation of x,
x

20y
CV2 = squared coefficient of variation of y. -
y

y

The variables in the emission rate model (see equation B-i) are not

independent, both the munition yield fraction, MYF, and the yield fraction, YF,

depend on the type of active ingredient. The variance of the product of two or

more variables, which are not independent, is given as (Goodman. 1960):

22 22 
xy y x + 23i_7(COVxy

where the variables are defined as above and COV, the covariance of xy, is

expressed as:

NN

COi (x - ) - (x - y) - x y (B-3)Xy x y 1Z I I Y

B-14



To apply Equation (B-2) to the model for Qt,the emission rate, integrating over

the total burn time, it is written as:

tb

Q = [ dtQt = M0.MYFYF (B-4)

0

Let E = MYF and Y = YFi. Assuming the uncertainty associated with the Initial

mass, M , is small (i.e., the load cell is accurate), Qt can be divided by M0

and expressed as q

Qt
F- = E-Y (B-5)
0

The variance of q a-2 is
q

a,2 -2 + -2 +-E7CO B6
q E Y EY

where COVEy is the covariancd of the munition yield fraction, now expressed as

E, with the yield factor, now expressed as Y. Since the yield factor is a

function of the relative humidity (Y = Y(h) where h is fractional relative
2

humidity), this value can be incorporated into the expression for T as
q

follows:

2 22 2E2Y 2Tq + 2E Y Y COVEh (B-7)

The fractional relative humidity, h, Is = 0 at zero humidity and I at 100%

humidity and Y' Is defined as:

o= hAy (B-8)

As there are only two values for each munition, Y' Is simply the slope of the

straight line between the two points. The term COVEh Is the covariance of the

munition yield fraction E) with relative humidity h.
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3.3 Results of Uncertainty Analysis

Table 9-2 presents a sample set of data taken from DPG (1978) and used to

calculate the variance of the quantity Qt/Mof expressed as a- The munitions

included In this analysis were only those where the mass of Zn or P

aerosolized, Mx, was less than mass burned, AM, as discussed previously. An

example of how the variance of Qt/Mor i) Is calculated is given below for

the zinc munition 155mm HC Ml canister.

Step 1. Calculate the covariance of the munition yield fraction (E) and

relative.humidity (h) for trials BIR1 and B2R1. The values for E

and h are given In Table B-2. Equation B-3 is the definitional

formula for covariance; the computation formula is:

CO~ = NCE E-h) - (ZE)(Zh)OE, h N2
N2

co 2([0.12 x 0.761 + [0.11 x 0.721) - (Q0.12 + 0.111(0.76 + 0.721)
E,h 22

0.3408 - 0.3404
4

=I x 10
-4

Step 2. Calculate Y' according to Equation B-8 where y, the yield factors

(YF), are 5.2 and 5.0, and h, the fractional relative humidity, Is

0.76 and 0.72.

Ah

5.2 - 5.0
0.76 - 0.72

.5
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Table B-2
a

Variance of the Ratio of the Emission Rate to the Initial

Mass, (Qt/M0 ) for Selected Munitions

Munition Trial Munitionb  Relative Yield c  Variance of
Yield Fraction Humidity Factor Qt

M
41 0

155mm HC Mi B1RI .12 76 5.2
Canister B2R1 .11 72 5.0 2.15 x 10-3

l55mm HCM2 83R1 .18 75 5.2
Canister B4R1 .20 75 5.2 5.41 x 10-

lOSmm HC BIS .13 73 5.1
Canister B16 .19 73 5.1 4.68 x 10-2

81mm Navy RP al .55 70 6.6
Wedge 812 .52 80 7.8 0.160

a. Data taken from Tables III and IV in DPG (1978) for the field experiments
conducted at the horizontal grid.

b. MYF values are from the wind tunnel data for the particular munitions.

c. Estimated values from Figure 3-3 for ZnCl2 (Curve C) and for the theoretical
curve for white phosphorus and red phosphorus (Curve A).
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2Step 3. Calculate 2 according to Equation B-7. The variance of E, theq
munition yield fraction, is

2 -

a, = 2 x 10- 4. Equation B-7 is as follows:

_2 2 _2,22 y

2 a y 2 + E Y Th + 2 E Y YCOVEh

and by making the following substitutions:

2 (5.1) 2(5 x 10- 5 ) + (0.115) 2(5) 2(8 x 10- 4 ) + 2(0.115)(5.1)
q (5)( x 0- 4

= 2.15 x0
-3

Interpretation of the variance estimates is limited by the potential error

in the munition yield fraction (MYF) values and the limited amount of data (n =

2) for each type of munition. However, some summary comments can be made about

these data and this approach to calculating variance. The variance of the 81mm

Navy red phosphorus wedge is larger than the three zinc based munitions (zinc

oxide-hexachloroethane-aluminum). The cause of this difference could be due to

the type of munition. For example, the red phosphorus MYF is larger than the

MYF for zinc munitions. Further, for phosphorus munitions the relative humidity

on the two days of red phosphorus tests differed by 10% where as for two of the

zinc munition tests it was constant. If there is no variation in relative

humidity the variance of q is the product of the mean of the yield factor and

the variance of the MYF (see Equation B-7).

Bevington (1969) defines the standard deviation, a, as the estimated error

or uncertainty of a parameter. When a parameter, e.g., x, is a function of two

or more other variables (x = ab) the standard deviations of a and b, when

combined, give the uncertainty of x. To put the standard devlation values for

each munition in perspective, Table B-3 presents the mean emission rates

Integrated over time, the standard deviation, a-, (as calculated according to

Equation 8-7), and the standard deviation expressed as a percentage of the mean.

This table shows that the emission rates of the two 155mm HC (zinc) canisters

(MI and M2) have the least uncertainty and the 105mm HC (zinc) wedge has the

greatest uncertainty. The uncertainty of the 81mm Navy RP wedge Is only

slightly greater than the 155mm HC canisters.
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Table B-3

Comparison of the Mean and Standard Deviation

of the Ratio of the Emission Rate to the Initial Mass

Qt Standard Deviation
Munition Mean M t Standard Deviation

0 of - as a % of the mean
0

155mm HC M1 0.587 0.046 7.8
Canister

155mm HCM2 0.962 0.074 7.7
Canister

105mm HC 0.817 0.216 26.6
Canister

81mm Navy RP 3.844 0.40 10.4
Wedge

"~ Qt

Qt is integrated over the burn time, thus the quantity - is actually
0

Qt.

1Mb
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An approach to evaluating emission test results from future experiments

would be to compute the 95% confidence interval (95% CI = x ± 1.96o) of the

quantity R- for each munition. If a subsequent experiment produced a ?- value

0 0
outside of the confidence interval, than it could be concluded that the

munition was significantly different from the original sample of munitions.

Ideally, a larger dataset than that currently available would be necessary to

assure that the standard deviations were stable.

An interesting comparison can be made between these results and the

findings presented in Methodology Investigation Final Report, Validation of

Transport and Dispersion Model for Smoke (DPG, 1979). In DPG, (197'), modeled

concentrations along the line of sight (CL) were compared to field measurements

as well as comparisons between measured and modeled concentration line

integrated dosage (CLID). DPG (1979) reports that the CLID were consistently

underpredicted for the zinc based munitions (HC) by a factor of 1.4-1.5 and

ove7-,redicted by a factor of 2 for the red and white phosphorus munitions. A

comparison of these air dispersion modeling results to standard deviations of

the source term (presented in Table B-3) shows a similar relationship among

munitions. The zinc based munitions exhibited less variability than the red

phosphorus munition. One hypothesis which could partially explain the

discrepancies in the modeled versus measured comparisons in DPG (1979) is

uncertainty in source terms. The red phosphorus has the largest uncertainty

(as measured by the standard deviation) and it also shows the greatest

difference between measured and modeled values. The large uncertainty in the

red phosphorus source term may account for a portion of the uncertainty in the

modeled red phosphorus concentrations.

4. Conclusions and Recommendations

The smoke munitions data from DPG (1978) have been reviewed and a method

for estimating uncertainty, as expressed as the standard deviation, in the

emission rates has been presented. Available data for the present analysis is

limited, but the approach to variance estimation is applicable to larger data

sets. The quality of the smoke munitions data is suspect due to design

problems with the wind tunnel. The number of tests conducted on each munition,

n - 2. means the variance computations are not stable. The uncertainty
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analysis of the source terms indicated that the 105mm HC munition has the largest

uncertainty, being slightly more than 3 times the uncertainty of the 155mm HC

munitions and 2.6 times the 81mm Navy RP wedge. For the two 155mm HC canisters,

the relative humidity was constant for the M2 test runs and varied for the M1

test runs. However, when uncertainty is expressed by the standard deviation as

a percent of the mean, the two munitions have almost the same uncertainty.

Two recommendations can be made based on the preceding analysis.

First, the munition yield factor should be determined in an accurate and

precise manner. This variable is critical, as it is applied to all the field

test data. Second, to assess meaningfully the uncertainty in the emission

rate values, more than two sets of data must be available for the results to

be more stable, and thus reliable.

To use this technique of computing variance to evaluate munition

variability, the following plan is suggested. Assuming the wind tunnel design

issue has been resolved and accurate MYF's determined, field data from numerous

test burns should be collected. This should be done at the horizontal grid,

but without simultaneous aerosol and meteorological monitoring. This is

because to compute uncertainty for the emission rate value, the only parameters

needed are initial weight, Mo, munition yield fraction, and yield factor (as

computed based on relative humidity); thus only M and %'RH would need to be
0

recorded. Numerous burns for each type of munition should be conducted, e.g.,

N = 30. Tests should be conducted under as wide a range of humidities as

possible. Such a database could then be used to compute robust variance and

95% :onfldence intervals. Subsequent test results would be compared to this

confidence interval to determine if the emission rate is statistically

different. Further, with sufficient data to compute stable variances, these

values could be incorporated into an expression with meteorological variances

to compute overall model uncertainty.

B-21



References

Bevington, P.R., 1969: Data Reduction and Error Analysis for the Physical
Sciences, McGraw-Hill Book Co., NY.

Carter, F.L., R.K. Dumbauld and J.E. Rafferty, 1979: Methodology
Investigation, Final Report, Validation of Transport and Dispersion Model
for Smoke, TECOM Project No. 7-CO-PBS-DPI-004, U.S. Army Dugway Proving
Ground, Dugway, UT.

DPG, 1977: Methodology Investigation for Testing Effectiveness
of Smoke/Aerosol Munitions Pilot Study, Final Report, TECOM Project No.
CO-RD6-DPI-005, U.S. Army Dugway Proving Ground, Dugway, UT.

DPG, 1978: Basic Smoke Characterization Test, Final Report, TECOM Project No.
7-CO-RD7-DPI-0O1, U.S. Army Dugway Proving Ground, Dugway, UT.

Goodman L.A., 1960: On the exact variance of products, J. of the American
Statistical Assoc., 55, 708-713.

B-22



APPENDIX B-2

ANALYSIS OF FOG-OIL SMOKE EMISSIONS

8-23



Appendix B-2

Table of Contents

Analysis of Fog-Oil Smoke Emissions

Page
1. Introduction B-25

2. Method B-25

3. Results B-35

4. Conclusions B-36

B-24



Appendix B-2

Analysis of Fog-Oil Smoke Emissions

1. Introduction

This analysis focuses on the fog-oil smoke generator emission rates as

tested at the Dugway Proving Ground in March and April, 1985 (Liljegren et

al., 1988). Liljegren et al. (1988) reported the details of how the

experiment was conducted. Only the method of computing the emission rate will

be addressed here. The objectives of this analysis are threefold: (1) to

assess the variability in the emission rate from the fog-oil smoke generator,

(2) to compare two methods of computing the emission- rate, and (3) to evaluate

the influence of averaging time on emission rate variability.

2. Method

The fog-oil smoke emission data were taken from Liljegren et al. (1988).

The configuration of the smoke test provided for the "instantaneous"

measurement of the emission rate based on the weight loss of the oil drum and

the exit velocity of the generator. Due to mechanical difficulties, the

weight loss values are actually i-minute averages, as opposed to

"instantaneous" values. Plots of these data (and exit temperature) versus

time for seven experiments were reported in Figures 3.2 through 3.8 in

Liljegren et al. (-1988). (For reference, copies of those figures are

Included, with the original figure numbers.) These data were digitized and

the means, x, and standard deviations, a-, were computed for each experiment.

These values and the coefficient of variation (o/x) for each test are

presented in Table B-i. Some experiments were screened to remove values which

were approximately zero at the end of the test. Otherwise, the data reflect

the actual emissions for the duration of the experiment.

Liljegren et al. (1988) computed a time integrated emission rate based on

the total mass of oil burned divided by the duration of operation of the smoke

generator. These values, taken from Table 3.1, are shown in Table B-2.

To evaluate the influence of averaging time on the variability in the

emission rate, the emission rates were re-calculated based on averaging times

up to 510 seconds. To do this the data were processed through a program which
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Table B-i

Variation in Instantaneous (i.e., one-minute averaged)

Fog-Oil Smoke Emission Rates

Average Instantaneous Standard Coefficient
Figure No. Test No. Emission Rate (g/s) Deviation of Variation

3.2 T0003 21.7 10.9 0.5

3.3 T0004 33.8 8.9 0.3

3.4 T0005 21.5 5.9 0.3

3.5 T0006 31.1 4.2 0.1

3.6 T0007 30.9 7.5 0.2

3.7 T0008 37.9 7.5 0.2

3.3 T0009 37.9 16.3 0.4
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Table B-2

Comparison of Integrated and Averaged Instantaneous Methods

of Calculating Emission Rates

Integrated * Average Instantaneous Percent
Figre No. Test No. Emission Rate (g/s) Emission Rate (g/s) Difference

3.2 T0003 24.3 21.7 -12

3.3 70004 22.5 33.8 +33

3.4 T0105 22.4 21.5 -4

3.5 TO006 28.7 31.1 +8

3.6 TOOC7 30.7 30.9 -0.i

3.7 TOOC8 36.3 37.9 6

3.8 TOC09 43.2 37.9 -12

U

Taken from Liijegren et al., (1988), Table 3.1
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interpolated the emission rate at 30 second Intervals from the existing data

which are at approximately one minute intervals. From this processed data,

means and standard deviations were computed by grouping the data at 30 sec, 60

sec, 90 sec, etc. increments up to 510 seconds (8.5 minutes). To evaluate how

the variability changed with averaging time, the following equation was used

R1 = sec (B-i)30 sec)

where a. is the standard deviation for the i-th averaging time (i = 60 sec,isec

90 sec, 120 sec, 510 sec) and (30sec is the standard deviation from the

30 second averaging time.

3. Results

The first objective of this analysis is to evaluate the variance in the

fog-oil generator emissions. Table B-i shows that the variation in the

emission rate, expressed as the standard deviation, can be large. The

coefficient of variation (CV) normalizes the standard deviation by the mean.

Test T0006 has the smallest CV - 0. 1. Tests T0003 and TC009 have the largesz

CV's, 0.5 and 0.4 respectively. During these tests the smoke generator

malfunctioned and the emissions were particularly erratic (see Figures 3.2

and 3.8).

The secord objective of this analysis is to compare the methods for

calculating the average emission rate. Table B-2 shows a comparison of the two

methods of computing the mean emission rate. Liljegren et al. (1988)

calculated the time integrated average by dividing the mass of oil burned by

the duration of operation of the smoke generator. Our approach averaged the

"instantaneous" 1 minute emission rates, as digitized from plots. The percent

difference between the two methods ranges from -12% to +33%. The largest

difference in the computed emission rates is for experiment T0004. A review

of Figure 3.3 and the digitizing indicatis that there were no errors in that

step and that th.2 mean rate of 33.8 g/sec accurately reflects the data in the

plot. It is hypothesized that there may be an error in the field data

relating to oil burned or duration of operation of the smoke generator, which

may have caused Llljergren et al. to compute a lower emission rate. (In

addition, Liljergren et al. note that the data for this experiment were

divided into two groups based on a shift in wind direction. it is not clear
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how this was done of if this would affect the emission rate calculation. The

smallest difference was for T0007, an experiment when the smoke generator

functioned in a very consistent mode (see Figure 3.6). There does not appear

to be a bias in the Liljegren et al. method, with their approach producing a

higher mean rate four times and a lower rate three times. The r2 for the two

methods of computing the emission rate is 0.56. This means the time

integrated method of computing emissions can only account for 56% of the

variance in the method based on averaging the "instantaneous" values.

The third objective of this analysis is to evaluate how the variablity in

the emission rate changes with averaging time. The data from five

experiments, TOOS (Figure 3.4) through T0009 (Figure 3.8), were analyzed

using equation (B-i). Two experiments, T0003 and T0004 (Figures 3.2 and 3.3,

respectively), were excluded from 'this analysis due to Insufficient data.

Table B-3 presents the squared standard deviation ratios by averaging time for

the five experiments as well as the median ratio for each averaging interval.

These data are plotted in Figure B-i, with the solid line representing the

median value and the minimum and maximums represented by the boxes.

A theoretical curve is also plotted in Figure B-i, representing the

equation:

O2(Ta) i4 30s/2T I
2 + /2T 

(B-2)
02 (30s) 1 + Ta/2TI

where T is the integral time scale of the physical process. This equation is

based on work by G. I. Taylor in the 1920's and is further discussed in Section

VIII of the main text. This theory assumes that the time scales of the

fluctuations cover a wide range of values, and the time series data in the

figures verify that this is the case. An integral scale, TV of 150 seconds

provides the best -fit to the data in Table B-1.

4. Conclusions

This analysis shows that the variation in the one-minute averaged

emission rate from the fog-oil smoke generator can vary from 10% to 50% of the

mean rate, based on the coefficient of variation. From the comparison of the

two methods of computing the emission rate, it appears that when the smoke
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Table B-3

Variations in Emission Rate with Averaging Time

Squared Standard Deviation Ratios

Averaging Median
Times (s) T0005 T0006 T0007 TO008 T0009 Ratio

30. 1.000 1.000 1.000 1.000 1.000 1.000

60. 0.879 0.848 0.934 0.922 0.950 0.9220

90. 0.858 0.746 0.837 0.806 0.932 0.8370

120. 0.738 0.605 0.745 0.774 0.872 0.7450

150. 0.639 0.465 0.695 0.823 0.823 0.6950

180. 0.649 0.473 0.696 0.697 0.818 0.6960

210. 0.609 0.415 0.574 0.716 0.804 0.6090

240. 0.652 0.388 0.537 0.551 0.752 0.5510

270. 0.627 0.460 0.574 0.560 0.747 0.5740

300. 0.554 0.356 0.534 0.524 0.636 0.5340

330. 0.544 Q.319 0.506 0.483 0.666 0.5060

360. 0.523 0.267 0.518 0.670 0.742 0.5230

390. 0.529 0.300 0.484 0.426 0.498 0.4840

420. 0.557 0.334 0.537 0.680 0.391 0.5370

450. 0.481 0.303 0.484 0.411 0.384 0.4110

480. 0.510 0.278 0.436 0.469 0.573 0.4690

510. 0.492 0.318 0.444 0.700 0.650 0.4920

R' sec1

S30 sec
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Figure 3-1. Variation of emission rate fluctuation variance with averaging

time. The solid line represents the median of the five

experiments and the stars represent the range at that averaging

time. The dashed line represents the theoretical curve given by

Equation (B-2).
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generator is operating in a consistent manner, both computational methods

produce the same result (e.g., T0007, Figure 3.6). However, when the smoke

generator malfunctions (e.g., T0003 and T0009, Figures 3.2 and 3.8,

respectively), emissions can be highly variable, and the method of Liljegren

et al. will over-estimate emissions relative to our method of averaging

"instantaneous" emissions. An analysis of the emission rate variability with

different averaging time showed that a time Interval of 150 seconds best

represented the experimental data.
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UNCERTAINTIES IN SOURCE EMISSION RATE ESTIMATES
USING DISPERSION MODELS
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(First received 7 .4pril 1990 and in final form 5 June 1990)

Absmet-The source emission rates during the Prairie Grass dispersion experiments were carefully
observed and were adjusted by the expenmentalists so that they were about twice as high during unstable
conditions as dunng stable conditions. The question was asked whether observed concentrations and
meteorological conditions could be used in disoersion models in order to predict source emission rates and
verify this factor of two difference. Three types of simple dispersion models were aoplied to this problem.
with the result that for the model bused on Monin-Obukhov similarity theory, the uncertainties !n
predictions of source emission rates for individual runs were at best about = 10-20% when observed cross-
wind integrated concentrations from the 50 in arc were used. Consequently this model could discern the
factor of two difference in average source emission rates for the two sets of fieid trials which consistea of
about 20 runs each. However. some models, such as the Gaussian plume model., exhibit uncertainties oc
about _. 70% to a factor of two in predictions for individual runs. and hence could not disern the difference
in average source emission rates when concentration observations at downwind distances of 100-300 m are
used. It is found that the use of observed cross-wind integrated concentrations produces more accurate
conclusions than the use of observed point concentrations, for the uncertainties in predictions of source
emission rates are about a factor of two larger when the observed point concentrations are used.

Key word index: Dispersion models, uncertainties in models. source emission estimates.

OBJECTIVE AND METHODS data of this type exist, and the procedures .viil e';en-
tually be tested with these data: however. first we have

As source emission rates for air pollutants are seldom chosen to apply the source emission rate estimation
well-known, air pollution control decisions must often methods to a simpler data set.
be made based on observations of air pollution con- The Prairie Grass dispersion experiments produced
centrations on monitoring networks. Observed con- a high-quality database (Barad, 1958) that has been
centrations can be combined with meteorological used extensively in the development and testing of
observations (e.g. wind speed and direction, stability, dispersion models. The experiments were simple, with
and mixing depth) and used in so-called hybrid near-ground-level continuous point sources, and ex-
source-receptor models in order to estimate source tensive concentration and meteorological observa-
emission rates (Watson, 1989). These models are based tions were made over the flat. homogeneous terrai.
on the concept that atmospheric transport and disper- Source emission rates were also reported. and were
sion models are a mathematical link between observed deliberately varied so that they were twice as high
concentrations and predicted source emission rates. during the day as during the nigh Because of the care

The specific objective of this research, funded by the with which the Prairie Grass expenments were con-
U.S. Army, is to develop methods for estimating ducted, this database serves as an excellent test bed for
whether there is a significant difference in the source study of the uncertainty in source emission rate es-
emission rate of similar types of sources from one timation procedures. If the procedures cannot discern
experiment to another. For example, a typical source the known factor of two difference in average source
might be a fog oil generator (used for smoke obscura- emission rates in this highly controlled set of ex-
tion purposes), and the question may be whether the periments, it would be of little use at more complicated
source charactenstics of the fog oil generator have sites, where the terrain may be more complex and the
significantly chaniged between 1980 and 1990. It is observations are likely to contain more errors.
assumed that the source emission rate is not directly Three representative dispersion models are used to
measured, but that several field trials are carried out at relate observed concentrations and meteorological
the same site in 1980 and in 1990. In each field trial, conditions to source emission rates. The three models
cross-wind integrated concentrations are observed at include a statistical regression model, a Monin-
a distance 100 m downwind of the source, and wind Obukhov similarity model and a Gaussian plume
velocitie turbulence, and vertical temperature gra- model. The Student-c test is used to determine whether
dients are observed on a tower near the source. The the models can discern a factor of two difference, at the
source position and orientation is not varied. Some 95% confidence level, between average night and day
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source -mission rates. Another output of this proct:d- dcvelopment of the empirical 08, DG model. which is
ure is an estimate of the typical error or uncertainty the basis of the U.S. Air Forc: procedures for calc.-
the source emission rate estimate. lating toxic gas impacts. Because the eariy data ana-

lyses did not make use of Monin-Obukhov similarity
modefing or convective scaling conceots, :here was a

DESCRIPTION OF PRAIRIE GRSS D. %TABASE fiurry of activity with reanalyses of the Prairte Gra.ss

data from this new point of" view in the late 1970s
Barad (1958) discusses the Prairie Grass database in (e.g. van Ulden. 1973; Horst. 1979: Nieuwstadt. 1980:

great detail. SO: tracer gas was released over periods Venkatrari. 1981: Briggs, 1982). In several of these
of about 10 min from a point source located at an papers, the new scaling parameters (e.g. the mixing
elevation of 0.45 in. Ten minute averaged tracer con- depth. h, the friction velocity, u., and the
centrations were obtained from measurements ob- Monin-Obukhov length. L) were derived by reanaly-
served at an elevation of 1.5 m along arcs at distances zing the original field data.
of 50. 100, 200. 400 and 300 m from the source. The variety of dispersion models in the references
Supporting meteorological observations were made listed above can be grouped into three Classes.
from a nearby tower. located in a tat area represent-
ative of the site, where the average surtace roughness. Cla 1. Empirical or statistical regression mooes

:,, was determined to be 0.6 cm. Data from 44 ex- (e.g. Nou. 1963).

periments were used in our analysis. zovering a wide- Class 2. Similarity models (e.g. Brigg, 1982).

range of meteorological conditions. The data are Class 3. Gaussian piume models (e.g. Gifford.

approximately equally divided into unstable and 1976).

stable periods. Because Nou's (1963) empirical or statistical regres-
The Prairie Grass data are listed in Table 1. based sion formula was based on several other databases

on information in the report by Barad (1958) and in besides the Prairie Grass database., and he did mot
papers by van Ulden (1978), Nieuwstadt (1980), and suggest a formula for the cross-wind integrated con-
Briggsi 1982). The 2 m wind speed. u. the 2 m standard centration, we decided not to use his formula directly,
deviation of wina direction luc-uauons a€, and the but instead we appiied a muituvariate linear e.,2r-ssion
16 m to _ m temerature difference. D T. ,ere given in procedure to t:e data in Tabie :n order :o ceneve :.e
Barad's1 !9 8) r.-eort. ano the frc'ion veioczty, .,, and foilowing best-,it power-iaw .or-uias:
the Monin-Obukhov length. Z. were estimated by
van Ulden (1978). The mixing depth and convective C'Q -0.00O137x-'1 3 1 (DT- 10oF)' ' :

7 (1)

scaling velocity, w., were calculated for most unstable C'/Q =0.00666x" -
0
3(DT+ 106F)" (2)

experiments by Nieuwstadt (1980). The stability cIaa.
SC, is estimated using observations of surface rough- where CiQ and C'IQ are in units of s " and s m- 2,

nes, :., Monin-Obukhov length. L, and Golder's respectively, xis in units of m and DTis in units ofF.

(1972) nomogram Briggs (1982) carefully reviewed all This is the same statstical procedure applied by Nou
of the data and suggested that certain arcs for some (1963). and the units for all variables are consistent

experiments be removed from the data set because of with those hat he used. Nou (1963) also used the 10°F

problems with those particular data. At each down- additive factor, which is necessary to prevent negauve

wind distance., the table lists observations of C,'Q, values of the temperature term. These formulas ex-

C','Q, and a,, where C is the maximum concentraton plain 91 and 84%, respectvely, of the variance in the
on that arc, Cy is the cross-wind integrated concentra- C,'Q and CY'Q observations. where most of the van-

tion and a, is the standard deviation of the lateral ance is explained by the x term. Note that these

concentration distribution. The Cy and a, data were formulas are aot based at all on physical insights, but

given by Nieuwstadt (1980) for most of the unstable are based on least-square fts of linear relationships to

periods. The standard deviation of vertical wind direc- the data.

tion fluctuations, ,, has been estimated using bound- The group of similarity models proposed by van

ary layer similarity theory. Ulden (1978), Horst (1979). Nieuwstadt (1980)L Venka-
tram (1981) and Briggs (1982) is based on applications
of Monz-Obukhov similarity theory and convective

DISPERS"OIN MODELS scaling similarity theory. According to Monin-
Obukhov similarity theory, the following functional

Data from the Prairie Grass experiments iBarad relations can be postulated for dispersion from contin-

1958) were used extensively by Pasqwll (1961) and uous ground-level point sources in the surface bound-

others in the development and testing of a Gaussian ary layer tBriggs, 1982):

diffusion model now known as the Pasquill-Gifford- Cu.d-'/Q -A (xiL) (3)
Turner model iGifford. 1962- 1968, 1976: Turner,

1967), which is the basis for most decisions regarding C'u../Qf2(xiL) (4)

air pollution control in the U.S. The data were also where f, and f, are non-dimensional universal func-
part of the database used by Nou (1963) in the tions. The friction velocity, u,, and the Monin-
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Obukhov length. L.-are the fundamental scaling veio- provide a good fit at ail values of x/ L. However. they
city and scaline !ength in the surface boundary layer, have been derived with no requirements that cer:ain
according to Monin-Obukhov similarity theory. The physically-based asymptotic functional relationsnips
Prairie Grass data arc plotted in Fig. I in the dimen- be satisfied. For example. Briggs (1982) points out that
sionless forms suggested by Equations kZ) and (3), f7(x/L) should be proportional to (-.xL(": 'n ',he
illustrating that the data are ordered quite well by limit of free convection (-xiL-o). Consequentdy,
these similarity relations. Briggs' (1982) suggests a third term in Equation 5),

Because the data in the four parts of Fig. I appear to which he claims to better account for -convective
approach a constant as x/L approaches zero. the sweep-out" of the plume at large x/L4. The similarity
following functional relation is proposed. mode is represented by Equations (6)-i9) in our

f(.x/L) -a(l +bxL)'. (5) analysis rather than the equations proposed in any of
the above references because the other equations are

A least-squares algorithm was applied to each figure, based on a slightly different subset of the Prairie Grass
with the following results: database.

f,(xL) - 3.37(l -0.019x/L -6 v L <0 (6) The Gaussian plume mode!s comprise the third

class of models in our analysis. The Gaussian .ocei is
fA(xL)=3.01(l -2.20x/L) 0 -5' xlL>O (7) based on the formulas (Gifford. 1976)
f,(x/L)= LOW( -O.021x/i)" t-74 x/L <0 (8) C,'Q =7rua,O:)-' exp(-jt, -:,":a 10l)

f2(xlL)- 1.07(l +O.10x/L)
0 6" x/L>O. (9) C','Q =(I/r)"2 (uu:)-t exp( -:, -:,)2 ..-). ii!)

These curves are drawn on the figures and appear to The source height. :,, and receptor height, , equal

Unstable Stable

1992________________ Ig

a. 1 .3 1*0.3 " " 1 1 0. 21A 1. .

1.1 I1.

,.1 I. I, . . . I

-x/L x/L

Fig. 1. Prairie Gr'am data plotted in the dimensionless form suggested[ by Equations 13)1 and (4). Bes t-tit lines of the
formn at I -bx//..} are drawn on eacha figure is" Equations 6-9)
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0.45 m and 1.5 m. respectively. in the Prairie Grass cross-wind integruted concentrations. Dispersion mo-
expenmcnts. The wind speed. a. is assumed to be that dels. such as the three presented above. can be used to
measured at a height of m isee Table t). The values remove the effects on the concentration observations
for lateral and vertical dispersion coe cients. a, and of variations in meteoroiogcal parameters and down-
a. that are substituted into Equations I1O) and (11) wind position of the concentration monitor.
are based on suggestions by Bnggs (1973). who used Alistngoftheobservedsourceemissions.Q,during
the Prairie Grass experiments, along with many other the Prairie Grass experiment is given in Table 1, and
field expeniments. in their derivation. These a', and a : the data are plotted in Fig. 2 as a function of the
formulas are oven in Table 2. The required stability stability parameter I/L (the point for run -6 has been
class is found in Table I for each Prairie Grass test. excluded. since it was an evening transition period

Note that the empirical and similarity classes of when Q was still high although IlL had just become
dispersion models have been best-fit to the exact same positive). During the Prairie Grass experiment the
data (Table I) that will be used for further testing. The night-time emissions. Q, of tracer gas were controlled
Gaussian plume model has not been subjected to these so that Q averaged 45.: gs - with a range from about
same best-fit procedures. but has been based on data 38 to 58 gs and a standard deviation of .. 91 gs
from many experiments. Because of these differences and the daytime emissions were controiled so that Q
in databases used to derive the models. it is expected averaged 98.25 g s - with a range from about 90 to
that the Gaussian plume model will have the least 105 gs - and a standard deviation of .48 g s- . The
success in any comparisons with field data from the experimentalists deiberately maintained this fact of
Praine Grass database. 2 difference in day-night Qs so that :the magnituc f

The dispersion models in Equations 13) and (4) and concentrations at the moaitors would not var,
(6)-1%0) are inverted in order to predict source emis- much from day to night. With 19 stable night) runs
sion rates: and 20 unstable (day) runs, the Student-c parameter

Qp. C.,(C,'Q2). (12) (Panofsky and Brier, 1968, p. 63) can be calculated in
order to determine if the daytime is significantly

Q=CIV(C"IQ),, 1(13) different from the night-time Q:
where subscriots o and . reoresent observed and_- .
predicted vanaoies. res:ectiveiv. Because ot the J ='.a I ii-n' _.) ._,V
charactenstics of the multiple jinear e.2ression or N,
least-squares statistical proceoures. an equation that where subscripts d and n indicate day and night. IfcI is
produces a best-fit for CQ or C'/Q may not necessar- less than 2.04, then the difference 0,-Oj,) is not
ily product a best-fit for Q. These statistical procedures significantly different from zero, at the 95% cond-
atept to minimize the mean-square error and to dence level In fact, using the observed and a,2
force the mean of the observed variable to equal the
mean of the predicted variable. We should therefore
not be surprised if an equation which produces zero mi
mean bias in CQ is discovered to produce a mean bias
of 20-30% or more tn Q. , 318

STATI'nCAL PROCEDLRES 31 ., " 1
A primary objecuve of this research is the develop- _ _ _ _ _ __la

ment of methods for estimating whether there is .-. 2 4.1 M a .1 a.2 3.3
a significant difference in the source emission rate I/L (1/m,)
of similar types of sources from one experiment to Fig. 2. Observed tracer gas source emission rates. Q, as a
another, as determined by observations of meteoro- function of inverse Monin-Obukhov length. ;L for the
logcal conditions and of point concentrations or Prairie Grass dua. (run 46 excluded.

Table 2. Formulas recommended by Bngg (1973) for a, and L'.. for rural

conditions

Stability class Itmi 1r:(m)

A1.-2. I -O.O001xl- "I O.ZOx
B O.16xi I -0.0001m- " 0.12.X
C O.l 1xi I -0.000Ix)" ,2  O.8xi I - 0.0002x)--
o 0.08x1 I -0.000O1.l- "' 0.06xi I -0.00O 5x-,
E .06x.i I -0.00.r '12 0.O3xi i --O.O03v'
F .04x I - 0.000txl" i O.Ot6xtt -O.O003xi'
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figures quoted above, the calculated Student-( para- Relative bias: 1Q0 -

meter is 30.86 for the difference between the mean
night-time and daytime emission rates, which implies Correlation: r=iQ9 -t Q ,,-Qjiu 2 9 iq*.

that the difference is significant at far greater than the Fractions of predictions. Q., within a factor of two of
95% confidence level. observations. Q..

Because there is such a clear difference in the
observed day and night tracer gas source emission Normalized mean square error (Q 0-Q.,)"( 0 .
rates. Q. at the Prairie Grass site, it is interesting to ask These performance measures are tabulated for each
whether the dispersion models would be able to model and for C. and C on each monitoring arc. In
predict this significant difference in the mean emission aditon. the individual residuals (Q.-Q.) are plotted
rates, based on observed concentrations and meteoro- as a function of downwind distance for each model.
logical variables. The three types of models described
earlier were used to prepare predictions of source
emission rate. Q. (one set of predictions using C. and
another set using CI). This calculation of Q. was made RESULTS AND CONCLLSIONS

individually using data from each of five monitoring
arcs (50. 100, ZOO. 4 and 300 m) for C., and each of Preaictions of averaqe daytime and night-time source

three monitoring arcs (50. 200 and 300 m) for C. For emisswn rates

each set of predictions, values of night-time and The procedures for estimating the daytime ana
daytime a. and a,2 were calculated. Then Equation night-time average source emission rates reviewed
(14) was used to calculate the Student-t parameter. If above were applied to the Prairie Grass database, with
the resulting r value exceeds 2.04, it is concluded that the results given in Tables 3 and 4, for C, and Cl.,
the model successfully simulated the difference in respectively. By comparing the numbers in the two
source emission rates. If e is less than 2.04, then it is tables, it is evident that use of the observed cross-wind
concluded that the model has failed to simulate the integrated concentration. C,'. produced better results
difference, than use of the observed point concentration. C,. The

Besides investigating the day-night difference in standard deviations. a2, of the predicted source er:s-
mean source emission rate predictions. .t is aiso of sion rates are about 50%1. iarger dunng :he nizrt. anc a
interest to investigate the abiiity of the models to factor of : or 3 larger during the day, ,or C, than 'or
predict emission rates for all Prairie Grass runs taken C7.. Consequently the calculated Student-c parameters
as a group. For this purpose, he following per- are about twice as large for C: than for C., implying
formance measures are calculated (where an overbar that there is more confidence in the conci vions for C,.
represents an average over all the database). We expected that there would be a difference, because

Table 3. Predictions of source emission rate. Q(g s- ". for night-time and daytime Prairie Grass
runs. using observed maximum concentrauons. C,, on monitonng arcs at distances of 50. !00.
200, 400 and 800 m. Three different models are used to calculate Q, =.C, (C.'Q)0. The average.
and standard deviation. i., for night-time and daytime conditions is listed. Student-t :s

calculated using Equation 11)

Monitonng Night (N 1 19) Day tN= 201

distance Student 1. d5P a. .7r2

Model 1l m (gs ') (gs - gs'I (gs -

Observed Q 30.86 45.2 5.9 98.2 4.5

Regres.on so 7.40 30.1 12.0 144.6 64.7
i00 5.47 43.8 19.4 139.1 71.6
200 4.27 510 23.0 123.3 72.5
400 2.20 61.2 27.3 93.4 56.2
800 -1.19 84.2 51.6 64.5 48.9

Similarity 50 5.68 39.9 14.1 70.8 18.5
100 4.62 49.2 16.2 34.0 37 1
zoo 5.51 48.7 16.2 .101.1 37.1
400 5.52 45.8 15.6 105.4 43._'
300 410 -46.3 14.6 116.2 60.1

Gaussian 50 2.40 55.2 45.5 115.5 96.9
100 1.07 76.3 94.9 109.2 92.Z
:00 0.05 98.1 150.9 100.2 70.1
400 -0.88 118.8 196.3 '6.8 62.7
300 -1.67 150.1 264.1 4.0 30.1
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Table 4. Predictions ofs ourcc cmsiaon ratc. Q,ks ). for night- ume and datime Praine Grass
runs. using observed cross.winU nicumicd. conccntruiions. C.. on moniconne rcs at distances oi
50. :00 and 00 m. Three difTcrc-t models are used to calculatce Q, - C, C '). The average. Q*.
and standard deviation. a,. :or ningt-time and davimc conditions liste. Stucent- is calcuiated

using Equatiun 1141

Monutonna Night IN . 19) Day IN :0)

distance Student Q 2. (7,2,

,Model (nl t igs') (gs-') (gs"') Igs"')

Observed Q 27.27 45.2 5.9 97.3 4.7

Regreson 50 17.19 29.7 9.3 140.1 24.1
200 7.43 46.9 16.9 124.8 40.1
800 -0.58 69.4 34.3 62.1 36.4

Similarity 50 16.24 39.7 8.3 39.6 9.0
-100 9.54 49.0 9.0 (00.1 20.3

S00 4.38 45.2 13.3 99.6 50.2

Gaussian .0 6.18 61.7 20.9 161.0 58.4
100 2.33 65.5 60.3 116.6 34.9
300 -0.99 35.5 145.1 46.9 :0.3

a? is another complicating factor included in C. that IOm
would act to increase the uncertainty, but did not
expect that the difference would be this large. - 318

The ability of the models to arrive at the proper

answer (i.e. that the daytime j is significantly larger " . "
Lhan the night-time Q, with at least 95% confidence) 31
can be seen by identifying cases where r>,.04 in
Tables 3 and 4. It is seen that most modes are able so ..
reproduce this conclusion at most arc distances. How- ... a. a~a a. 3.2 a..
ever, false conclusions (t<2.04) are reached for the IlL (/rn)

foflowing .r-- and models. Fig. 3. Tracer gas source msson rates. Q., predicted by

C.: 100 m arc: Gaussian the similarity model as a function of inverse Monn-
Obukhov length, 1/L. for the Prairie Grass data (run 46

200 Marc: Gaussian excluded). Observed cross-wind integrated concentra-
400 m arc: Gaussian tions on the 50 m arc are used.
800 m arc: Regression and Gaussian.

C.: 800 m arc: Regression and Gaussian.

It is seen that the use of C, and C. from the closest low

arc (50 m) leads to the correct :onclusion for all three

models, with a value for Student-c ranging from 2.4 to 318

7.4 for C, and 6.2 to 17.2 for C.. The regression and lag
similarity models are seen to be better able to simulate - • .•

the difference in observed Q (i.e. they yield a higher 0I , 31

than the Gaussian model. However, the number .if
fal- conclusions increwes as downwind distance in- la

cre4ses. At the SOOm arc in both tables, only the -4.2 .. 1 8- 2 .1 6.2 a.::

similarity model yields the proper conclusion. Figs 3 i/L (1/m)

and 4 contain extreme examples of plots of predicted
source emission rates. Q0. as a function of I/L, in the Fig. 4. Gas source emissions race predicted by the Gaus-

same format as the observations in Fig. 2. The sir- sian plume model Q . as a function of inverse Momn-
Obukhov length. 11L for the Prmne Grass data irun 46

darity model predictions in Fig. 3, using obsevations -xciuL -i. Observed concentranons on the 800 mr arc are
of C, on the !G m arc. produce patte- similar to the used.
observed data but with slightly mote. scatter. How-

ever, the Gaussian plume model predict-ons in Fig. 4.
using observations of C, on the 800 m arc. obviously at thel- .,tst distances may been seen by investigating
miss the overall trend of the observations of Q, as well the vanaLon of the ratio C, C. with distance for the

as containing much more scatter. three models for stable and unstable conditions (Figs 5
The failure of the regression model and the Gaus- and 6). The Cr,'C, values for the similarity model have

sian model to estimate Q using C, and C. observations very little trend with distance and are always centered
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C/Q, Regression Z/Q, Regression

139.23 199.00

13.8 18.U
oBa 0 8M

a If irl~8al, j -- U ~ a

.1 1.18 1

1.91+ + 4 atm+ +
1s 31 lg 315 1m 3152 1 31 "as 31s im 2152

xt Cm) it (in)

C/Q, Similarity C/Q, Similarity
lW.W log.=

19.28 10999
1L.29 1.3

Ito i.>c i~

1i 31. IN 315 1133 3162 Is 31 n9 315 1339 312

x (m) X (iM)

C/Q, Gaussian C/Q, Gaussian

13.83 1 . 1 sf

1.2e !h 1.2 -

3.13 .1

3.31 91 .31 V
i3 31 in9 315 133 3152 13 i1 i31 315 139 3162

Fig. 5. Ratios of predicted to observed concentrations Fig. 6. Ratios of predicted to observed concentrations
(C/Q) for the Prairie Grass dacase. as a functon of (CIQ) for the Prairie Grass datasec. as a function of
downwind distance, for three models (regression, srn- downwind distance. for three models (regresion, sim-
larity, and Gaussian for stable conditions. N is the i,.ity, and Gaussian) for unstable conditions. N is the

number of data points at each distance. The midline of number of data points at each distance. The midline of
each box plot is the median, and he other lines each box plot zhe nedian, and :he other ines

represent = one and two standard dev ations. represent =one and two standard deviations.

on 1.0. In contras. at large distances, the regression Thus the Gaussian model leads to the opposite
and Gaussian models tend to underpredict (C,, C. 1) conclusion regarding daytime and night-time differ-
during stable conditions (Fig. 3) and overpredict encet if the mn C. data are used. Note that if the
(C,,uC> 1) during unstable conditions. It is important experimnentalists had controlled the emissions in the
to note that a model which overpredicts the concen- opposite way, such that the night-time Q exceeded the
tration, C, will underpredict the source emission rte, daytime Q, then these trends in the errors in the
Q. Consequently, at large distances, the regression and regression and Gaussian mdels would have led to a
Gaussian models can be expected to overpredict the correct conclusion regarding the differences in
source emission rae Q, during stable conditions, and __es __t ________treed_ ot_ ha___ h

ndertredict it during unstable conditions. But since e le ht Day
the observed stable Q is about 45 gs' and the
unstable is about 98 g s the 5s predicted by these Observed ors98.:

Q.Cneunla ar ~actez esinad r'sindGaussian predecte wou.1 hae40 t

two models will tend to be either nearly the same, or Gcnsin retding 50. d .
their relative magnitudes may even be switched. This
problem is seen to occur for the Gaussian model on Consider the best-performing model in Table 6.
the 800 m arc, using the C, data., where the following where C. data from the 50 m arc are used in the
discrepancy is found in Table 3 and can be seen in Figs similarity model to predict the average source emis-
2 and 4 sion rate. ( (see Fig. 3). The caiculaced StudCent- value

C-8
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Table 5. Evaluations of predictions of source emission rate. Qcgs ). for all Prairie Grass runs. using
observed maximum point concentrautions. C. on monitoring arcs at distances of 0, :00 and 800 m. Three

different models are used to calculate Q. CC'Q),

Fraction -

Distance to C. Correlation within Q. -Q,
observation Model Ggs" -) Q. factor of 2

Observed 72.4

Sorm Regression 88.8 0..3 0.77 0.82 0.53
Similarity 55.7 -023 0.74 0.90 0.15
Gaussian 86.1 0.19 0.36 0.80 0.97

200 m Regression 91.2 0.26 0.59 0.85 0.51
Similarity 75.6 0.04 0.71 0.92 0.14
Gaussian 99.2 0.37 0.02 0.74 2.08

800 n Regression 74.1 0.02 -0.15 0.54 0.70
Similarity 32.1 0.13 0.65 0.90 0.-,4
Gaussian 97.6 0.35 -0.25 0.49 5.75

Table 6. Evaluation of predictions of source emssion rate, Q(gs -', for all Prairie Grass runs. using
observed cross-wind integrated concentrations, C, on monitoring arcs at distances of 50, -00 and 800 m.

Three different models ae used to calculate Q, - CL'(C'/Q).

Fraction -

Distance to C, Correlation within Qe-Q2
observation Model Qgs - r factor of 2 02,

Observed 68.4
50m Regression 78.4 0.14 0.94 0.91 0.2

Similarity 61.7 -0.10 0.98 1.00 0.02
Gaussian 106.0 0.55 0.74 0.88 0.55

200 in Regression 81.2 0.19 0.80 0.94 0.21
Similarity 71.6 0.05 0.89 1.00 0.04
GauSSian. %.1 .29 0.46 0.8% 0.4

800m Regression 66.1 -0.03 -0.07 0.74 0.46
Similarity 69.2 0.01 0.60 0.88 0.26
Gaussian 68.4 0.00 -0.15 0.65 2.98

in this case is 16.2. Since .(day)-CTo (night) 53 gs t dons, respectively. These performance measures are
it is concluded that a significant difference in values calculated using data from the 50 m. 200 in and 800 m
could be discerned by this model if A( o = (o(day)- arcs.
a.o(night) drops as low as 53 x 12.04/16.2) =6.7 gs- ; In most cases, the similarity model shows the most
that is. if Aao is about 15% of io, Therefore, in these accuracy and the Gaussian mcdel shows the least
best of research-grade experiments, where there are accuracy. Also, the use of observed cross-wind integ-
about 20 daytime and 20 night-time tests, and where a rated concentrations. C., leads to better results than
dispersion model is fit to these same data. a day-nigit the use of observed point maximum concentrauons.
diffrence in I of less than 15% of the mean would not The deterioration of model performance as distance
be estimated to be significant by this procedure. increases can also be sen. Focusing on Table 6. for

cross-wind integrated concentrations, it is seen that
Predictions of source emission rates for ail cases the most accurate model the similarity model, pro-

Putting aside the question of differences in daytime duces a mean relative bias with a magnitude of 0.10 or
and night-time averages in Q, it is possible to use the less on all three distance arcs. The correlation drops
complete database to estimate the overall ability of the from 0.98 to 0.60 as distance increases from .0 to
models to estimate the 39 individual source emission 300 m. and the fraction within a factor of two drops
rates. The relative bias, the correlation, the fraction of from 1.00 to 0.88 over the same distance. The normal-
predictions within a factor of two of observations, and ized mean-square-error increases from C.02 to 0.26
the normalized mean square error for the three models over those distances, implying that the root-mean-
are listed in Table 5 and 6. for maximum point square-error (rmise) increases from about 15% to 50%
concentrations and cross-wind integrated concentra- of the mean. In contrast, the Gaussian model yields a
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much lat'ger rmse that increases from about 7011 to wich distance of the plume centerline concentration.
300%/ of the mean. Consequently it is possible that a model which has

The factor of 5 or 6 difference in rmsc between zero mean bias in its concentration estimates. will
the similarity and Gaussian models implies that the have a 50% mean bias in its source emission rate
similarity model can discern differences in source estimates. For the same reason, if a variable is first
emission rates that are a factor of 5 or 6 less than made non-dimensional and the model is 'tuned' with
the minimum differences in source -mission rates disc- the data (e.g. the similarity model described above),
erned by the Gaussian model. By comparing these the predictions of the non-dimensional variable (e.g.
numbers between Tables 5 and 6. it is seen that the Cax,-'/Q) may have zero bias, while thie predictions of
relative rinses; using C. observations are about 50% the concentration. C, may have significant bias. For
to 100% larger than the relative rinses using C7 optimum results, any tuning or regression analysis
observations. Consequently the use of C' data permits should be done with the variable that is of ultimate
one to discern differences in source emission rate that interest.
are 5O0% to 100%/ smaller than the minimum differ-
ences in source emission rates discerned by C, datm .- cknowedqemens- This research -was soionsored v :he

U.S. Armny. The authors appreciate the assistance of Mvr
James Bowers. Mr Chriscootier Biltoft and Mr James Rai-

IMPLICATIONS FOR FUTURE RESEARCH4 ferty of Dugway Proving Ground.
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database since the source conditions were simplified Barad M. L led.) (1958) Project Prairie Grss. A field
(a single continuous non-buoyant point source near program in diffusion. Geophys. Res. Paper No. 59, Vois. I
the ground), the source emission rate was closely and 11. AFCRF-TR-58-235, Air Force Cambnidge Re-
monitored, the site was flat: and uniform. comprehens- search Ceniter. Bedford. MA.
ive meteoroloeical data were taken, and observations Briggs G. A. (1973) Diffusion estimation for smail emissions.
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: .rom sources near the ground. .4tmospnertc Environment
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APPENDIX DL

DISPLAY OF RELATIONS AMONG DATA USING BOX PLOTS

One way of displaying large numbers of data is through the use of box

plots, where the cumulative distribution function (cdf) of the dependent

variables within a group of data is represented by a set of significant

percentile values. For example, the 2th, 16th, 50th, 84th, and 98th

percentiles are used in our analyses. These five significant points in the

cdf are plotted by the SIGPLOT program using a "box" pattern as seen in the

examples below. Variations of one type of data with another can be seen by

breaking up the first type of data into groups defined by ranges of the second

type of data.

The SIGPLOT plotting package (see Appendix E) is used to generate the box

plots. The ANADISTR prdgram, described below, is used to generate the special

input file required by SIGPLOT from a file containing multiple columns of

data, representing concurrent values of variables such as observations of

concentrations, wind speed, or stability. In the ANADISTR program, the user

defines certain ranges- of the primary variables in the input file to be used

for grouping the dependent variables and plotting them by means of box plots.

The ANADISTR program requires one input file and generates one output file.

The output file then serves as the input file to the SIGPLOT plotting package.

There are no default names associated with these files, and the user is

prompted for the file names during the execution of the program. The ANADISTR

program is written in FORTRAN 77.

The input data file of the ANADISTR program could contain multiple

columns of dependent variables (such as concurrent values of concentration

observation) and other primary variables such as wind speed and stability.

The ranges of the primary variables are also defined in the input file, to be

used for grouping the data prior to generating the box plots. Table D-I

describes the format of the input file. Figure D-1 shows an example of an

input file. Note that the ANADISTR program makes no corrections or

substitutions for missing data: it is the responsibility of the user to

provide valid data at each position.
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The output file of the ANADISTR program contains distributions (the 2th,

16th, 50th, 84th, and 98th percentiles of the cdf) of the first variable as a

function of the second variable. The information stored in this output file

can then be plotted using the SIGPLOT plotting package (see Figure 0-2 for an

example).

During the execution of the ANADISTR program, the following questions

will be asked:

Name of the input file:

The user must-specify the name of the Input data file here. There is no

default answer.

Name of the output file:

The-user must specify the name of the output file. There is no default

answer.

An input file typically contains several columns of dependent and

independent data. The ANADISTR program handles one such column or the

ratio of any two columns of dependent data, specifled by the user, at a

time. This is accomplished by asking the user to select any two columns

between 0 and MM, (see Table D-2). The distribution of the ratio of the

numbers in these columns will be analyzed. Note that column "0" is

simply all l's, and is not part of the input data file. Therefore, if

the user wants to investigate the distribution of the dependent data in

column 2, then two integers, 2 and 0 should be entered. If the user

wants to investigate the distribution of the ratio of the dependent data

in column 2 to the data in column 1, then 2 and 1 should be entered.

Implement a lower threshold for-the dependent variable? (y/n):

The user has the option of specifying a lower threshold for the one

dependent variable or the ratio of the two dependent variables chosen

above. This is sometimes necessary if the logarithmic scale is to be

used and there are zero or minute values in the data whose distribution

is to be analyzed. The default (i.e., hitting the RETURN key) answer is

y-
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TABLE D-1. FORMAT OF THE MANDATORY INPUT DATA FILE OF THE ANADISTR PROGRAM.
THE FOLLOWING KEY LETTERS ARE USED IN THE FORMAT COLUMN - FF: FREE
FORMAT, C: CHARACTER, I: INTEGER, AND R: REAL.

LINE NO. FORMAT DESCRIPTION

1 FF/I There are four integer constants in this line,

representing the total number of observations (NN, <

501), the total number of dependent variable (MM, <

16), the total number of blocks (KK), and the total

number of primary variables (NVAR, < II). Note that

KK is not used by ANADISTR since the blocking of data

is performed internally according to the defined

ranges of the primary variables. The limits on NN,

MM, and NVAR are assigned in the program using the

PARAMETER statements, and can be easily changed.

2 FF/I There are KK integer constants in this line,

representing the number of pieces in each block. The

sum of all these integers should equal NN. Note that

the information in this line is currently not used by

the ANADISTR program.

FF/I There are MM character constants in this line; each

one can be at most eight characters long, containing

the name of each of the dependent variables. All

character constants must be enclosed in apostrophes.

4 FF/I There should be KK character constants in this line.

Each one can be at most 20 characters long,

containing the name of each of the blocks. All

character constants must be enclosed in apostrophes.

Note that the information in this line is not used by

the ANADISTR program.
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LINE NO. FORMAT DESCRIPTION

Next NN lines:

FF/R There are MM+NVAR real numbers in each line, with the

first MM numbers representing the dependent

variables, and the following NVAR numbers

representing of the primary variables.

Next NVAR lines:

FF/ Each line describes the way each of the NVAR primary

I,C,R variables is to be blocked. The first parameter is

an integer (IXR, < 21), representing the number of

ranges for the primary variable. The second

parameter is a character constant, at most 40

characters long, enclosed in apostrophes,

representing the name of the primary variable. The

next IXR+i real numbers, in numerical ascending

order, define the boundaries of the ranges. For

example, the following line:

4 'u (m/s)' 0. 2. 5. 10. 20.

means that wind speeds should be divided into four

groups where the distribution of the dependent

variables within each group is to be calculated. The

first group is for those data when wind speeds are

between 0. and 2. m/s, the second group is for wind

speeds between 2. and 5. m/s, etc.

The limits on IXR are assigned in the program using

the PARAMETER statement, and can be easily changed.

Note that the sequence of the NVAR lines must be

consistent with that of the last NVAR columns

described in the previous section. As an example, if

the MM+lth column in the previous section contains

information for wind speeds, then the first line in

this section should also contain grouping information

for wind speeds.
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79 4 2 4
39 40

'D£PVAR-A' 'DEPVAR-S' 'OZPVAR- C 'DEVAR-0'
'SUBSZT1" •SUBSET2'

616.0 708.7 594.7 516.5 11 3.0 800. 2
604.1 609.2 585.9 496.7 12 3.4 1000. 2
868.0 674.8 580.3 516.8 13 3.5 1100. 2
498.6 668.8 652.1 548.3 14 3.8 1200. 2
393.1 560.2 704.7 581.3 15 4.7 1300. 2
409.0 740.9 570.1 621.4 16 5.2 1000. 3
640.2 249.6 510.1 553.5 17 5.4 1100. 3
265.3 259.0 463.4 446.0 18 4.9 1100. 4
192.7 91.6 131.0 485.0 19 4.2 1100. 5

1149.1 1217.5 1116.1 520.6 10 2.6 1600. 2
972.8 1275.8 1175.1 536.9 11 3.2 1900. 2

1137.5 1225.7 1081.7 617.4 12 3.8 1600. 2
669.5 1052.8 905.1 637.3 13 4.5 1600. 2
595.5 862.0 862.0 664.1 14 5.0 1500. 2
741.2 589.5 767.0 665.3 15 5.1 1500. 2
612.6 602.4 728.2 672.4 16 5.0 1500. 3
312.0 398.9 657.5 659.5 17 5.2 1500. 3
400.2 340.2 412.3 586.0 1 5.1 1500. 4
264.7 612.1 774.2 705.9 16 5.7 1400. 3
290.0 428.4 757.3 708.8 17 5.1 1800. 3
459.5 355.0 512.3 602.4 18 5.1 2000. 4
444.0 216.0 441.4 681.1 19 4.4 2000. 5
175.1 216.6 456.1 425.4 20 4.6 2000. 6102.3 126.1 255.6 522.9 21 4.9 2000. 6
128.8 16.5 0.5 834.9 22 4.6 0. 6
200.2 301.9 208.9 728.0 23 5.4 0. 6
358.3 481.8 354.0 742.4 24 5.4 0. 6
611.1 1010.2 987.1 679.0 14 4.4 1500. 2499.3 752.5 921.6 725.7 15 5.0 1500. 2
537.8 724.0 826.8 675.9 16 4.7 1500. 3
220.0 523.3 908.2 640.8 17 3.9 1800. 3
479.2 3S7.5 788.6 544.7 18 4.2 2000. 4
133.2 195.3 383.1 738.5 19 3.1 1800. 5
98.2 167.3 213.5 1064.9 20 3.2 1500. 6
92.5 104.6 142.2 741.2 21 3.1 1200. 6
21.0 127.4 176.3 805.2 22 3.3 1200. 6

353.0 307.8 167.1 576.9 20 3.8 2000. 5
358.0 280.9 188.4 225.3 21 2.3 2000. 4
233.3 355.3 234.9 719.1 22 2.4 2000. 5
198.3 12.7 184.3 745.2 23 3.6 2000. 6
507.2 0.3 126.3 664.3 24 3.5 2000. 6
313.7 0.3 3.3 567.1 1 4.2 3. i
165.1 3.0 3.0 703.9 2 3.6 0. 5
295.6 329.9 454.6 695.3 4 5.2 0. 6
527.7 308.0 295.9 775.0 5 4.7 0. 6
454.1 301.0 1.0 995.6 6 2.9 0. 6
240.3 417.5 361.1 933.8 7 3.4 0. 6
590.8 579.3 144.2 666.5 8 3.1 1500. 5
618.3 756.6 608.9 400.1 9 3.4 1500. 4
949.8 1004.2 805.4 528.9 10 3.4 1500. 3
886.8 855.6 706.2 517.4 11 3.0 1300. 2
635.8 761.0 670.9 596.6 12 4.5 1200. 2
359.3 412.6 232.5 937.6 1 2.3 1200. 6
484.7 360.7 226.8 979.0 2 2.5 1200. 6
529.7 332.0 202.5 980.0 3 2.4 1200. 6
585.8 291.4 186.1 1100.1 4 2.1 1200. 6
367.7 368.3 260.2 1005.6 5 2.1 1200. 6
324.7 270.9 72.7 1058.6 6 2.0 1200. 6
489.0 274.6 208.5 942.2 7 2.6 1200. 6
570.8 337.1 218.0 646.5 8 2.8 1200. 5
419.7 254.4 206.1 344.0 9 4.3 1200. 4
532.8 414.2 197.9 477.3 9 4.8 1800. 3
425.2 365.7 198.7 469.5 10 7.1 1700. 4
467.5 411.5 228.5 455.3 11 7.5 2000. 4
362.2 306.4 147.6 405.2 12 5.1 2000. 4
429.2 287.4 139.2 450.6 13 5.4 2000. 4
446.0 338.1 169.5 461.2 14 5.7 2000. 4
192.9 253.8 145.6 460.7 15 5.8 2400. 4
630.3 322.5 257.2 460.5 16 7.3 2700. 4
364.9 326.7 251.1 510.6 17 7.8 3000. 4
111.4 196.4 248.5 0.0 23 1.9 250. 4
89.8 146.5 254.9 0.0 24 1.9 250. 4
82.5 248.0 160.9 0.0 1 2.9 250. 4

296.5 253.2 193.2 0.0 2 2.8 250. 4
215.4 299.7 165.0 0.0 3 2.9 250. 4
454.5 274.2 154.0 0.0 4 3.5 250. 4
384.7 324.6 163.2 0.0 5 3.5 250. 4
253.2 488.3 175.6 0.0 6 3.5 250. 4289.5 304.1 193.1 0.0 7 3.1 250. 4

6 "hour of day' -0.01. 4., 8., 12., 16.. 20., 24.31
10 'u (m/s3' 0.5. 1.5, 2.5, 3.5, 4.5, 5.5, 6.5. 7.5, 8.5, 9.5, 10.5
6 'h (m)' -0.01, 200., 600., 1000., 1500., 2000., 3000.1
3 'Ipq class, 0.5 3.5 4.5 6.5

Figure D-1. An example of the input data file for the ANADISTR program.
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DEMIONSTRATION OF THE RESULTS CENERRTEO BY THE RNROISTR PROGRAM.
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Figure 0-2. An example of the results generated by the ANADISTR program and

plotted using SIGPLOT. Significant points on each box represent

the 2nd, 16th, 50th, 84th. and 98th percentiles. The dashed

lines represent the factor of two lines.



The next question will be asked only if the user answers "y" to the

above question.

Enter the lower threshold (e.g. 0.01):

There is no default answer, but 0.01 has proven to be a good choice for

the ratio of two dependent variables in our tests.

Implement an upper threshold for the dependent variable? (y/n):

This is sometimes necessary if the logarithmic scale is to be used and

there are very large values in the data whose distribution is to be

analyzed. The default (i.e., hitting the RETURN key) answer is "y".

Thd following question will be asked only if the user answers "y" to the

above question.

Enter the upper threshold of the ratio (e.g. 100. ):

There is no default answer, but 100 has proven to be a good choice for

the ratio of two dependent variables in our tests.
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APPENDIX E

A. USE'S GUIDE FOR THE SIGPLOT PLOTTING PACKAGE

The SIGPLOT plotting package developed at Sigma Research Corporation is a

versatile tool for producing different kinds of two-dimensional plots, such as

scatter plots, graphs, box plots (sometimes called residual or whisker plots),

or error bar plots. The user can specify many parameters including the number

of frames per page, the aspect ratio of the frame, and the mapping of the

coordinates. The graphics library routines used by SIGPLOT, together with the

screen and printer drivers (described later) were originally developed by Dr.

Arlindo daSilva of the University of Wisconsin at Milwaukee.

SIGPLOT requires two input files: 1) the template file that contains the

control parameters which influence the appearance of the plots, and 2) the input

data file that contains the data to be plotted. Tables E-1 and E-2 describe the

formats of the template file a id the input data file, respectively. Examples of

the template file are shown in Figures E-1 and E-2 Examples of the input daza

f"le are shown in Figures E-3 and E-4.

SIGPLOT creates a Tektronix picture file that can be viewed directly on

any kind of the PC raphics environments (e.g., Hercules, CGA, EGA, and VGA)

using the screen driver, TEKPC. Hard copy output can also be generated from

the Tektronix picture file with a printer driver. There are three printer

drives, TEKZPS, TFE.Q, and PS, that are currently available. The first two

drivers are used to drive an EPSON-compatible dot matrix printer, with TE(ES

for low resolution and TEKZLQ for high resolution. The PS program is used to

drive a PostScript printer, such as Apple LaserWriter, NEC LC-890, or TI

MicroLaser PS35. It is recommended that the user have access to a PostScript

printer to obtain the best results in the shortest time.

SIGPLOT requires about 200KB of memory. The other screen and printer

drivers require less than 100KB of memory, except for TE(ELQ, where 450KB of

memory is required due to the high resolution and the use of the bitmap

approach in the driver program. The SIGPLOT plotting package and the graphics

library routines were written in FORTRAN. The screen and printer drivers were

written in C.
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TABLE E-1. THE FORMAT OF THE TEMPLATE FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN THE FORMAT COLUMN - FF: FREE FORMAT,

C: CHARACTER, I: INTEGER, AND R: REAL.

The global control parameters are specified in the first section of the

template file, lines 1 through 16.

LINE NO. FORMAT DESCRIPTION

1-3 Reserved for comments

4 FF/C Name of the input data file, currently not used

S FF/C Name of the output Tektronix picture file,

currently not used

6 FF/1 Flag for the frame aspect ratio, 1-5,

1: X:y = 1: 1
2: X:y = 1:2
3: x: y 2: 1
4: x:y = 1:3
5: x:y 3:1

7 FF/r Number of frames per page, 1-4

8-9 A80 Title for the page (no title will be drawn if

"0" appears as the first character of the line)

10 FF/C Flag (PAXIS) for the axis along which the first

column, representing the independent variable,

of the data in the input data file (see Table

E-2) will be plotted (x or y). PAXIS must = x

if JPATTN (described below) = 4, and PAXIS must

= y if IPATTN = 6

11 FF/I Flag for mapping, 1-4,

1: linear in x, linear in y

2: linear in x, logarithmic in y

3: logarithmic in x, linear in y

4: logarithmic in x, logarithmic in y
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TABLE E-1. THE FORMAT OF THE TEMPLATE FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN THE FORMAT COLUMN - FF: FREE FORMAT,

C: CHARACTER, I: INTEGER, AND R: REAL. Continued.

LINE NO. FORMAT DESCRIPTION

12 FF/I Flag (IPATTN) for plot pattern, 1-6,

1: scatter plot

2: line graph

3: scatter plot except line graph for the

last variable

4: box plot

5: error bar plot

6: same as 5 but with extra labelling

13 FF/I Flag for background, 0 or 2,

0: no background

2: gridded background

14 FF/C Flag for system time, y or n,

if y: system time will be printed out on the

upper right corner of each page

15 SA Five point patterns for the 'scatter plot

16 FF/I Flag (IEXTRA) for the plotting of extra lines,

1-: x=O will be plotted

2: y=O will be plotted

3: x=O and y=O will be plotted

4: x=1 will be plotted

5: y=1 will be plotted

6: x-1 and y=1 will be plotted

7: diagonal line will be plotted

8: y-O.5 and y=2 (factor of two) will be

plotted

9: x-0.667, 0, and 0.667, and

y=4x 2/(4-x 2). (see text) will be plotted,

else: no extra lines will be plotted.

Note that IEXTRA = 9 is effective only

if IPATTN = 6
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TABLE E-1. THE FORMAT OF THE TEMPLATE FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN THE FORMAT COLUMN - FE: FREE FORMAT,

C: CHARACTER, I: INTEGER, AND R: REAL. Continued.

The next section of the template file (lines 17'through 29) contains the

parameters that are applicable to a frame. This section can be repeated If

there are multiple frames to be plotted in a print job. However, the usee can

prepare Just one such section if the same Information Is to be used repeatedly

by all frames.

LINE NO. FORMAT DESCRIPTION

17-19 Reserved for comments

20 FF/R Constants, a and b, for the linear

transformation of the independent variable,

where

Xnew aoXold

a=1 and b=O means no transformation is needed

21 FF/R Constants, a and b, for the linear

transformation of the first dependent variable,

where

Yl,new = a@Y1,old " b,

a=1 and b=O means no transformation is needed

22 FF/R Same as above, but for the second dependent

variable

23 FF/R Same as above, but for the third dependent

variable

24 FF/R Same as above, but for the fourth dependent
variable
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TABLE E-1. THE FORMAT OF THE TEMPLATE FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN THE FORMAT COLUMN - FF: FREE FORMAT,

C. CHARACTER, I: INTEGER, AND R: REAL. Concluded.

LINE NO. FORMAT DESCRIPTION

25 FF/R Same as above, but for the fifth dependent

variable. Note that lines 22 through 25 cannot

be omitted even if only one group of data were

to be plotted

26 FF/R xmin, xmax, and dx of the x-axis

27 FF/R ymin, ymax, and dy of the y-axis

28 FF/C Format specifier for the numerical labels of the

x-axis. If "!" appears as the first character of

the line, the appropriate formaL will be

determined internally by the program; otherwise,

the user should supply a simple FORTRAN t-,.F-,

or E-format specifier, enclosed in parentheses,

e.g., (15), (F6.3), and (E8.1) are accepted, but

(315), (15,f6.3), C1P,ES.l), and (G9.1) are not

accepted

29 FF/C Format specifier for the numerical labels of the

y-axis
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TABLE E-2. THE FORMAT OF THE INPUT DATA FILE OF SIGPLOT. THE FOLLOWING KEY

LETTES ARE USED IN THE FORMAT COLUMN - FF: FREE FORMAT,

C: CHARACTER, I: INTEGER, AND R: REAL.

LINE NO. FORMAT DESCRIPTION

A40 Title for the frame (no title will be drawn if "0"

appears as the first character of the line)

2 A40 Label for the x-axis (no label will be drawn if "0"

appears as the first character of the line)

3 A40 Label for the y-axis (no label will be drawn if "0"

appears as the first character of the line)

4 FF/I Two integers specifying the number of points (NPTS)

and the number of groups of data (MANY) to be plotted.

MANY cannot be > 5 for IPATTN = 1, 2, 3, and 5, and

MANY must be = 1 for IPATTN = 4 and 6. NPTS cannot be

> 700 for IPATTN = 1, Z, and 3. NPTS cannot be > 50 for

IPATTN = 4, 5, and 6 (see text).

Next NPTS lines:

For IPATTN = 1, 2, and 3,

FF/R There are 1+MANY real numbers in each line. The first

number represents the independent variable, which can be

plotted either along the x- or the y-axis depending the

value of PAXIS (see Table E-1). The fext MANY numbers

represent the dependent variables. For example, if

three curves (MANY=3), f 1x), f2(W, and f3 were to be

plotted, then each line here should contain four real

numbers, x., f i f i- and f 3,i' where i=l, NPTS. If

PAXIS = "x", the x will be plotted along the abscissa,

and f f,2' and f3 will be plotted along the ordinate;

vice versa PAXIS = "y".
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TABLE E-2. THE FORMAT OF THE INPUT DATA FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN THE FORMAT COLUMN - FF: FREE FORMAT,

C: CHARACTER, I: INTEGER, AND R: REAL. Continued.

LINE NO. FORMAT DESCRIPTION

For IPATTN = 4,

FF/R,I There are six real numbers and one integer in each line.

The first real number represents the independent

variable. The next five real numbers represent the

values of the dependent variable at the 2th, 16th, .~tn,

84th, and 98th percentiles, respectively. Note that the

value of the independent variable listed here frequently

represents a range of the independent variable; for

example, a wind speed of 7 m/s actually represents wind

speeds in the range of 6 to S m/s. The integer

represents the number of data points based on which zhe

distribution of the dependent variable is derived. No

box will be plotted if the number of data points is less

than five since not enough information is available to

define a distribution.

For IPATTN = 5,

FF/R There are 1+3-MANY real numbers in each line. The first

number represents the independent variable. The

remaining numbers for the dependent variables are in

MANY groups of three numbers. The three numbers, which

must be in order, represent the distribution of a

dependent variable. This 'distribution can be 1) p-a, g,

and A+c-, where g is the mean, and L- is the standard

deviation, or 2) lower c.l., nominal value, and upper

c.l., where c.l. is the confidence limit.
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'TABLE E-2. THE FORMAT OF TE INPUT DATA FILE OF SIGPLOT. THE FOLLOWING KEY

LETTERS ARE USED IN TE FORMAT COLUMN - FF: FREE FORMAT,

C: CHARACTER I: INTEGER, AND R: REAL. Concluded

LINE NO. FORMAT DESCRIPTION

For IPATTN - 6,

FF/R,C There are four real numbers and one character constant

(no more than 17 characters long) in each line. The

definition of the first four real numbers is identical

to that when IPATTN = 5, except now MANY must = 1. The

character constant, enclosed in apostrophes, is used to

label each data point.

The above 4+NPTS lines provide enough information to plot a frame. Additional

data, similar in structure, can be appended here if the plotting of more than

one frames in a print job is desired.
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Main switches for plotting.

urrs.l Same of input data file.
tekl.pic Name of output tektronix file.
1 A'spect ratio (integer, I - 5).
1 Number of plots per page (integer, 1 - 4).
demo of ipat. -2

4 0

x Which axis serves as independent variable (x or y).
I Flaq indicating log or linear mapping (I - 4).
2 Pattern.
a Backqround specification.
y Print out system time on the upper right hand corner Cy or n).
.+0#$ Patterns of scatter plots (Sal)
0 Extra lineo.:x-O,2:y-0,3:xy-O,4:x-1,5:y-1,6:xy-l,7:diag,8:y-fac. 2..9:fb-nmse, else:nothinq.

Parameters for plot 1.

1. 0. ascale, bacale for the independent variable axis.
1. 0. ascale, becale fe curve 1.
1. 0. ascale, bacale for curve 2.
1. 0. ascale, bacale for curve 3.
1. 0. ascale, bacale for curve 4.
1. 0. ascale, bscale for curve 5.
-6.28319 6.28319 3.141595 xmin. xmax, and dx for the x axis.
-1.2 1.2 0.3 ym.n. ymax. and dy for the y axis.
(fS.2) format for x label
(f4.1) format for y label

Figure E-1. An example of the template file of SIGPLOT. Refer to Figure E-6 for

the results.
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Main switches for plotting.

uZrZ.1 Name of input data file.
teal.pic Name of output tektronix file.
I AApect ratio (inteer, 1 - 5).
I Number of ploats per paqe (inteqer, I - 4).
demo of ipattn-5
0
x Which axis serves as independent variable (x or y).
3 Flaq indicating loq or linear mappinq (I - 4).
5 Pattern.
0 Background specification. (0 or 2)
n Print out system :ime on the upper r ht hand corner (y or n)
-o.AS Patterns of scatter plots (Sal)
0 Extra line*,:x-0,2:Y-0,3:x,y-0.4:x-L,5:y-L,6:xy-1,7:diag,8:y-fac. 2.,3:fb-nmse, else:noth-.ng.

I Parameters for plot 1.

1. 0. ascale, bacale for the in4o.eaniat variaLe axis.
1. 0. ascale, bacale for curve 1.
1. 0. ascale, bacale for curve 2.

. J. ascale. bacale for curve 3.
. 0. ascale, bscale for curve 4.
1. 0. ascale. bacale for curve 5.
200. 20000. 10. xmin. max. and dx for the x axis.
-1.5 1.5 0.5 yniin, ymax, and dy for the y axis.
(15)
(f4.1)

Figure E-2. An example of the template file of SIGPLOT. Refer to Figure E-9 for

the results.
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0
x

50 5
-6.03186 0.248690 -0.368124 -0.844328 -0.998027 -0.770514
-5.78053 0.481754 -0.125333 -0.684547 -0.982287 -0.304827
-5.52920 0.684547 0.125333 -0.481753 -0.904827 -0.982287
-5.27788 0.844328 0.368125 -0.248690 -0.770513 -0.998027
-5.02655 0.951057 0.587186 0.397359E-06 -0.587785 -0.951056
-4.77522 0.998027 0.770513 0.248690 -0.368125 -0.844328
-4.52389 0.982287 0.904827 0.481754 -0.125333 -0.684547
-4.27257 0.904827 0.982287 0.684547 0.125333 -0.481753
-4.02124 0.770513 0.998027 0.844328 0.368125 -0.248690
-3.76991 0.587785 0.951056 0.951057 0.587785 0.2543C8E-06
-3.51858 0.368125 0.844329 0.998027 0.770513 0.248690
-3.26726 0.125333 0.684547 0.382287 0.904827 0.481754
-3.01593 -0.125333 0.481753 0.904827 0.982287 0.684547
-2.76460 -0.368125 0.248690 0.770513 0.998027 0.844328
-2.51327 -0.587785 0.397391E-07 0.587785 0.951056 0.951057
-2.26195 -0.770513 -0.248690 0.368124 0.844328 0.998027
-2.01062 -0.904827 -0.481754 0.125333 0.684547 0.982287
-1.75929 -0.982287 -0.684547 -0.125334 0.481753 0.304827
-1.50796 -0.998027 -0.844328 -0.368124 0.248690 0.770513
-1.25664 -0.951057 -0.951057 -0.587785 -0.556284E-07 0.587785
-1.00531 -0.844328 -0.998027 -0.770513 -0.248690 3.368124

-0.753983 -0.684547 -0.382287 -0.904827 -0.481753 3.125333
-0.502655 -0.481754 -0.904827 -0.982287 -0.684547 -0.1:533
-0.251.328 -0.248690 -0.7705*3 -a.998027 -0.344129 -0.26a.5
O.OcCOOCO 0.00CCO -0.58*785 -0.351356 -0.515787
0.251328 0.248690 -0.368124 -0.844;28 -0.998027 -0.7705i3
0.502655 0.481753 -0.125333 -0.684547 -0.982287 -0.904827
0.753982 0.684547 0.125333 -0.481754 -0.904821 -0.982287
1.00531 0.844328 0.368125 -0.248690 -0.770513 -0.998027
1.25664 0.951051 0.587785 -0.381470E-06 -0.587786 -0.951057
1.50796 0.998027 0.770513 0.248690 -0.368125 -0.844328
1.75929 0.982281 0.904827 0.481754 -0.125333 -0.684547
2.01062 0.904827 0.982287 0.684547 0.125333 -0.481754
2.26195 0.770513 0.998027 0.844328 0.368125 -0.248690
2.51327 0.587785 0.951056 0.951057 0.587785 0.190735E-06
2.76460 d.368124 0.844328 0.998027 0.770513 0.248690
3.01593 0.125334 0.684548 0.982287 0.904827 0.481753
3.26726 -0.125333 0.481754 0.904827 0.982287 0.684547
3.51858 -0.368124 0.248690 0.770514 0.998027 0.844328
3.76991 -0.587785 0.341731E-06 0.587785 0.951057 0.951056
4.02124 -0.770513 -0.248690 0.368125 0.844328 0.998027
4.27257 -0.904827 -0.481754 0.125333 0.684547 0.982287
4.52389 -0.982287 -0.684547 -0.125333 0.481754 0.904827
4.77522 -0.998027 -0.844327 -0.368124 0.248691 0.770514
5.02655 -0.951057 -0.951056 -0.587785 0.723200E-06 0.5877816
5.27787 -0.844328 -0.998027 -0.770513 -0.248689 0.368125
5.52920 -0.684548 -0.982287 -0.904927 -0.481753 0.125334
5.78053 -0.481754 -0.904827 -0.982287 -0.684547 -0.125333
6.03186 -0.248690 -0.770513 -0.998027 -0.844329 -0.368124
6.28319 -0.301992E-06 -0.587785 -0.9510t7 -0.9S1056 -0.58785

Figure E-3. An example of the input data file of SIGPLOT. Refer to Figure E-6

for the results.
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all periods
n-S distance (m)
var(dwa) / median 1-aLn var(wo) /2
4 3

312.5 -0.029 0.002 0.034 -0.027 0.043 0.112 0.166 0.275 0.383

625.0 -0.009 0.005 0.013 0.011 0.048 0.085 0.209 0.361 0.513
1250.0 -0.035 0.012 0.059 -0.007 0.070 0.148 0.330 0.480 0.630
2500.0 -0.135 0.015 0.10S -0.121 0.100 0.325 0.359 0.565 0.771
5000.0 -0.033 0.170 0.373 0.013 0.323 0.633 0.440 0.751 1.062

10000.0 -0.417 0.061 0.539 -0.137 0.369 0.876 0.406 0.873 1.339

Figure E-4. An example of the input data file of SIGPLOT. Refer to Figure E-9

for the results.
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As one can see from Table E-1, SIGPLOT is capable of creating the

following kinds of plots:

IPATTN - 1: scatter plot (e.g., Fig. E-5)

IPATTN = 2: line graph (e.g., Fig. E-6)

IPATTN = 3: scatter plot except line graph for the last variable
(e.g., Fig. E-7)

IPATTN = 4: box plot (e.g., Fig. E-8)

IPATTN = 5: error bar plot (e.g., Fig. E-9)

IPATTN = 6: same as IPATTN = 5 but with extra labelling (e.g., Fig.
E-IO)

The usage of each option is described below.

For IPATTN = I, groups of data are represented by different dot patterns

that are defined in the template file (see Table E-i). At most, five groups

of data (MANY = 5) can be plotted, with a maximum of 700 points for each

group.

IPATTN = 2 is similar to IPATTN = 1 except that points are now connected.

The following line patterns are used to represent different curves: solid,

short-dashed, long-dashed, dot-dashed, and dotted. At most, five curves

(MANY = 5) can be plotted, with a maximum of 700 points for each group. No

user customization of the line patterns is allowed. It is important that the

data points in the input file are sorted according to the independent

variable.

IPATTN = 3, a combination of IPATTN = 1 and 2, is useful when the user

wants to see how well-a theoretical curve fits the observed data. Although

the order of the data points does not matter for a scatter plot, in this case

it is important that the data points in the input file are sorted according to

the independent variable. At most, five groups of data (MANY = 5) can be

plotted, with a maximum of 700 points for each group.

The IPATTN = 4 option is an alternaitve to the scatter plot when the

number of data points is large. In preparing the inplit data file for SIGPLOT,
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the user first defines certain ranges of the independent variable to be used

for grouping the dependent variable. The distribution of the dependent

variables within each group is then determined and represented by five

significant points in the cumulative distribution function (cdf). These five

values could be the 2th, 16th, 50th, 84th, ana 98th percentiles of the cdf, or

the mean and mean ± one and two standard deviations. SIGPLOT then uses a box

pattern to represent the distribution of the dependent variable within each

grouping or range of the independent variable. Only one set of data (i.e.,

MANY = 1, even though five points are needed to define a box) is accepted for

this option, with a maximum of 50 boxes.

IPATTN = 5 is similar to IPATTN = 4 except that three values (vs. five)

are needed to define an error bar (vs. a box). These three values can be the

mean and mean ± one standard deviation of a dependent variable, or the nominal

value of a dependent variable and its 95% confidence limits. At most, five

groups (MANY = 5) of data can be plotted, with a maximum of 50 error bars for

each group. The following error bar patterns are used: filled square, empty

square, filled triangle, empty triangle, and cross.

IPATTN = 6 is similar to IPATTN = 5 except that the user can label each

data point. Because of the additional information to be plotted, only one

group of data (MANY = 1) is accepted, with a maximum of 50 error bars, This

option is designed primarily to plot the FB (fractional bias), together with

its confidence limits, against the NMSE (normalized mean square error), where

U! - )
R:B : o p (E-l)

(O.SC C )3
o p

(CO - C 2

NMSE = - (E-2)
Cc.
op

If IEXTRA = 9 (see Table E-1), SIGPLOT will plot the additional

x = -0.667, 0, and 0.667 lines, representing the factor of two and zero FB

lines, together with the y = 4x 2/(4-x 2 ) line, representing the "minimum" NMSE

(due only to the mean bias) as a function of FS.
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The information concerning the usage of the driver programs, TEKPC,

TEKELQ, TEK=PS, and PS, can be obtained by simply executing the programs

without providing any arguments, and will not be repeated here.

Finally, an example is given below of the procedures followed to use the

graphics package.

Step 1: The user prepares the template file (DEMO.INQ) and the input data

file (DEMO.DAT) according to the formats described in Tables E-i and

E-2. The user can create his own template file by editing the

sample template file. The input data file is usually generated by

some other programs.

Step 2: After the execution of SIGPLOT, a Tektronix picture file (DEMO.PIC)

is generated.

Step 3: The user can view the results on screen by typing:

TE(PC DEMO. PIC

if a Hercules graphics card is installed, or

TEKPC DEMO.PIC 16

if an EGA (with a resolution of 640x350 pixels) graphics card is

installed.

Step 4: A high resolution hard copy output can be generated on an

EPSON-compatible dot matrix printer by typing:

TEKELQ DEMO. PIC.

Step 5: Or if the user has access to a PostScript printer, a PostScript file

(DEMO.PS) will be created by typing:

PS DEMO. PIC,

and this file can be printed out by typing:

PRINT DEMO.PS
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DEMO OF IPRTTN=I

URBRN SITE 107, OBSERVED OH
1.2

1.8

S0.2

0.0.

* .e

3.3 9.2 3.4 3.8 L.8 1.9 1.2
Us OBS~EVE CM/SI

URBA~N SITE 107. PREDICTED OH
1.2

0.8

0.3 0.2 8.4 0. 0.8 1.2 1.z

Us L BSRE (M/S1

*RR IT . P * ITI]Q

E.216

•.

3.3 3.2 3.4 3.6 3.8 1.8 1.2

- L C5SRV'D (K/SI

Figure E-5. A sample scatter plot (IPATTN = 1) generated by SIGPLOT.
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OE O OF IPSTTN=2

03/25/91

1.2

0.9 A \' . A
/ \* '/ !. \* '-

8 , 8 \ l \ *'_

0.3~

.,.' 'l './ \

I/~~ II '.'I! / , / ,

>- 0.0 *

• I \

-0.3
I i \ " I/ Ij

II~
- !. \ ''I

I- / i ;',*I-
i \ 1 . / i

-1. I t

-6.28 -3.14 0.00 3.14 6.28
x

Figure E-6. A sample line graph CIPATTN -2) generated by SIGPLOT. Refer to

Figures E-- and E-3 for the template and data files used for this

figure.
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DEMO OF IPRTTN=3

OBSERVED (DOTS) VS. THEORETICRL (LINE)
100.0

31.6

10.0

N.m

3.2 *

*n 4

? +

1.0 -

0.3

0.1 I I I I

0.1 0.3 1.0 3.2 10.0 31.6 100.0
WN/Um

Figure E-7. A sample scatter plot and line graph (IPATTN = 3) generated by

SIGPLOT.
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OEMO OF IPRTTN=i

133.83 109.58

10.08 19.9

0 . 0

" " --. " "...... .... .... .... ........ ...... ... .

81.13 8.19

j.91 9.911 . . . . .

to 2s 2 5 4 12 s 20 2

MIXING 5IP!KT z(08 (M) St5 eICING

Flgure E-S. A sample box plot (IPAT'TN 4 ) generated by SICPI:OT.
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DEMO OF IPSTTN=S

RLL PERIQOS
1.5

1.0 I

0.50V

= 0.0

20 200200

Fiur E-. AsmlUro a lt(PTN )gnrtdb IPO. Rfrt

Figure FigurAsaml E2adror blth template an 5 dgeeated byle sedO free toi

figure.
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DEMIO OF IPRTTN=S

THORNEY ISLRNO. INSTRNTRNEOUS

12.5

10.0

LU

2.5

0.0L
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

FS (WITH 95-PERCENT C.I.)

Figure E-10. A sample error bar plot with labelling CWPATTN 6) generated by

S IGPLOT.
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Inceritional1y Blank
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APPENDIX F-1

LISTINGS OF THE DUGWAY DATA ARCHIVES -HISTORICAL OATASETS
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