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Preface

This workbook provides screening techniques for assessing visibility
impairment from a single emissions source. EPA believes these techniques
are at a point where the results should now be employed to assist decision-
makers in their assessments. The approach is through a hierarchy of
three levels of analysis, somewhat analogous to that in EPA's "Guideline
for Air Quality Maintenance Planning and Analysis Volume 10 (Revised):
Procedures for Evaluating the Air Quality Impact of New Stationary
Sources," EPA-450/4-79-001. Frequent consultation between users and
decision-makers is encouraged so that difficulties, misapplications or
unjustified interpretations can be avoided.

One option in the level-2 analysis and the level-3 analysis are
based on the Plume Visibility Model (PLUVUE) and examples/applications
are provided based on output from this model. EPA has also published
the “User's Manual for the Plume Visibility Model (PLUVUE),"EPA-450/4-
80-032. However, the Agency has not yet recommended any visibility
medel for routine use in regulatory applications.

ifi



ACKNOWLEDGMENTS

The guidance, helpful comments, and the idea for the screening
analyses approach contributed by the EPA Project Officers, Steven Eigsti
and James Dicke, are much appreciated. William Malm of the EPA's Environ--
mental Monitoring and Support Laboratory at Las Vegas deserves thanks
for his suggestions regarding the use of contrast and contrast reduction
as the basis for this workbook.

The efforts of the authors of the workbook, Douglas A. Latimer and
Robert G. Ireson, under Contract No. 68-02-3337 with Systems Applications,
Inc., San Rafael, California, are gratefully acknowledged. Also at SAI,
Robert Bergstrom and Thomas Ackerman provided the computations based on
Mie scattering theory, which are the basis of many of the tables and
figures in this report, while Hoi-Ying Holman and Clark Johnson exercised
the visibility computer model for the reference tables and figures
provided in the appendix.

iv



CONTENTS

FiQUreS. s iieeenoessecaonsesetasansosansoesussnsonssssnssasevsanss
TAD TS ettt eirrereereeeaneocsonsosssonasnsesssossonsseascsosssassonnses
NOMENCTAtUre. it it ittt it ersvsnreeasnosesessnoessacsosssasssssanss
1 INTRODUCTION. v eveienereeeecenseoocoauensscsacansasssosnses
1.1 Classes of Visibility Impairment.......cccevvviienennncnnns
1.2 Approach Used in This Workbook.......ceveviereeecnnncannnns
2 GENERAL CONCEPTS. i ivitiiienenreenenossearossrcnsasossnsnnns
2.1 Physical Concepts Related to Visibility Impairment.........
2.1.1 Visual Perception.....c.covieeireecnnrencescsvensnssscscnsnse
2.1.2 Fundamental Causes of Visibility Impairment...... Ceeeneenes
2.1.3 Atmospheric OpticS...ccieeeeereccnrcecscnscsnnnes ceeves ceee
2.1.4 Plume Visual Impacts....ccivivicecnnnnnns ceteceteceseanacan
2.1.5 Characterizing Visibility Impawrment ..... Ceeescrcennens oo
2.2 Plume-0bserver Geometry....o.veeerveeseecoerscccsansonnssnss
2.3 Characterizing the Frequency D1str1but1on of Plume
Visibility Impacts....... Cestsensestecacsasescscnsnnns ceeae
2.3.1 Wind Speed....... Cecerevecennetnaane Cecscenseesersnnnns ceeen
2.3.2 Wind Direction....cceiiieeeecencererecsnscasasonnnsasssnnas
2.3.3 Atmospheric Stability.....cocevieiereernecnnccreccracsonnnns
2.3.4 Background Ozone Concentration......cveevveecnnncnncennanaes
2.3.5 Background Visual Range.....ceceeeeenceccescsnacescarcnnnss
2.3.6 Study Area Topography........ teeeescseseasensenastasenossene
2.3.7 Season and Time of Day....cceeeeereerecccosoocnconsoncancns
2.3.8 MOdeT RUNS...ecvueeceeeacaeescncesessocessoscoososenncncnnas
3 LEVEL-1 VISIBILITY SCREENING ANALYSIS....iceveeeecerocnnnnn
3.1 Derivation of Level-1 Screening AnalysiS.......eeveeveennnn
3.1.1 Impacts of Particulate and NO, Emissions...................
3.1.2 Impacts of SOp Emissions......co.veiniiviinaniiinnninnnn...
3.2 Instructions for Level-1 Screen1ng AnalysisS..eveveneecennnn
3.3 * Example Applications of the Level-1 Analysis........eevee..
3.3.1 EXamMPTe 1.itiiiiiiriiieineeecencnoacosancnsonsssncanneness
3.3.2 Example 2...c0vevennn. tssmenssacsseseastsesesstaseastranse



O LS DDA D
L] L] . . L] L) -
PN PN = b b et e

F o~ L R R )
L e o e e e & e
SNOYOT e W NN

B W —

WM

LEVEL-2 VISIBILITY SCREENING ANALYSIS......ccviiveinennnnns 65

Identification of Worst-Case Conditions........covvevenvnne 65
Location of Emissions Source and Class I Area(s)........... 66
Meteorological ConditionS.....ccveeeereccsvecenccnncsennnes 68
Background Ozone Concentration.........ccevevviiencnennnnnns 89
Background Visual Range.....c.ceiveeeeerncsocencncsconeasans 91
Hand Calculation of Worst-Case Visual Impacts........ccevne 92
Determining the Geometry of Plume, Observer, Viewing

Background, and SuUN......ccceeeereecrscsnssccocecnsascncsns 93
Calculating Plume Optical Depth....ceciiveririnreeccncnnens 99
Calculating Phase FUNCLIONS. . vciuiieerrrensearncsnncosannas 111
Calculating Plume Contrast and Contrast Reduction.......... 117
Use of Reference Tables for NO, Impacts.................... 119
Use of Reference Figures for Power Plants.........ccevneee. 121
Use of the Computer Model......civeeiereeiersesecacnncncnens 121
Example CalculationsS....ceeeeeeeeecncncescescsceasonsonsane ..o 121
Summary of Level-1 and Level-2 ProceduresS.....ceeveeeceenes 122

5 SUGGESTIONS FOR DETAILED VISIBILITY IMPACT ANALYSES
(LEVEL=3) i ttirierenneeeeoeaseonacsacsnenessansonscansncasns 131
5.1 Frequency of Occurrence of Impact..... eeseeeeecaseserannnns 132
5.2 Appearance of Impacts.....cvviiveerenrannsoscosconsensannas 133
5.3 Impacts on Scenic Beauty...cieeeeeeoerioeceoocnnsscnosoccns 141
5.4 Impacts of Existing Emissions SourceS......eeeeeeveececees. 143
5.5 Regional ImpactsS....cceevcecevconsccnnas ceseseees chereneces 144
APPENDIXES
A CHARACTERIZING GENERAL HAZE....ocvvevenne cacessne ceseceeees 147
A.l Wavelength Dependence.....cciveeeveenrecncrcenssoscasssanns 147
A.2 The Contrast Formula....cc.eeeeeeeecercocceocnanscasaansoans 148
A.3 Quantifying Increases in Atmospheric Haze.........ceevenese 149
A.3.1 Plume IMmpactsS....veeeereerevceanacncersossossoasoasansancss 150
A.3.2 Regional Haze Impacts.....ceveeeeeceecesococcanscncaceasans 153
A.4 The Effect of Increased Haze on the Contrast of
Landscape FeatureS....eeeeeeeeeeesoccosncosssssasasassancsns 153
A.5 UMM Y 4 aeeeteanansonsescocoeasssansncsassssosssassanassns 156
B PHASE FUNCTIONS. .. eueeueeeeeecocasaccsosoescanscsssnasesacss 161
C PLUME DISCOLORATION PARAMETERS FOR VARIOUS NO, LINE-
OF -SIGHT INTEGRALS AND BACKGROUND CONDITIONS............ ... 189
D * REFERENCE FIGURES AND TABLES FOR POWER PLANT

VISUAL IMPACTS.......... cteesecsnssesassenesccesetesttnanns 241

vi



E TWO EXAMPLE APPLICATIONS OF THE LEVEL-1 AND

LEVEL=2 ANALYSES. .. vveveeeeeeceocesscossasasssoncsnsasansse 323
E.l Example 1--Coal-Fired Power Plant......c.cceeveeveeccenncane 323
E.1.1 Level-1 AnalySiS...cceeeceesececececonsasasscssncanscsossons 323
E.1.2 Level-2 AnalysSiS....ceeeeieeecececscssacascsossanssscnscans 326
E.1.3 Calculation of Plume Optical Depth.....cccveiierercnncnnnes 342
£.1.4 Phase Function CalculationS.....c.ceeeereecenceccennnnsannns 348
E.1.5 Calculating Plume ContrastS....ecoeeecveecessecnccecscosens 352
E.1.6 Calculating Reduction in Sky/Terrain Contrast
Caused by Plume........ eeeseceecenetraserestcessatannnsaons 355
E.1.7 General Haze Effects.....ceviiiininerceeececcecescncoannnaas 356
E.1.8 Comparison of Results with Reference Tables........coevee.. 357
E.2 Example 2--Cement Plant and Related Operations............. 359
E.2.1 Level-]l ANAlYSTS..ueeerireeeeeenenseoeocosossansonnaoannses 359
£.2.2 Level-2 ANAlYSTS..ureeeieneeeeneeaseecocencossasananencnnns 362
REFERENCES . i vtiteneiienteceereceoeesencenossoseoascssnsenosacnsansans 371

vii



10

11

12

13

14

FIGURES

Schematic of Visibility Screening Analysis Procedure..........

Effect of an Atmosphere on the Perceived Light Intensity
Of ObJeCtS.eeiiieneeerenenreesceasesesssnssssnsessssssssssncas

Object-Observer Geometry with Plume......coivieiiineenancaneas

Five Basic Situations in Which Air Pollution is
Visually Perceptible......c.veeeene Ceessececsenanesccananosns

Plan View of Observer-Plume Geometry......cceviveneiecnnnansas
Elevation View of Observer-Plume Geometry.............c.o0nenn
Plan View of Four Possible Plume Parcel Trajectories

That Would Transport Emissions from a Source to Affect

a Vista in a Class I Area.......... cesscescseens ceecesteeceree

Example of a Frequency Distribution of Visual Impact..........

Schematic Diagram Showing Plume-Observer Geometry for Two
Wind Directions....ceveececeenns Ceesesceceraesccsansracennenns

Two Types of Plume Visibility Impairment Considered in
the Level-1 Visibility Screening Analysis....cccevvues. ciesens

Geometry of Plume, Observer, and Line of Sight Used in
Level-1 Visibility Screening AnalysiS....cvieeeeenccsnccnnsanss

Vertical Dispersion Coefficient (q,) as a Function of
Downwind Distance from the Source..... tececnccne Ceecesecsssons

Regional Background Visual Range Values (ryqg) for Use in
Level-1 Visibility Screening Analysis....... ceeesststennnns cos

Example of Map Showing Emissions Source, Class I Areas,
and Stable Plume Trajectories....ceeeecccecossncovecccccsss ces

| J

viii

20

34
37

41

48

57

59



15

16

17

18

19

20

21

22

23

24

25

26

27
28

29

Examples of Terrain Elevation Plots.......covieeiiinennnnnnans

Joint Frequency Distribution Tables Required to Esti-
mate Worst-Case Meteorological Conditions for Plume
Discoloration...cceeeviieereccnnccovsococssasssosccnsccccnnnans

Schematic Diagram Showing Emissions Source, Observer
Locations, and Wind Direction Sectors..... teesereresecsnsnnaes

Joint Frequency Distribution Tables Required to Estimate
Worst-Case Meteorological Conditions for Visibility
Impairment Due to SO, Emissions............oceeeiiiiiininnnane,

Example Map Showing Class I Areas in Region Around
Emissions Source and Wind Direction/Speed Sectors....ceeeveeen

A Schematic of the Vertical 03 Structure and Its Diurnal
and Seasonal Variations at Remote SitesS.....ceeveerenennnn. .o s

Locus of Plume Centerlines within Worst-Case Wind
Direction SeCtor... vt ee e ieereeeeccasceooosoronnnonnons

Observer-Plume Orientation for Level-2 Visibility
Screening ANalySiS.ceeueeeeeeeecroceeoccassassoasosascnnannsens

Plan View of Assumed Plume-Observer Geometry for Level-2
Visibility Screening Calculations.....ccoviiinenninnincnecnnns

Scattering-to-Volume Ratios for Various Size
DisStributions. ..o vrieniiieriiiiieeeetesetienrsrcsconscnsnanse

Wavelength Dependence of Light Absorption of Nitrogen
DIOXTdR. st eeeeereneserucneroesesosnosncossesossssscncnsosnsnas

Phase Functions for Various Particle Size
DIStribULIONS . ittt it ieetnnceeneeeonsaseanossacconnannnnses

Logic Flow Diagram for Level-1 AnalysiS....ceveveeenenereceens
Logic Flow Diagram for Level-2 Analysis.............cooeenn.,
Examples of Predicted Frequency of Occurrence of Plume
Discoloration Perceptible from a Class I Area: Number

of Mornings in the Designated Season with an Impact
Greater than the Indicated Value.....cceveeiennrnneenennnennss

ix

77

90



30

31

E-1

E-2

E-4

E-5

E-6

£E-8

Examples of Predicted Frequency of Occurrence of Haze

(Visual Range Reduction) in a Class I Area: Number

of Afternoons in the Desginated Season with an Impact

Greater than the Indicated Value......cvvevenieenenncncnnnnans 135

Examples of Calculated Plume Visibility Impairment
Dependent on Wind Direction, Azimuth of Line of Sight,

and Viewing Background......ccceieeiereenierornossnsesaonnnns 136
Example of Black and White Plume-Terrain Perspective.......... 142
Two Types of Spatial Distributions of Extra Extinction........ 151

Change in Sky/Terrain Contrast as a Function of
Fractional Increase in Extinction Coefficient for
Various Observer-Terrain DistanCes....oeereeeceeicnccacnssnnes 157

Change in Sky/Terrain Contrast as a Function of
Fractional Decrease in Visual Range for Various '
Observer-Terrain DistanCes...coiieeeeeeeeecenrenenesnconosncns 158

Change in Sky/Terrain Contrast as a Function of Plume
Optical Thickness for Various Observer-Terrain Distances...... 159

Relative Location of the Proposed Power Plant and Class 1

Area for Example 1l.....cecvevuennen. et eesecerenesestnennunas 324
Significant Terrain Features and Possible

Plume Trajectories......... Ceeeeccecesasssceneesecsennssssenns 329
Terrain Elevation Plots..cciiiieeenerenecrcscacesaascancanes 330

Class 1 Areas within 48-Hour Transport Range at Wind

SPeeAS UP 0 8 M/S.uvrerineeerereeeaeevonenoneescscsosonoanses 333
Worksheet for the Calculation of Wind Speed and Mixing

Depth Joint Frequency Distribution......ccvevvierinienreccnnnes 335
Observer-Plume Orientations......cciiviviennneienenicrencannas 337
Plan View of Assumed Geometries for Views 1 and 2............. 338
Plan View of Assumed Geometry for View 3.....cccvveveenen eeees 339



A-1

E-1

E-2

E-4

TABLES

Example Table Showing Worst-Case Meteorological
Conditions for Plume Discoloration Calculations............... 78

Example Table Showing Worst-Case Limited Mixing
Conditions for Haze CalculationsS.....eeeeeereeenrenceconcannces 84

Example Tables Showing Computations of Days in a Five-
Year Period with the Given Limited Mixing Condition........... 88

Wavelength Dependence of Scattering Coefficient as
a Function of Particle Size Distribution..........ccccieeeen.. 104

Example Table Showing Background Atmosphere Phase
Functions and Scattering Coefficients......ceveeeivieenncnnns 116

Example Summary of the Frequency of Occurrence of
Power Plant Plume Discoloration Perceptible from a
C1asSsS I Area.....ciueiveeecesoaneasacncesessossonsassscnncssonas 139

Example Summary of Frequency of Occurrence of Increased
Haze (Visual Range Reduction) in a Class I Area Due to
Power Plant Emissions..... ceeenenan Ceeteeeeseaecereerannns ... 140

Summary of Relationships among Parameters Used for
Quantifying Increased Atmospheric Haze.......evivvieerenennnne 160

Frequency of Occurrence of SW and WSW Winds by

Dispersion Condition and Time of Day....cvvvivrnnnnecnenennn. 332
Frequency of Episode Days by Mixing Depth and Wind Speed...... 334
Values of R R PR R T Ceceetsesetesaenens 343

Phase Functions and Scattering Coefficients for
Background and PTume.......cecvvevennns Ceteteeenenn Cereenea. . 351

X1



E-5

E-6

E-8

E-9

Comparison .of Example Power Plant Emissions and

Appendix D Power Plant Emissions.............ccoiiiiiiine..n, 357
Comparison of Selected Scenario Descriptors................... 357
Example 2--Cement Plant and Related Operations................ 360
Background and Plume atmosphere Phase Functions and

Scattering Coefficients....cieriniiiiiiiiiiiiiiiiiinnennannns 368
Projected Plume Contrast and Contrast Reduction

FOr EXAMPIe 2.uieereeeeeererensonasosesasssanooencasonensnnnns 370

Xi1i



scat

(bscat/V)

NOMENCLATURE

Azimuth angle of line of sight, relative to north

Light absorption coefficient of the air parcel, propor-
tional to concentrations of nitrogen dioxide (NOZ) and
aerosol (like soot) that absorb visible radiation (m‘l)
Light extinction coefficient of an air parcel, the sum of
absorption and scattering coefficients (m‘l)

Light scattering coefficient of particle-free air caused
by Rayleigh scatter from air molecules (m‘l)

Light scattering coefficient resulting from Rayleigh
scatter (air molecules) and Mie scatter (particles), the
sum of bp and bSp (m‘l)

Light scattering efficiency per unit aerosol volume con-
centration (m'l)

Light scattering coefficient caused by particles only
(m-1)

Contrast at a given wavelength of two colored objects,
like plume/sky or sky/terrain

Contrast of a haze layer against the sky above it
Contrast that is just perceptible, a threshold contrast
Contrast of a plume against a viewing background like the
sky on a terrain feature

Contrast of a terrain feature at distance r against the
sky

Change in sky/terrain contrast caused by a plume or extra
extinction

Intrinsic contrast of a terrain feature against the sky.
The sky/terrain contrast at r = 0. For a black object,
Cop = -1.

Xiii



D -- Stack diameter (m)

AE(L*a*b*) -- Color difference parameter used to characterize the per-
ceptibility of the difference between two colors. In the
context of this workbook, it is used to characterize the
perceptibility of a plume on the basis of the color dif-
ference between the plume and a viewing background 1like
the sky, a cloud, or a terrain feature. Color differences
are due to differences in three dimensions: brightness
(L*) and color hue and saturation (a*b*)

F -- Buoyancy flux of flue gas emissions from a stack (m4s'3)

F. -- Solar insolation or flux incident on an air parcel within

a given wavelength band (watt m=2 m~1)
obj - Fraction of total plume optical thickness between an
observer and a viewed object
g -- Gravitational acceleration (= 9.8 m 5-2)
H -- Plume altitude above the ground (m)
Hp -- Height of a mixed layer above the ground (m)
hgtack -- Height of a stack (m)
th -- Plume rise (m)

I -- Light intensity or radiance for a given line of sight and
wavelength band (watt m'zsr‘lun'l). Subscripts t and h
refer to terrain and horizon, respectively.

Iopj -- Light intensity reflected from an object like a terrain
feature (watt m-2sr-1 un'l)
kg -- Rate constant for surface deposition (5‘1)
ke -- Rate constant for S0,-to-S04~ conversion (s71)

p -~ Atmospheric dispersion parameter used in the level-1
analysis to calculate the horizontal line-of-sight
integral of a plume concentration (s m‘z)

p(1,0) -- Phase function, a parameter that relates the portion of
total scattered light of a given wavelength A that is
scattered in a givén direction specified by the scattering
angle ©
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'Qscat =~

Zsite =T

Emission rate of a species, such as S0,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s‘l). Subscripts refer to species con-
sidered (e.g., SOy, S04, and particulate)

Plume flux of the scattering coefficient above background
(mzs'l). Subscripts refer to species considered (e.g.,
S04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) .
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)
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Zb]ock -

R © > N
i
]

hos)
]
[}

Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m'3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m'3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.g.,
particulate, SO4-, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°.
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' Qscat

Zsite

Emission rate of a species, such as S0,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s'l). Subscripts refer to species con-
sidered (e.g., SO, SO; , and particulate)

Plume flux of the scattering coefficient above background
(mzs‘l). Subscripts refer to species considered (e.g.,
S04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) .
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s‘l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)
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Zb]ock

Q@ © » N

hos

Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m'3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m'3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optica] thickness (e.g.,
particulate, S04, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 9 would equal 0°. If the observer
looked away from the sun, © would equal 180°.
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' Qscat

Zsite

Emission rate of a species, such as 502, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s=1). Subscripts refer to species con-
sidered (e.g., SOy, SO; , and particulate)

Plume flux of the scattering coefficient above background
(mzs‘l). Subscripts refer to species considered (e.g.,
S04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) ,
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s-1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)
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T ==

. Elevation of the terrain above mean sea level that can be

assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m-3)

Horizontal angle between a Tine of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m=3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.g.,
particulate, SO4~, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 8 would equal 0°. If the observer
Jooked away from the sun, 6 would equal 180°.
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' Qscat

Emission rate of a species, such as SO,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s‘l). Subscripts refer to species con-
sidered (e.g., SO, SO, , and particulate)

Plume flux of the scattering coefficient above background
(mzs’l). Subscripts refer to species considered (e.g.,
S04, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) .
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s‘1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



‘Elevation of the terrain above mean sea level that can be

assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth’s surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m-3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m‘3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.g.,
particulate, S04, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, © would equal 180°.

xXvi



' Qscat

<l < £ ot <O

Emission rate of a species, such as S0,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s'l). Subscripts refer to species con-
sidered (e.g., SOy, S04, and particulate)

Plume flux of the scattering coefficient above background
(mzs'l). Subscripts refer to species considered (e.g.,
SO04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) ,
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absplute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (mSs-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Zh1ock

R © > N

fos]

"Elevation of the terrain above mean sea level that can be

assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m'3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m‘3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.gq.,
particulate, SO, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 8 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°.

Xvi



' Qgcat

Emission rate of a species, such as SO,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s’l). Subscripts refer to species con-
sidered (e.g., SO, SO;~, and particulate)

Plume flux of the scattering coefficient above background
(mzs'l). Subscripts refer to species considered (e.g.,
S04, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Dbject-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) .
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s-!)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Lhock

@ © > N

w0

Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m-3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m'3)
Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.g.,
particulate, SO, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°.

Xvi



' Qscat

site

Emission rate of a species, such as SO,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s'l). Subscripts refer to species con-
sidered (e.g., SOy, SO; , and particulate)

Plume flux of the scattering coefficient above background
(mzs‘l). Subscripts refer to species considered (e.g.,
S04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) ‘
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Ly1ock == Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)
Z. -- Solar zenith angle, the angle between the sun and the
normal to the earth's surface
-- Distance above ground (m)
Wavelength of light (m)
-- Density of a particle (g m-3)

Q ©o »>» N
'
)

-- Horizontal angle between a line of sight and the plume
centerline
Vertical angle between a line of sight and the horizontal
x -- Concentration of a given species in an air parcel (g m'3)
T --'0Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optica] thickness (e.q.,
particulate, S04, NO,)
[ ] -- Denotes the concentration of the species within brackets
w -- Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
6 ~~ Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°.

>
]
]

xvi



'Qgcat

<l < & o O

Emission rate of a species, such as S0,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s‘l). Subscripts refer to species con-
sidered (e.g., SOy, S04, and particulate)

Plume flux of the scattering coefficient above background
(mzs‘l). Subscripts refer to species considered (e.g.,
S04~, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) ‘
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s‘l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Ihrock -

R ©O > N

w

Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m-3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m‘3)

'Optical thickness of a plume, the line-of-sight integral

of the extinction coefficient. Subscripts refer to the
component of the total or plume optica] thickness (e.g.,
particulate, S04~, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°.

Xvi



'Qcat

<l < & & - O

Emission rate of a species, such as 50, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s'l). Subscripts refer to species con-
sidered (e.g., SOp, SO4 , and particulate)

Plume flux of the scattering coefficient above background
(mzs‘l). Subscripts refer to species considered (e.g.,
S04, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) '
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s‘l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s-1)

Percentage visual range reduction

Deposition velocity (m s™1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Zb]ock

R © > N

w0

Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m‘3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal
Concentration of a given species in an air parcel (g m‘3)

‘Optical thickness of a plume, the line-of-sight integral

of the extinction coefficient. Subscripts refer to the
component of the total or plume optica] thickness (e.q.,
particulate, S04, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
Tooked away from the sun, 6 would equal 180°.

Xxvi



' Qgcat

<l < & ct H O

Emission rate of a species, such as SO,, or plume flux at
a given downwind distance, which may be less than the
emission rate because of surface deposition and chemical
conversion (g s‘l). Subscripts refer to species con-
sidered (e.g., SOp, S04, and particulate)

Plume flux of the scattering coefficient above background
(m2s=1). Subscripts refer to species considered (e.q.,
S04, primary particulate)

Blue-red ratio used in visibility impairment calculations
to characterize the coloration of a plume relative to the
viewing background

Relative background humidity (percent)

Distance along the line of sight from the viewed object to
the observer (m)

Object-observer distance (m)

Distance from observer to centroid of plume material (m)
Distance from viewed object to centroid of plume material
(m) _
Visual range, a parameter characteristic of the clarity of
the atmosphere, inversely proportional to the extinction
coefficient. H is farthest distance at which a black
object is perceptible against the horizon sky (m)
Background visual range without plume (m)

Temperature in degrees absolute

Time (s)

Wind speed (m s'l)

Flue gas volumetric flow rate (m3s-1)

Wind velocity vector (m s'l)

Percentage visual range reduction

Deposition velocity (m s~1)

Wind direction

Downwind distance from emissions source (m)

Cross-wind direction from plume centerline (m)

Elevation of a site above mean sea level (m)

XV



Elevation of the terrain above mean sea level that can be
assumed to block the flow of emissions (m)

Solar zenith angle, the angle between the sun and the
normal to the earth's surface

Distance above ground (m)

Wavelength of light (m)

Density of a particle (g m~3)

Horizontal angle between a line of sight and the plume
centerline

Vertical angle between a line of sight and the horizontal

Concentration of a given species in an air parcel (g m'3)

Optical thickness of a plume, the line-of-sight integral
of the extinction coefficient. Subscripts refer to the
component of the total or plume optical thickness (e.qg.,
particulate, SO4~, NO,)

Denotes the concentration of the species within brackets
Albedo of the plume or background atmosphere, the ratio of
the scattering coefficient to the extinction coefficient
Scattering angle, the angle between direct solar radiation
and the line of sight. If the observer were looking
directly at the sun, 6 would equal 0°. If the observer
looked away from the sun, 6 would equal 180°,

xXvi



1  INTRODUCTION

The Clean Air Act Amendments of 1977 require evaluation of new and
existing emissions sources to determine potential impacts on visibility in
class I areas.* These source evaluations are to be used as part of a
requlatory program to prevent future and remedy existing impairment of
visibility in mandatory class I federal areas that results from man-made
air pollution,

This workbook is designed to provide the air pollution analyst with
technical guidance in determining the potential impacts of an emissions
source on class I area visibility. It should be useful in siting studies,
emissions control specification, environmental impact statements, and new
source reviews, and it may also be used in conjunction with measurements
of existing emissions sources to assess the potential requirements for
emissions control retrofit technology. It is beyond the scope of this
document to address the cumulative impacts of multiple sources on regional
haze. Rather, the emphasis is on the incremental visual impact of a
single emissions source.

Although this workbook can be used independently, we highly recommend
that the analyst read the following documents:

> U.S. Environmental Protection Agency (October 1979),
"Protecting Visibility: An EPA Report to Congress," EPA-
450/5-79-008, U.S. Environmental Protection Agency,
Research Triangle Park, North Carolina.

> Latimer, D. A., et al. (September 1978), "The Development
of Mathematical Models for the Prediction of Anthropogenic
Visibility Impairment," EPA-450/3-78-110a,b,c, U.S.

*
Class T area as used in this document means Federal Class 1 area.
1



Environmental Protection Agency, Research Triangle Park,

North Carolina.
> Turner, D. B. (1969), "Workbook of Atmospheric Dispersion

Other guidance documents on visibility, including those below,
should also be consulted:

> User's Manual for the Plume Visibility Model (PLUVUE),
EPA-450/4-30-032.

> Interim Guidance for Visibility Monitoring, EPA-450/2-80-082

> Guidelines for Determining Best Available Retrofit Technology
for Coal-Fired Power Plants and Other Major Stationary Sources,
EPA-450/3-80-0096.

1.1 CLASSES OF VISIBILITY IMPAIRMENT

Two separate classes of visibility impairment are of concern in this
workbook:

> Atmospheric discoloration.
> Visual range reduction (increased haze).

Plumes from power plants or other combustion sources may be discol-
ored because of NO, emissions that are converted in the atmosphere to the
reddish-brown gas, nitrogen dioxide. However, particle emissions and sec-
ondary aerosols formed from gaseous precursor emissions may also discolor
the atmosphere. Increased haze is caused principally by primary particu-
late emissions and secondary aerosols, such as sulfate.

Worst-case impacts associated with these two classes of visibility
impairmegt occur during two distinctly different kinds of atmospheric con-
ditions. On one hand, atmospheric discoloration is greatest during
periods of stable, light winds that occur after periods of nighttime
transport. These conditions result in maximum particle and NO, line-of-



sight integrals that could cause maximum plume coloration. However,
because a plume remains intact during such conditions, discoloration would
be limited to a shallow vertical layer in the atmosphere. General atmos-
pheric clarity would not be impaired, but the plume or layer could have an
adverse visual impact, degrading the scenic beauty of a vista. The plume
might be perceptible and discolored enough to interfere with a visitor's

enjoyment of a class I area.

On the other other hand, increased general haze (decreased visual
range) is greatest during light wind, limited mixing, or stagnation condi-
tions after daytime transport, because conversion of gaseous precursor
emissions to secondary aerosol is more rapid during these conditions, when
an individual plume or discolored layer may not be perceptible at all.
Rather, the impact would be manifested by an increased haze and loss of
clarity in landscape features. Also, since the impact of any one emis-
sions source may be small when compared to regional emissions, incremental
impacts must be considered in light of the magnitude and frequency of
increased haze caused by other natural and man-made emissions sources in
the region. Increased haze may be a particularly severe problem in areas
where ventilation is limited by terrain obstacles such as canyon walls,
mountain ranges, plateaus, and river valleys. In such areas, emissions
could accumulate over a period of a few days. Diurnal upslope and down-
slope (drainage) winds can cause a "sloshing" air motion that could trap
emissions in a valley. Although ground-level contaminant concentrations
might be very low in such a situation, increased haze could be a problem.

EPA has published regulations concerning the protection of visibility
as Subpart P of Part 51 Title 40 of the Code of Federal Regulations.
T1e regulations define "visibility impairment" to mean any humanly
p2rceptible change in visibility (visual range, contrast, coloration)
f om that which would have existed under natural conditions. Definitions
for “adverse impact on visibility" and "significant impairment” are also
provided in the regulations. States are required to establish pro-
cedures for use in conducting visibility impact analyses. An important
part of a visibility impact analysis is to determine the
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frequency of occurrence and magnitude of visual impact in or within view

*
of a class'] area.

1.2  APPROACH USED IN THIS WORKBOOK

This workbook outlines a screening procedure that will expedite the
analysis of an emissions source. -Figure 1 shows a schematic diagram of
this screening procedure. Potentially, one could analyze a given source
at any one of three basic levels of detail. A level-1 analysis involves a
series of conservative screening tests that permit the analyst to elimi-
nate .sources with little potential for adverse or significant visibility
impairment. A simple screening calculation, requiring only a few minutes
of an analyst's time, indicates whether a source could cause significant
impairment during hypothetical, worst-case meteorological conditions. If
not, further analysis is unnecessary. If impairment is indicated, a
level-2 analysis would be performed. The level-2 screening procedure is
similar to the level-1 analysis in that its purpose is to estimate impacts
during worst-case meteorological conditions; however, more specific infor-
mation regarding the source, topography, regional visual range, and mete-
orological conditions is assumed to be available. A frequéncy-of-occur-
rence analysis is performed to determine conditions representative of the
worst day in a year. Whereas the level-1 analysis requires only a few
minutes, the level-2 analysis may require several days. In this workbook
several options are recommended for performing a level-2 analysis: (1)
use of hand calculations based on the formulas, tables, and graphs pre-
sented here, (2) use of reference tables and figures presented in the
appendixes, and (3) use of the computer-based plume visibility model.

Finally, if both the level-1 and level-2 analyses indicate the possi-
bility of significant or adverse visibility impairment, a more detailed

*
It is important to note that emissions may not have to be transported
Into a class I area to cause visual impact in a class 1 area. If a
vista within a class I area has views of landscape features outside that
area that are considered by the federal land manager to be an integral
part of the class I area experience, that vista may be protected.
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level-3 analysis is recommended. The purpose of a level-3 analysis is to
provide an accurate description of the magnitude and frequency of occur-
rence of impact. For this level of analysis, a visibility model is

used. The number of days per year and season in which a given magnitude
of impact occurs are calculated from joint frequency tables of wind speed,
wind direction, stability, mixing depth, ozone concentration, and visual
range in the area. Computer graphics can be used to display the
appearance of plumes or haze layers in black and white or in color.
Detailed analyses of the spatial and temporal distribution of windfields
and the effect on visual impacts may be made. For existing sources,
measurements of visual impacts can be used in place of, or in combination
with, the model calculations.

As shown in figure 1, there are tests that the analyst can apply
after the level-1 and level-2 analyses to determine if there is a
potential for adverse or significant impairment. If these tests show
little potential for adverse or significant impacts, the analyst may
choose to make a recommendation on the basis of these less detailed
analyses. In some situations, however, even though the level-1 or level-2
test shows that impacts are not likely to be adverse or significant, the
analyst may choose to use more detailed analytic procedures such as those
suggested for the level-3 analysis. This might be the case if the emis-
sions source barely passes the level-1 or level-2 test. Also, special
meteorological conditions such as stagnation, terrain-influenced disper-
sion, and complex photochemistry (if the source emits reactive hydro-
carbons, is located in an urban area, or is affected by an urban plume)
may require further detailed analysis.

We have attempted to make this workbook a straightforward, easy-to-
use reference manual; however, before we present the details of the visi-
bi]ity screening analysis procedures, we feel it is necessary to describe
some of the concepts and theories upon which they are based. These are
presented in chapter 2. The level-1 and level-2 analyses and tests are
presented in chapters 3 and 4. Suggestions for more detailed ‘analyses
(Tevel-3) are presented in chapter 5.



2  GENERAL CONCEPTS

In this chapter we present the general conceptual approach used
throughout this workbook. We recommend that the user of this document
read this chapter and the reference material cited in chapter 1 before
using the procedures presented in the following three chapters for the
level-1, -2, and -3 visibility screening analyses. Here we discuss the
following subjects:

Atmospheric optics and visibility impairment.
Plume-observer geometry.

Characterization of the frequency of occurrence of visual
impacts.

2.1 PHYSICAL CONCEPTS RELATED TO VISIBILITY IMPAIRMENT

2.1.1 Visual Perception

Human visual perception occurs when the eye is exposed to light
(i.e., electromagnetic radiation within the visible spectrum, 0.4 to
0.7 wm). Furthermore, the eye must be exposed to light of different
intensities or wavelength mixtures before one perceives objects in the
outside world. Since objects are usually viewed through the atmosphere
(unless the observer is under water or in outer space), atmospheric con-
taminants can affect what one perceives visually. This is the crux of the
visibility impairment issue: what impact does air pollution have on our
visual perception, particularly of scenic areas?

Through recent perceptual research, Land (1977) has found that the
eye-brain mechanism responds to objects within the field of view using a



comparison procedure. We compare light intensities of different objects
at different wavelengths in the visual field. Through this comparison we
perceive whether an object is visible, whether it is lighter or darker
than neighboring objects, and whether it is more or less blue, green, or
red than neighboring objects. A convenient way to describe this Tight
intensity comparison is by a ratio such as

1,(3)
2

where Iy and I, are the spectral radiances (light intensities) of two
objects, 1 and 2, at wavelength A in the visible spectrum (0.4 < A < 0.7

wm).

Another way to describe this comparison of light intensities is to
use contrast:

L) L) 1)

c(r) = I,0% = TETjJ-- 1

Note that if C()) = O for all wavelengths 1, then I; = I, and there
would be no perceptible difference in the two objects defined by I and
Ip. When we say there is much contrast in a given scene, then at least
for some wavelengths, C(A) # 0. Air pollution is visually perceptible

only if it changes the contrast of objects at different wavelengths in the
visible spectrum.

2.1.2  Fundamental Causes of Visibility Impairment

The effects of air pollution are visually perceptible as a result of
the following interactions in the atmosphere:



> Light scattering
- By molecules of air
- By particles
> Light absorption
- By gases
- By particles.

Light scattering by gaseous molecules of air (Rayleigh scattering),
which causes the blue color of the atmosphere, is dominant when the air is
relatively free of aerosols and light-absorbing gases. Light scattering
by particles is the most important cause of visual range reduction. Fine
solid or liquid particulates, whose diameters range from 0.1 to 1.0 um,
are most effective per unit mass in scattering light.

Light absorption by gases is particularly important in the discussion
of anthropogenic visibility impairment since nitrogen dioxide, a major
constituent of power plant plumes, absorbs light. Nitrogen dioxide is
reddish-brown because it absorbs strongly at the blue end of the visible
spectrum while allowing light at the red end to pass through. Light
absorption by particles is important when black soot (finely divided
carbon) is present.

Anthropogenic contributions to visibility impairment result from the
emission of primary particulate matter (such as fly ash, acid and water
droplets, soot, and fugitive dust) and of pollutant precursors that are
converted in the atmosphere into the following secondary species:

> Nitrogen dioxide (NO,) gas from emissions of nitric oxide
(NO).
Sulfate (S0,4”) particles from SO, emissions.
Nitrate (NO3~) particles fromﬂNOx emissions,
Organic particles from hydrocarbon emissions.

Before particulate control technology was commonly employed, primary
particulate matter, such as smoke, windblown dust, or soot, was a major



contributor to visibility impairment, because emissions sources emit pri-
mary particles of fly ash and combustion-generated particulates to the
atmosphere. If such sources are equipped with efficient abatement equip-
ment, the emission rate of primary particles may be small. However, some
emissions escape the control equipment and do contribute to the ambient
particulate concentration and hence to general visibility impairment. If
the emission rate of primary particulates is sufficiently large, the plume
itself may be visible.

In the past, many older emissions sources generated conspicuous,
visible plumes resulting from the large emission rates of primary par-
ticulate matter. New plants and old plants still in operation have bene-
fited from more efficient particulate abatement equipment and a state of
the art in which particulate removal efficiencies in excess of 99.5
percent are commonly specified and achieved. In addition, with the
installation of flue gas desulfurization systems (scrubbers), and with
combustion modifications, sulfur dioxide and nitrogen oxide emissions have
also been reduced. As a result, the visual impact of emissions has been
sharply reduced, as evidenced by the nearly invisible plumes under most
conditions of modern coal-fired power plants. Unfortunately, however, the
contribution to visibility impairment of the secondary pollutants--
nitrogen dioxide gas and sulfate, nitrate, and organic aerosol--is now
becoming increasingly evident and is of growing concern.

Since nitrogen dioxide absorbs light selectively, it can discolor the
atmosphere, causing a yellow or brown plume when present in sufficient
concentrations. Almost all of the nitrogen oxide emitted from emissions
sources is nitric oxide, a colorless gas. But chemical reactions in the

atmosphere can oxidize a substantial portion of the colorless NO to the
reddish-brown NO5.

Secondary sulfate, nitrate, and organic particles have a dominating
effect on visual range in many situations because these particles range in
size from 0.1 to 1.0 wm in diameter, which is the most efficient size per
unit mass for light scattering. As is discussed later, submicron aerosol
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(with diameters in the range from 0.1 to 1.0 um) is 10 times more effec-
tive in light scattering than the same mass of coarse (> 1 mm) aerosol.
Also, because secondary aerosol forms slowly in the atmosphere, maximum
aerosol concentrations and associated visibility impairment may occur at
large distances from emissions sources.

2.1.3 Atmospheric Optics

The effect of the intervening atmosphere on the visibility and
coloration of a viewed object (e.g., the horizon sky, a mountain, a cloud)
can be calculated by solving the radiation transfer equation along the
line of sight. As we noted earlier, the effects of air pollution are
visually perceptible because of contrast. Thus, visibility impairment can
be quantified by comparing the intensity or the coloration of two objects
(e.g., a distant mountain against the horizon sky). The effect of the
intervening atmosphere on the light intensity of the viewed object can be
determined if the concentration and characteristics of air molecules,
aerosol, and nitrogen dioxide are known along the line of sight.

The change in spectral light intensity or spectral radiance I(1) as a
function of distance along the sight path at any point in the atmosphere
can be calculated (neglecting multiple scattering*) as follows:

LA oorn + 28y g (), (1)

* Multiple scattered radiation is scattered (or reflected) more than
once. Although the plume visibility model treats multiple scattering,
it is beyond the scope of the hand calculations presented in this
workbook to do so. Reasonably accurate solutions are obtained for the
contrast parameters used to characterize visibility impairment in this
workbook even if multiple scattering is ignored.
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where

r = the distance along the sight path from the object
to the observer,
p(6) = the scattering distribution or phase function for
scattering angle- © [see figure 2(a) for defini-

tions],
Fg = the solar flux (watt/mz/un) incident on the
atmosphere,
bgcat = the scattering coefficient, which is the sum of

the Rayleigh scattering (due to air molecules),
bp, and the scattering due to particles, bsp:

Decat (M) = BN + b (N (2)

bext = the sum of the scattering, bsp, and absorption
coefficients, b,.:
N o= b (N b (). (3)

bext( scat

On the right-hand side of equation (1), the first term represents
light absorbed or scattered out of the line of sight; the second term
represents 1ight scattered into the line of sight. The values of bg.,¢
and by, can be evaluated if the aerosol and NO, concentrations and such
Characteristics as the refractive index and the size distribution of the
aerosol are known. Except in the cleanest atmospheres, becat is dominated
by bsp; also, unless soot is present, babs is dominated by the absorption
coefficient due to NO,. Scattering and absorption are wavelength-
dependent, and effects are greatest at the blue end (A = 0.4 wm) of the
visible spectrum (0.4 < A < 0.7 ym). The Rayleigh scattering coefficient
bg is proportional to x4: the scattering coefficient caused by particles
is generally proportional to A", where 0 < n < 2. Also, NO, absorption
is greatest at the blue end. This wavelength dependence causes the dis-
coloration of the atmosphere.
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For a uniform atmosphere, without inhomogeneities caused by plumes
(where bgat and beyy do mot vary with distance r along the line of
sight), equation (1) can be solved to find the intensity and coloration of
the horizon sky (neglecting multiple scattering):

p(A,0) bscat(x)

W =S s (4)

The perceived intensity of distant bright and dark objects will approach
this intensity as an asymptote, as illustrated by figure 2(b).

The visual range r, is the distance at which a black object is barely
perceptible against the horizon sky, which occurs when the perceived light
intensity of the black object is (1 + Cp3,)Ip, where Cpj, is the liminal
(barely perceptible) contrast, commonly assumed to be -0.02. When

equation (1) is solved for r,, for a uniform atmosphere, r, is independent

v
of p(@) and F (1) and can be calculated using Koschmieder's equation:

-0(Cin) 3,912
rv i —Béxt(x) i bext(x) ’ ()

where bg,+ (1) is evaluated at the middle of the visible spectrum (to which
the human eye is most sensitive) and where X = 0.55 ym. The visual range
for a nonuniform atmosphere (e.g., a plume case) must be calculated by

evaluating equation (1) for the appropriate conditions of the given situa-
tion.

Atmospheric coloration is determined by the wavelength-dependent
scattering and absorption in the atmosphere. . The spectral distribution of
I(1) for A over the visible spectrum determines the perceived color and
light intensity of the viewed object. The relative contributions of scat-
tering (aerosols plus air) and absorption (NOZ) to coloration can be
illustrated by rearranging equation (1):
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1 dI{a EL%%QL Fs(x)

TN —dr bscat (¥ 1(3) -1 "babs(x) ) (6)

Note from equation (4) that when light absorption is negligible com-
pared with 1ight scattering, the clear horizon intensity is simply (if
mu]tipTe scattering is ignored):

p(1,0) F_(2)
Ino(M = o : (7)

We now can rewrite equation (6):

1, (A)
ﬂl_k)' I . bscat () [_?C()T - 1] - baps(A - (8)

Equation (8) is thus an expression relating the effects of light
scattering and light absorption to the change in spectral light intensity
with distance along a sight path. On the right-hand side of equation (8),
the first term is the. effect o° light scattering, and the second term is
the effect of light absorption (N02). As noted previously, since bgcat
and b,y (due to N02) are strong functions of wavelength and are greater
at the blue end (A = 0.4 m), atmospheric coloration can result.

Equation (8) makes clear that N02 always tends to cause a decrease in
light intensity and a yellow-brown coloration by preferentially absorbing
blue light, whereas particles may cause a blue-white or a yellow-brown
coloration, depending on the value of the quantity in the brackets. If,
at a given point along the sigrt path, I(A) is greater than the clean
horizon sky intensity Ing(A), then the quantity in brackets in the first
term on the right-hand side of equatipn (8) will be negative, which means
that the net effect of scattering will be to remove predominantly blue
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light from the line of sight. This effect would occur if a bright, white
cloud or distant snowbank were observed through an aerosol that did not
contain NO,; scattering would cause a yellow-brown coloration. If,
however, I(A) is less than Iho(x), then the quantity in brackets in
equation (8) will be positive, which means that the net effect of scatter-
ing will be to add predominantly blue 1light into the line of sight. This
effect would occur if a distant, dark mountain were observed through an
aerosol that did not contain NOy; scattering would cause the mountain to
appear lighter and bluish. Only light absorption can cause I(1) to be
less than Ipg(A), and whenever I(A) < Ipg(1), scattering will add light to
the sight path, thereby masking the coloration caused by NO, 1ight absorp-
tion.

The mathematical expressions used in this workbook are simply solu-
tions to equation (1) for different boundary conditions and for different
values of bgeat, beyt, P(©) and Fo as they are affected by natural and

man-made 1ight scatterers and absorbers. The plume visibility model uses
similar formulations, but it also accounts for multiple scattering
effects.

2.1.4 Plume Visual Impacts

Let us consider now the geometry shown in figure 3, namely, the case
of a plume embedded in an otherwise uniform, background atmosphere.
Equation (1) can be solved for the spectral radiance at the observer
location P, as follows:
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1(Arg) = 1y [1 - exp (-bextrp)]

F [
S
* 77 Pplume “5lume [1 - eXp('Tplume)] LexP('bextrp)]

+ Ih [1 - exp(-bextrq)] [exp(-rpmme) '{exp(-bextrp)]

-l

* o3 [eXp(-bEXtrq)] [exP('TNume)] [exp(-bextrp)] (9)

ol
~—~
>
»
=
o
S
m

= spectral radiance at observer point P,,

z horizon sky radiance, assuming the atmosphere is
uniform and optically thick (i.e., earth curvature
can be ignored); see equation (4) and figure 2(b),
plume-observer distance; see figure 3,

average plume phase function, corrected for multiple
scattering effects albedo,

average plume albedo

it
-
1]

©

plume

wp'l ume

- [ bgcatdr
I bextdr ’

plume optical thickness (increment above background)

T lume

dr = | (bscat * babs)dr ’

=I b
ext plume

plume

rq = distance between viewed object and plume; see
figure 3,
ro = total distance from viewed object and observer; see

figure 3. If the plume is treated as a point, then

"o = Tp * Tg
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Note that other variables were defined previously and that all the optical
variables (Fg, I, bgecats Dexts Bb]ume’ i%]ume’ and tp]ume) are functions
of wavelength A. Further, note that I and Eb]ume are dependent on the
scattering angle © (see figure 2(a) for a definition). Each term on the
right-hand side of equation (9) has a physical meaning. The first term
represents light scattered into the line of sight by the background atmos-
phere between points P, and Py. The second term represents the light
scattered into the line of sight by the plume material. The third term
represents the light scattered into the line of sight by the background
atmosphere betweén the object and Pi. The fourth and last term represents
the light reflected from the object and transmitted to the observer.

2.1.5 Characterizing Visibility Impairment

Figure 4 illustrates five situations in which air pollution is
visually perceptible. There are two basic kinds of visibility impacts.
In one case, of which figures 4(b), (c), and (e) are examples, air pollu-
tion is perceptible as a result of the comparison of two objects viewed
simultaneously by an observer. The haze layer and plume in figures 4(b)
and (c), for example, are perceptible because they contrast with the back-
ground atmosphere. The plume in figure 4(e) is perceptible because it
contrasts with the viewed objects; in other words, it is brighter or
darker or colored differently from the viewed object. In the other case,
of which figures 4(a) and (d) are examples, perception of pollution
results from the difference between the presently observed scene and the
scene remembered under clear conditions. For example, the haze in
figure 4(c) may be perceptible because it is colored differently from what
is considered normal sky color; it appears white, gray, yellow, or brown
instead of blue. The situation shown in figure 4(d) is similar. The
scene may appear hazy because the contrast of viewed objects is decreased
from that observed on a clear day.

Each of these situations can be described either by a set of single

contrast values for different wavelengths or by a set of contrast differ-
ences for different wavelengths; the cases shown in figures 4(a), (b), and
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(c) Elevated plume or haze layer contrasting
with background atmosphere above and below

Figure 4. Five basic situations in which air pollution
is visually perceptible.
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() can be characterized by contrast, whereas those shown in figures 4(d)

L

and (e) can be characterized by contrast differences.

We can use equation (9) to calculate contrast values or contrast dif-
ferences so as to characterize each of the situations shown in figure 4.
First, let us consider the situations in which the effect of air pollution
is perceptible against the sky, as shown in figures 4(a), (b), and (c).

If the atmosphere is relatively hazy, the atmosphere along a horizontal
line of sight is optically thick. In such a situation, for the case with-
out a plume (‘p1ume = 0), it can be shown that equation (9) reduces to
equation (4) [see the asymptote in figure 2(b)].

The contrast between the plume and the horizon sky background as
observed at point P, is evaluated from equation (9) as follows:

I -1
C _ "h-plume h

plume Ih

(P Tl’)lﬂume
(p Tl’)backgr‘ound

=111 - QXp(“plume) exp(-bextrp) .

(10)

Note that, depending on whether the product of the phase function and
the albedo (pw) for the plume or haze layer is larger or smaller than that
for the background, the plume or haze layer will be brighter (C > 0) or
darker (C < 0) than the background horizon sky. Also note that the con-
trast is dependent on the plume optical thickness (Tp1ume)s 35 Tpiume

approaches zero, Cyy,me approaches zero. Pilume contrast also diminishes
as the plume-observer distance increases.

For the case in which the haze is homogeneous and optically thick, it
Can be shown that:
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. Pnaze 1 . (11)

(puobackground

chaze

These formulas can be used to evaluate impacts of the type shown in
figures 4(a), (b), and (c). It should be noted, however, that in very
clean areas where background conditions approach Rayleigh conditions, the
assumption that the atmosphere along the horizontal line of sight is
optically thick is no longer valid, and these formulas are only approxima-
tions. In these situations, visibility model calculations are needed for
more accurate solutions.

To characterize the types of visibility impairment represented in
figures 4(d) and (e), we need to calculate a change in sky/terrain con-
trast caused by a plume or haze layer:

&L =C -C
r r|with plume "{without plume
where
Lt ptume = lhep)
C l /= _t-P gme -plume
"lwith plume h-plume
c =_ItL,'_ T
r'without plume h

For simplicity we assume that the terrain that is viewed behind the
plume has an intrinsic radiance, Iobj’ which is a function of the horizon
sky radiance I, namely, Iobj = (1 + Co)Ih. Co is the intrinsic con-
trast. If the terrain were black, Co would equal -1. With this assump-
tion we again use equation (9) to evaluate the following spectral radiance
values:
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[]

= Ih 1+ Coexp(-bextro)]

It-plune = Ih-plume * Co'h [e"p('bext“o)] [exp("plume)] . (12)

The sky/terrain contrast values with and without the plume are:

C = C, exp{-b__.r )
r'without plume 0 ext'o X
r—lh ( ) ( ) (
C = C [exp -b_.r ][exp -7 ] . 13)
r‘with plume 0 h-plume ext o plume

The change in contrast caused by the plume or haze is then:

I ) .
Acr = -CO exp(-bextro) 1 - (_—I h )exp(-tp]ume) . (14)

h-plume

It should be noted that the visual range and visual range reduction
can be calculated from equations (12), (13), and (14). The visual range
is defined as the distance ry from the observer to a black object such
that the sky/target contrast C, = -0.02 at 1 = 0.55 um. By solving
equations (12), (13), and (14) for ro = ry such that C. = -0.02, we can
obtain the following formulas:

r B
v0 ext

for a homogeneous atmosphere without a plume and

I
2 1 h-plume _
l"v 'Ee; 3.912 - & (—_f;‘—_-) - Tp-‘ume . (16)
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The fractional visual range reduction is simply

I
h-plume
Ar (r. =r. ) n ( I ) * lume
- -_v = - v VO - h . (17)
*vo *vo ~ 3.912

Further discussion of the relationships between plume optical thick-
ness, extinction coefficient, visual range, and sky/terrain contrast is
presented in appendix A.

Equations (10) and (14) are the basic formulas upon which this work-
book is based. Because of the assumptions previously noted, these equa-
tions are approximate; more exact solutions can be obtained using the com-
puter-based plume visibility model. Equations (10) through (14) can be
used to determine contrasts at different wavelengths in the visible
spectrum. This workbook describes how calculations can be made at A =
0.40, 0.55, and 0.70 wm. The contrast at A = 0.55 wm is used as an over-
all indication of relative brightness of a plume or haze layer. The con-
trasts at A = 0.40 and 0.70 um are used to determine the coloration of the
plume or haze layer relative to the background. The blue-red ratio,
indicative of coloration, is calculated from these contrast values as
follows:

1+C(r=0.4 m)

R = " " 'plume
I+ C(x=0.7 wn)

, (18)
plume

The visibility model uses many parameters to characterize plume
visual impact; however, the following four parameters are particularly
important:

-~

> Visual range reduction [see equation (17)]
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> Plume blue-red ratio [see equation (18)]
> Plume contrast [see equation (10)]
> Plume perceptibility parameter AE(L*a*b¥),

We have already described the first three parameters. The fourth
parameter, the plume perceptibility AE value, characterizes the extent of
color difference between the plume and a viewing background. Whereas
visual range reduction and plume contrast values are calculated at one
wavelength (A = 0.55 wm) and blue-red ratio at two wavelengths (A = 0.4
and 0.7 wm), the AE value is calculated across the visible spectrum
(0.4 < A< 0.7 mm). The A parameter is particularly useful to charac-
terize plume perceptibility because it is a function of the difference in
coloration between the plume and a viewing background in terms of both
brightness difference and color (chromaticity) difference. Because the
spectral radiances [1(2)] have to be calculated at several wavelengths to
determine AE, the AE parameter is not appropriate for use in hand calcula-
tions.

We are not aware of any studies that have specifically addressed the
question of what the standards for visibility impairment should be in
terms of these quantitative specifications. A very well defined, rea-
sonably large target, with sharp edges that contrast with a viewing back-
ground, probably has a threshold of detectability corresponding to a con-
trast of $0.02 and a 2 value of about 1. Figure 4 shows the five basic
viewing situations in which air pollution might be visually perceptible.

A direct comparison of two adjacent colors is only possible when the plume
or haze layer contrasts with a viewing background. In most situations,
however, the boundary between a plume and a viewing background is not
distinct, but diffused, because of the nature of plume dispersion. This
is particularly true at large distances from the emissions source. A
general haze can only be detected by comparison with the memory of clearer
conditions on previous days. Thus, there is no clear set of threshold
values to characterize visibi]ify impairment.

The situation is made even more complicated by the fact that the

26



magnitude of visual impact caused in a class I area by a given emissions
source varies significantly over the course of a year. Although impacts
may be visible during the worst day in a year, they may not be visible
most of the year. For this workbook, we have adopted the following
criteria for use in level-1 and -2 tests. If the absolute value of either
plume contrast (Cp1ume) or the change in sky/terrain contrast (4&C,) is
greater than 0.1, or if plume AE(L*a*b*) is greater than 4 for the worst-
day impact case, then the possibility that the visual impact would be
judged adverse or significant cannot be ruled out.

2.2 PLUME-OBSERVER GEOMETRY

Figures 5 and 6 show plan and elevation views, respectively, of an
arbitrary plume-observer geometry defined by elevation angle B, the hori-
zontal angle a between the line of sight and the plume centerline, the
distance x downwind from the emissions source of the plume parcel being
observed, and the distance s from the observer to this plume parcel.
Although the visibility model offers the option of specifying any
arbitrary angle B, for most real-world problems 8 = 0 since plumes are
usually not observed at close range. Thus, for the sake of simplicity,
the formulas presented in this workbook are based on the assumption that
the line of sight is horizontal (8 = 0).

In the previous section we showed that plume visual effects are
dependent on the plume optical. thickness 1, which is proportional to the
integrals of NO, and particle concentrations along the line of sight. For
a horizontal line of sight (B = 0) through a Gaussian plume, these
integrals can be calculated using the following approximate formulas.

For a fixed plume orientation and observer location, as shown in
figure 5, the magnitude of plume optical thickness (t) in equations (10)
ard (14) is a function of the direction of view (i.e., the angle a).
Although the optical thickness t of the plume is a minimum at a = 90°, the
plume-observer distance 'n is at its‘Tinimum value also since
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Figure 5. Plan view of observer-plume geometry.
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- rp-min

roo= ——
pa  Sin a

Thus, there are two counterbalancing effects of a. Although the
optical thickness of the plume is larger for smallas, the distance
between the plume and the observer is larger, the magnitude of plume
effects is correspondingly smaller, and the apparent size of the plume is
smaller. In very clear background areas, if the observer is close to the
source, impact magnitudes will be largest for lines of sight with small
as, though the plume will appear smaller as noted above. However, in most
situations visual effects are maximum or close to maximum when the line of
sight is perpendicular to the plume (a = 90°) such that o = rp-min-
Because of this, we recommend, for this workbook, that plume effects be
evaluated for lines of sight perpendicular to the plume centerline,

The optical thickness of a plume is proportional to

” 2
- Q 1 [H+ 2
x dy = exp |-
:_/Q (2'11)172 o,u sin a{ [ .2.( % ) ]

2
+ exp [- -12 (Ho; z) ]} . (19)

For lines of sight directly through the center of a Gaussian plume,
we have simply

- Q
x dy = . (20)
j; (Znﬂfzozu sin a

When the plume is uniformly mixed in the vertical between the ground
and an elevated stable layer of height, Hys we have

30



/ x dy =-qmu—(sl.m . (21)

Note that these formulas no longer apply as o approaches 0. If the
observer were within the plume, the integral along the plume centerline (a
= 0°) would have to be calculated numerically from the Gaussian
equation.’ As we discuss in a later subsection of this section, the proba-
bility of an observer's being within the plume is exceedingly small, so
that a quite adequate general description of plume-observer geometry is as
shown in figure 5 (i.e., lines of sight oblique to the plume centerline).

It should be understood from the foregoing discussion that visual
impacts are a function of the following parameters:

NO, and aerosol plume loading (Q)

Wind speed (u)

Vertical extent of plume mixing (o, or Hy)
Distance between the plume and observer (rp)
Background extinction coefficient (bg,4).

vV V V V VvV

Thus, the visual impacts will increase with:

> Increasing NO,, particulate, and aerosol precursor emis-
sion rates.
> Increasing NO, and aerosol formation rates in the atmos-
phere from precursors,
Decreasing wind speed.
Decreasing vertical mixing.
Decreasing plume-observer distance (i.e., the wind direc-
tion is such that plume transport is toward the observer).
> Increasing background visual range (i.e., decreasing
'extinction coefficient, the lower bound being the Rayleigh
scattering coefficient of particle-free air).

-»
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The largest visual impacts for a given emissions source and observer
location (in a class I area) occur when a plume is transported relatively
close to the observer, with light winds and little vertical mixing. Thus,
to estimate worst-case impacts, it is necessary to identify reasonable
worst-case meteorological conditions such as light-wind, stable condi-
tions; light-wind, limited-mixing conditions; and stagnation conditions.
These worst-case conditions are dependent on meteorological conditions in
the area and the distance between the emissions source and the class I
area. For example, although an F stability and a 1 m/s wind speed may be
reasonable worst-case conditions for visual impacts close to a source,
they certainly are not for observer locations 100 to 200 km from the
source. At 1 m/s, it would require 28 to 56 hours for a plume to be
transported 100 to 200 km. Typically, stable (F stability) conditions
would not be likely to persist for more than 12 hours.” If we assume that
a stable plume would remain intact for no longer than 12 hours, the worst-
case wind speeds for the observer locations 100 and 200 km from the emis-
sions source would be 2.3 and 4.6 m/s, respectively. In this workbook we
use this assumption regarding persistence of stable conditions.

Another consideration is that of variability in wind speed and wind
direction, and of its impact on plume dispersion and transport to within
view of an observer in a class I area. The location of a plume parcel
relative to the emissions source at any time t¢ is dependent on the
spatially- and temporally-varying windfield, the time of emission from the
source ty, and the transporf time & = t§ - 5

t

f
I3 =/ vix,y,z,t) dt . (22)
to

*
It s@ogld be noted that, during winter or at high latitudes, stable
conditions (E or F stability) could persist longer than 12 hours. The

ana1)’st.may wish to use a different assumption regarding persistence if
appropriate to a given application.
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If the displacement vector r is within a given radius of the observer
point in a class 1 area, one might expect a visual impact, depending on
the dilution of the plume parcel. Thus, we could have transport from the
emissions source to the observer locations in any number of possible
trajectories, as shown by the examples in figure 7. If one had a set of
spatially- and temporally-resolved wind data, one could perform the vector
integration shown in equation (22) and determine the frequency of occur-
rence of transport toward a class I area. Usually, however, wind data are
not available for more than one location in a region, and one must make
assumptions regarding the variability of wind in time and space.

Uncertainty in the meteorological conditions used for input is
probably the most important source of error in visibility impact calcula-
tions. The level of sophistication of an air quality or visibility impact
analysis is most often limited, not by theoretical or analytic concerns,
but by the lack of a detailed meteorblogical data base for the region of
interest, with spatial and temporal resolution appropriate for the task.

The level-1 visibility screening analysis is based on assumptions
regarding worst-case meteorological conditions. The level-2 visibility
<creening analysis is based on the assumption that the joint frequency of
occurrence of meteorological conditions, at plume height, at a point
within a region, is representative of all points within the region. It is
also assumed that plume geometry can be approximated by a straight plume
trajectory, as shown by trajectory 1 in figure 7. This assumption will be
conservative in most situations (i.e., overestimate impacts). However, in
other situations, such as during a stagnation condition in a valley, the
assumption may cause underestimation of impacts because wind reversals
could cause a buildup of emissions as shown by trajectory 2 in figure 7.
For leve1-3 analyses more detailed representations of the windfield could
be used as the basis for visibility impact calculations, depending on the
availability of meteorological data.
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2.3 CHARACTERIZING THE FREQUENCY DISTRIBUTION OF PLUME VISIBILITY
IMPACTS

In this workbook, the purpose of level-1 and -2 screening analyses is
to estimate the worst-case visual impacts that might occur on about one
day per year. For the level-3 analysis, the frequency of occurrence of
impact of different magnitudes can be calculated, as well as the worst-day
impacts. It is important to determine the frequency of occurrence of
visual impact, because the adversity or significance of impact is
dependent on how frequently an impact of a given magnitude occurs. For
example, if a plume is perceptible from a class I area a third of the
time, the impact would be considered much more significant than if it were
perceptible only one day per year. The assessment of frequency of occur-
rence of impact should be an integral part of a visibility impact assess-
ment.

In this subsection we discuss how one can determine both the magni-
tude and frequency of occurrence of visual impact. This procedure entails
making several model runs for different values of the following important
input parameters:

Emission rates (particulate, SO,, NO,).
Wind speed.

Wind direction.

Atmospheric stability.

Mixing depth.

Background ozone concentration.
Background visual range.

Time of day and season.

Orientation of observer, plume, and sun.
Viewing background (whether it is sky, cloud, or snow-
covered, sunlit, or shaded terrain).

VvV V VvV V V V V V V Vv

Because of the large number of variables important to a visual impact
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calculation, several calculations are needed to assess the magnitude and
frequency of occurrence of visual impact. It is recommended that a
computer model be used for level-3 analysis because of the large number of
scenarios and calculations involved. It would be ideal to calculate
hourly impacts over the course of a year or more using hourly values of
the above variables. However, such an extensive data base is rarely
available for use. Even if it were available, the computing costs

involved would be prohibitive. It is therefore preferable to select a few
representative, discrete values for each of these variables to represent
the range (i.e., the magnitude and frequency of occurrence) of visual
impact over a given period of time, such as a season or year. One can
start with conditions that cause the worst impacts and then assess the
frequency of occurrence, in a season or year, of all the variables having
worst-case values simultaneously.

It is possible to imagine a worst-case impact condition that would
never occur in the real atmosphere; this condition could be represented on
a cumulative frequency plot, such as that of figure 8, as point A. The
impact is great, but it almost never occurs. If another worst-case situa-
tion less extreme than point A were selected, the magnitude of impact
would be less, but it might occur with some nonzero frequency, about one
day per year, for example (the reasonable worst-case impacts for level-1
and level-2 analyses). It is possible to select various values of all the
important input variables and to assess the frequency with which those
conditions resulting in impacts worse than a given impact would occur. By
this prozess, several points necessary to specify the frequency distribu-
tion could be obtained (for example, points B, C, and D in figure 8).

With average (50-percentile) conditions, a negligible impact, as shown at
point E in figure 8, might be found. In figure 8, the ordinate could be
any of the parameters used to characterize visibility impairment, such as
visual range reduction, plume contrast, blue-red ratio, or &, and the
abscissa could represent cumulative frequency over a season or a year.

In 1 visual impact assessment, it is recommended that one select
various :ombinations of upper-air wind speed, wind direction, and atmos-
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Figure 8. Example of a frequency distribution of visual impact.
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pheric sfabi]ity; background ozone concentration; and background visual
range to specify the frequency distribution of visual impact. If one has
a large, concurrent data base of all five of these variables, it would be
desirable to calculate a five-way joint-probability distribution matrix
and to use these joint probabilities to calculate frequency of occurrence
of impact. However, in most situations, such a data base is not

available, and one must treat the various worst-case events as independent
probabilities. With this assumption, the probability of worst-case
impacts can be calculated by multiplying the independent probabilities.
This can be represented as follows:

fly>y') =1f(x. > xi') .
j i
where f(y > y') is the cumulative frequency of impact y greater than y',

and f(x; > x5') is the cumulative frequency of variable x; having values
that would cause greater impact than the value x

il
In such an application, one might obtain an estimate of cumulative
frequency by using the joint frequency distribution of upper-air wind
speed and wind direction and the separate frequency distributions of
upper-air stability, ozone concentration, and visual range. For example,

the plume perceptibility parameter & has a cumulative frequency distribu-
tion that can be estimated as follows:

f(E > AE') = f(u< u', WD < WD') « f(s > s*)
[ ] ! [ '
£([0,1 > [0,1') « flr, > v ),
where
f(AE > AE') = the frequency of occurrence of AE values

greater than A&'. AE' is calculated on
the basis of a wind speed u', wind direc-
tion WD', stability s', ozone concentra-
tion [03]', and visual range r,’'.

f(u < u*, WD < WD') = the frequency of occurrence of wind speeds

38



less than u' associated within a specified
value (WD') of the worst-case wind direc-
tion.

the frequency of occurrence of stabilities
greater than s',

the frequency of occurrence of background

f(s > s')

f([03]1 > [03]")
ozone concentrations greater than [03]'.
the frequency of occurrence of background
visual range values greater than r '.

f(rv > rv')

Each of the input parameters that are important to the visibility model
calculation varies significantly over the period of a year, and all are
discussed in the following paragraphs.

2.3.1 Wind Speed

Wind speed affects plume visual impact strongly because plume center-
line concentrations and plume line-of-sight integrals are inversely pro-
portional to wind speed. Greater impact would be expected during light-
wind stagnation conditions than during strong-wind, well-ventilated condi-
tions. Also, since the age of a plume parcel at a given distance downwind
from a power plant is inversely proportional to wind speed, more time is
available at low wind speeds for the chemical conversion of primary emis-
sions. A well-aged plume parcel is more likely to cause a reduction in
visual range than is a younger one. However, the time necessary to trans-
port emissions a given distance toward a class I area increases with
decreasing wind speed. Thus, during light-wind conditions, several hours
of persistent conditions may be needed to transport emissions to a class I
area where they could cause visual impact.

2.3.2 Wind Direction

Nina direction also affects plume visual impact, because the direc-
tion of plume parcel transport affects the orientation of the plume with
respect to the’observer. If the plume is transported directly toward an
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observer, the observer's line of sight directly along the center of the
plume is significantly affected. As noted previously, if the observer's
line of sight is oblique to or along the plume axis, plume optical thick-
ness will be greater than if the line of sighHt is normal to the plume
axis. However, there is a compensating effect; the direction of plume
transport affects the distance (rp) between the observer and the plume
material. Plume discoloration is.diminished by light scattered by the
intervening, or background, atmosphere. The more distant the plume
material, the less colored and less perceptible it is likely to be. This
decrease in plume coloration can be expressed as follows:

C (r) =

plume ("p (0)exp(-3.9 r /rvo) . (23)

plume

where

cp]ume(r)’ Cp]ume(o) = plume contrasts at plume-observer
distances r and 0, respectively.
plume-observer distance.

™

"vo

background visual range.

It should be noted that visual range reduction does not decrease with
increasing distance between the plume and the observer, assuming one can
still see across the plume. However, the aesthetic effects of this visual
range reduction would be less, since contrast reduction (ACr) would
decrease exponentially, as the plume-object distance increases as shown in
equation (14). Also, it should be noted that with a more distant plume,
only the contrast of distant terrain objects would be affected and fewer
lines of sight would be impacted. In addition, the aesthetic impact
caused by plume discoloration is 1ikely to be less if the plume is farther

away, because the plume will appear smaller (i.e., fewer lines of sight
will be affected).

To illustrate the effect of wind direction, figure 9(a and b) shows
the positions of two plumes from a hypothetical emissions source relative
to a vista in a class I area 90 km away. Plume 12 oy outlines are shown
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to scale with oy values appropriate for a Pasquill E stability. Of
course, actual plume trajectories would be affected by wind channeling,
complex terrain, and changes in wind direction with time, so these figures
are only idealized representations. Figure 9 shows trajectories that
could occur with north-northwesterly and north-northeasterly winds. A
plume associated with a north-northeasterly wind direction (defined by a
sector 22.5° wide) could be anywhere within the extremes of the sector
shown in figure 9. Thus, a wide range of impacts could occur associated
with north-northeasterly winds. The worst case would be that shown in
figure 9(a), in which the plume is transported directly toward the obser-
ver. Of course, the worst-case conditions of figure 9(a) would occur for
only some of the periods of north-northeasterly flow. Figure 9(b) shows
that, for another wind direction, plume discoloration would be consider-
ably less, because plumes would be tens of kilometers away from the
observer, and the observer's line of sight could be nearly perpendicular
to the plume, not along the plume as in figure 9(a). Since the case shown
in figure 9(a) is not a 1ikely occurrence, the level-1 and level-2
analyses are not suitable for evaluating the visual impact associated with
this plume-observer orientation. A level-3 analysis is required when
views along the plume axis are of concern.

2.3.3 Atmospheric Stability

Upper-air stability controls the rate at which source emissions are
mixed with ambient air. During stable conditions, diffusion is limited,
particularly in the vertical direction, so plumes remain as ribbon-1like
layers. Plume discoloration is most apparent during such stable condi-
tions, because the integral of NO, and particulqﬁe concentrations along
the line of sight is greater. During well-mixed (neutral or unstable)
conditions, plumes are rapidly diffused and not likely to be visible as
plumes per se.

Staﬁi]ity, or the rate of plume mixing, also has an effect on

chemical conversion within a plume. The conversion of nitric oxide (NO)
to nitrogen diokide (NO,) is diffusion-1imited in stable plumes, as is the
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formation of sulfate and nitrate, because background ozone that effects
NO, formation is depleted within the plume.

2.3.4 Background Ozone Concentration

An important input parameter to the visibility model is the back-
ground ozone concentration, that is, the concentration of ozone outside
the plume. 0Ozone reacts directly with the colorless nitric oxide emitted
from power plants to form the brownish gas, nitrogen dioxide, the princi-
pal plume colorant:

N0+03 *N02+02

Ozone is also indirectly important in the oxidation of plume NO, and SO,,
since ultraviolet radiation photolyzes ozone to form the hydroxyl radical

(OHe) that reacts with NO, and SO, to form nitric acid and sulfate aero-
sol.

Calculations should be made for the median (50-percentile) background

ozone concentration as a minimum and possibly for the 25- and 75-
percentiles also.

2.3.5 Background Visual Range

Background visual range is also an important input parameter, because
the magnitude of plume discoloration visible from a given location depends
on the clarity of the intervening atmosphere. Plume discoloration is much
more noticeable in the extremely clear areas of the Southwest, for
example, than in hazy areas. Equation (23) shows that as the background
visual range (rvo) decreases (i.e., the atmosphere becomes hazier), the
degree of plume discoloration decreases also. Thus, one must supply one
or more ge.g., 25-, 50-, and 75-percentile) values of background visual

range in the study area to characterize impacts for different levels of
atmospheric clarity.
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2.3.6 Study Area Topography

The topography of an area also has an influence on visibility impair-
ment. High terrain affects the transport of emissions, particularly dur-
ing worst-case stable conditions. It is likely that a stable plume would
be channeled by high terrain and remain in a valley. Thus, the assumption
of a straight plume trajectory approaching an observer location on ele-
vated terrain, such as is shown in figure 9(a), may never occur in some
areas. The topography also affects the rate of dilution of plumes, with
mechanically induced turbulence enhancing plume dilution.

Topography also affects the views from a given vista location. For
example, topography can obstruct views in certain directions from a vista
where plume material is located. It can also have an effect on the type
of viewing background (what is visible behind the plume), which has an
effect on plume discoloration.

2.3.7 Season and Time of Day

Gas-to-particle conversion is also a function of season and time of
day, with higher conversion rates at times when ultraviolet flux is great-
est. Also, the sun angles (i.e., azimuth, zenith, and scattering angles)
are dependent on season and time of day.

2.3.8 Model Runs

If one used all the permutations of the important input variables,
one could make hundreds of plume visibility model runs to characterize the
frequency distribution of visual impact over a season or a year. For
example, if 5 wind directions, 3 wind speeds, 2 stabilities, 3 background
visual ranges, 3 background ozone concentrations, and 2 seasons are evalu-
ated, one would have to make 540 runs (5 x 3 x 2 x 3 x 3 x 2). Further-
more, if 10 downwind distances were evaluated and 4 viewing background
colorations were considered for each line-of-sight geometry, a total of
21,600 individual line-of-sight calculations would be needed. The comput -
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ing costs for this many calculations would be prohibitive. To reduce
costs, one can reasonably approximate the frequency distribution of
impacts by using median values of background ozone concentrations and
visual range and evaluating impacts for sun angleé corresponding to one
season (e.g., spring or fall), thus reducing the total number of runs in
this example to 30.
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3 LEVEL-1 VISIBILITY SCREENING ANALYSIS

The level-1 visibility screening analysis is a simple, straightfor-
ward calculation designed to identify those emissions sources that have
little potential of adversely affecting visibility in a class I area. If
a source passes this first screening test, it would not be likely to cause
adverse visibility impairment, and further analysis of potential visi-
bility impacts would be unnecessary. If the source fails this test, addi-
tional screening analysis would be needed to assess potential impacts.

The level-1 visibility screening analysis requires a minimal amount
of information about the source and only a few minutes of an analyst's
time to evaluate potential visibility impairment. The input parameters
rneeded to evaluate potential visibility impacts with this screening analy-
sis procedure are as follows:

> Minimum distance of the emissions source from a poten-
tially affected class 1 area (in kilometers).

Location of the emissions source and class I area.
Particulate emission rate (in metric tons/day).

NO, emission rate (in metric tons/day).

SO, emission rate (in metric tons/day).

vV V V Vv

3.1 DERIVATION OF LEVEL-1 SCREENING ANALYSIS

The level-1 visibility screening analysis is designed to evaluate two
potential types of visibility impairment that can be caused by plumes from
emissfons sources. These two types of visibility impairment are caused by
nitrogen oxide, particulate, and sulfur dioxide emissions. Figures 10 and
11 illustrate the two types of plume fmpacts. One is a discolored, dark
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Figure 10. Two types of plume visibility impairment considered in-the
level-1 visibility screening analysis.
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Figure 11. Geometry of plume, observer, and line of sight used in
Jevel-1 visibility screening analysis.
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plumé observed against a bright horizon sky (labeled 1 in figure 10).

This effect is caused principally by NO, gas formed from NO, emissions,
though particulates can contribute in some cases. The other type is a
bright plume observed against a dark terrain viewing background (labeled 2
in figure 10). This effect is caused principally by particle emissions
and sulfate aerosol formed from SO, emissions.

Model calculations (Latimer et al., 1980a) suggest that sulfate
aerosol does not form in stable plumes containing a significant amount of
NO,. Sulfate formation does not occur until emissions are diluted sig-
nificantly with background air. However, the visual impacts caused by NO,
and particulate emissions are greatest when the plume material is concen-
trated, as in light-wind, stable conditions. For these reasons, we con-
sider two different meteorological conditions:

> For maximum impact caused by particulate and NO, emis-
sions: stable (Pasquill-Gifford stability category F),
light-wind conditions with a 12-hour transport time to the
closest class I area.

> For maximum impact caused by SO, emissions: limited
mixing conditions, vertically well-mixed plume within a
1000 m mixing depth, 2 m/s wind speed.

For both cases, the geometry of the plume, observer, and line of
sight assumed for this screening analysis is shown in figure 11. The
plume is assumed to pass very close to the observer, with its centerline
half the width of a 22.5° sector away from the observer at the given down-
wind distance x. The observer's line of sight is assumed to be perpen-
dicular to the plume centerline. The viewing background is assumed to be
either the horizon sky or a black terrain object located on the opposite

side of the plume a distance equivalent to a full sector from the
observer{
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3.1.1 Impacts of Particulate and NO, Emissions

Meteorological conditions are assumed to be stable with light
winds. Pasquill-Gifford F stability is used to characterize the vertical
dispersion (oi) important in evaluating the visual impacts for horizontal
lines of sight. Since such stable conditions are not likely to persist
for more than 12 hours in a typical diurnal cycle, we selected a worst-
case wind speed that would transport emissions from the source to a
class I area in 12 hours. Thus, wind speed is determined as a function of
distance x to the class I area as shown below:

u= TTéiﬁé?%%%%%QEEé;E%T'= 2.31 » 10'2(x) m/s

Thus, a 2.3 m/s wind would be used to evaluate impacts in a class I area
100 km from the emissions source.

The horizontal optical thickness through the center of an elevated
stable plume is

i (Zu)?; 2cx‘,!u

where Q is the mass emission rate of NO, and particles multiplied by the
respective light absorption and scattering efficiencies of these two
species. For the level-1 analysis we conservatively assume that there is
complete conversion of NO, emissions to NO, in the atmosphere.

We can calculate the absorption (Noz) and scattering (particle) com-
ponents of the plume optical thickness separately, as follows:

50



3
o, * babs/(W9/M) P Oyg

3
Tbart * bscat/("glm Y P Qpart ’

where

_ 1
(Zn)I; Zozu

The value of p is evaluated so that the units of Qpart and QNOZ in
the above formulas are in metric tons per day:

.L‘Olz pa/metric ton)(day/24 hr)(hr/3600 sec)
(zn)l/z(uz)(z 31 x 1072)(x)

_ 2.0 «108

de

The absorption per unit mass of NO, is calculated for a wavelength of
0.55 um as follows (Dixon, 1940):

babS/(ug/m3) = 31 km'llggm) = 1.65 x 10°7m‘1/(ug/m3)
(1881 wg/m3/ppm) (1000 m/km)

The scattering coefficient per unit mass of aerosol for a wavelength
of 0.55 um was calculated using Mie scattering theory. A primary particle
size distribution typical of a coal-fired power plant equipped with an
electrostatic precipitator (Schulz, Engdahl, and Frankenberg, 1975) was
assumed. This distribution has a mass median diameter of 2 im, a geomet-

ric standard deviation of 2, and a density of 2.5 g/cm3. For such a size
distribution:
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bscat/(“g/m3) = 10 - 10'7m'1/(ug/m3)

We can use equation (10) from chapter 2 to evaluate the sky/plume
contrast resulting from NO, 1ight absorption. For this level-1 analysis,
we assume that the phaﬁe‘functions for the plume and the background atmos-
phere are equal. With this assumption, equation (10) reduces to the
following equation:

T

T,

NO

Cp]ume -

Tpart *

1 - exp ('Tpart - TNOZ) exp (-3.912 rp/rvo)
2

where

rp S the observer-plume distance, which, for the
geometry showg in fiqure 11,
= x tan [22:5_) = 0.199 «x

"o = background visual range (km),

TNOZ’ Tpart = NO, and particulate components of plume optical
thickness, as discussed above.

It should be noted that this equation can be simplified (valid only
for small plume optical thicknesses, t < 0.1) by using the first two terms
of a series expansion of the second term:

~

cp\ume = ™o

) exp(-3.912 rp/rvo)

From this approximate formula we see that the sky/plume contrast is

proportional to the plume NO, line-of-sight integral (TNOé) and decreases
as the plume-observer distance increases.
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Now let us consider the reduction in sky/terrain contrast by the same
plumd. If the background terrain is black, then C, = -1, and we can
rewrite equation (14) as follows:

K, = |1 - (.E_]_J__TT)(exp ~Tart - ‘I’NO) exp(-3.912 "o/"vo)
plume

where cp1ume is as defined above, and r, is the observer-object dlstance,
which, for the geometry shown in figure 11, equals 2 « x « tan (22.5 /2),
where x is the downwind distance from the emissions source to the class I
area.

3.1.2 Impacts of S0, Emissions

We evaluate the worst-case impacts of SOZ emissions, assuming a mul-
tiday stagnation episode (limited mixing). Both primary particle emis-
sions and sulfate (504’) aerosol formed in the atmosphere from SO, emis-
sions reduce the contrast of objects viewed through the plume. However,
NO, emissions are converted to nitric acid vapor by reaction with the
hydroxyl radical, the same species responsible for conversion of S0, to
SO~ . Hence, no NO, is assumed to be present.

Since sulfate forms slowly in the atmosphere, the maximum impact does
not necessarily occur at the class I area closest to the emissions
source. Thus, for the level-1 analysis we evaluate sulfate impacts at a
distance of 350 km from the source, the equivalent of two days' transport
time from the emissions source for an assumed 2 m/s wind speed. Further-
more, we evaluate the sky/terrain contrast reduction of a terrain feature
located one-fourth the background visual range distance. The contrast
reduction of a terrain feature at this distance is a maximum for a given
increase-in extinction coefficient (see appendix A). Note that the plume
itself would not be visible, but plume material uniformly diffused through
the mixed layer could cause a reduction in sky/terrain contrast.
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The sulfate mass flux at any given distance downwind is calculated by
solving the following differential equations:

050
2 .
—at - ke T kgllso, o
g, =
4 _
—at " 1Ok Qs o

2

where

QSOZ’ Q504= = mass flux of 502 and SO4=, respectively, in the
plume at downwind distance corresponding to
transit time t,

kg = rate of SO, loss due to surface deposition

. Jd
Hm ’ i
k¢ = rate of SO0p-t0-504° conversion .
vq = deposition velocity .
Hy = mixing depth.

The solution to these equations is

1.5 «
] f
US0,= = TRy Os0, |1 - @PLl-ke + Kg) t]

For an assumed tranéit time of 48 hours, mixing depth Hy of 1000 m,
S0, deposition velocity (diurnal average) vg of 0.5 cm/s, and Soz-to-504=

conversion rate (diurnal average) ke of 0.5 percent/hr, we find that the
sulfate mass flux is:

Qe - = 0.218 Q
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We assume an average scattering coefficient per unit mass concentra-
tion of sulfate and primary particles of 6 x 10-6 and 1 «x 10‘6m'1/(ug/m3).
respectively, appropriate for typical size distributions (see Latimer et
al., 1978, and Schulz, Engdahl, and Frankenberg, 1975). The optical
thickness due to total aerosol for this limited mixing case is then
simply:

(Qpart + 1.31 0502) (IO'Gm'llug/m:’)
Taerosol © "y ﬁm

Now if we substitute the appropriate values of u and Hy,, and the
appropriate conversion factor from metric tons per day to ug/s, we have
the following expression:

Taerosol = (5.79 « 1073) (Qpart * 1.31 Qsp,)

This is the total optical depth across a plume at a downwind distance
of 350 km (transit time = 48 hr). We wish to use the optical depth
between the observer and a terrain feature at the most sensitive distance,
ro = ryp/3.912, as shown in appendix A. Thus, we must correct Tyor0s01
accordingly. We assume the plume is uniformly mixed within a 22.5°
sector, which is quite wide 350 km downwind:

(o]

2(x)tan (2255 ) = 2(350 km)(0.199) = 139 km

The ratio of the optical depth bgtween the observer and the most sen-
sitive terrain feature to the total optical depth is then

vo
545 km
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Thus, we end up with the following expression:

- -5
Taerosol = (1:06 x 10 )(rvo)(qpart + 131 QSOZ) ’
where rg is the background visual range in km, and Qpart and QSOZ are
particle and S0, emission rates in metric tons per day.

Substituting this optical thickness into equation (14) and assuming
that cp]ume = 0, we have the foillowing expression for the contrast reduc-
tion caused by sulfate aerosol\gnd particulate emissions during a stagna-
tion episode:

Acr = 0.368[1 - exD('Téerosol)] .

3.2 INSTRUCTIONS FOR LEVEL-1 SCREENING ANALYSIS

The level-1 screening procedure comprises these steps:

> Determine the minimum, straight-line distance x, in kilo-
meters; between the emissions source and the closest
boundary of a class I area. Determine oi corresponding to
this distance for Pasquill-Gifford F stability from figure
12 (Turner, 1969). If x > 100 km, set o, = 100 m. Compute
the plume dispersion parameter p as follows:

. 108
p = 2.0 10

, (p-1)*
sz

* Throughout this workbook, formulas used in the level-1 or level-2

analysis procedure are indicated with a prefix p (for procedure).
Those equations that are not part of a screening procedure are either
not numbered or not labeled with the p prefix.
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where o, is in meters and x is in kilometers.

> From the total mass emission rates of particulates (Qpart)
and nitrogen oxides as NO, (QNOX) in metric tons per day,
calculate the following optical thicknesses:

- . 107 -
Tpart - 10 -10" p Qpart ’ (p-2)

7

T = 1.7 -10°

NO,

pQ . -
X NO, (p-3)

> Determine locations of the emissions source and the
class I area on the map shown in figure 13 and the appro-
priate value, r g, of the background visual range in kilo-
meters.” If the emissions source and class I area are in
different visibility regions, use the larger value of rvo
in subsequent calculations.

> Calculate the following optical thickness parameter for
primary and secondary aerosol:

- -5
Taerosol ~ (1.06 x 10 )(rvo)(épart +1.31 Q502)' (p-4)

> Calculate the following contrast parameters (note that Cy
is plume contrast against the sky, Cz is plume contrast
against terrain, and C3 is a change in sky/terrain
contrast caused by primary and secondary aerosol):

* The values of ryo shown in figure 13 are estimated mean visual ranges in
kilometers at 0.55 ym based on the work of Trijonis and Shapland
(1979). Their values, based on human observation of terrain features
at National Weather Service meteorological stations, have been increased
by 50 percent to agree with mean visual range measurements made in
the Southwest (Malm et al., 1979) using a telephotometer equipped with a
narrow band filter at 0.55 wm. This correction was made because it is
believed that the telephotometer provides more accurate measurements of
visual range than those produced by human observation.
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Figure 13. Regional background visual range values (ryp) for use in level-1
visibility screening analysis procedure.
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C, = - [1 - exp (--r - )][exp(-0.78 x/r )]
1 Tpart + TNOZ part tNOZ v0

(p-5)

Cz = {1 '('C'llfl') exp ('Tpart - TNOZ) exp(-1.56 x/rvo) .

(p-6)
C3 = 0.368 [1 - exp(-raeroso])] . (p-7)

> If the absolute value of C1s Cp, Or C3 is greater than
0.10, the emissions source fails the level-1 visibility
screening test, and further screening analysis is required
to assess‘bbtentia1 visibility impairment. If the abso-
lute values of Cy, Cp, and C3 are all less than 0.10, it
is highly unlikely that the emissions source would cause
adverse visibility impairment in class I areas; therefore,

further analysis of potential visibility impacts would be
unnecessary.*

* This screening procedure could be used as an aid in siting studies. The
distance xpi, could be determined so that the criteria for Cy and Cj
would be met on the basis of a given regional background visual range
and NO, and particulate emissions rates. The industrial planner could
use this xg;, distance as a factor in his siting analysis. If the
preferred site were at a distance x < Xpin from a class I area, further
analysis (level-2 and possibly level-3) of potential visibility impacts
would be needed to evaluate the acceptability of the site.
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3.3 EXAMPLE APPLICATIONS OF THE LEVEL~1 ANALYSIS

3.3.1 Example 1

Suppose we evaluate a hypotﬁétical, large power plant located 100 km
from-a class I area in southern Utah. The power plant emits 10 metric
‘tons/per day of particulates, 100 metric tons per day of NO, (as NO,), and

200 metric tons per day of SO,.

For x = 100 km, the Pasquill-Gifford stability class F, g, = 90 m.
Thus, we calculate the following values:

=Z'OXI08'222 14
P = 90y (To0y - 2¥ * 10

(10 x 10°7)(2.22 x 10%)(10) = 0.222 ,

(1.7 x 10°7)(2.22 x 104 (100) = 0.378 .

From figure 13 we see that the background visual range for southern
Utah is 170 km.

We calculate the following parameters:

Taeroso] - (1-06 ° 107°)(170)(10 + 1.31 - 200) = 0.490

Ci = - 0.378 - - - - .
1 o.éif&;-5j§78 [1 - exp(-0.222 - 0.378)])[exp(-0.78 « 100/170)]

= -0.180 R
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- 1 -0.222 - 0. -1.56 -
\:CZ = 1 (1 - 0.18) exp(-0.222 - 0 378ﬂ [exp( 1.56 100/170)]

0.132 R

C3 0.368 [1 - exp(-0.490)] = 0.143

Since the absolute value of each of these contrast parameters (Cq,
Cs, and C3) is greater than 0.10, we cannot rule out the possibility that
this hypothetical power plant would cause adverse or significant visi-
bility impairment in the class I area. This is not to say that the source
actually does cause such impact. It means only that it does not pass the
level-1 screening test. Further level-2 or level-3 analysis may show that
the visual impact is not significant or adverse.

The reader cantverify that if this power plant were sited at least
150 km from a class I area in the same region, it would pass the first two
tests (i.e., 1Cy] < 0.10 and ICpl < 0.10); however, it would still fail
the third level-1 test (C3 = 0.143 > 0.10). The reader can also show that
if the same plant were sited in a region with 40 km visual range at the
same distance (100 km), it would easily pass the level-1 screening
tests. Indeed, in such a region the source could be located as close as
70 km and still pass the level-1 tests.

Let us return to our original example and consider whether the source
could meet the level-1 tests by cutting particulate and SO, emissions in
half. By doing this, the reader can verify that, though C, is reduced
from 0.132 to 0.097, and C3 is reduced from 0.143 to 0.080, |C;| actually
is increased from 0.180 to 0.189. Thus, even with particulate and SO,
controls, the source would not meet the level-1 C; test. In order to do
so, NO, emissions would have to be reduced or the plant would have to be
sited about 150 km away from the class I area. |
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It is interesting to note that IC11 is best reduced by NO, emissions
control, [Cy| is best reduced by particulate emissions control, and |Cj]
is best reduced by SO, emissions control. Only Cy| and [Cp| can be

reduced by increasing the distance between the site and the class I area.

3.3.2 Example 2

-Consider the impact of a proposed plant that would emit 20 metric
tons per day of particulate matter and no NO, or 505, and would be sited
50 km from a class I area irn southern Arizona. We calculate the following
parameters:

. 108
2.0 -10° - 513 . 10%

P == (78)(50)

-7 4
Thart (10 < 1077)(5.13 + 107)(20) = 1.03 ’

]
Q

‘Noz

We see from the map shown in figure 13 that the background visual
range (r,q) in southern Arizona is 110 km.

' -5
Taerosp] = (1.06 « 10 “)(110)(20 + 1.31 - 0)

= 2.33 - 1072

Now we calculate the contrast parameters:

Cy = - —0 - exp(-1.03 - e )
1 To3 o L - exp(-1.03 - 0)](exp(-0.78 - 50/110)] =0
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N P - - exp (- . =
C, = [1. (1 " 0) exp(-1.03 0)] [exp(-1.56 « 50/110)] = 0.316 ’

0.368 [1 - exp(-0.0233)] = 0.008

()
n

Since Cp is greater than 0:10, there is a potential for visibility
impairment in the class I area, and further screening analysis (level-2 or
level-3) would be needed. However, if particulate emissions were cut to
four metric tons per day or less, the source would pass the level-1
screening test, and further analysis would be unnecessary.
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4 LEVEL-2 VISIBILITY SCREENING ANALYSIS

A level-2 visibility screening analysis should be carried out when a
levef-l screening analysis shows a potential for adverse or significant
impairment. The level-2 analysis is based on more detailed information
regarding the emissions source, regional meteorology, and other physical
specifications of the site such as background visual range, ozone concen-
tration, and topography. The primary objective of this level-2 analysis
is to calculate the magnitude of visual impact that would be exceeded
approximately one day per year. If the magnitude of this reasonable
worst-case condition is less than some threshold value, one could be
assured that an adverse or significant impact would not occur and further
assessment would be unnecessary.

4.1 IDENTIFICATION OF WORST-CASE CONDITIONS

The following factors should be considered when identifying the
reasonable worst-case conditions for a level-2 visibility screening
analysis:

Locations of emissions source and class I area(s)

Wind speed

Wind direction

Atmospheric stability and mixing depth

Time of day and season

Background ozone concentration

Background visual range

Persistence of meteorological conditions

Topographical effects on plume transport and diffusion.

vV V VvV VvV V VvV V V Vv
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Many of these factors have to be considered in any event when analyz-
ing air quality impacts from a proposed emissions source in order to
determine whether the source complies with ambient air quality standards
and PSD increments. However, visibility impact assessments differ from
air quality impact analyses in one important respect: air quality impact
analyses are concerned with time-averaged, ground-level contaminant con-
centrations, whereas visibility analyses are concerned with instantaneous
NO, and particle line-of-sight integrals, not necessarily at ground level.

In the followﬁng paragraphs we discuss each of these factors and the
manner in which overall worst-case conditions should be selected for

level-2 visibility screening analyses.

4.1.1 Location of Emissions Source and Class I Area(s)

The first step is to identify the location of the emissions source
and the class I area(s) that may be affected. Some of this work will have
been performed as part of the level-1 screening analysis that identified
the minimum distance between the emissions source and the class I area.

The Federal Land Manager(s) of the potentially affected class I
area(s) should be contacted so that important integral vistas (i.e., with
views from inside to outside of the class I area) can be selected for
analysis. A1l class I areas that may be adversely affected, as indicated

by the level-1 screening test, should be considered in the level-2
analysis.

U.S. Geological Survey maps (scale 1:250,000) should be used to
determine terrain elevations. These maps are recommended as a base upon
which to draw the location of the emissions source, the locations at which
meteorological data were collected, the boundaries of class I areas, and
the particular class I area key observer points and integral vistas iden-
tified for analysis. Also, it would be helpful for later analysis to draw
the boundaries of each of the 16 cardinal (22.5° wide) sectors radiating
from the site of the emissions source.
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Elevated terrain features that could potentially block the transport
of a plume toward a class I area should be identified. (A significant
terrain feature, such as a plateau, ridge, or mountain range, could pre-
vent the direct transport of emissions toward a class I irea.) A repre-
sentative effective stack height of emissions should be calculated by add-
ing to the physical stack height the plume rise for neutral conditions and
the 50-percentile wind speed:

s . (p-8)

The neutral plume rise is calculated using the following Briggs plume
rise formula (Briggs, 1969, 1971, 1972):

'y

2/3 1

13 3.5 %"y w” . (p-9)

dh = 1.6 F

where

Ah = plume rise,
u = average wind speed in the layer through which the plume rises,
F = buoyancy flux

T

= g-% 1 - ambient , (values of T in degrees Kelvin)
stack

g = gravitational acceleration = 9.8 m/s2,
V = flue gas volumetric flow rate per stack,
. 14 F/8  if  F < 55 mAs~3

3 F2/S  if  F > 55 mds3

To this average effective stack height, add the elevation of the proposed
site (above mean sea level) and 500 meters, which is the assumed addi-
tional terrain height that is needed to block plume transport:
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z 4

+H+500m . (p-10)

block = Lsite

Shade the areas on the base map with elevations greater than this value.
Trace plausible plume trajectories on this map that bypass the elevated
terrain (shaded areas on the map). Examples of such plume trajectories
are shown in figure 14. Note that stable plume transport directly toward
observers A and B would be very unlikely. Stable flow would follow the
curved trajectories shown in figure 14. Note that a stable plume would
not likely be transported to observer C, although a stable plume near the
emissions source might be visible to this observer. A straight-line tra-
jectory to observer D in figure 14 is possible.

It should be noted that a plume could be transported directly toward
observers A, B, and C during neutral or unstable conditions; however,
mechanically induced turbulence would increase the mixing of the plume,
and visual impacts would be small.

The distances along these plume trajectories will be used later as
the downwind distance x to the class I area(s) for use in calculating
plume transport times and diffusion.

Elevation profiles of terrain at various azimuths from key observer
points in class I areas that may be affected by the emissions source (see
the example in figure 15) should be prepared. These plots should extend
radially from the observer location to the most distant landscape feature
visible from the given location, or to the average visual range for the
area, whichever is less. From these plots the distance along the line of
sight to various landscape features can be calculated. These plots and

distances will be used in later analyses of plume perceptibility and land-
scape-feature contrast reduction.

4.1.2 Meteorological Conditions

The joint frequency of occurrence of meteorological conditions at the
effective stack height of the emissions is needed to estimate the worst-
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Figure 14. Example of map showing emissions source, class I areas,
and stable plume trajectories.
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Figure 15. Examples of terrain elevation plots.
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case meteorological conditions in the area associated with visual impacts
that will be exceeded only about one day per year.

The important meteorological parameters are

Wind speed

Wind qirection
Atmdspheric stability
Mixing depth.

v V- WV V

It is essential to consider the persistence as well as the frequency
of occurrence of these conditions. For example, plume discoloration will
generally be most intense during light-wind, stable conditions. However,
the transport time to a class I area increases as the wind speed
decreases. As the transport time approaches 24 hours, it is increasingly
probable that the plume will be broken up by convective mixing and by
changes in wind direction and speed; thus it will not be visible as a
plume or a discolored layer. However, since increased haze often occurs
because of secondary aerosols that take time to form in the atmosphere,
visual range reduction may be more significant when transport times to a
class I area are long. Largest increases in general haze (visual range
reduction) resulting from an emissions source might occur if there is
stagnation caused by synoptic meteorological conditions or topographical
factors, or if there is trapping of emissions caused by upslope or down-
slope flow reversals.

Ideally, one would prefer to have a meteorological data base with
detailed spatial and temporal coverage. However, this is rarely possible
because of cost considerations. Several alternative approaches can be
used to fill in missing data, but they all involve making assumptions,

For example, if a complete meteorological data base is available only at
the site of the proposed emissions source, one might assume that condi-
tions at the site are representative of conditions at other locations in
the region. However, in regions of cqmplex terrain, like the example
shown in figuré 14, this assumption would not be appropriate. Often, data
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collected at ground level are assumed to represent conditions at the
effective stack height, which is a poor assumption when the plume is
several hundred meters above ground or the site is located in complex ter-
rain.

Any assessment of air quality or visibility impacts is limited by the
availability of meteorological data; more detailed assessments require
more detailed and extensive data bases. DNetailed visibility assessments,
which are discussed in the next section of this document, require
spatially and temporally resolved meteorological data. The level-1
screening analysis discussed in the previous chapter requires no meteoro-
logical data; rather, conservative assumptions are made regarding worst-
case stability, wind speed, and wind direction. The level-2 screening
analysis assumes that the analyst has at least one year of meteorological
data from the site of the proposed emissions source, a nearby site within
the region, or the class I area(s) potentially affected by emissions.

The types of data bases for the level-2 analysis are listed as
follows, in order of preference:

> Concurrent upper air winds and stability. The best data
base would provide hourly values of vertical temperature
sgradients from which dispersion coefficients can be
inferred and wind direction and speed vectorially
averaged. If effective stack heights (physical stack
height plus plume rise) are relatively low, these data can
be collected from a meteorological tower. If the effec-
tive stack heights are high, these data would have to be
collected using rawinsondes, tethered balloons, or Doppler
acoustic radar systems. A less desirable data base would
consist of upper-air meteorological data gathered twice
_daily, such as those collected routinely by the National
Weather Service.

> Separate data sets. For some sites a good data base that
consists of upper-air winds (e.g., from pibals) may be
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available without concurrent lapse-rate (vertical tempera-
ture gradient) data. In such situations, one can use
lapse-rate data collected from another location in the
region for the same or different periods for which wind
data were collected. An assumption is made that the sta-
bility at the other location is representative of the site
and the class I area. If stability data are not available
for the same period during which wind data were collected,
the additional assumption must be made that wind frequen-
cies and stability frequencies can be treated as inde-
pendent probabilities, as discussed in chapter 2.

> Surface data. Surface data (e.g., STAR data) may be
appropriate if the effective stack height of the emissions
is low or zero. However, surface data may be inappro-
priate for evaluating the impacts of elevated releases.
If no other data are available, one should use surface
data with full recognition of the potential errors
associated with their use; these errors may be extreme in
complex terrain., If lapse-rate data are not available,
one can estimate stability using the Turner method (1969).

> No data. If meteorological data are not available, the
assumptions regarding meteorology used in the level-1
analysis would be used to assess impact.*

The Turner method (1969) should be used to determine stability categories
that can then be used to assess plume dispersion using the oy and o,
curves of Pasquill-Gifford (Turner, 1969). It should be noted that dis-
persion conditions at a given site may be considerably different from the

idealized Pasquill-Gifford representations. Many different estimates of

* For the analysis of plume discoloration, these conditions are F
stability and a wind speed that would transport emissions to a class I
area within 12 hours. For the analysis of potential haze due to sulfate
aerosol, one would assume limited mixing conditions with a mixing depth
of 1000 m and a wind speed of 2 m/s.
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oy and o, are available, such as the TVA, Brookhaven, and ASME curves.
However, the Pasquill-Gifford curves are the most generally used and
therefore have been adopted for use in this document. The Pasquill-
Gifford o, values may either overestimate or underestimate actual vertical
diffusion in a given application. If diffusion data are available from
tracer studies or from similar emissions sources in the region, such data
could be used to assess more accurately potential plume visual impacts.

4,1.2.1 Worst-Case Conditions for Plume Disco1oration*

It should be emphasized that the vertical diffusion (°2) of a plume
is the most important diffusion parameter for visibility impact assess-
ments, because the optical thickness of a plume for horizontal lines of

sight is inversely proportional to a,, as shown in equations (19) and
(20). Specification of horizontal diffusion (o ) is less important. ¥

On the basis of the available data base discussed previously, tables
of joint frequency of occurrence of wind speed, wind direction, and
stability class should be prepared that are similar to those shown in
figure 16. These tables should be stratified by time of day. If meteoro-
logical data are available at hourly intervals, it is suggested that these
tables be stratified as follows: 0001-0600, 0601-1200, 1201-1800, and
1801-2400. If data are available twice daily, morning and afternoon data
should be tabulated separately. With this stratification, diurnal varia-
tion in winds and stability are more easily discernible.

* This step can be skipped if [C;| and |C,]| from the level-1 analysis are
each less than 0.1.

Yt should be noted that calculations of plume discoloration using the
plume visibility model (PLUVUE) indicate that plume discoloration

increases as plume o, increases because of increased NO-to-NO,
conversion in well-mixed plumes.

1
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MORNING HOURS ONLY (0001-0600); OTHER SETS
OF TABLES FOR OTHER TIMES OF DAY

Stability Class F
Wind Speed (m/s)
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 >10 Total

NNE
NE
ENE
ESE
SSE
SSW

WSW
|

WNW -

Wind Direction

NNW | —
Total ' B

Figure 16. Joint frequency distribution tables required to estimate
worst-case meteorological conditions for plume discoloration
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On the basis of the maps prepared previously, the analyst should
select the wind direction sector that would transport emissions closest to
a given class 1 area observer point so that the frequency of occurrence of
impact can be assessed as discussed below. For example, in the schematic
diagram shown in figure 17, west winds would transport emissions closest
to observer A, whereas either west-southwest or west winds would transport
emissions closest to observer B. Observer C would be affected by emis-

sions tran%ported by west-northwest and northwest winds, but primarily by
west-northwest winds.

For the situations influenced by complex terrain, such as the example
shown in figure 14, the determination of this worst-case wind direction
and its frequency of occurrence is much more difficult. The analyst
.should use professional judgment in this determination.

The determination of the worst-case wind direction and its frequency
of occurrence should be made on the basis of the following factors:

> Location(s) for which meteorological data were collected
relative to terrain features, emissions source, and
potentially affected class I areas.

> Likely plume trajectories for each wind direction (and
possibly wind speed and stability) based on either data or
professional judgment. For example, potential channeling,
convergence, and divergence of flows should be assessed.

The next step is to construct a table (see the example in table 1)
that shows worst-case dispersion conditions ranked in order of decreasing
severity and the frequency of occurrence of these conditions associated
with the wind direction that could transport emissions toward the class I
area. Dispersion conditions are ranked by evaluating the product aU,
where o, is the Pasquill-Gifford vertical diffusion coefficient for the
given stability class and downwind distance x along the stable plume tra-
Jectory identified earlier, and u is the maximum wind speed for the given
wind speed category in the joint frequency table. The dispersion condi-
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Figure 17.. Schematic diagram showing emissions source, observer
locations, and wind direction sectors.
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TABLE 1. EXAMPLE TABLE SHOWING WORST-CASE METEOROLOGICAL CONDITIONS
FOR PLUME DISCOLORATION CALCULATIONS

Frequency of Occurrence of
Given Dispersion Condition
Associated with Worst-Case Frequency and

Dispersion Wind Direction? for Given Cumulative

gt o ThEet Ty et

wind speed)  (m?/s) (hrs) 0-6 6-12 12-18 18-24 _ f cf
F, 1 90 56" 0.2 0.1 0.0 0.2 0.0 0.0
E, 1 175 56" 0.3 0.2 0.1 0.2 0.0 0.0
F, 2 180 19* 0.2 0.1 0.0 0.2 0.0 0.0
F, 3 270 11 0.2 0.2 0.0 0.2 0.2 0.2
E, 2 350 19* 0.4 0.3 0.0 0.2 0.0 0.2
F, 4 360 8 0.3 0.2 0.0 0.2 0.3 0.5
D, 1 430 56" 0.0 0.2 0.5 0.1 0.0 0.5
F, 5 450 6 0.1 0.1 0.0 0.1 0.1 0.6
E, 3 525 11 0.5 0.3 0.1 0.3 0.5 1.1

* Transport times to class I areas during these conditions are longer than 12
hours, so they are not added to the cumulative frequency summation.

t For a given class I area.
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tions are then ranked in ascending order of the value o,u. This is illus-
trated with an example in table 1. The downwind distance in this hypothe-
tical case is assumed to be 100 km. Note that F,1 (stability class F
associated with wind speed class 0-1 m/s) is the worst dispersion condi-
tion, since it has the smallest value of o,u (90 m2/s). The second worst
diffusion condition in this example is E,1, followed by F,2, F,3, and soO
on.

The next column in table 1 shows the transport time along the minimum
trajectory distance from the emissions source to the class I area, based
on the midpoint value of wind speed for the given wind speed category.

For example, for the wind speed category, 0-1 m/s, a wind speed of 0.5 m/s
should be used to evaluate transport time; for 1-2 m/s, 1.5 m/s; and so
on. The times necessary for a plume parcel to be transported 100 km are
56, 19, 11, 8, and 6 hours for wind speeds of 0.5, 1.5, 2.5, 3.5, and 4.5
m/s, respectively.

For the level-2 screening analysis, we assume it is unlikely that
steady-state plume conditions will persist for more than 12 hours. Thus,
if a transit time of more than 12 hours is required to transport a plume
parcel from the emissions source to a class I area for a given dispersion
condition, we assume that plume material is more dispersed than a standard
Gaussian plume model would predict. This enhanced dilution would result
from daytime convective mixing and wind direction and speed changes.

The objective of this tabulation of piume dispersion conditions is to
identify the worst-case meteorological conditions. The joint frequency of
occurrence of these worst-case meteorological conditions, associated with
high background ozone concentrations and high background visual range,
would be calculated by multiplying independent probabilities as discussed
in chapter 2. This would define the frequency of occurrence of worst-case
visual impact conditions. To obtain the worst-case meteorological condi-
tions, it is necessary to determine the dispersion condition (a given wind
speed and stability class associated with the wind direction that would
transport emissions toward the class-I area) that has a gu product with a
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cumulative probability of 1 percent. In other words, the dispersion con-
dition is selected such that the sum of all frequencies of occurrence of
conditions worse than this condition totals 1 percent (i.e., about four

days per year). Dispersion conditions associated with transport times of

more than 12 hours are not considered in this cumulative frequency for the
reasons stated above.

This process is illustrated by the example shown in table 1. It is
seen that the first three dispersion conditions would cause maximum plume
visual impacts, because the o,u products are lowest for these three condi-
tions. However, the transport time from the emissions source to the class
I area associated with each of these dispersion conditions is greater than
12 hours. With the fourth dispersion condition (F,3), emissions could be
transported in less than 12 hours. The frequency of occurrence (f) of
this condition is added to the cumulative frequency summation (cf). For
this hypothetical example, the meteorological data are stratified into
four time-of-day categories. The maximum of each of the four frequencies
is used to assess the cumulative frequency. This is appropriate since we
are concerned with the number of days during which, at any time, disper-
sion conditions are worse than or equal to a given value.

Note that the worst-case, stable, light-wind dispersion conditions
occur more frequently in the nighttime hours.* In our example, the fol-
lowing additional worst-case dispersion conditions add to the cumulative
frequency: F.4; F,5; and E,3. Dispersion conditions with wind speeds
less than 2 m/s (F,1; E,1; F,2; E,2; and D,1) were not considered to cause
an impact because of the long transit times to the class I area in this
example. Thus, their frequencies of occurrence were not added to the
cumulative frequency summation. The result of this example analysis is

* Nighttime visual impacts, such as obscuration of the view of the moon or
the Milky Way, are not usually a concern. However, significant visual

impacts could be caused in the morning after a period of nighttime
transport.
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that dispersion condition E,3 is associated with a cumulative frequency of
1 percent, so we would use this dispersion condition to evaluate worst-
case visual impacts for the level-2 screening analysis for this example
case.

It should also be noted that if the observer point in the class I
area is on or near the boundary of one of the 16 cardinal wind direction
sectors, it may be appropriate to interpolate the joint frequencies of
wind speed, wind direction, and stability class from the two wind direc-
tion sectors, on the basis of the azimuth orientation of the observer
relative to the center of the wind direction sectors.

4.1.2.2 Worst-Case Conditions for General Haze™

A similar procedure should be used to identify the potential worst-
case limited mixing conditions for the region used in calculating worst-
case haze increases caused by sulfate aerosol formed from SO, emissions.
Most significant increases in general haze caused by emissions from a
given source are likely to occur after a long period of transport during
light-wind conditions when the vertical mixing is limited by a capping
stable layer. In the level-1 analysis, we assumed that limited mixing
conditions with a mixing depth of 1000 m and a wind speed of 2 m/s per-
sisted for two days without precipitation (which would wash out par-
ticulates, S0, and SO4=). In the level-2 analysis, assumptions appro-
priate to the area being analyzed should be used.

Two alternative approaches to this analysis can be considered. The
first assumes concurrent mixing depth, wind speed and wind direction data
for the site or region. The second assumes the absence of these data.
The first approach is more time-consuming, but presumably more accurate,
than the second.

*
This step can be skipped if IC3] from the level-1 analysis is less than
0.1. ' ' -
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Let us consider the first approach. If one has vertical temperature
gradient data for a region, one can calculate maximum daily mixing depths
in a manner similar to that used by Holzworth (1972). These data should
be sorted to identify periods without precipitation for at least two
days. The remaining occurrences should be used to generate joint fre-
quency tables similar to those shown in figure 18. Occurrences are sorted
into different categories of maximum 48-hour mixing depth and 48-hour
vector-average wind direction and wind speed.

The vector-average wind direction and speed (i.e., the resultant
wind) are defined by calculating a position vector as follows:

t0 + 48 hr
r =f v (x,y,z,t) dt .

%

where r is the position vector and v (x,y,z,t) is the spatially and tem-
porally dependent wind vector for the plume parcel emitted by the

source. The vector-average wind direction is defined by the direction of
the vector r and the vector-average wind speed is

= . _IFl
48 hr

The next step parallels the procedures used to identify the worst-
case meteorological conditions for plume discoloration. The analyst
should construct a table of worst-case limited mixing conditions ranked in
decreasing order of severity (increasing product of mixing depth H, and
wind speed u). Table 2(a) shows how such a table might be constructed.
Different wind directions in which a class 1 area is located are iden-
tified in this table from a map similar to the example in figure 19. This
map shows 16 wind direction sectors and circles with radii corresponding
to u values of 1, 2, 3, and 4 m/s (r = 173, 346, 518, and 691 km,
respectively). For each limited mixing condition (u Hm) and wind direc-
tion combination, the number of nonoverlapping 48-hour episode occurrences
in a year is tabulated. If a class I area is located within the bounds
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2001-2500 m
1501-2000 m
1001-1500 m
501-1000 m
MIXING DEPTH: . 0-500 m

24-Hour Average Wind Sneed (m/s)
0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 >10 Total

NNE
NE
ENE

ESE
SSE
SSW

SW
WSW

Wind Direction

WNW —
NW
NNW —

Total -

Figure 18. Joint frequency distribution tables required to estimate worst-case
meteorological conditions for visibility impairment due to
SO2 emissions.
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TABLE 2. EXAMPLE TABLE SHOWING WORST-CASE LIMITED MIXING CONDITIONS FOR HAZE CALCULATIONS

(a) Based on Site/Regional Data

Number of Occurrences of

Indicated Limited Mixing Condi- Impact Frequency
Limited Mixing tion in a Year Associated with and Cumulative
Condition u Hp Wind Direction in Given Sector Frequency
(u, H)* (m2/s)  SWT_ W WNW  NNW  ENE f cf
1; 500 500 0 0 0 0 0 0 0
2; 500 1,000 0 0 0 0 0 0 0
1; 1,000 1,000 - 0 0 0 0 0 0 0
3; 500 1,500 0 0 0 0 0 0 0
1; 1,500 1,500 0 0 0 0 0 0 0
2; 1,000 2,000 0 0 0 0 0 0 0
4; 500 2,000 M o 1 0 0 1 1
5; 500 2,500 0 0 0 0 0 0 1
3; 1,000 3,000 2% o 0 1 0 1 2
2; 1,500 3,000 1 1 0 0 0 2 4

* In units of m/s for u and m for Hy

1 Wind direction sector is defined as the direction from which the wind blows, so
areas A and B are affected by SW winds because they are located in the NE sector.

§ Parentheses indicate that, though a given combination of u, H ms and wind direction
occurred, no class I areas were located within the correspond1ng sector-distance.
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TABLE 2 (Concluded)

(b) Based on Holzworth (1972) Data (example is based on Winslow, Arizona data)

Number of Days per
ited Mixing Episode-Days in Five-Year Year in a Class 1

Condition u_Hp Period after a Minumum Number of Sectors Area Sector
* (m2/s) of 48-hours Transport with Class I Areas' £ cf

1,000 2 4 0.10 0.10

2,000 22 4 1.10 1.20

2,000 33 3 1.24 2.44

3,000 2 4 0.10 2.54

3,000 1 2 0.03 2.57

4,000 0 4 0.00 2.57

4,000 80 3 3.00 2.57

6,000 54 3 2.03 7.60

6,000 21 2 0.53 8.13

8,000 11 3 0.41 8.54

9,000 21 2 0.53 9.07

12,000 30 2 1.13 10.20

units of m/s for u and m for H,.

ber of wind direction sectors with class I areas within radii corresponding to given
nd speed class (0-2, 2-4, 4-6, m/s).

ese numbers are calculated as follows:

(episodes/five-year period) (no. of sectors)
(5 one-year periods/five-year period) (16 sectors)
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r = 691 km

EMISSIONS

SOURCE

Figure 19. Example map showing class I areas in region around emissions
source and wind direction/speed sectors. (Note: Class I
area locations are shown at lettered points.)
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defined by the wind direction sector boundaries and the wind speed class
radif, the occurrence is added to a cumulative frequency total. We
proceed until we have identified the worst-case condition with a cumula-
tive frequency of four occurrences in a year. In the example shown in
table 2(a), this worst-case condition is a wind speed of 2 m/s and a mix-
ing depth of 1500 m.

~ The second approach should be used if site mixing depth data are not
avaﬁlab]e or if analytic resources and time are limited. This approach
uses information from Holzworth (1972), which shows, among other things,
the number of episodes and episode-days without significant precipitation
in a five-year period, with mixing depths and wind speeds less than given
values persisting for at least two days.

Using this second, simpler approach, we tabulate the number of epi-
sodes in five years with given conditions as shown in table 2(b).
Holzworth (1972) gives cumulative frequencies (number of episodes and
episode-days) of u < u' and Hy < Hg'. For our purposes we need to convert
these to frequencies in a given u and H, category, as shown in table
2(b). The number of episode-days in a five-year period within a given
Timited mixing category is determined from Holzworth (1972) in the manner
illustrated in table 3. First, the number of episodes (cfe) and the
number of episode-days (cfy) in five years is tabulated for each mixing
depth and wind speed category. The number of days in five years that were
preceded by the given limited mixing condition persisting at least 48
hours is calculated from the difference, cfy - cfo. To convert these
cumulative frequencies to frequencies within each mixing depth/wind speed
category, one must subtract the frequencies of the appropriate categories
as shown in table 3. We convert these frequencies to episode-days per
year within a given wind direction sector and wind speed class radii in
which class I areas are located as shown in the footnote in table 2(b).
We determine an episode-day cumulative frequency equivalent to four days
per yeaé. For the example shown in table 2(b), this worst-case limited
mixing condition is u = 4 m/s and Hp = 1000 m. If the cumulative fre-
quency of occurrence of these extreme limited mixing conditions is less
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TABLE 3. EXAMPLE TABLES SHOWING COMPUTATION OF DAYS IN A FIVE-
YEAR PERIOD WITH THE GIVEN LIMITED MIXING CONDITION

Upper Limits of

Number of Occurrences

Number of Days

in Five Years

Preceded by at

Limited Mixing in a Five-Year Period Least 48 Hours of
Category (from Holzworth, 1972) a Given Limited
u Hoy Episodes Episode-days Mixing Condition
(m/s) (m) cfe cfy cfy, = cfyg - cfg
2 500 2 4 2
4 500 13 48 35
6 500 13 49 36
2 1000 13 37 24
4 1000 37 174 137
6 1000 42 197 155
2 1500 17 43 26
4 1500 52 245 193
6 1500 62 294 232
2 2000 17 43 26
4 2000 59 263 204
6 2000 75 348 273
Wind Speed Mixing Depth (m)
(m/s) 0-500 500-1000 1000-1500 1500-2000
2 24 26 26
0-2 2 22 2 4]
(24-2) (26-24) (26-26)
1 4 7 10
35 137 193 204
2-4 33 80 54 1
(35-2) (137-35-22) (193-137-2) | (204-193-0)
2 5 1
36 155 232 n
4-6

3

1 17
(36-35) (155-36-22-80)
6

21
(232-155-2-54)

9

12

30
(273-232-11-0)}

Note: Examples are based on data for Winslow, Arizona,

from Holaworth (1972).

‘fd"fe

for
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than four days per year for the given region, we use the annual median
mixing depths and wind speeds for the region (also given in Holzworth
[1972]).

Finally, regardless of which method is used, the seasonal average
afternoon wind speeds and mixing depths for the region should be tabulated

on the basis of Holzworth (1972) for later use.

4,1.3 Background Ozone Concentration

As noted in chapter 2, an important input parameter to the visibility
model is the background ozone concentration, that is, the concentration of
ozone outside the plume.

Since we are concerned with background ozone concentrations at the
effective stack height, which may be several hundred meters above ground,
we must interpret ground-level ozone concentration data with care. In
their analysis of long-term ozone concentration data at remote U.S. sites,
Singh, Ludwig, and Johnson (1978) reported that there is a significant
diurnal variation in ozone concentrations at the surface because of the
surface depletion of ozone. They reported a significant reservoir of
ozone in the free troposphere varying in concentration from about 30 ppb
in the winter to about 60 ppb in the summer. The tropospheric ozone is
rapidly mixed to the ground during the daytime; this causes surface con-
centrations near the free tropospheric value. However, at night and in
early morning, ozone is no longer mixed to the ground because of the
development of a ground-based stable layer. During this period, ground-
level ozone concentrations gradually decrease as a result of a surface
depletion mechanism. In relatively remote, unpolluted regions, one would
not expect a significant anthropogenic source of ozone. In figure 20, the
vertical ozone structure and diurnal and seasonal variations in ozone con-
centration are shown schematically.

Since we are concerned with ozone concentrations at plume altitude in
visibility ca1c61ations, it is appropriate to use the daily maximum value
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Figure 20. A schematic of the vertical O3 structure and its
diurnal and seasonal variations at remote sites.
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of the surface concentration to represent the daily average concentration
at plume altitude, as shown in figure 20(a).

We select a median background ozone concentration for the assessment
of worst-case visual impacts, so, by definition, the frequency of occur-
rence of ozone concentrations higher than that assumed is 50 percent.

This is done so that when the cumulative frequencies of occurrence of
meteorological conditions worse than the assumed worst-case meteorological
conditions are multiplied by the corresponding frequencies of high back-
ground ozone concentration and visual range, the resulting cumulative fre-
quency is the equivalent of one day per year. Thus, we have

(cumulative frequency of assumed worst-case meteorological conditions)
x (cumulative frequency of assumed background ozone concentration)
x (cumulative frequency of assumed background visual range)

= 0.01 x 0.50 x 0.50 x 365 days/year =1 day/year.

4,1.4 Background Visual Range

As noted previously, we want to select the median background visual
range to analyze worst-case visual impact conditions. The impact-
magnitude calculations described in the next section are based on the
assumption that visual range is calculated at a wavelength A of 0.55 um:

I 3.912
v0 = B (% = 0.55 )

Since there can be a significant wavelength dependence of bext, it is
important that the median background visual range for the site and region
is based on spectral measurements at 0.55 mm. Such measurements can be
made with telephotometers or nephelometers equipped with narrow band-pass
filters. If such data are not available, use the estimates of median
regional visual range shown in figure 13.

91



4.2 HAND CALCULATION OF WORST-CASE VISUAL IMPACTS

From the procedures discussed previously, the analyst will have iden-
tified the following conditions for calculation of worst-case impacts:

> Worst-case (1l-percentile) plume dispersion condition.
- MWorst-case wind direction (one of sixteen 22.5°
sectors).
- Wind speed.
- Pasquill-Gifford stability class.
> Worst-case (l-percentile) and seasonal average limited
mixing condition.
- Wind speed.
- Mixing depth.
> Median (50-percentile) background ozone concentration.
> Median (50-percentile) background visual range.
> Distances to terrain objects for various line-of-sight
azimuths.
> Downwind distance x along plume trajectory.

In this section we discuss the calculation of visual impact parame-
ters on the basis of those worst-case conditions appropriate for a level-2

visibility screening analysis. We suggest four different alternatives for
calculating magnitudes of worst-case visual impacts:

> Hand calculations of plume contrast and sky/terrain con-
trast reduction using equations (10) and (14) from
chapter 2, and procedures presented in this section.

> Reference tables of plume discoloration parameters corres-
ponding to various NO, line-of-sight integrals.

> Reference figures of visual range reduction caused by
%emissions sources of different sizes for various meteoro-
logical conditions.

> Computer model calculations using PLUVUE or some other
equivalent visibility model.
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The analyst can choose which of these methods to use for a level-2
screening analysis, depending on personal preference. However, more
accurate estimates (with less conservatism) are possible with the use of
computer model calculations. Assessments using different alternative
methods can be cross-checked.

We can compute the magnitude of visibility impact corresponding to
the worst-case conditions identified earlier in this section by a series
of formulas presented here. Some of these calculations are needed to use
the reference tables and to set up input for the computer model.

4.2.1 Determining the Geometry of Plume, Observer, Viewing Background,
and Sun

In the previous section we discussed the procedure for identifying
the worst-case meteorological conditions used in the calculation of visi-
bility impacts. This condition was selected so that on only one day per
year (on the average) would conditions be worse than those selected for
analysis. As the basis for the selection of this condition, we considered
the frequency of occurrence of wind directions that would carry emissions
within the 22.5° sector centered on the observer, as shown schematically
in figure 21.

Thus, we have identified the cumulative frequency (i.e., the fre-
quency of occurrence of conditions worse than the given value) of wind
directions within the worst-case wind direction sector associated with (1)
wind speeds less than, (2) stabilities greater than, (3) background ozone
concentrations greater than, and (4) background visual ranges greater
than, the given values selected for the worst-case impact evaluation.

Because we wish to compute the magnitude of plume visual impact, it
is apprﬁpriate to consider the plume orientation resulting in the smallest
impact associated with the worst-case wind direction sector. Thus, we
consider a plume‘centerline at the edge of the 22.5° sector centered on
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Figure 21. Locus of plume centerlines within worst-case
wind direction sector.

4

P
e

94



the observer, as shown in figure 22. Thus, the minimum distance between
the observer and the plume centerline is

_ 22,5\ _
p-min = X tan( > )- 0.199 x ,

where x is the downwind distance along the plume centerline from the emis-
sions source to the parcel that is observed, as shown in figure 22.

For the worst-case plume discoloration condition, the plume is
assumed to have a Gaussian distribution in the vertical direction, with
vertical dimensions as a function of the o, corresponding to the given
worst-case stability class and downwind distance x. For level-2 screening
performed on the basis of hand calculations, we further assume that the
plume material is uniformly mixed in the horizontal direction within the
22.5° sector. Thus the plume width at a given downwind distance is twice
rp-mins Or 0.398 x.

For the worst-case general haze conditions one must remember the
assumption that plume material has been transported for two days. There-
fore, for the evaluation of increases in haze resulting from 50, and par-
ticle emissions during worst-case 48-hour episodes of limited mixing, we
assume that the plume width is 100 km. Several studies suggest that plume
spread is a function of travel time and that this 100 km width is a
reasonable representation for a 48-hour travel time (see, for example,
model calculations of Liu and Durran, 1977, and field data of Randerson,
1972).

For the level-2 analysis (based on hand calculations), we also assume
that the plume width is constant within the field of view, as shown in
figure 23. This plume width equals er-min (0.398 x, or 100 km). Both
the plume optical thickness, o lume? and the distance to the plume center-
line are inversely proportional to the size of the angle a shown in figure
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Figure 22. Observer-plume orientation for level-2
visibility screening analysis.
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23. Thus,

T (a=90°)
. _plume
TD‘llme(a) Sin a ’

r‘p(a) = :E—'mﬂ

S1h a

Also, the plume optical thickness between the observer and a given
viewed object is a function of the object-observer distance rot

Tp'lume(a) . if L 2rp(a)
Tplume(ro’ o) =
r
0 .
Tp-'ume(a) w ’ if Y‘O < 2r‘p(a)

The distances ro and the azimuths for various terrain viewing objects
identified using the procedure discussed previously in this section (see
figure 15) should be tabulated. The corresponding values of a and scat-
tering angle © should be identified in this table also. The scattering
angle © for horizontal lines of sight can be determined as follows (Duffie
and Beckman, 1974):

cos © =cos 8§ sin A sin H + sin 8 cos ¢ cos A
- cos 8§ sin ¢ cos A cos H . (p-11)
where

A = azimuth of the line of sight from observer to viewed
object (e.g., A = 0° for the line of sight directly

to the north),
§ = dec¢lination,
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23.45 sin (350 2§§E§_n degrees)

n = number of the day of the year (e.g., 1 January is
n=1), )

¢ = latitude of the observer,

H = hour angle, solar noon being zero, each hour equiva-

lent to a 15° displacement, mornings positive and
afternoons negative.

Note that stable plumes are usually viewed in the morning at, or
shortly after, sunrise. The scattering angle © at sunrise at a spring or
autumnal equinox is determined for & = 0° and H = 90° as follows:

cos ©6=sin A

Thus, for these dates and this time

|A - 90°| , if 90° <A < 270°
450° - A , if A D> 270°

The value of the scattering angle and the appropriate line-of-sight
azimuth A should also be evaluated for the following values of a: 30°,
45°, 60°, 90°, 120°, 135°, and 150°. Note that both A and a are azimuthal
angles descriptive of the line of sight. A is referenced to north and «
is referenced to the plume centerline.

4.2,2 Calculating Plume Optical Depth

We start with known emission rates of primary particulate matter,
NOx, and SO, from the source. To convert these quantities to plume opti-
cal depth (), we must know

> Size distribution and density of emitted particles.
> Size distribution and density of secondary sulfate aero-
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sol.

> Fraction of NO, and S0, emissions converted to NO, or sul-
fate (SO4~) aerosol at a given downwind distance (or
transport time).
Vertical distribution of plume material.
Wind speed.

4,2.2.1 Effects of Primary Parficu]ate Emissions on Optical Depth

If the size and density of primary particle emissions are known, we
can compute the plume flux of the scattering coefficient from the follow-
ing formula:

) 1160 Qpart(bscat/v)

Qscat-part - o ’ (p-12)

where

Qscat-part = plume flux of scattering coefficient at A =
0.55 wm (m2s-1),
Qpart = primary particle mass emissions rate
(metric tons/day),

(bgeat/V) = scattering coefficient (at A = 0.55 wm) per
unit volume concentration of aerosol
[10-%m-1/(wm3/cm3)] from figure 24,

p = density of primary particles (g/cm3).

Note that the conversion factor in this equation derives from the use
of the units given above:

(metric tons/day) (losg/metric ton) [(10'4m-1)/(un3/cm3)]
(24 hr/day) (3600 s/hr) (g/em’) (100 cn/m)® (107*cm/im)®

= 1,16 x 103 m25'1
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Figure 24. Scattering-to-volume ratios for various size distributions.
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If one does not know the primary particle size distribution and den-
sity, one can assume the values used for the level-1 analysis--a mass
median diameter DG of 2 wm, a geometric standard deviation % of 2, and a
density of 2.5 g/cm3 (Schulz, Engdahl, and Frankenberg, 1975). For this

distribution we have (bscat/v) = 0.025, and therefore

Q =116 Q.. (p-13)

scat-part

Another alternative is to use the known stack opacity to'ca1cu1ate
the plume scattering coefficient.* Sometimes the stack opacity is known
with more precision than is the mass emission rate for primary par-
ticles. 1f both the stack opacity and the particle mass emission rate are
known, we can compute the appropriate size distribution that will provide
a match. The stack opacity is defined as follows:

“Tstack

Opacity = 1 - e , (p-14)

where Tgpaci =-g§5§3:%9£1 , D = inside stack diameter, and v = flue gas
stack exit velocity,

We can solve for the scattering coefficient flux per stack as fol-
Tows:

Qscat-part = -D v (1l - Opacity) . (p-15)

For many facilities, emissions regulations limit stack opacity to 20
percent. For such facilities

%* . . .
A caution is in order here. If wet scrubbers are used or if hygroscopic
material or condensable gases are emitted from the source, it may not be
appropriate to calculate the plume flux of scattering coefficient from

stack opacity because particles may quickly grow and form as flue gas
temperature drops.
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Qscat-part =<Dv an(l -0.20)=0.220 v . (p-16)

The total plume scattering coefficient flux is the sum of the contri-
butions from all stacks in the facility. Note, however, that as a result
of differences in stack height or plume rise for different stack emis-
sions, stable plumes from different elevations in the facility may be at
different elevations, without overlap. 1In such cases, for the calcula-
tion of stable conditions, one would use the maximum single-stack scatter-
ing coefficient flux only, not the sum over all stacks. This would be
true for NO, fluxes also. For the calculations of increases in haze
caused by SO, and particle emissions during limited mixing conditions,
however, one should use the emissions over all stacks because all emis-
sions are assumed to be uniformly mixed within the mixed layer.

If one has both the mass emissions rate and the stack opacity, one
can solve these equations for (bg.,¢/V), assuming a particle density of
2.5 or some other appropriate value, and one can use figure 24 to deter-
mine the corresponding size distribution.

The scattering coefficient flux is calculated on the basis of a wave-
length A of 0.55 um. The scattering coefficient (resulting from particles
only) at any wavelength can be calculated from the following equation:

A \-
bscat“‘) N bscat(x = 0.55) ('6"55) " g (p-17)

where n is given in table 4 as a function of mass median diameter for a
size distribution whose geometric standard deviation is og = 2.

Note from table 4 that for particle size distributions with mass
median diameters larger than about 1.5 um, the scattering coefficient is
i"dePenQent of wavelength over the visible spectrum. However, for a typi-
cal submicron aerosol with a mass median diameter of 0.3 um, the scatter-
ing coefficient at A = 0.4 um (the blue end of the spectrum) is 2.5 times
Targer than thatJat A =0.7 um (the red end).
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TABLE 4.  WAVELENGTH DEPENDENCE OF SCATTERING COEFFICIENT
AS A FUNCTION OF PARTICLE SIZE DISTRIBUTION

Mass Median
Diameter DG
(m) n'

=L OO0 0000O0
N OO0V WN) -

\Y
QOO OO FHMNN
N ANONNOY - 0

* Geometric standard deviation o9 = 2.
) : . =
n is defined as follows: bscat(xl) = bscat(lZ) (

(appropriate for 0.4 < A< 0.7 m).

N g
\—/'
e §
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The corresponding plume fluxes of scattering coefficients resulting
from sulfate aerosol, and absorption coefficients resulting from NO,, are
more difficult to calculate since one has to consider the rate of forma-
tion of sulfate or NO, from SO, and NO, emissions.”

4.2.2.2 Effects of Nitrogen Dioxide on Optical Depth

We first consider the NO, absorption coefficient plume flux. We
assume that, for the two-day limited mixing stagnation case, all NOZ is
scavenged by reactions with the hydroxyl radical (OHe), forming nitric
acid vapor (HN03), or from surface deposition. However, for the stable
plume transport case used to calculate worst-case plume discoloration,
nitric oxide (NO) emissions will react with background ozone and oxygen to
form NO,.

The fraction of NO, emissions that is converted to NOp can be calcu-
lated with formulations used in the visibility computer model (see Latimer
et al., 1978). This fraction is dependent on the spatial and temporal
variation in ultraviolet radiation, background ozone, and plume SO, and
NOx concentrations. However, for stable, nighttime transport cases, a
reasonable, somewhat conservative estimate of this fraction can be made as
follows: first, we assume that NO, emissions are uniformly distributed
horizontally over a 22.5° sector. Thus, NO, concentrations can be calcu-
lated as follows:

QNO
X

(NO T =
X (Zw)l/zozu [2 tan( 22'5) x]

* For those who will use the computer model or the reference figures based
on the computer model runs, these calculations of NO, and S04~ formation
can be omitted.
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This can be simplified, using appropriate conversion factors for the units
indicated, as follows:
6.17 Q

NOx

—w (p-18)

[N, ] =

where

[NO,] = plume centerline NO, concentration (ppm),
QNOX = mass emissions rate of NO,, expressed as NO,
(metric tons per day),
o, Pasquill-Gifford dispersion coefficient at down-
" wind distance x,
u = wind speed (m/s),
x = downwind distance.

For example, this formula yields an NO, concentration of 0.034 ppm
100 km downwind from a 100 metric ton/day source during F stability and

2 m/s wind conditions. Using a simplified formulation from Latimer et al.
(1978), appropriate for stable nighttime transport and early morning

situations, we can calculate N0, concentrations in the plume as follows:

h , if[N]>h

[Noz] = s (p'lg)
[NOX] s if [NOx] <h

where
[NO,] = plume centerline NO, concentration (ppm),
h=0.1 [Nox] + [03],
[NO,] = as defined above,
[03] = background ozone concentration (ppm).

For the example shown above, if the background ozone concentration is
a typical value of 0.04 ppm, we calculate an NO, concentration of 0.034
ppm, indicating that complete conversion of NO to NOZ occurred.
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For viewing situations in which the sun is high above the horizon,
this formula overestimates NO, concentrations. For such applications,
either the visibility model or the following formulation should be used to
obtain more accurate determinations (Latimer et al., 1978):

) . \2 1/2
[N0,] = 0.5|(NO, ] + h + § - ([NOx] +h+ J) - 4[NO_Th :

(p-20)

where

Cse
1}

2.3 x 1072 exp (-0.38/cos Zy);

s solar zenith angle, the angle between direct solar rays
and the normal to the earth's surface (e.g., Zg = 90° for
sunrise or sunset; Z, = 0° for sun directly overhead);
[NO,], [03], [NO,], h are defined as above.

N
1]}

The optical depth resulting from NO, is simply

TNOZ = 0.398 {Noz](x)(babslppm) . (p-21)
where x = downwind distance (km), and (b,,./ppm) = light absorption per
pem N0, (km~lppm-1).

The value of (babS/ppm) for NO, as a function of wavelength is plot-
ted in figure 25. Note the extreme variation with wavelength (the plot is
on logarithmic paper). Light absorption by NO, is more than two orders of
magnitude larger at the blue end of the visible spectrum (A = 0.4 um) than
at the red end (A = 0.7 ). The values at the three wavelengths that we
will use later to calculate contrasts are as follows:
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Figure 25. Wavelength dependence of 1ight absorption of nitrogen dioxide (Noz%
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A (m) baps/ppm (km~Lppm-1)

0.40 1.71
0.55 0.31
0.70 0.017

4.2,2.3 Effects of Secondary Sulfate Aerosol on Optical Depth

The scattering coefficient for sulfate aerosol is determined from an
empirical formula (Latimer et al., 1978):

6 -1, 3
3 2.5 x 10" m " (wg/m”)
bocat/ (VM5 < 0.55 um T~ (RA7T00) ,

where RH is the average relative humidity (in percent) for the area. If
this relative humidity is not known for the given area, assume 40 percent
and 70 percent for the western and eastern United States, respectively.
This sulfate aerosol is assumed to have a size distribution with a mass
median diameter of 0.3 wm and a geometric standard deviation of 2.

The sulfate aerosol mass flux in the plume at a given distance down-
wind is calculated from the emission rate of 50, as follows:

fuu k¢ Qso,

Qso4 = m‘;—)—‘ 1- exp[‘(kf + kd) t] )

where

plume mass flux of sulfate aerosol,
ratio of molecular weights of SO;  and SO,
= 96/64 = 1.5,

1"

Qs
i

Hi
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kf's 24-hour average pseudo-first-order rate constant
for SO, conversion to S04~ in the atmosphere,

kg = 24-hour average pseudo-first-order rate constant
for .surface deposition = vgq/Hq,

t = plume parcel transport time (for the level-2
analysis we assume t = 48 hours),
V4 = 24-hour average SO, deposition velocity (we
suggest using vyq = 0.5 cm/s),
Hp = mixing depth.

On the basis of calculations of homogeneous oxidation rates by
Atlshuller (1979), we suggest that the following values be used for the
24-hour average SOz-to-SO4= pseudo-first-order rate constant ke.

K¢

Season . (%/hr)
Winter 0.1
Spring, autumn 0.2
Summer 0.4

The analyst should use the appropriate values of the mixing depth,
Hys for the limited mixing worst-case and for the seasonal-average condi-
tions that were identified by the procedure described previously.

We may combine equations for 504= mass flux and scattering coef-
ficient per mass concentration to obtain a formula for the 504= scattering

coefficient plume flux. This formula, with appropriate conversion factors
for the units shown, is as follows:

" Q . 33 ke 0 1 (-0.48 k'
scat-504 k! (1 _ RH/].OB-)—[ - exp(-0. )] ’ (p'zz)
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where k' = k¢ + 1800/H,, and ke is taken from the tabulation shown above,
QSOZ is in metric tons per day, RH is in percent, and Hy is in meters.

The plume scattering coefficient flux values for primary particle
emissions and for sulfate aerosol formed from S0, emissions can be conver-
ted to plume optical thickness through division by the appropriate factor.

Q
_ 'scat-part
Tpart "ZE;;TT%ZTJ (p-23)

4

for Gaussian vertical profiles (e.g., the worst-case stable plume condi-
tion), and

Qscat-part * Qscat-SO

- 4 -
Taerosol uHm (p-24)

for vertically uniformly mixed plumes in the mixed layer 0 < Z < Hy (e.g.,
the worst-case and seasonal-average limited mixing conditions).

From the equations presented thus far, the analyst will be able to
calculate the following optical thickness (t) values for any wavelength A:

> TNOZ and Hart for the worst-case plume dispersion condi-
tions (assume no sulfate formation for these worst-case,
light-wind, stable conditions).

> Taeroso] for worst-case limited mixing conditions and each
of the seasonal-average limited mixing conditions.

4.2.3 Calculating Phase Functions

The phase function, defined in equation (1) of chapter 2, describes
the fraction of total 1ight scattered by a given plume or background
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atmosphere parcel in the direction defined by the scattering angle 6. A
scattering angle © of 0° means no change in radiation direction, while
180° means that radiation is scattered backward. Much more light is scat-
tered in the forward direction (©< 90°) than in the backward direction (e
> 90°). We need to calculate phase functions to determine the amount of
light that is scattered into an observer's line of sight.

Phase functions p(A,0) for the plume and the background atmosphere
are determined from the tables in appendix B. These tables show phase
functions as a function of scattering angle [i.e., the angle between the
direct solar radiation and the line of sight as shown in figure 2(a),
chapter 2] for various particle size distributions and wavelengths X (0.4,
0.55, and 0.7 wm). Figure 26 summarizes the phase functions at A = 0.55
im. Note that p(e) is largest for small scattering angles (i.e., more
light is scattered in the forward direction).

To calculate average phase functions for the background atmosphere,

we must calculate the fraction of the total extinction coefficient result-
ing from:

Light absorption by aerosols.
Rayleigh light scatter due to air.

> Light scatter caused by submicron (accumulation mode)
aerosol.

> Light scatter caused by coarse aerosol.

First, we must calculate the background extinction coefficient from
the median visual range for the area:

- _ 3.912
Dext (1= 0.85 ) = S22  (p-25)
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Phase Function at A = 0.55 um

180

! ! l l ! l 1
A
5-% DG -
\\ 5.0 um
------ 2.0 pm
0.5 um
\ 0.2 ym
10l
—=e———e==0.1 um —
\\ ............ AIR
. (RAYLEIGH
5 SCATTER)  —
\
10°
5
107!
NOTE :
5r PHASE FUNCTIONS AT X = 0.55 um —
ARE SHOWN FOR PARTICLE SIZE DIS-
TRIBUTIONS WITH INDICATED MASS
MEDIAN DIAMETER (DG) AND GEO-
METRIC STANDARD DEVIATION (cg = 2.0)
10~2 | 1 1 1 1 L 1 |
0- 20 40 60 80 100 120 140 160
Scattering Angle o (degrees)
Figure 26. Phase functions for various particle size distributions.
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We assume that 5 percent of the background extinction coefficient is
caused by light absorption resulting from aerosols such as soot.” Thus,

bscat(x = 0.55 um) = 0.95 bext . (p-26)

The scattering coefficient caused by particles is determined by sub-
tracting the Rayleigh scattering coefficient:

bsp(l = 0.55 wm) = bscat(l = 0.55) - bR(A = 0.55) » (p-27)

where bR(A = 0.55 um) = (11.62 x 10'6m'1) exp(}-zggﬁggg), and Z = eleva-
tion of site (m MSL).

Based on data of Whitby and Sverdrup (1978) and calculations of

Latimer et al. (1978), the fraction of bSp caused by coarse particles is
assumed to be 0.33.% Thus, we have

bsp-submicron = 0-67 bgp (p-28)

The phase function for each of the scattering components can now be
determined. Phase functions for the submicron and coarse background aero-

* Charlson and Waggoner, personal communication.
t For marine background atmospheres (coastal locations unaffected by urban

plumes), assume this fraction is 95 percent. For urban areas, assume this
fraction is 10 percent.
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sol modes can be determined from appendix B. We assume that the back-
ground submicron aerosol has a mass median diameter of 0.3 m and the
background coarse aerosol has a mass median diameter of 6 um. Both of
these aerosol modes are assumed to have a geometric standard deviation of
2.0. These size distributions are typical of those measured by Whitby and
Sverdrup (1978) in a variety of environments, including clean and average
rural and urban atmospheres. Phase .functions for these two size distribu-
tions are given in appendix B.

The Rayleigh scattering phase function (for air) is a function of the
scattering angle 6, but it is independent of wavelength A and can be
approximated quite well by the following relationship:

p(e) = 0.75 [1 + (cos 6)2] . (p-30)

At this point the analyst should fill in a table similar to table 5
for the scattering angles (6) shown or for those identified for specific
lines of sight, as portrayed schematically in figure 23. The scattering
coefficients at different wavelengths can be determined from the relation-
ship:

0.55 um

»

bgp(2) = bgy(A = 0.55 m) (—-———l—) " (p-31)

where values of n are given in table 4 for various particle size distribu-
tions and n = 4.1 for Rayleigh scatter.

The average background atmosphere phase functions are calculated for
each wayelength A and scattering angle © as follows:

D bp(M p(3,0)

p“’e)‘backgrdund = ’ (p-32)

% g0
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TABLE 5. EXAMPLE TABLE SHOWING BACKGROUND ATMOSPHERE PHASE FUNCTIONS
AND SCATTERING COEFFICIENTS

Background Atmosphere

-1)

Phase Function p(,6)
for Indicated ©

22°

45°

90°

135°

180°

| bgp(m

Scattering Component A(ym)

Rayleigh Scattering 0.40
Due to air molecules  _0.55-
at site elevation 0.70

¥ t

Mie Scattering’ t

Submicron aerosol 0.40
DG = 0.3 wm 0.55
o = 2.0 0.70

Mie Scattering

Coarse aerosol 0.40
DG = 6 wm 0.55
dg = 2.0 0.70
Total (average) 0.40
0.55

0.70

116



where the summation is over Rayleigh, submicron, and coarse mode scatter-
ing categories.

The phase functions for the plume can be obtained from the tables in
appendix B corresponding to the size distribution of the primary particle
emissions., If this size distribution is not known, assume it has a 2.0 m

mass median diameter (Schulz, Engdahl, and Frankenberg, 1975).

{
!

4.2.4 (Calculating Plume Contrast and Contrast Reduction

With the procedure discussed thus far, the analyst can calculate the
magnitude of plume visual impact using equations (10) and (14) from
chapter 2. These equations are repeated here for convenience.

Plume Contrast

(pw)
_ plume - _ -
cplume = o) 1]11 - exp( tp1ume) exp( bextrp) .
P®)background (p-33)
Reduction in Sky/Terrain Contrast Caused by Plume
1
ACr = -Co exp(-bextro) 1- ‘C‘—_Tr'T)exp('fobij1ume) ’
where
) D, = functions for plume and back-
pp'lume’ Pbackground - average phase fun P
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ground atmosphere, respectively. p is a func-

tion of A and o,
*

™0, * Tpart + SO,

T = , T is a function of
plume sin a
Aand a,
i Yoo
® = 1- - , wis a function of A,
plume plume
z%ackground = 0.95 (by assumption that 5 percent of total
estimation is due to light absorption by aero-
sol and that there is no background NO,,
bext = background extinction coefficient

- bR(l) * bsp-submicron(x)

bsp-coarse(x) + bap(k)’

(bext is @ function of ),

rp = plume-observer distance
Q*%ggﬁ for stable plume
_ sin a
50 km  f5r 2.day-01d plume during
SIh @ Yimited mixing conditions
ro = object-observer distance,

o
o
1}

= intrinsic sky/terrain contrast of viewed object
(-0.7 to -0.9 for most terrain),

fobj = fraction of total plume optical thickness

between observer and viewed object.

The analyst should calculate values of contrast for the following
permutations:

* It should be noted again that, for the stable plume case, there is no

sulfate (S04=), and for the two-day old plume during Timited mixing
conditions, there is no NO,.
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> Meteorological conditions: the identified worst-case
stable and limited mixing conditions and the seasonal-
average limited mixing conditions.

> Class I areas: all potentially affected class I areas as
identified by level-1 analysis.

> Line-of-sight azimuths: for all terrain features identi-
fied for each class I area observer at various ro and a
and also at standard values of a.

> MWavelength: Certainly at A = 0.55 wm. Calculations at
A=0.40 and 0.70 um are recommended, especially for plume
contrast (Cplume) calculations.

If the absolute value of any plume contrast or contrast reduction
value (at any wavelength) is greater than 0.10, one cannot rule out the
possibility of adverse or significant visibility impairment. In such a
case, one may choose (1) to modify source emissions or siting, or (2) to
submit the results of the level-2 analysis or a more detailed (level-3)
analysis to the appropriate government official for review and case-
specific determination of the significance or adversity of the visual
impact in the potentially affected class I area(s).

4.3 USE OF REFERENCE TABLES FOR NO, IMPACTS

As an adjunct to the hand calculations or as a replacement for some
of the cp]ume calculations, one may wish to use the reference tables in
appendix C. These tables are appropriate only for emissions sources such
as power plants, boilers, and other combustion sources that emit NO,, from
which the principal plume colorant is NO,. One should not use these
tables for a source with NO, mass emissions rates less than 5 times the
particulate emissions rate. These tables provide values of the following
parameters that describe the contrast of a plume against the horizon sky:

> 'Blue-red ratio R:

_ 1+ Chyume(? = 0.4 )
1+ Cprymel? = 0.7 wm)
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> Plume contrast cplume (x=0.55 wm)
> Plume perceptibility parameter AE(L*a*b¥*).

To use these tables, calculate tpart_(for the worst-case stable plume
condition only) on the basis of the procedures given earlier in this
chapter, using the given particle mass emissions rate and size distribu-
tion, o,, u, and a. Compute the approximate visual range:

r =r. (1 -

v VO /3.912) . (p-35)

Tpart

Calculate the line-of-sight integral of plume NOp, in units of ug/mz,
from the following formula:

. 105
[ [0, dr - (7.49 19 ) (x)[NO,] ’ (5-36)
plume sSin «

where

x £ downwind distance in km,

[NO;] = NO, concentration as calculated using procedures
in the previous section,
a = angle between the plume centerline and the line

of sight.

The analyst should use the appropriate table in appendix C for the
given (reduced) visual range, NO, line-of-sight integral, and plume-
observer distance o and determine the visual impact parameters from this
table. If the blue-red ratio is less than 0.90, if plume contrast is less
than -0.10, or if AE(L*a*b*) is greater than 4.0, the probability of
adverse or significant plume discoloration cannot be ruled out.
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4.4 USE OF REFERENCE FIGURES FOR POWER PLANTS

If the emissions source is a power plant, one of the figures in
appendix 0 may apply to the case being evaluated. Note that the percen-
tage visual range reduction is for a line of sight perpendicular to the
plume centerline. The reduction in sky/terrain contrast at A = 0.55 m
can be calculated from this percentage visual range reduction as follows:

3.912 AV
= «C_ exp{-3. - - —_— —_—
ACr 0 xp( 3.912 ro/rvo) 1 exp( 10 fobj = a) .
| (p-37)
where
fobj = fraction of plume between observer and object,

& = percentage reduction in visual range or line of sight perpen-

dicular to plume centerline

Ar
-(r ") . 100%,
v0

Cos To» Tvg» and a are as defined previously.

4.5 USE OF THE COMPUTER MODEL

Probably the easiest and most accurate method for determining levels
of impact is to use the plume visibility computer model (PLUVUE)
initialized to the given worst-case conditions and geometry identified
using the procedures presented in sections 4.1 and 4.2. The reader should
refer to the separate document entitled, "User's Manual for the Plume
Visibility Model (PLUVUE)", EPA-450/4-80-032, before using this model.

4.6 EXAMPLE CALCULATIONS

The reader may refer to appendix E for two sets of example calcula-
tions using the level-1 and level-2 analysis procedures. These examples
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are hypothetical power and cement plants.

4.7 SUMMARY OF LEVEL-1 AND LEVEL-2 PROCEDURES

Figures 27 and 28 (a through f) present a series of schematic, logic,
flow diagrams that summarize the major steps of the level-1 and level-2
screening procedures. Once the reader has become familiar with the actual
steps necessary to carry out analyses through level-2, these flowcharts
can be used as a checklist.

Several conventions in the flowcharts should facilitate their use.
The specific section numbers in the workbook describing the individual
steps are identified within each flowchart. The reader may, therefore,
use the flowcharts to identify the location 6f various equations and pro-
cedures presented in the text. A list of the variables for which
numerical values have been determined in that step is presented at the end
of each flowchart. This 1ist can be used to locate the calculations lead-
ing to each variable. In general, aside from the oval start-and-stop
blocks in the flowcharts, three different shapes of blocks are used.
Rectangular blocks indicate a straightforward procedure or calculation;
diamond-shaped blocks indicate decision points with regard to whether
further analysis is needed; and computer-card-shaped blocks (with clipped
corners) indicate a data collection or interpretation task.

The presentation of a hand calculation procedure (section 4.2) is not
intended to imply that some level of automation is not appropriate. Those
users with access to a computer or programmable calculator can benefit
from setting up segmented programs for the steps presented in the flow-
charts, since the complexity of the calculations contributes to the like-
1ihood of undetected computational errors in results. These flowcharts
can be used as the preliminary basis for developing the necessary computer
language codes or calculator step sequences, and the accuracy of the
results from such programs can be tested using the numerical values con-
tained in the examples in the text and in .appendix E.
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Covm )
l

DETERMINE DISTANCE x
FROM EMISSIONS SOURCE
TO CLASS I AREA

]

LOOK UP VERTICAL DIF-
FUSION COEFFICIENT o,

1

CALCULATE DISPER-

SION PARAMETER p

|

CALCULATE ESTIMATES OF
OPTICAL THICKNESS T

DETERMINE PARTICULATE,
NOy, AND SO, EMISSION
RATES Q@

ALL |C.] < 0.1

l

CALCULATE CONTRAST
PARAMETERS C

MINE WHETHER C.
VALUES INDICATE THE
NEED FOR LEVEL-2
ANALYSIS

<

|c.

2 0.1

PERFORM
LEVEL-2 ANALYSIS

Figure 27. Logic flow diagram for level-1 analysis (see section 3.2)
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Covar )
l

DETERMINE GEOGRAPHY IN THE VICINITY
OF THE SOURCE AND CLASS I AREAS.
IDENTIFY KEY VISTAS.

DETERMINE STACK PARAMETERS

RELATED TO PLUME BUOYANCY
AND VELOCITY EFFECTS

1

CALCULATE PLUME RISE AND
LOCATE POSSIBLE TRAJECTORIES
FROM SOURCE TO VISTAS

1

DETERMINE TRANSPORT DISTANCES, ELE-
VATIONS ALONG LINES OF SIGHT, VIEW-
ING DISTANCES, ETC., FOR KEY VISTAS

l
&

Variables known $t the end of Step 1:
*
Qx5 z, Zblock’ X

* From Level 1.

T Different values can be determined for
different trajectories and vistas.

(a) Step 1: Description of the area and possible trajectories

Figure 28. Logic flow diagram for level-2 analysis (see section 4.1.1)
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@)
I

DEVELOP JOINT FREQUENCY DISTRIBUTIONS OF
STABILITY, WIND SPEED, AND WIND DIRECTION

l

TABULATE THE FREQUENCY OF METEOROLOGICAL
CONDITIONS IN ORDER OF INCREASING DISPER-
SION FOR WIND DIRECTIONS ASSOCIATED

WITH POTENTIAL IMPACTS

1

IDENTIFY THE DISPERSION CONDITION
(g2 u) PARAMETER THAT CHARACTERIZES
THE 1-PERCENTILE (~4 DAYS/YEAR)
WORST-CASE EVENT

1
GO

N
Variables known at the end of step 2: o, ,U

.‘.

* This step is not necessary if the level-1
analysis shows C1 and C2 between =0.1 and +0.1.

+ Values can be determined for different trajec-
tories and vistas.

(b) Step 2: Specification of worst-case stabie transport
meteorological conditions (section 4.1.2.1)

Figure 28 (Continued)

125



*

«=D
I

DEVELOP JOINT DISTRIBUTION DATA
FOR MIXING DEPTH, WIND SPEED, AND
PERSISTENCE OF CONDITIONS

l

IDENTIFY CLASS I AREAS
BY DIRECTION AND

DISTANCE FROM SOURCE TABULATE THE FREQUENCY OF
. . METEOROLOGICAL CONDITIONS IN

ORDER OF INCREASING DISPERSION
FOR PERSISTENCE CONDITIONS
RESULTING IN POTENTIAL IMPACTS

CALCULATE THE PROBABILITY OF ON CLASS I AREAS

CLASS 1 AREAS BEING IMPACTED

UNDER DIFFERENT WIND SPEED

AND PERSISTENCE CONDITIONS

IDENTIFY THE LIMITED MIXING
CONDITIONS (uHp,) THAT CHARAC-
TERIZE THE 1-PERCENTILE (~4
DAYS/YEAR) WORST-CASE EVENT)

1
<D

Values known at the end of step 3: u*Hm'r

* Igis Stﬁp is necessary only if the level-1 analysis shows C3 to be greater
an 0.1.

t Although a single dispersion parameter um should be determined, multiple
pairs of values can be determined at this step. For example, (2 m/s, 1000 m,
and 4 m/s, 500 m) give the same value for uHm of 2000 m2/s.

§ Becquse of the drama@ic variability in the type and level of detail of
available meteorological data, this flowchart indicates only the general
intent of steps necessary to specify the limiting diffusion parameter u-Hm.

(c) Step 3: Specification of worst-case meteorological conditions
for general haze® (see section 4.1.2.2)

Figure 28 (Continued)
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G
1

DETERMINE MEDIAN OZONE CONCENTRATIONS
THAT CHARACTERIZE SEASONS OF CONCERN

!

DETERMINE MEDIAN BACKGROUND
VISUAL RANGE(S) THAT CHARACTER-
IZE THE SEASONS OF CONCERN

l
«=»

Values known at the end of step 4: [03], r0

(d) Step 4: Background atmosphere description
(sections 4.1.3 and 4.1.4)
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«=D
I

DETERMINE PLUME CENTERLINE-OBSERVER
. RELATIONSHIPS AN> TIME AND DAY
FOR SPECIFIC SCENARIOS

'

DETERMINE AZIMUTHS, as, AND SCATTER-
ING ANGLES (©) FOR LINES OF SIGHT

l

DETERMINE OBSERVER-OBJECT DISTANCES

1
CoD

*
Values known at the end of step 5 :
a, O, ro, rp

* There will be a number of values for each of
the lines of sight on data and times considered.

(e)- Step 5: Determination of plume-observer geometries and
specification of scenarios (section 4.2.1
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@«
[

DETERMINE SIZE DISTRIBUTION
PARAMETERS FOR PRIMARY PARTICU-
LATE EMISSIONS (DG, og, p)

l

CALCULATE SCATTERING COEFFICIENT FLUX
FOR PRIMARY PARTICULATE, Q

1

CALCULATE WAVELENGTH DEPEN-

DENCE OF @
scat-part

!

CALCULATE [NOx] AND [NOp]
FOR EACH SCENARIO

l

CALCULATE OPTICAL THICKNESS ATTRIBUTABLE
T0 NO2 (TNO ) FOR APPROPRIATE WAVELENGTHS

2
CALCULATE SULFATE FORMATION CON-

TRIBUTION TO SCATTERING COEFFICIENT
FLUX, Qscat-so,» FOR EACH SEASON

OF CONCERN (GENERAL HAZE ONLY)

1

CALCULATE PLUME OPTICAL THICKNESS

FOR STABLE TRANSPORT (tpart) AND

APPROPRIATE
GENERAL HAZE (Taerosol) AS

scat<part

(f) Step 6: Calculation of worst.case impacts
(Sections 4.2.2, 4.2.3, and 4.2.4)

Figure 28 (Continued)
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CALCULATE BACKGROUND ATMOSPHERIC
SCATTERING CHARACTERISTICS, beyt,
bscats bsps and bgp FOR APPROPRIATE

WAVELENGTHS AND SIZE RANGES

1

DETERMINE PHASE FUNCTION VALUES, p(2,6),
FOR SCATTERING ANGLES OF CONCERN FOR
BACKGROUND, PLUME, AND GENERAL HAZE

4

CALCULATE AVERAGE PHASE_FUNCTION
VALUES FOR BACKGROUND (P(),8))

l

CALCULATE PLUME CONTRAST, C

|

CALCULATE REDUCTION IN SKY-
TERRAIN CONTRAST, ACr

plume

|cplume| 2 0.1, or

INTER-

PRET RESULTS ac_ 2 0.1
OF LEVEL-2 ANALY- ‘
SIS FOR ALL J
CENARIOS
MORE ANALY-
=0.1 < CpLume < 0.1 SIS NEEDED

and ACr < 0.1

«—

(f) (Concluded)

Figure 28 (Concluded)
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5 SUGGESTIONS FOR DETAILED VISIBILITY IMPACT ANALYSES (LEVEL-3)

If the level-1 and -2 visibility screening analyses indicate the pos-
sibility of aqverse or significant visibility impairment, one may wish to
undertake a more detailed analysis (level-3). Even if a source passes the
level-1 and -2 screening tests, it may be advisable to analyze potential
impacts in greater detail.

More detailed visibility analyses may be needed in the following cir-
cumstances:

> When level-1 and -2 screening analyses indicate the possi-
bility of adverse or significant visibility impairment.

> When the potential costs and delays incurred in emissions
source siting,-emissions control design, and regulatory
approvals indicate that more detailed studies would be
beneficial, regardless of the outcome of the level-1 and
-2 screening tests.

> If greater accuracy and definition are necessary, for
example, to define the frequency of occurrence and the
time of year of worst-case impacts.

> If emissions are of a special nature, such as reactive
hydrocarbons. In such cases one should use models that
account for photochemistry (e.g., a reactive plume model
with a complete photochemical mechanism).

> When the appearance of the visual impact is a concern
(that is, when considering what the worst-case discolored
plume or haze will look like).

> When the effect of visibility impairment on perceived
scenic beauty in a class I area requires quantification,
as when a cost-benefit study is performed.
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> When area topography is complex, so that the assumptions
made in the level-1 and -2 screening analyses are no
longer appropriate, as when plumes are blocked, channeled,
or trapped by terrain features.

> When an emissions source that is being analyzed, or is
similar to the one being analyzed, is currently operating.
Under these circumstances, it would be desirable,
especially if level-1 and level-2 tests indicate a poten-
tially adverse or significant impairment, to supplement
screening analyses with detailed impact analyses and with
intensive and long-term monitoring of meteorological and
ambient conditions; plume transport, diffusion, and chem-
istry; and vikual impacts in the potentially affected
class I areas.

> MWhen the concern is with the cumulative impacts of several
emissions sources within a region.

It is not the purpose of this chapter to provide step-by-step
instructions for carrying out these more detailed analyses. Each separate
analysis will vary with the specific circumstances. Instead, we briefly
outline some important elements in such detailed analyses that the analyst

may wish to consider. Indeed, further visibility model development may be
needed for some problems.

5.1 FREQUENCY OF OCCURRENCE OF IMPACT

As discussed in chapter 2, the frequency of occurrence of visibility
impairment is as critical to the assessment of adversity or significance
of impact as is the magnitude of visibility impairment. We can assess the

frequency of impact occurrence by applying a computer model to all poten-
tial combinations of the following factors:
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Emission rates.

Wind speed.

Wind direction.

Stability.

Mixing depth.

Plume dispersion, given a specific meteorological condi-
tion.

Background ozone concentration.

VvV VW WV V vV Vv

N

> Background visual range.
> Precipitation.

One might require 100 or more model runs to characterize adequately the
magnitude and frequency of impact occurrence in some situations. Impact
can then be summarized in figures or graphs, as shown in figures 29, 30,
and 31 and tables 6 and 7. Note that these examples were stratified by
season to illustrate the seasonal dependence of impact and the fact that
for this example the maximum frequency of impact occurrence is predicted
in the winter season when class I area visitor use may be minimal,

5.2  APPEARANCE OF IMPACTS

A further specification of the appearance of visual impacts may be
necessary to supplement estimates of magnitude and frequency of occur-
rence. The adversity or significance of an impact is dependent on the
size of the area affected by a plume, as well as by the magnitude of dis-
coloration or contrast reduction. A plume viewed from a distant location
has a smaller visual impact than it would if viewed from a nearby loca-
tion, even if the magnitude of discoloration is the same in both
instances, because in the former situation, the plume affects fewer lines
of sight (i.e., appears smaller). A 200-m-thick plume will subtend an
angle of 1.2° when the observer is 10 km away, 0.5° (which is the angle
subtended by the moon) when the observer is 25 km away, and 0.1° when the
Observer.is 100 km ,away from the plume centerline.
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TABLE 6. EXAMPLE SUMMARY OF THE FREQUENCY OF OCCURRENCE OF POWER PLANT
PLUME DISCOLORATION PERCEPTIBLE FROM A CLASS I AREA

Number of Mornings with AE(L*a*b) Greater than Indicated Value

2.5 5 10
Units Units Units Units Units Units
Season land 2 1 through4 1 and2 1 through4 1 and 2 1 through 4
Winter 4 6 2 3 <1 1
Spring 1 2 <1 1 0 0
Summer 2 3 1 1 0 0
Fall 3 5 | 2 <1 <1

Annual total 10 16 4 7 1 < 2



obL

TABLE 7.  EXAMPLE SUMMARY OF FREQUENCY OF OCCURRENCE OF INCREASED HAZE (VISUAL
RANGE REDUCTION) IN A CLASS 1 AREA DUE TO POWER PLANT EMISSIONS

Number of Davs with Visual Range Reduction
Greater than Indicated Yalue

5% 10% 15%
Units Units Units Units Units Units
Season land 2 1 through4 1 and2 1 through4 1 and 2 1 through 4

Winter 9 10 3 5 0 1
Spring 3 3 1 2 0 <1
Summer 4 4 0 1 0 0
Fall 5 5 2 3 0 1
Annual total 21 22 6 11 <1 2



Also, the appearances of the plume will change depending on the wind
direction and the viewing background distance and coloration. Thus, one
nas to know the viewing background. and the vertical and horizontal
(azimuthal) extent of the plume to characterize the visual impact com-

pletely.

The appearance of plume discoloration and contrast reduction can be
quantified using calculations of the magnitude of impact as a function of
vertical and horizontal orientation of the line of sight, or by specifying
the angle subtended by a plume. Alternatively, one can display impact
using

> Black-and-white plume-terrain perspectives (see example in
figure 32).

> Color graphic displays, such as those developed by the Los
Alamos Scientific Laboratory (Williams, Treiman, and
Wecksung, 1980).

> Color photographs of plumes or haze similar to the condi-
tions being analyzed.

5.3 IMPACTS ON SCENIC BEAUTY

There is some recent evidence (Latimer, Daniel, and Hogo, 1980) that
the scenic beauty of some areas may not be adversely affected by reduc-
tions in visual range, though the scenic beauty of other areas may be very
sensitive to visual range. There have been no studies to determine the
scenic beauty sensitivities of class I areas to plume visibility impair-
ment (i.e., discoloration and contrast reduction).
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In certain detailed visibility impact assessments, it may be
desirable to quantify the sensitivity of potentially affected areas. For
example, days of visual impact of a given magnitude might be translated
into days of a given decrease in class I area scenic beauty (as perceived
by an observer). This would be an essential first step in establishing
the aesthetic benefits of a given emissions control action.

5.4 IMPACTS OF EXISTING EMISSIONS SOURCES

Although the primary purpose of visibility computer modeling and the
screening analysis techniques presented in this workbook is the prediction
of future impacts of proposed new sources, these analytic tools can also
be used to eyaluate the impact of existing sources. However, because
these techniques are not required to be routinely exercised in any
regulatory program applicable to either new or existing sources, mon-
itoring techniques, especially visual observations (either ground based
or with aircraft), are likely to be the first step in identifying the
origin of visibility impairment caused by a single source or small group
of sources.

EPA has published the document "Interim Guidance for Visibility
Monitoring," EPA-450/2-80- 082, which contains technical considerations
fvalving the design of yisibility monitoring programs, selection of
instrumentation, quality assurance and data processing. Instrumental
monitoring methods for visibility are not yet routinely required in
regulatery programs for visibility protection but the guidance does
Provide substantial information regarding available visibility monitoring
methods presently in use. It is recommended that a minimum of one full
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year of monitoring be conducted for visibility impact analyses of major

point sources.

In addition to this long-term (one year or longer) measurement/
analysis program, it may be desirable to design and implement several
short-term, intensive measurement programs to compare measurements and
model predictions of plume transport, diffusion, chemistry, aerosol forma-

tion, and the resulting optical effects.

5.5 REGIONAL IMPACTS

In many cases, the visibility impairment caused by a single emission
source may be small compared to the cumulative impacts of many natural and
man-made- sources in a region. However, the visibility impairment of that
single source may contribute to a significant regional haze.

It is beyond the scope of the first phase of visibility regulations
and of this workbook to address such cumulative, regional impacts.
Regional visibility models and measurement/analysis programs will be
required to assess the extent of existing regional visibility impairment,
to determine the relative contributions of various emissions sources to
that impairment, and to design and implement effective emissions control
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on a regional scale (if possible) to restore and protect class I area

visibility.
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APPENDIX A

CHARACTERIZING GENERAL HAZE

One of three parameters is customarily used to characterize general
atmospheric haze:

> Visual range
> Extinction coefficient
> Sky/terrain contrast.

Each of these is an equally valid means of quantifying atmospheric
haze. Since the eye/brain system perceives the environment through color
and brightness contrasts in various objects such as landscape features,
the sky/terrain contrast is the most fundamental of these three parameters
in terms of visual perception. However, contrast may not be the most
appropriate means of describing haze, because one can have a large number
of contrast values for different landscape features if such features are
at various distances from the observer and have different intrinsic
contrasts. Thus, in many situations extinction coefficient and visual
range are simpler and more useful measures of atmospheric haze than is
contrast. The relationships among these physical measures of atmospheric
haze are discussed in more detail in the following subsections.

A.1  WAVELENGTH DEPENDENCE

It is important to note that each of these three parameters depends
on the wavelength of light (A) to be considered. Since the light-
scatterihg properties of the atmosphere are a_function of wavelength, each
of these three atmosph;ric haze parameters is likewise a function of wave-
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length. For example, Rayleigh scattering by air molecules is proportional
to A'4, and Mie scattering for a typical aerosol is proportional to A°",
where generally 0 < n < 2. The spectral reflectance of a landscape
feature will also be a function of wavelength if the landscape feature is

not white, gray, or black.

Because of this wavelength dependence, we must be specific when we
definé visual range, extinction coefficient, or contrast. Many optical
instruments and the human eye respond to a broad wavelength band; others
are narrow-band instruments. Indeed, some of the discrepancies among
various measurements of atmospheric haze (in which such techniques as
nephelometry, telephotometry, photographic photometry, and human
observation are used) are due to the different spectral sensitivities of
each instrument,

Throughout this discussion we will assume that contrast, visual
range, and extinction coefficient are defined in equivalent ways with
respect to wavelength. For example, we can define these parameters for a
narrow wavelength band at 0.55 um, the center of the visible spectrum, or
a broader band with some characteristic wavelength. This discussion does
not depend on which wavelength band is considered, but the three
parameters must be defined for similar spectral bands.

A.2  THE CONTRAST FORMULA

For a homogeneous atmosphere, contrast and extinction coefficient are
mathematically related by the Lambert-Beer law for contrast, as follows:

=b_.r
- ext' o
Cr/Co = e , (A-1)

where Cy is the intrinsic contrast of a landscape feature against the sky
(as observed near the feature), C,. is the apparent contrast of the land-
scape feature observed from a distance ro» and bg,4 is the extinction
coefficient of the atmosphere through which the terrain is observed.
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Using Middleton's (1952) definition of visual range, we can also
relate visual range to contrast and extinction coefficient. Visual range

js defined as the distance r, such that

= = ext
C./C, 6 =0.02=¢ o, (A-2)

Note that by solving for ry we have the well-known Koschmieder rela-
tionship,

- an(0.02) _3.
re =" é ) - b912 . (A-3)

ext ext

These relationships can be extended to nonhomogeneous atmospheres if
we define an appropriate average extinction coefficient over the line of
sight of interest.

A.3  QUANTIFYING INCREASES IN ATMOSPHERIC HAZE

When the impact of a proposed source or combination of sources on
atmospheric haze is of concern, the relevant question is: what is the
resulting change in atmospheric haze conditions compared with that which
would occur otherwise? For example, one might be concerned with the
increase in haze that results from certain emissions on a particular day,
on the worst day in a year, or on an average day in a year. Alterna-
tively, one's concern might be the shift in the seasonal or annual fre-
quency distributions of haze conditions.

We can quantify increased atmospheric haze by one of four parameters:

> Increased extinction coefficient (&bg,¢) or fractional

increase relative to a given background (Abext/bexto)'
> Decreased visual range (-4r,) or fractional decrease in

visual range relative to a given background (-ary/ryg).
> Decreased sky/terrain contrast (-4C.) or fractional
decrease in contrast relative to the contrast that would

occur for a given background (-4C./C.g).
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> Plume optical thickness (Tplume)’ the integral of extra
extinction (abg,¢) along the line of sight through the

plume.

The remainder of this discussion describes these four parameters and the

relationships among them.

There are two general classifications of spatial distributions of
increased extinction (see figure A-1):

> Nonuniform distributions over a portion of the line of
sight (e.g., a plume).

> Uniform increase over the entire line of sight (e.g.,
regional haze or situations in which the plume width is
large compared to the visual range or to the line of
sight).

The impact of a plume is best described by the plume optical thick-
ness (Tplume)’ whereas the regional impact is better described by extra

extinction (aby,y).

A.3.1 Plume Impacts

Plume optical thickness is defined as the integral of the extinction
coefficient over the line of sight: '

Tp'lume = '{lume bextdr . (A-4)

This optical depth can be converted to an average extinction coefficient
over some line of sight at distance R:

Dot = plume/® - (A-5)

The distance R may be the distance between the observer and a particular
landscape feature (ro) or the visual range distance (ry), depending on the
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problem being addressed. For example, if one is concerned about the con-
trast loss in a landscape feature at a given distance from an observer, it
is appropriate to use the distance to that feature as the value for R.
However, if several landscape features at different distances are
involved, or if one does not know the distance to a landscape feature, it
is appropriate to use the visual range distance r, as the value of R.

If we do the latter, we obtain a rather simple and elegant formula
for the visual range reduction caused by a plume. The total average
extinction coefficient of the background atmosphere and the plume together
is

_ plume -
bext * bextO * . ’ (A-6)

where by, is the extinction coefficient of the background atmosphere

with visual range r g, o lume is the plume optical thickness, and r is
the reduced visual range as a result of plume impact.

The reduced visual range caused by plume material can be determined

by substituting equation (A-6) into the Koschmieder relationship, equation
(A-3), and solving for ry- The result is

/3.912) . (A-7)

v="vw 1-

Tblume

The fractional reduction in visual range is simply

ron=-r
vO ™ v _ "plume

rvo 3017 . (A-S)

Note that equations (A-7) and (A-8) are not valid for cases in which
the plume is opaque (e.g., one cannot see beyond the plume) or is

significantly discolored. For such cases a more detailed visibility model
or the formulas provided in the text should be employed.

~

Note that the fractional reduction in visual range for this plume
situation is independent of the background visual range (rvo)-
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A.3.2 Regional Haze Impacts

For the second case, in which there is a uniform increase in extinc-

tion coefficient (abg,¢), the fractional decrease in visual range is not
independent of the background visual range:

3.912 - 3.912

ry © 39‘1‘27"‘_'T— ’ A‘g)
v biexto * Abext : rvO * ext (
= -1
ry = (l/rvo + Abext/3.912) . (A-10)
Py (r.o) (8, )]
VO v q_ |1 +2¥0 ext
V0 3.917
-1
s
=1- |1+ 20 . (A-11)
ext0

A.4 THE EFFECT OF INCREASED HAZE ON THE CONTRAST OF LANDSCAPE FEATURES

The sensitivity to increased haze of the sky/terrain contrast of a
landscape feature observed from a distance r, can be evaluated by
differentiating equation (A-1):

(A-12)

The observer-terrain distance r, at which the greatest change in con-
trast per unit change in extinction coefficient occurs can be determined

by diffgrentiating equation (A-12) again with respect to r, setting this
derivative to zero, and solving for r. This distance is found to be

= -1= » A-13
ry = beyt 0.26 r g ( )
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On the other hand, the greatest fractional change in contrast per unit
change in extinction coefficient occurs with the most distant visible
landscape features. This can be shown by rearranging equation (12):

1 rxr = -r . (A-14)
T:: ext 9

Thus, depending on whether the human observer detects changes in haze
conditions as a result of fractional or absolute changes in contrast,
landscape features at distances of the full visual range or about one-
fourth the visual range will be the most sensitive perceptual cues,
respectively.

The change in contrast (AC.) of a landscape feature resulting from a
given change in extinction coefficient (4bg.¢) can be evaluated by
integrating equation (A-12):

A = -C

r 0®

-b, .. T -, .r
exto' o [1 e oxt é]

- .r
-C. [1 -e ot °] : (A-15)

If the change in extinction coefficient (dbgyt) is due to a plume
between the observer and the landscape feature, then the change in con-

trast can be calculated as follows, assuming that the plume does not sig-
nificantly discolor the horizon sky:

-7
Ly =L, [ﬁ -e p]ume] : (A-16)
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With the following transformation of variables, we can relate the
change in sky/terrain contrast to extinction coefficient, plume optical
thickness, and visual range reduction in a more lucid manner:

ratio of observer-terrain distance ro to background visual range

—h
[11]

= ro/rvo (A-17)

fb z fractional increase in extinction coefficient
&b
ext (A-18)

EextO '

fv = fractional decrease in visual range
(A-19)

r.-r
v0 v

r
v0
With these transformations we can write the equations for the rela-

tionships between contrast change and other visibility parameters as

follows:

Extra extinction: &, = -C, [1 - exp(-3.912 frfb)] R (A-20)

f
v
Visual range reduction: & = -C, [l - exp(—3.912 f. T‘:"f;)] ’

(A-21)

Plume optical thickness: & = -Cr_[l - exn(-fp]ume)] (A-22)
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The value of C. is a function of the intrinsic contrast (Cy) of the
landscape feature and the distance to the feature relative to the back-

ground visual range (f.):
C. = Coexp(-3.912 fr) . (A-23)

The change in sky terrain contrast (&C.) as a function of increased
extinction, reduced visual range, and plume optical thickness is plotted
in figures A-2, A-3, and A-4, respectively. Sky/terrain intrinsic con-
trast (Cy) was assumed to be -1.0, which is appropriate for a black
object. The effect of observer-terrain distance on these relationships is
shown by plotting curves for r/r,q = 0.1, 0.26, 0.5, and 0.75. The
maximum decrease in contrast for a given increase in extinction or
decrease in visual range occurs for landscape features at 26 percent of
the visual range, as we noted earlier, while the maximum contrast decrease
due to a plume occurs for the closest landscape features.

A.5  SUMMARY

The relationships among the parameters used to characterize increased
atmospheric haze are summarized in table A-1.
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TABLE A-1.  SUMMARY OF RELATIONSHIPS AMONG PARAMETERS USED FOR QUANTIFYING INCREASED ATMOSPHERIC HAZE

To Convert From
*plume fy wn (1 - f)
o L3 - lece "IN
ext0 y v r
Tolume o fy - (1 - f))
fv T T+71, " IYIZT - (T =TT
f
fe 1 - exp ('Tp1ume) 1 - exp (-3.912 f.f,) 1 - exp |-3.912 f (I_:!T—) -~
‘ v
Nomenclature
- plume
@ Tplume = Optical thickness of plume =~’r beyt AT
f. = ration of observer terrain distance ry to background visual range ryg
ab
f, = fractional increase in extinction coefficient = 5—3§§
ex

fy = fractional decrease in visual range = -ary/ryg

fractional decrease in sky/terrain contrast = -ACp/Cpg

-ty
(2]
1]

Tine of sight averaging distance

=
{11]

extinction, visual range, and contrast used as reference
baseline for increases in haze.

bextos "vos Cro

* These farmulas are valid only for cases in which the plume material does not significantly discolor the horizon sky
(see section 2 of the text).



APPENDIX B

PHASE FUNCTIONS

Data for the aerosol phase function [p(,8)] are provided in this
appendix as a function of these factors:

> Aerosol size distribution with different mass median

- diameters (DG), all with a geometric standard deviation %
of 2.0.
Wavelength A = 0.40, 0.55, and 0.70 wm.
Scattering angle © (0° < &< 180°).

161



{©

wooulnc.-

O MO TNNO O LENO

® @« ®» ®© o ® » ®© & o
QOO0 OO0V OO0OOOODDODOOO

~n
n
e

LY VLY
CDO‘E
-

Ol

30 0
32 0
3“.0

40,0

DG

p(x,0)

s, sr;aeooo

- 55655000
5 SOSZEtoo
] 02195000
S , J094Ee00
S 1T14E+00
s’ ,0121Ee00
4 83575000
4,6462E400
4,4474E«+00
4,2428E+00
4 0}552000
3 827BE¢00
3, 6221E+00
3, 41995000
3 2227E+00
3 0316E+00
2, 84725000
2,6702E+00
2,5011E000
2,3001E400
2,1873E400
e, 0429E+00
i, 9068E+00
!, 7788E000
1,6589E400
i, 50675000
{, 00195000
1, 30025000
i, 2533E¢00
i, 1687E¢00
i, 09025000
| 01755000
9 50225-01
5 8806EQOi
8 30735-01
7 W1791E=0}
7! 02930Ee0
6 84635-01
6,U363Ee0]
6,0607Ee01
5 WT172Ee0}
5,4039E«01
S o1 1B9Em0}
4.8603Ew0]
a.b?b"[-O]

0.1 um
0.4 um

162

e
92,0
94,0
96,0
98,0

100,0
102,0
104,0
106,0
{08,0
1{0,0
112,0
114,0
16,0
118,0
120,0
jee,o0
14,0
126,0
1280
130,0
132,0
1340
136,0
138, 0
140,0
142,0
1440
146 0
108 .0
lSO 0
152 0
154" o0
156 o0
158 0
160" .0
162 0
160,0
166,60
168 0
170 _0
172,0
174 0
176,0
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4,2201Ee01
4,0568Ew01
3,9061Ee01
3,7729CE=01
3,6558E40
3.5536E.°1
3,4653Ee01
3.3899E.01
3,3264Ee0
3,2741E=0
3.23195.01
3|1°92E.°1
3,1752Ee01
3"58°E.°1
1.‘“995-0‘
3,1473E=01
3.15085.01
3-‘5985'01
3,1738Ee01
3,1925E«01
31,2154E=01
3,2420E=01
3,2719E=01
3,3043E=01
3,3390E=01
3,3753Ee0]
3,4130Ew01
3,4516Ea01
3,4909E«01t
3,5307Ea01
3,5709=01
3,6113Ea01
3,6518E«01
3,6922Ew01
3,7323Ee01
3.7’195.01
3,8110E=01
3,8490E001
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3, 03635000
2, 8696E¢00
e, 70555000
2,6042e+00
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2,3331E400
2,R043E+00
2,0804E+00
1, 90!7E¢00
1, 80825000
i, 74016000
. 6373E000
1, 5398E+oo
1 04765400
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1 27eeE+oo
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1,1294E+00
t, 0b19E¢oo
9 98828-01
9 QOOQEDO!
8, BSGQEOOt
8, 3485E-01
1, 87995-01
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6, 6833E~01
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S 51305-01
5.2857E-OX
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110,0
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160,0
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166,0
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172,0
174,0
176,0
178,0
180,0
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$.,0814Fe01
4,8988Ee01
4,7367Ee01
4,5938E001
4,4689ECe0
4,3609E=01
4,2685Ee01
4,1908E001
4,1267E=01
4,0754E=0}
4,0357€e01
4,0070E=01
3, 9884E=0]
3.9791E'0’
J,9784Ee01
3,9854E«01
4,0202E=01
4,0466E00
4,0781E«01
4,1142Ee0
4,150UEe0
4,1981Ew0
4,2U4TEw01
4,2938Ee01
G, J44TE=01
4,3970E=01
4,4501E=0"
4,503SE=01
4,5568€«01
4,6095E01
4,66012E=01
4,711 7€E=01
4,7608Ea01
4, BOBIE-Ot
4,8539Ee01
4,8975E =0
a ,9388E=01
4, 19772601
S.OIZOE'Ol
5,0424Ee0
5,067SEw01
§,0802€E=01
5 0979E=01
5 1018E-01
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P(%,0)
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3, 8176E¢00
3, 6103E¢00
3,78R06E¢00
3, 75292+oo
3, 7039E¢00
3, 64275000
3, *S703E400
1,4881E+00
3, 3q7ﬂE¢00
3! ,2995E¢00
3 1959E¢00
3. 0878E¢00
2, 9764E700
2, 80295000
18 7481E¢00
2 JO0330E00
2.51805000
2,4049E¢00
e, 2931E¢00
2 {835E+00
e, 07bbE+00
1,9726E400
1, 8720E+oo
1 77“9E+00

bﬂiSEfoo

59195000
1 5063E+00
1,4247E¢00
1.3471€+oo
1,2735E400
1,2039E+00
1,1382E«00
1,0763E+00
1,0182€E400
9 ,0382Ew0
9e1298Ew0]
8,6561Ee01
8, 2159E-0]
7, 80825-0‘
7. Q317cw0t
7. S0852Ew01
6,7676Ee0!
6.“7765-01
6,2139Ee0}
5 9754E001
5 o T1O10E®0}
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92,0
9u. 0
9,0
98,0
100,0
102,0
104,0
106,0
108, 0
110,0
112,0
144,0
116,0
118,0
120,0
122,0
124,0
126, 0
18,0
1300

'132 0

134,0
136,0
138,0
140,0
142,0
144,0
146,0
1480
150,0
15¢,0
1540
156,0
158,0
160,0
16240
164,0
166.0
168,90
170 0
!72 0
170 0
176,0
178 0
leo 0

P(»,0)

5,56%uke01
S,3994E=01
5,2501E=01
5,1202E=01
5,0087E=01
4,9145E=01
4,8365E«01
4,7736E=01
4 72505-0\
4, 65965-01
4,6665E«01
4.65“7Eu01
4,6534Ee0t
4,6618E«01
0.07895001
4,T040E=0
4,7363E=01
4,7750c=01
4,8194Ee01
4,8689E001
4,9227E=01
4,9802E01
5,0409Ee01
S.1040E«01
5,1689E=01
S5.2352E=01
S.,3022E01
5.3693Ee01
5,4361E=01
S.,5021Ew01
S,5668E01
5,6298E=01
5,6907E=01
S, 7492Ew01
5S,B0UGEe0Q
5-8575E'01
$,906SEe01
5,9516E901
e 99225-01
6002775'01
6,0578E=01
6,0818E90!
6.09935-01
6,1100E=01
6.‘1365'01
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8 aosas¢oo
8, 04405000
8 oeabzooo
8 4439E000
8’ ,1287E+00
7 7611!000
7 0 35T6E¢00
6 9SZSE+00
6 09705000

06175#00
S 63025000
S, 22055000
4, 82505900
4 d4S01E¢00
[/ 09725000
3, 7667E+00
3. 0582E¢00
3,1710E+00
e, 90465000
2, 65515000
2,asove¢oo
e,2217E400
2,0301E¢00

1,8551E¢00

1,6957E¢00
1,9509E¢00
| I ﬂt9SE+oo
t, 30015000
i, 19155000
i o9z7E+oo

00295400
9 21195-01
8 471!5.01
7 30035-03
7 o 1940Ee0}
6 60605001
6,1514Ee0}
S 70235.01
5 29505.0!
4 92355-01
4 58515-01
4 27755-01
. 9968!.01
3, 7“705-01
3, 5398!-01
3, 31“7E-°l
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0.2 um
0.4 um
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0
94,0
96,0
98,0

100,0

102,0

104, 0

106,0

108, 0

110,0

112,0
114,0
116,0
118,0

120, 0

1220

124,0

126,0

1260

130,0

132.0

134,0

136,0

138,0

140,0

142,0

144,0

146.0

1480

150, 0

152, 0

{540

156, 0

1580

160,0

162, 0

(64,0

166, 0

1680

170,0

172.0

1740

176,0

178.0

180,0

NAIOP
3,1297g«01
2, 96295-01
2,8134E=01
2.68015.0!
2.56175-01
2,456SE=01
2,3631E=01
2.28015-0!
2,1436Ee01
2,0896Ee01
2,0UddEeD]
2,0073Ew01
$,977SE=01
1,9538Ew01
{19355Ea01
1,9219E001
1.’13°E-01
‘.90’!E.01
1,910SEe01
1,9176Ee0!
§1,9300E«01
1.9“735.0]
1,9687Ea01
1,9933E001
2,0198Ew01
Z.O“QQE-OI
2.07415.01
2,1010E=0Q1
2.128°E.01
2,1556E«01
2,18d2E=01
2.21385.01
2.2““6E-°‘
2,2767E0!
Z."“E'O’
2,3492Ee01
2.3933E.°‘
2,44SBE=Q]
2,5079% 01
2,5777E=01
2,6U95E~01
2,7139E=01
2.75925-01
2.7757500\
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i
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P(2,0)
7,2070E¢00
7 TLTU4TES00
7 0798E¢00
6, 9281E+00
6,7280€¢00
é 08895000
6 zzosaooo
5,93095+00
§,6282E¢00
5,3189€+00
5,0084E+00
4,7009€+00
4,4001E+00
4,1084dE400
3 82785000
3 5597E+00
3 304BE+00

0638E+00
5'33705+ 00
2,6245E+00
2,4261E¢00
- 24155#00
2 o0703E¢00
{1, 91!75000
1.7550E¢00
1,6294E400
1,5042€400
i, 38355000
1, *2819E+00
1, 11837E400
1,0935€+400
i, 0108E¢00
9 3515E-01
8 65995-01
8 0278Ew0}
7 4500E=01
6.92205.01
6, 4401Ew0}

6,0011E=0}
5,6019Ee01
5.23965-01
4,9110E=01
4,6131Ea0}
4,3433E0])
4 0988E-01
3, 87775-01
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0.2 wum
0.55 um

)

92,0
94,0
96,0
98,0
100,0
102, 0
1040
106, 0
1080
110,0
112,0
114,0
116,0
118,0
120.0
122.0
1240

138

130,0

132,0
134° o0
136, W0
!38 .0
140,0
142,0
1440
1460
148" o0
150 W0
152 0
154 0
!Sb 0
158° o0
lbo 0
102.0
1640
1660
168 o0
170 0
172’ W0
17¢4° o0
!76 0
178° o0
an o0

P(2,0)

3. E'Dl
3,4084Ee01
3|3372E.°‘
3,1930E001
3,0044p 0
2, 95005-01
2. 4595001
2.T601E=01
2.08255.01
2,6153Fw0t
2,5570E«01
2,5088Fe01
2,U68UEe0
C,4361Ee0
2,811U4EeD
ZQSQSSEOOI
2.3818Ee01
2o 37595-8

2,3750g801
C.3790FEe0}
2138765'01
2,4008c=01
Q.¢186E=(1
2.““075'01
2. 4666Ee0
2,U959% a0t
2,5276Ew01
2,5609¢e01
24,594TEe0t
2,6280E=01
2,660SEe01
2.6920E001
2,7232€01
2.75“65'0‘
2,78 7TUE=D
2¢8226Em01
2,8612Ew01
2,9037Ew0t
2,9502Ee01
2,999%UEw01
J,0491Ew0t
3,0957E«01
J,1347E-01
3.‘6085.0‘
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P(2,0)

6,1113€¢00
6,0896E¢00
6,0257E+900
S 92235000
S 78398000
S oasbe+oo
s 0 4230€¢00
5 zxtoe+oo
4 98665000
4 7525:»00
4 51375000
q 27365900
4,0352E400
3.8008E+00
3,5724g¢00
3,3513€¢00
3,1384g¢00
2,9346E¢00
2,T402E¢00
2,5556E+00
2,3809E¢00
2, 21635000
2, 06155000
1, 91605000
1, 78098000
1, *6SU6E+00
1, 53105000
1, 02775900
i, 32062000
1 2325E000

J14S6E$00
1 06526900
9.9108E-0|
9,2277E=01
8 5991E-01
8 02155-01
7 09105-01
7 00035-01
6 55505-01
6, 14915-01
S 77515-01
S 03355-01
5 {22UEw0]
4 63975-01
4 SBSaE-Ol
4 35105-01

0.2 um
0.7 um
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P(2,0)

Q,1421E001
3.9538E#04
3,7851E01
3,6348E001
3,5014Ee01
3,2806E901
3,1907€e01
3 1132Ee01
3,0471E01
2.99175-01
2,9403E=01
2,9099Ee01
2,8616FEe001
2,8481Fe0t
2,84095001
€:8395E001
e,8U36Ee0!
2.86695.01
2,8852E+01
2,907%E=01
2,9615Ee01
2,9922€«0!
3,0247E=01
3.05555001
J,0931Ee01
3.12335001
J,1642E001
3,2006Ew0t
3,2375Ew01
3,2751E«01
3,3519€E=01
3,3911Ee01
3,4309E=01
3,4708E=01
3. S5104Ee01
3,5483E«01
3. 55265001
3, 6103Ea01
3.62565.0!
3,6349Ee0}



B(»,9)
1,1835€+01
1, 171ﬂ5¢01
1,1377€¢01
!, 08782001
| 0270E¢01
9 W6110E¢00
8 92285¢oo
8 23425000
7,56215#00
6,9175€400
6,3078E¢00
S, 7376E400
5,2096E¢09
4,7243E400
4,2806E+00
3, B8764E¢00
3,5088g¢00
3,1747E400
2,8708E+00
- 5944E¢00
2,3434E400
2.1162E¢00
1,9112E+00
1.,7273E+00
1,9631E+00
1,4167E¢00
1,2899E+00
1,1685E¢00
1, 0625E¢00
9! WO073%9Ee0}
8 8139E-01
5 03855-01
7 33935-01
6 71325-01
6, 1562E-01
S 6056E-01
5 02328Ew0}
0 5451E-01

“395E-01
U 15Q Ew0}
3, 65495-01
3.5755Ev01
3,3339Ee0)
3,1202E=01}
e, 9315E=0}
2,T604{E=01
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P(3,0)
2,6002Ew0}
2,4515E«01
2,3172¢=01
2’20°5E.01
€,0149Ee01
IQQSG‘E'OI
1.8670E'°1
1,8030E«01
1,0979E=01
1 ,659UEw0
1,6290Ee0]
§,6066E=Q1
1058935.01
1,5764Ee0]
1.56705'01
‘.5626E.°l
1,5631E=01
1,5850Ew01
1,60B4E=01
1,6402E001
1,6T86E=01
1,7211E=01
{,7658Ee01
1,8115Ee01
1,8509Ee01
1 ,9003Ee01
1,9398Em0t
1,9739€01
2,0289Ee01
2,0560Ew01
e, 086UEm(
2,1207E=01}
2,1969€e01
2,2051E=01
2, 2687Eo0|
C¢3613Ew01
2.“850E.01
2,64{8FEe01
2,9148Ee01
2,9596E01
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P(r.0)
0 9013E000
338°E¢oo
9 o 1589E+00
8 87905000
a 9233Eq00
8’ JA187E000
7 00715000
7 02023E+00
73115000
b 2631E¢00
S, 80565000
36395000
a 9a185¢oo
4 sa:9E¢oo
4 16555000
3, 013SE¢OO
s, 08625000
3 1834E+00
2, 00475000
2.6496E400
2, n16°£¢oo
F *2054E 400
2, 0!345*00
1.8390E400
1,6801E400
1, Sssaeooo
{1, 40275000
1, 2818E¢oo
) I 1T16E+00
1, 0715E¢00
9 80916-01
8 99135-01
6 ¢ 2540E=0]
7 SBBQEUOI
6, QBSbE-Ol
a;sse.o:
5 9“225001
5 L4931Ee0]
S OBBOE-O‘
[T 72345-OX
4 39555-01
4 10025-01
3, 83“05-01
3, 59335-01
3, 37735-01
3, *1830Ea01
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0.3 um
0.55 um

100.0
1020
104, 0
106,0
108,0
110,0
112,0
114,0
116,0
118,0
120,0
122,0
124,0
1260
1280
130,0
132,0
134,0
136,0
133 0
140,0
1420
1440
1460
148,0
150,0
15210
154, 0
156,0
158, 0
160,0
162,0
164,0
166,0
1680
170,0
172,0
174,0
176,0
178,0
180,0

leez
3,0092E001
2,8500Ee0¢
2.T148E«01
Q,4762E01
2,3746Ee01
2,2840E«0
2.,2039Ee01
2.13335-01
2,0716Ee01
2.01755'01
1.9711€001
§1,9326E00
1.,9023E=01
1.88015'0!
1,8651Ee01
1,86565E+01
1,8527€e01
{ 85275-01
l|6557E.01
1,8017gm01
i1, 87!55-01
1, 18850Em01
1.°oaos-ol
loqllqE'O!
1,9635E=01
1 ¢9995E01
2.035aE-0|
2,0779E =0
2,1162€01
2.1520Ee01
2,1845Ew01
Q,2141Ew0!
2,2018Ee0!
e, ZOQQE-OI
2,2992E=01
2.33“15-0!
2,4341E=01
2,5041Ee01
2,56855E=01
2,6707E=0"
2,7477€=01
2,8022E=0}
2.,8220E=01



8,064BE+00
8,0225E+00
7,8988E¢00
1 7027€+400
7 JHUOTEROO
7 1441¢g¢00
6, 5079E¢00
6,4499E+00
6 0800E+00
S, 7o¢aa¢oo
5,3369E+00
4, 9754E400
U,6263€+00
4,2920€¢00
3. 97045000
3 67U2E+00
3 3919¢+¢00
3.127“E+00
2,8803E+00
e, 650!Eo00
2,4364E400
e, 23BSE¢OO
e, 0560E000
1. 88805+00
i, 73385000
¢ 5926E+00
1, aesaﬁooo
1, 3051E¢00
l.237oE+00
1,1380E¢+00
1,0476E+00
9.6513E=01
8,8994Ea01
8 21555-01
7 59055-01
7 2 0312Ee01}
6 51935-01
6 05485.01
5 «6309Ew0}
S 2““15-01
4 SQZQEOOl
4 57225-01
4 28295.0;
"N 0218E=0}
3 75595.01
3 57265-01

0.3 um
0.7 um
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92,0
94,0
Q6,0
98 _0
100,0
102,0
104,0
106,0
108,0
110,0
f12,0
114,0
116,0
118,0
120,0
122,0
124,0
126,0
128,0
130,0
132,0
134,0
136,0
1380
140,0
142,0
144 0
146,0
148 0
150,0
152,0
154,0
156,0
158,0
160,0
162,0
1640
166,0
168 0
170 0
172 0
170 .0
176 W0
173 .0
lBo 0

P(2,6)
3,3795fe0t
3,2051E0!
3,0484Ew0!
2,908SEe01
2,7843E=01
3 07“3E¢01
2,5770E=01
2.,4911€Ee01
2,4187E=01
2,3501E=01
2.29372'01
ZQEOQQECO‘
2,1745E0!
e,1492E=01
2,1300E001
e, 1164Ee01
2e1082Ee01
2,1053Ee01
2 1078E001
2,1156E=01
2.12375-0!
2,1468E=01
2.1692E-°1
2,1949Ea01

‘292229 e 01

2,2523E=01
ZQZBESE.Ol
2,3125E=01
Z.SOZSEUOl
2.37165-01
Z.“OOSEUUI
2.“2935.01
2,U586E=01
2,UB95Ee0t
2,5231Ee01
2.56!25.01
2,6053E=01
2,6567E=01
2,7150Ee01
e,7777€=01
2,8395E001
2,8931E=01
2.929BE«01
2,9430€E«01



P(»,0)
1.7106E¢0%
1,0732E¢01
1,5787E¢01}
1, 45595001
1, 32“15001
1, 19055401
{00727€+01
9,60642E+00
8 58!“8#00
7 65665+00
) 52055000
6 0769E¢OO
S 40B81E00
4 51232#00
4 ZBIOEQOO
3, 80“95000
3 3785€¢00
2,9995E+400
e, 66555000
e, 37285000
2,1189E+00
{, 9016E000
i, 71535000
1, 5513E+00
1, 00258#00
26555400
{, 1399E+00
1, 02625000
9 0 24068EwO
8 33055-01
? 53195-0!
6 5““75-01
6 25575-01
s 70205-0!
S 27755-01
4 84235-01
“.43715-01
4,0706E=0]
3,7T474Ee0}
3 06515-01
3 21955-01
3. 0037E-01
e, 80805-01
2 62685-01

,2 4600Ee0}
2, 31575-01

DG =
= 0.4 ym

0.5 um
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02,0

9,0

96,0

98,0
$00,0
10250
104,0
106, 0
108,0
10,0
112,0
14,0
116,0
118,90
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124,0
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APPENDIX C

PLUME DISCOLORATION PARAMETERS FOR VARIOUS NO, LINE-OF-SIGHT
INTEGRALS AND BACKGROUND CONDITIONS

This appendix contains the following plume-discoloration parameters:

> Blue-red ratio
> Plume contrast (» = 0.55 ym)

> Plume perceptibility AE (L*a*b*).

These parameters were calculated using PLUYUE, the plume visibility
model, for a scattering angle of 90°,* an assumed horizon-sky viewing

background, and the following input conditions:

> NOp line-of-sight integrals from 1 x 102 to 5 x 107 pg/m?.

> Plume-observer distances Tps and background visual ranges

r of5, 10, 20, 50, 100, 150, 200, and 250 km.
v
0

For plumes that are predominantly NO, (e.g., plumes from well- .
controlled power plants), the values of these parameters do not vary

significantly with scattering angle.
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061

BACXGROUND VISUAL RANGE (KM) 10.900
PLUME-OBSERVER DISTANCE (KM 5.00

(NO2) INTEGPAL BLUE-RZD HATld CONTRAST DELTA E
CUC/MkR2) ‘

1.0E+02 1.000 S -.000 .00
2.0E+02 1.000° - ~.0e0 .001
5.0E+02 1.000 -.¢00 . 002
1.05+03 1.060 -.009 .004
2.0E+03 1.000 -.009 .007
5.0T+63 1.000 -.009 .018
i.0E+04 1.000 -.000 .037
2.0E+04 .299 -.009 .073
5.0L+04 .998 -.001 .181
1.0E+03 .996 -.002 .355
2.05+05 .992 -.0C3 . 684
3.0E+05 .982 -.011 1.533
1.0E+06 971 -.021 2.587
2,0E+06 .961 -.040 3.863
5.0E+06 .960 -.079 5.761
1.0E+07 .970 -. 114 7.422
2,0E+07 .992 -. 126 8.625

3.0E+07 1.049 -. 141 9.727



6l

BACKGROUND VISUAL RANGE (KM 10.00
PLUME-OBSERVER DISTANCE (KM) 10.00

(N02) INTEGRAL  BLUE-RED RATIO CONTRAST DELTA €
(UG Ixx2)

1.0E+02 1.000 -.000 .000
2.0E+02 1.000 ~.000 .000
5.0E+02 1.000 -.009 .000
1.0E+03 1.000 ~.000 .0060
2.0L8+03 1.000 -.009 .001
5.0E+03 1.0900 -. 609 .001
1.0E+24 1.000 -.000 .003
2.0E+04 1.000 ~.000 .005
5.0E+04 1.000 -.009 .013
1.0E+03 1.060 -. 000D . 026
2.0E+03 1.000 -.001 . 0350
3.0E+03 .999 -.062 .118
1.0E+9Q6 . 999 -.003 .218
2.0E+06 .999 -.000 . 307
3.05+06 1.000 -.011 . 276
1.0E+07 1.003 -.016 . 151
2.0E+07 1.009 -.019 1.497

5.05+07 1.023 -. 020 1.901



é6l

BACKGROUND VISUAL BANGE (KM 20.00
PLUIE-OBSCRVER DISTANCE (IO J3.00

(}NA2) INTESRAL
CUG/MERED)
1.07+92
2.05+02
5.05+02
1.OE+93
2.0E+03
3.05+Q3
1.0E+04%
2.0E+04
5.05+04
1.0C+05
2.0E+05
3.0C+65
1.0E+06
2.0E+06
5.0E+06
1.0E+07
2.0LE+07
5.08+07

BDLUE-QED LATI0

CONTRAST

PELTA E

.209

.517
1.017
1.965
4.437
7.531
11.133
14.719
17. 127
183.728
19.729



€6l

BACKGROURD VISUAL RAKGE (KM} 20.069
PLUME~ORSERVER DISTANCE (KM) 10.09

(FN2) INTECRAL  BLUE-RED RATIO  CONTRAST DILTA E
(UG/M2::2)

1.0E+G2 1.600 -.000 . 000
2.0E+02 1.060 -.009 .001
5.0C+02 1.000 -.000 .001
1.0C+03 1.060 -.009 .003
2.0C+03 1.000 -.009 . 005
5.05+03 1.600 -.000 .013
1.0E+04 1.060 -.000 .026
2.05+04 .209 -. 000 .DG1
3.0C+34 .2%3 -. 001 . 126
1.0E+09 .996 ~.Q02 .2:8
2.9L+095 .203 -.003 . 477
3.90E+05 . 204 ~-.911 1.0?1
1.0E+Q06 .924 -.021 1.016
2.0E+06 065 ~.049 2.77

3.0E+08 . 204 -.979 %.380
1.0LE+07 .97 ~-. 114 5.8%4
2.05+07 .996 -. 136 6.989

5.0C+07 1.954 -. 141 7.951



v6l

BACEKCROUND VISUAL RANCE (KM) 20.09
PLUME-OBSERVER DISTANCE (I 15.90

(NO2) INTEGRAL
(UG/M*x2)
1.0E+02
2.05+02
5.00+92
1.0E+G3
2.0L+03
5.0E+08
1.0E+04
2.0E+04
5.0E+04
1.02+03
2.0E+03
5.0E+03
1.9E+0%
2.0%+06
5.05+06
1.0E+Q7
2.05+07
5.0E+07

BLUE-RED RATIO

1.000
1.060
1.000 '
1.000
1.000
1.000
1.000
1.0690
1.060
.999
.999
.997
.995
.094
.996
1.001
1.013
1.042

CONTRAST

-.000 '
-.€09
-.009
-.000
-.002
-.000
-.000
-.000
-.009
-. 001
-.602
-.604
-. 008
-.015
-.020
-.043
-.081"°
-.053

DELTA E

.000"
. 000
.000°
.001
.001
.003
.607
.013
.032
.064
1124
.233
.502
.845
1.601
2.313
2.836

3.4¢3



661

BACFKGROUXD VISUAL RANGE (KM 26.60
PLUME-OGSERVER DISTANCE (KM 29.00

(NO2) INTEGRAL BLUE-RED RATIO CONTRAST DELTA E
(UC/M*:#2)

1.0E+02 1.009 -.009 . 000
2.0E+02 1.000 -.000 .0¢0
3.051+032 1.009 -. 000 .090
1.05+03 1.03%0 ~.900 . 000
2.0E+03 1.0600 -.000 . 0006
5.0E+03 1.000 -.000 .001
1.0E+04 1.000 -.000 . 002
2.0C+04 1.G00 -.000 . 004
5.02+04 1.000 -.0Cv .010
1.CE+0QF 1.000 ~. 099 .019
2.0C+03 1.020 -.001 037
G.0E+Q5 . 999 -.9002 .088
1.02+@5 <999 -.003 . 166
2.08+06 . 999 -.000 . 303
5.0C+00 1.001 -.011 .629
1.0E+07 1.004 -.016 . 936
2.0E+07 1.010 -.019 1.217

5.0F+Q7?7 1.024 -.020 1.541



961

BACKGROUND VISUAL RANGE (KM) 50.00
PLUME-ODSERVEDR DISTANCE (KMD 3.60

(F02) INTEGRAL DLUE-RED iiATIO CONTRAST DELTA &
(UG/MR:2)

-

1.02+02 1.000 -.600 . 062
2. 0E+02 1.000 -.000 004
5.05+02 1.000 -.000 .010
1.0%+03 1.000 -.000 .019
2.05+03 .929 -.009 . 059
5.05+03 .998 -.001 .0%6
1.0E+04 .998 -.601 .193
2,.0E+04 .991 -.002 .304
5.0E+04 977 -.006 .953
1.0E+08 .956 ~.011 1.840
2.0C+05 .913 -.022 3.661
5.0C+03 .813 -.053 8.449
1.0E+96 .693 -. 103 14,795
2.0E+06 .574 -.190  22.827
5.0E+06 .504 -.3680  20.0343
1.0E+07 .51% -.546 02,047
2,05+07 .552 -.651 33.504

5.05+07 . 069 -.676 33.787



L6l

BACKGROUND VISUAL RANGE (KM) U00.00
PLULE-CBIERVER DISTANCE (KM 10.00

(NO2) INTECRAL BLUE~-RED RATIO CONTRAST DELTA E
CUG/E:2)

1.0E+02 1.000 -.009 .001
2.0E+02 1.000 -.000 .002
3.0E+02 1.000 ~.000 .003
1.0E+03 1.000 -.000 011
2.0E+03 1.000 -.009 .021
5.0E+03 .999 -.000 .653
1.00+04 .998 -.001 . 106
2.0E+04 .998 -.002 .212
5.0C+04 .908 -.004 .524
1.0E+05 .977 -.007 1.032
2.0E+05 .956 -.015 1.906
3.0E+03 .904 -.026 4.324
1.0E+06 .844 ~-.069 7.718
2.0L+06 .T83 -.128 11.499
3.0C+06 .T54 . -.237 15.267
1.0E+07 .771 -.369 17.968
2.0E+07 .811 ~.440 19.870

3.0C+07 .932 ~.487 20.912



861

BACKGROUND VISUAL RANGE (KM
PLUME-OESETRVEN DISTANCE (KM

(NN2) INTEGRAL
(UG/Mx*2)
1.0E+02
2.0E+22
3.0E+02
1.05+03
2.0E+03
5.0E+03
1.0E+04
2.0E+04
3.0E+04
1.0E+93
2,0E+09
5.9E+03
1.0E+06
2.0E+06
5.0E+06
l.QE+07
2.0L+07
3.05+67

BLUE-RED RAT10

1.909
1.000
1.000
1.609
1.000
. 999
. 999
. 998
.994
. 288
. 978
.951
.N21
. 890
. 330
.396
.931

1.022

50.00
15.00

CONTRAST DELTA E

. 000 . 001
. 000 . 601
. 009 .003
. 600 . 606
. 000 .012
. 000 . 029
.001 . 059
. 001 117
. 003 .289
. 005 . 5686
.010 1.098
.024 2.462.
. 047 4.162
. 087 6.198
. 174 8.868
. 2059 11.295

. 298 12.971
.309 14.111



661

. BACKGROUND VISUAL RANGE Jf&G1
PLUME~OPRSERVER DISTANCE XD 0.0

C(HD2) INTECRAL DBLVE-RLLD BATIO CONTRAST DELTA E
( UG/ Mk2)

1.07+02 1.060 -. 000 L8050
2.0F+02 1.000 -.000 .001
3.08+02 1.9000 ~.009 . 002
1.0E+@J3 1.000 ~.099 .0603
2.0E+03 1.000 -.000 . 007
5.0E+03 1.000 -.000 .016
1.0C+04 . 999 -.000 .033
2.0E+94 . 999 ~.001 .065
5.0E+0% .997 -.002 . 160
1.0E+03 .294 -.003 .34
2.0C+05 . 2389 ~-.007 . 606
3.0E+03 975 -.017 1.361
1.0E+96 .960 -.032 2.308
2.0E+96 .943 -.039 3.515
5.0E+06 . 943 -. 117 5.548
1.05+07 .957 -.162 7.4%4
2.0E+07 . 985 -.201 8.833

5.0E+07 1.064 -.209 9.872



002

BACKGROUND Vv, ~UAL TANGE (KM 50 nn
PLUMNE-OBDSERVER DISTANCE (KM) 30.00

(RC2) INTZGRAL BLUE-RED RATIO CONTRAST DELTA E
UG/ Mk 2)

1.0E+C2 1.000 -.000 . 000
2.0Z+02 1.000 -.000 . 000
3.0E-02 1.060 -.000 001
1.0E+03 1.000 -.000 .001
2.0E+03 1.200 -.000 . 002
5.0E+03 1.000 -.000 . 003
1.0E+04 1.000 -.009 .010
2.0r+04 1.000 -.000 .021
5.0E+04 +999 -.001 .0G1
1.0E+05 .9290 -.002 . 101
2.0E+05 .997 -.003 . 195
5.0E+G3 . 994 -.008 . 445
1.9E+06 .990 -.015 . 764
2.0LE+06 .98? -.027 1.306
5.0+ 990 -.004 2,449
1.0E+07 .999 -.977 3.515
2.0E+07 1.016 -.092 4.309

3.NE+O7 1.061 . 096 5.036



e

BACKGROUND VISUAL RANGE (KM) $80.00
PLUTIE-OBSERVER DISTANRCE (KM) 49.00

(KO2) INTEGRAL  BLYUE-RED RATIO CONTRAST DELTA E
(UG/Mxx2)

1.0E+02 1.000 -.000 . 000
2.0C+92 1.000 ) -.000 . 009
3.0E+02 1.000 -.009 . 600
1.6E+03 1.000 -.000 . 600
2.05+03 1.000 -.069 .001
5.0E+03 1.000 -.000 . 002
1.05-04% 1.CCO -.0600 . 004
2.9E+04 1.000 ~.000 . 007
5.0E+04 1.0900 -.000 .018
1.0E+05 1.000 -.001 . 036
2.0E+05 . 999 -.001 . 071
3.0E+03 .999 -.903 . 168
1.9E+06 . 998 -.007 .313
2.0E+06 .298 -.012 .67
5.05+06 1.000 -.025 1. 158
1.0E+07? 1.006 -.033 1.699
2.0E+07 1.016 -.042 2.147

5.0E+07 1.042 -.044 2.614



202

BACKGROUND VISUAL RANGE (KM) 050.00
PLUME~OBSERVER DISTANCE (KM) 50.00

(NO2) INTEGRAL
(UG/Mk:2)
1.0E+@2
2.0E+02
$.0E+92
1.0E+83
2.0E+63
3.0E+03
1.9E+{4
2.0E+04
5.0E+04
1.0E+0B
2.0E+05
5.0E+03
1.0E+06
2.0E+06
3.0E+06
1.0E+07
2.05E+97
5.05+07

BLUE-RED RATIO

1.000
1.000
1.000
1.0€0
1.900
1.060
1.0€0
1.000
1.600
1.000
1.000
1.000
1.900
1.000
1.602
1.003
1.9211
1.026

CONTRAST

-.000
-.000
-.0C9
-.000
-.000
-.000

. 000
-.000

. 000

. 000

. 001

. 002
-.003
-.006
-.011
.016

-.0l9
-.020

DELTA E

. 000
. 000
. 000
-000
. 000
. 001
. 002
. 093
. 698
.015
-039
.073
. 141
. 266
.556
. 326
1.076
1.364



€02

DACKGROUND VISUAL RANGE (KM 109.0
PLUME~OBSERVER DISTANCE (KM 5.00

(NO2) INTEGRAL BLUE~RED RATIO  CONTRAST ZLTA E
(JG/M#:x2)

1.0E+02 1.000 -.009 . 002
2.00+02 1.000 -.000 . 005
§.0E+02 1.000 -.9009 .012
1.0L+03 . 999 -.609 . 024
2.054+03 + 999 -.009 . 047
5.02+03 297 -.001 .118
1.0C+04 .294 -.001 . 255
2.0C+04 . 080 -.003 . 470
5.05E+0% .970 -.007 1.167
1.0E+03 941 -.013 2.368
2.0E+095 . 886 ~-.02? 4.514
5.0E+03 . 750 -.063 10.656
1.0E+06 .592 -. 129 18.892
2.0E+06 . 427 -.231 39.243
9.0E+06 .329 ~.462 41.397
1.6£+07 . 234 -.664 43.263
2.0C+07 .361 -.792 44.532

§.05+07 . 463 -.B822 43.902



¥02

BACKGROUND VISUAL PANGE (KM) 100.6
PLUILE~OBSERVER DISTANCE (KM) 10.09

(1i2) INTESRAL
(UG/Tk2)
1.08+02
2.0E+02
5.0E+02
1.6E+03
2.05+03
5.0E+03
1.0E+04
2.05+04
5.0E+04
1.0E+05
2.0E+05
5.0E+05
1.02+06
2.0LE+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

BLYE-RED NATIO

CONTRAST

1 i 1 I |
e S & O
O D O D
- e 3.0 D

I
)
—
—

DFLTA Z

.002
.003
. 009
017
.024
. 036
171
.341
.845
1.668
3.246
7.478
13.060
20.081
26.427
29.246
31.489
32. 139



§0¢

DACKGROUND VISUAL RANCE (KM 100.0
PLUME-OBSERVER DISTANCE (KM) 13.00

(N0O2) INTEGRAL BLUE-RED RATIO CONTRAST DELTA E
(UG/Mxx2)

1.0E+02 1.000 -.000 .001
2,.0C+02 (.000 -.000 .002
5.0E+02 1.000 -.000 .006
1.0E+03 1.000 -.060 .012
2.0L+03 .999 -.000 .025
3.0E+03 .999 -.000 - .062
1.0E+04 .997 ~.001 .124
2.0E+04 .994 ~-.002 .247
5.0E+04 .986 -.005 .613
1.0E+03 .972 -.009 1.207
2.0E+03 .246 -.018 2.320
5.0E+03 .a82 -.044 5.333
1.0E+06 .807 -.083 9.177
2.0Z+06 .732 -.156 13.823
5.05+06 . 694 -.312 18.429
1.0E+07 711 -.449  21.662
2,05+07 754 -.336  24.065

3.Q05+07 . 889 -.306 25.152



90¢

BACKGROURD VISUAL RANGE (KM) 100.0
PLUME-OBSEZRVER DISTANCE (KD 20.00

(NO2) INTEGRAL BLUE-RED RAT1O CONTRAST DELTA E
(UG/Mk:k2)

1.0E+02 1.000 ~.000 .001
2,CE+02 1.0%0 -.000 .602
5.0L+02 1.000 ~.000 .60%
1.0E+03 1.000 -.000 .009
2.0E+03 1.000 -.000 .018
5.0E+03 .999 -.000 .045
1.0E+0% .998 -.001 .690
2.0E+04 .996 -.002 .130
5.0LE+04 .990 -.004 .445
1.0E+05 .931 -.007 .874
2.0L+03 .963 -.013 1.691
3.0E+05 919 -.036 3.829
1.0E+06 .868 -.070 6.528
2,0E+06 817 -.128 9.768
5.0E+06 .795 -.257 13.532
1.0E+07 .313 -.370 16.789
2.0E+07 .836 -.441 19.091

5.0E+07 . 986 -.4567 20.332



L0

DPACKGROUND VISUAL RANGE (KM 109.0
PLUMNE~OBSERVER DISTANCE (KM) 30.09

(N22) INTEGRAL BLUE-RED PATIO  CONTRAWT DELTA E
(UG/ME#2)

1.0E+02 1.000 -.009 . 0600
2.05+02 1.000 ~-.009 .001
5.9E+02 1.300 -.000 . 002
1.00+G3 1.200 =. 000 . 005
2.0E+93 1.000 -.009 010
8.0E+03 1.0€0 -.000 . 024
1.0E+04 .99 -.001 . 048
2.0CE+94 .998 -.001 . 093
5.0E+04 <993 ~.003 . 235
1.0C+03 991 ~-. 005 462
2.0KE+05 . 233 -.019 .3921
5.0E+05 .962 -.024 2.007
1.0E+06 .7239 -.047 3.413
2.09E+06 916 -.087 3.190
5.0E+06 .910 -.174 8.056
1.QE+07 .9208 ~-.259 10.820
2.9E+07 . 964 -.290 12.710

5.0E+07 1.071 -.319 13.942



802

BACKGROUND VISUAL RANGE (KM) 100.0
PLUME-OBSERVER DISTANCE (KM) 40.00

(N02) INTEGRAL
(UG/MEx2)
1.0E+02
2.0E+02
5.0E+02
1.0E+¢3
2.05+03
§.0E+03
1.0C+04
2,0E+04
5.0C+04
1.0E+05
2.0E+03
§.0E+03
1.0E+06
2.0E+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

BLUE-RED RATIO

1.000
1.000
1.000
1.600
1.000
1.000
1.000
.999
.298
.996
. 992
.982
972
. 962
.963
.978
1.007
1.089

CONTRAST

DELTA E



602

BACKCROUND VISUAL RANGE (KM)
PLUME-OBSERVER DISTANCE (KM

(NO2) INTEGRAL

(UG/TEx2)
1.0E+92
2.0E+02
5.0E+02
1,0Z+03
2.0E+03
5.6E+83
1.00+04
2.0E+04
$5.0E+04
1.0E+853
2.0E+065
5.0E+05
1.0E+06
2.9E+06
5.0E+06
1.0E+07

- 2.0E+07
5.0E+07

BLUE-RED RATIO

1.000
1.000
1.000
1.000
1.009
1.000
1.069
1.Co0
.999
. 998
-296
.292
.088
.984
. 987
. 999
1.022
1.084

100.0
50.00

CONTRAST

. 000
. 000
. 000
. 000
. €00
. 009
. 009
. 0890
.001
.02
. 005
.011
022
. 040
. 089
. 113
. 137

DELTA E

. 000
. 000
.001
.001
. 003
. 007
.014
. 028
.070
. 138
267
.613
1.090
1.842
3.512
5.051
6.14%
7.051



OLe

DBACI'GROUND VISUAL RANGE (FM) 100.9
PLIPRE-QOESEAVER DISTANCE (KM  169.0

(NO2) INTEGRAL
( UG/ M)

1.0E+62
2.0E+02

5.0E+02}

1.0E+03
2. 0L+03
5.er+03
1.0E+04
2.0E+04
5.0E+04
1.0E+65
2.0E+00
5.0C+03
1.05+06
2.05+06
5.0E+06
1.05+07
2.0E+07

3.0Z+07

BLIL

~RT%D RATIO

1.0690
1.000
1.000
1.000
1.900
1.000
1.000
1.000
1.000
1.060
1.050
1.600
1.0600
1.001
1.003
1.006
1.012
1.027

CONTPRAST

-.000

. 000
~.000
-.000
-.9090
-.000
-.000
-.000
-. 000

. 989

.001{

. 003

. 906

012

017
-.029
-.020

DELTA E



Lie

BACKCROUNRD VISUAL RANGE (KM 1850.0
PLUME-OBSERVER DISTANCE (KM 5.00

(NO2) INTEGRAL  BLUE-RED RATIO CONTRAST DELTA E
(UG/Mx%2)

1.0E+02 1.000 -.000 . 003
2.0E+02 1.000 -.000 . 005
§.0E+02 1.000 -.000 .013
1.0E+03 .999 -.000 .25
2.0E+03 .999 -.000 .051
5.0CE+03 . 997 -.001 . 1272
1.0E+04 .993 -.001 . 263
2.05+04 . 986 -.003 . 306
5.0E+04 . 267 -.007 1.256
1.0LE+05 . 935 -.014 2.487
2.0E+63 . 879 -.028 4.073
3.0E+03 . 728 -.069 11.460
1.0E+06 530 -. 133 20.7056
2.0E+06 .368 -.247 33.622
$.0E+06 . 2357 -.493 47.793
1.0E+07 .29 ~-.709 49.714
2.0E+07 . 281 -.843% 50.786

5.05+07 .258 -.870 49.940



4 ¢4

BACKGROUND VISUAL RANCE (XM)

PLUME-OESERVER DISTANCE (KID  10.00

(NO2) IFTEGCRAL

(UG/M%x*x2)

1.0E+02
2.0E+02
5.0E+62
1.0E+03
2.0E+03
5.0E+03
1.0E+04
2.0E+04
5.0E+04
1.0E+05
2.0E+03
5.0E+03
1.0E+06
2.0E+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

BLUE-TED RATIO

CONTRAST

-.000
-.000
-.000
~.000
-.000

. 001

Q01
-'008

. 006
-.013

150.90

DELTA E

.002
.004
.010
.620
.040
. 101
.202
. 402
.998
1.972
3.048
8.937

16.814

24.844
33.202
36.091
58.543
38.918



€Le

RACKCI*IUND VISUAIL, RANGE (KM 150.0
PLUME-OBSERVIER DISTANCE (KD 15.09

(NO2) INTEGRAL BLUE~RED RATIO CONTRART DELTA E
CUG/Hx*x2)

1.0E+02 1.000 =. Qo0 002
S.05+02 1.0720 -.00) .03
5.0E+02 1.000 ~-. 0609 GG
1.0E+63 1.000 -.000 016
2.0E+03 L9009 -.000 L0332
3.0E+03 9200 -.001% . 060
1.05+04 .006 -.601 . 160
2.0C+04 992 ~-.002 . G20
3.0C+04 .981 =. 00 YOH
I.0E+0Q3 .962 -.08 1.0364
2.0E+05 .003 -.022 3.0
5.08+05 LO2 -.0%4 7.601
1.QE+00 Ny g ~. 103 12.295
2.05+9% -H59 —. 190 13.702
3.0L406 IR -, 30D 24,021
1.0E+07 .599 -.847 28.416
2.061+07 o4 -.002 31.265

5.0%4+97 L5708 -.677¢ 32.190



vie

RACKGROUND VISUAL RANGE (M) 150.0
VLUME-OBSERVER DISTANCE (KM) 26.00

(NO2)Y TNTECRAL BLYE-RED RATIO CONTRAST DELTA L

UGS/ EE2)

1.0E+02 1.000 -.000 .001
2. 0E+02 1.000 ~.009 . 003
5.95+02 1.000 -.009 096
1.05+03 1.060 -.000 .013
2.0E+03 .999 -.000 026
5.0E+03 .999 -.000 .064
1.0E+04 .997 -.001 128
2.0E+04 .994 -.002 255
5.0E+04 .9G5 -.005 631
1.0E+05 971 -.0109 1.242
2.0E+05 .045 -.010 2.410
5.05+05 .£50 -.047 5.503
1.0E+06 .8¢5 -.990 9.493
2.05+06 .728 -. 167 14.333
5.0E+06 .60 -.33 19.464
1.0E+07 .708 -.430  23.298
2.0%+07 .753 -.572 26.202

5.03+07 . 896 -.594 27.3923



SlLe

BACKGROUND VISUAL RANGE (KM 156.0
PLUME-OBSERVER DISTANCE (KM) 30.00

(NO2) INTRGRAL
CUG/11xk:2)
1.0E+02
2.0E+02
5.5E+02
1.0E+63
2.05+Q3
5.0E+O3
1.9F+04
2,0E+04
5.0L+94
1.9L+03
2.0C+00
5.0E+07
1.0E+06
2.0LE+06
G.0CE+46
1.0C8+G7
2.0C+07

5.0E+67

BLUE-RED RATIO

CONTRAST

-.009
-. 069
-.009
~-. 080
-.000
-.000
~-.601
-.002
-.004
-.007
-.015
-.036
-. 070
-. 129

-.441

~-.458

DELTA E

1.52

=~

3.441
5.875
8.867
12.904
16.727
19.372
l0.788



9L

BACKGROUND VISUAL RANGE (KM
PLUME-OBSERVER DISTANCE (KM

(NO2) INTEGRAL
(UG/Mkx2)
1.0E+92
2.0E+02
5.0E+02
1.05+03
2.02+03
3.9E+03
1.0E+04
2,.0L+04
3.0C+04
1.0E+05
2.0L5+05
5.0E+05
1.0E+06
2.05+06
3.0E+06
1.0E+07
2.0E+07
5.0E+907

BLUE-RED RATIO

1.000
1.600
1.000
1.999
1.000
1.000
.999
.998
. 993
.9291
. 982
.961
. 937
914
. 969
.920
. 968
1.686

150.0
43,09

CONTRAST

. 000
. 000
.000
. Q00
. 060
. 099
. 001
. 091
. 003
. 006
011
0286
. 054
. 099

DELTA E

.001
. 001
. 663
.695
.010

.0G2



L1e

BACKCHOUND ViISUAL RANGE (kM 150.8
PLUME-OBSERVER DISTANCE (KM) 050.60

(NO2) INTEGRAL
UG/ Me2)
1.0E+02
2.0E+02
5.0E+02
1.0E+03
2.0C+03
5.0E+03
1.0E+04
2.0LE+04
5.0L+04
1.0E+03
2.0E+03
5.0E+08
1.0E+06
2.0E+06
3.0E+06
1.0E+07
2.0E+07
5.0CE+07

BLUE-RED RATI10

CONTRAST

DELTA E



8Le

BACKGROUND VISUAL RANCE (KM) 150.0
PLUNME-OBSERVER DISTANCE (KD 109.0

(1O2) INTECRAL
(YG/Mxk2)
1.0E+02
2.0E+02
3.0E+02
1.0E+03
2.045+03
5.0E+03
1.6E+04
2.05+04
3.0C+04
1.0E+05
2.0LE+05
5.0C+05
1.0E+06
2.0+05
5.0E+GYS
1.05+67
2.0E+07

5.00+27

BLUE-TED RATIO

CONTRAST

{
@
2
[~

I
<
)
()

I
2
A4
&

I
]
(]
]

!
hel
.3

o
°
-
-

|
[
ne
[

DELTA E



6le

BACKXGROUND VISUAL RANGE (KM) 154.0
PLUME-{*BSERVER DISTANCE (IOD 150.0

(RO2) INTEGRAL
(UGC/Mxx2)
1.05+02
2,.05+02
5.9E+Q2
1.0E+03
2.0E8+03
5.0E+03
1.08+C4
2.0E+04
3.0E+04
1.0E+03
2.0E+05
5.0CE+05
1.0E+06
2.0E+06G
G.0E+00
1.O0E+O7
2.0E+07
3.0E+07

BLUE-RED RATIO

1.4960
1.639
1.900
1.000
1.069
1.900
1.2800
1.000
1.000
1.000
1.009
1.909
1.099
1.001
1.092
1.033
1.010

1.623

CONTRAST DELTA E

-.099 .000
-.€09 .000
-.0990 . 600
-.000 .0%60
-.03¢ .000
-.090 .001
-.000 .002
-.000 .003
-.000 .008
-.000 .017
-.001 .034
-fgon .083
-.003 . 160
-.006 .300
-.012 .600
-.017 .Con
-.021 1.122

~-.621 1.377



022

BACKGROUND VISUAL RANGE (KM) 260.0
PLUME-QISERVER DISTANCE (IQD 5.00

(N02) INTEGRAL DLUE-TED ATYO CONTIAST DELTA &
CUG/TLKk:2)

1.05+02 1.000 -. Q00 . 003
C.OE+0U 1.000 —.090 .G0%
5.0Z+02 1.090 -.000 G113
1.0C+@3 . 999 -. 000 O

2.0C+C63 . 929 -.000 LGB0
5.0E+G3 OO -.001 . 1302
1.0E+04 .093 -.001 . 264
2.0L+04 . 986 -.003 .52%¢
5.0E+04 . 965 -.007 1.210
1.0E+0S .931 -.015 2.5%4
2.05+90 . C69 -.029 .5.0637
5.0E+C5 711 -.072 11.999
1.0C+CO .B20 ~.133 21.7%4
2.0E+0C6 . 287 -.255 36.063
3.0C+06 219 -.509 G.003
1.CE+O7 219 ~-.732 34,037

2.0E+07 L2385 -.673 55.169
5.02+07 . 206 -.907 54.190



Lee

BACKGROUND VISUAL RANCGE (KM 296.0
PLUME~OSSERVER DISTANCE (KD

(N02) INTEGRAL
(UG/MRE2)
1,0E+02
2.0CE+02
5.0GE+02
1.05+03
2.0E+03
5.05+03
1.0E+04
2.0E+04
5.CE+04
1.0E+03
2.0E+03
5.0r+03
1.0E+06
2.05+05
5.0C+06
1.0E+07
2.05+07
5.05+07

PLUE-RED RATIO

10.069

CONTRAST

DELTA E

v
=
B

40.945
43.563
43.771



aée

BACKGROUND VISTALL RANGE (KM) 200.0
PLUME~QDSERVER DISTANCE (KID  15.00

(NO2) INTEGRAL BLUF-RED RATIO CONTRAST DELTA E
(UG/Mxx2)

1.0E+02 1.000 -.000 .902
2.0E+02 1.060 ~.000 . 004
5.GE+02 1.000 -.000 .000
1.05+03 1.000 -.000 .018
2.0C+03 .999 -.0C0 .037
5.05+03 998 -.601 .092
1.0E+04 . 395 -.601 . 189
2.0C+04 .991 -.002 . 366
5.0L+04 .978 -.006 907
1.6%+05 .956 -.012 1.790
2.05+95 017 -.024 .3.490
5.0E+05 .817 -.659 8.076
1.0E+06 701 -. 119 14.296
2, 0L+06 .582 -.209 22.114
5.0L+06 .515 ~.419 29,669
1.0E+07 .528 -.602  093.313
2,0E+07 .568 -.718  36.516

§.0E+07 .700 -.746 37.301



€2e

BACKGROUND VISUAL. RANGE (KM) 200.0
PLUME-OBSERVER DISTANCE (KM 20.00

(NO2) INTEGRAL
CUG/Mx:x2)
1.0E+02
2.0E+02
3.0E+02
1.0L+03
2.0E+03
3.0E+03
1.0E+064
2.0C+04
9.0E+04
1.0E+05
2.0E+03
5.0E+05
1.0E+06
2.0E+26
J.0E+06
1.0E+07
2.0E+907
3.0E+07

BLUE-RED RATIO

1.000
1.000
1.000
1.060
. 999
.998
+996
.993
.082
.965
.934
. 854
762
. 668
.618
. 6308
. 6890
. 324

CONTRAST

-.000
~.000
-.600
-.000
-.000
-.001
-.001
-.002
-.,006
-.011
-.022
-.033
-. 103
-.190
-.389
-.546
-.681
-.676

DELTA E

« 002
.003

. 008
.015

. 031
.076

. 153
.305
755
1.489
2.895
6.654
11.585
17.763
23.969
28. 141
31.518
32.613



¥ee

BACKGROUND VISUAL RANGE (KM) 2@0.9
PLUNME-OZSERVER DISTANCE (KM) 830.00

(ND2) INTEGRAL

(UG/Mx:12)
1.0E+02
2.0E+02
5.0E+02
1.0E+03
2.0E+63
5.0E+03
1.0E+904
2.0E+04
5.0E+04
1.0E+05
2.0LE+65
5.0E+03
1.0E+06
2.0E+06
3.0E+06
1.0E+07
2.0E+07
5.0C5+07

BLUE-RED RATIO

CONTRAST

-.000
-.600
-.000
-.000
-.000

. 000
-.001
-.002
-.005
-.0069
.018

. 044 .
. 080
. 156

.312

. 449

DELTA E

2
4.555
7

k)

.83
11.869
16.636
21.355
24.601
25.951



622

BACKGROUND VISUAL RANGE (KM 200.0
PLUHE-OBSENRVER PISTANCE (KD 40.00

(NQ2) INTEGTAL
(UG/Mxx2)
1,0E+62
Z.0E+02
&.0E+02
1.0E+63
2.0E+93
5.0%+03
1.0E+04
2.0E+04
3.0C+04
1.0E+05
2.0E+03
5.0E+05
1.9E+06
2.0E+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

BLUE-RED RATIO

1.0690
1.000
1.000
1.000
1.000
. 999
.999
. 997
.993
. 986
.973
. 942
. 906
.370
. 858
.079
. 925
1.063

CONTRAST

-.000
_0000

. 000

. 000
. 000

. 009

.00t

-.002

. 009

. 007
-.015
-.036
-.070
. 128

-.369
~.441
-.457

DELTA E

.001
.001

. 004

. 097
.015
.037
074

. 148

. 366

. 720
1.392
3.154
5.403
8.255
12.639
16.949
19.849

21.241



92¢

BACKGROUND VISUAL. RANRGE (KM) 200.0
PLUME-QBSERVER DISTANCE (KM) §0.00

N02) INTESDAL RLUE-RED RATIO CONTRAST DELTA F
CUG/MR2)

1.05+02 1.000 -.000 .001
2,0L+02 1.000 ~.000 .001
5.0E+02 1.060 -.000 .003
1.02+03 1.600 -.000 .005
2.0E+03 1.609 -.020 .010
5.0E+03 1.000 -.000 .026
1.0E+04 .209 -.001 .052
3.0E+04 .998 -.601 . 104
5.0E+04 .996 -.063 . 257
1.0E+05 .991 ~.006 .506
2. OE+05 .983 -.012 .978
5.0E+05 . 964 -.039 2.216
1.0E+06 .941 -.057 3.015
2. 0E+06 .920 -.165 5.965
5.0L+06 016 -.211 9.909
1.0E+07 .956 -.304 13.769
2.01+07 .973 ~.062 16.288

5.0E+07 1.102 ~-.376 17.633



Lee

DACKGCROUND VISUAL RANGE (KM 200.0
PLUIME~OBSERVER DISTANCE (ITD 10v0.0

(RQ2) ITTECRAL BLUE-RED RATIO CONTPAST DELTA E
(UG/Th:k2)

1.0E+02 1.060 -.000 .090
2.0E+02 1.000 -.000 . 000
5.0E+02 1.000 -.000 .001
1.0C+03 1.000 -.000 .001
2.05+03 1.¢00 -.000 . 002
5.0E+03 1.CCO -.000 006
1.0E+04 1.0€0 -.000 012
2.0CL+04 1.000 -.0060 .023
5.0CE+04 1.060 -. 091 . 058
1.0E+05 .999 -.002 .114
2.0E+03 .299 ~.003 . 225
5.05+03 .997 -.011 .337
1.0E+96 . 099 -.022 1.010
2.CE+06 .295 -.040 1.0345
$.0E+06 1.0060 -.0G0 3.746
1.0E+07 1.011 -. 114 H.3%0
2.0E+07 1.632 -. 136 6.528
5.0E+07 1.690 -. 142 7.378



822

DACVGNOUND VISUAL RANCE (KM 200.0
PLUMNE~QESERVER DISTANCE (KIMD 159.0

(NN2) INTEGRAL
(UG/Mx:x2)
1.00+02
2.0E+02
G.0E+02
1.05+93
2.6C+03
3.0E+33
1.0C+04
2.0E+04
3.0L+04
1.0E+03
2.0LE+65
3.0C+03
1.0E+06
2.0E+C6
5.05+00
1.0E+07
2.01+07

5.008+07

BLUE-RED RATIO

1.000
1.500
1.0600
1.020
1.060
1.0C0
1.090
1.009
1.000
1.000
1.000
1.000
1.600
1.001
1.004
1.603
1.018

1.942

CONTRART

DELTA E

. 000
. 000
.0%0
000
.001
. 002
. 004
.003
.021
. 042
.Gad
.203
393
. 736
1.4721
2.134
2.0183
3.045



622

BACKGROUND VISUAL RANGE (KM} 2006.0
PLUME-OBSERVER DISTANCE (KIM) 200.0

(NQ2) INTEGRAL
(UG/M¥%2)
1.0E+02
2.0E+02
8.0C+02
1.0E+063
2.0L+03
§.0CE+03
1.0E+04
2.0CL+04
5.0L+94
1.0E+05
2.0LE+05
3.0C+03
1.0E+66
2.0L+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

DLUE-RED RATIO

1.000
1.000
1.000
1.600
1.000
1.060
1.0060
1.000
1.000
1.000
1.000
1.000
1.009
1.600
1.001
1.003
1.056
1.013

CONTRAST

-.000
-.000
-.000
~-.000
~.000
-.000
-.000

. 000

.000

.060

.001
-.002

.603
-.006

.011

016
-.020

-.020

DPELTA E



0€e

BACKGROUND VISUAL RANGE (KM) 230.0
PLUNE~OESERVER BISTANCE (KD 5.00

(NO2) 'NTEGRAL BLUE-RED RATIO CONTRAST DIFLTA R
(UG/Tik2)

1.0E+02 1.000 -.000 .003
2,0E+02 1.000 -.000 .005
5.0C+02 1.000 -.000 .014
1.0E+03 .999 -.000 .027
2.0E+03 .999 -.000 .054
5.0C+03 .996 -.001 . 136
1.CE+04 .993 -.002 .271
2.0E+04 .985 -.003 .B42
5.0E+04 .964 -.008 1.847
1.0C+05 .929 -.013 2.668
2.0E+05 . 865 -.030 5.236
5.0E+05 .703 -.073 12.372
1.0E+06 514 -.140  22.548
2.0E+06 .317 -.269  37.523
5.0E+06 . 195 -.519  G5.254
1.0E+07 . 194 -.747  67.677
2.05+07 211 -.890  58.499

§5.05+07 272 ~.924 §7.484



Lee

BACKGROUND VISUAIL RANCE (KM) 259.0
PLUIE-OBSERVER DISTANCE (KM 10.09

(NO2) INTFNAL
(UG/Ix%2)
1.0E+02
2.05E+02
5.0E+02
1.0E+03
2.90E+03
5.08+03
1.0E+04
2.0E+04
5.0C+04
1.0E+03
2.0c+05
5.0E+0S
1.0E+06
2.0CE+06
5.0E+06
1.0E+07
2.0E+07
5.0C+07

BLUE~-RED RATIO

1.000
1.000
1.000
.999
. 999
.997
. 994
.988
. 970
. 042
. 889
. 756
.601
441
. 345
.352
. 301
. 482

[
»

CONTRAST

-.000
-. 000
-.000
~.000
~.000
~.001
~-.001
~.003
-.007
~-.014
~.028
-.063
~. 130
~-. 240
~.480
-.690
-.823
-.854

DELTA E

. 002
. 0035
012
.623
047
116

. 464
1.152
2.279
4.460
10.441
18.721

30.137
41.743
44.645
47.390
47.501



AN

DACKGIOUND VISUAL RANGE (KM) 200.0
PLUME-OBSIRVER DISTANCE (KM §5.00

(NO2) INTECRAL
(UG/M+%x2)
1.0E+02
2.0T+62
3.05+02
1.0E+03
2.05+93
$.0K8+03
1.0T+04
2.0CE+04
5.0E+04
1.0E+05
2.0E+85
5.0E+05
1.0LE+06
2.0E+06
3.0LE+006
1.0E+0H7
2.0E+07
5.0C+07

BLUE-RED RATIO

1.000
(.000
1.000
1.000
.999

CONTRAST

-.000
-, 0069
-.000
-.069

L] 000
-.001

. 001
~-.003

-.013

. 026

-. 129

-.443
~.638
~.761
-.790

DELTA E

. 002
004
L0110

. 020

. 640

. 100

« 199

. 397

. 986
1.948
3.0602
8.822
15.636
24.601
33.327
37.078
40.365
41.248



€ee

BACKGROUND VISUAL RANGE (KM) 250.0
PLUIIE-OCSENVER DISTARCE (KM 20.00

(ne?2) INTEGRAL BLUE-RED RATIN  CONTRAST DELTA E
(UG/TMikk2)

1.CE+02 1.600 -.600 . 002
2.0E+G2 1.000 ~. 000 .603
5.0E+02 1.000 -.000 .GO9
1.GE+03 1.660 -.000 017
2.0E+03 .999 -.000 . 034
5.0E+03 .998 -.001 . 083
1.0E+04 .996 -.001 .171
2.0E+04 .092 -.002 « 310
3.0E+04 .20 -.06060 .B24
1.0E+03 .261 -.012 1.606
2.05+03 .923 -.024 3.244
5.08+05 . 836 -.058 7.409
1.0E+96 .733 ~. 111 13. 124
2.0LE+06 . 626 ~-.205 20.329
5.0E+G6 .560 -.410 27.512
!.0E+07 534 -.090 31.206
2.0E+07 . 027 -.703 35.660

J.0E+07 .09 ~.739 36.676



vee

BATCIGROUND VISUAL NMANGE (KD 259.0
PLUME-038ERVER DISTANCE (KM) 30.09

(RO2) INTESGRAL DLUE-RED PRATIO CONTRART DELTA E
CUS/ )

1.0E+02 1.000 -.060 .001
2.07+02 1.660 -.009 .003
5.65+02 1.060 ~.000 . 006
1.05+03 1.660 ~.000 .013
2.0C+03 .999 ~.000 .02

5.0L+63 .999 -.001 .063
1.05+04 .997 -.001 . 125
2.0L+04 .095 -.602 .250
5.0C+04 .987 -.005 .620
1.05+05 .74 -.010 1.221
2.0E+05 .950 -.020 2.270
5.0C+05 . 890 ~-.049 5.419
1.0E+06 .821 -.095 9.370
2.0%+06 .751 -.175 14.292
5.08+06 717 -.350  2£0.039
1.00+07 .737 -.504  25.044
2.0C+07 . 785 -.601  20.787

5.05+07 .939 -.623 30.021



GEe

BACKGROUND VISUAL RANGE (KD 2830.0
PLUME-OBSERVER DISTANCE (KM) 40.600

(NO2) INTECRAL
(UG/Tkx2)
1.05+02
2.0E+02
5.0E+02
1.6ec+03
2.05+03
5.0C+03
1.0C+04
2.0E+04
5.0C+04
1.0E+05
2,0E+05
5.0E+05
1.0E+06
2,.0L+06
' 5.0E+06
1.0E+07
2.0L+07
5.0E+07

BLUE~RED RATIO

CONTRAST

-.000
-.000
-.000

. 000

. 000

. 000
-.001

.002
-.604
-.009
.01?7

~.042
~.081

. 1530
-.299
~.4390

1

.513
~. 532

DELTA E



9¢€e

BACKGROUND VISUAL RANGE (KM) 200.0
PLUME~OBSERVER DISTANCE (KM) 060.00

(NO2) INTEGRAL
(UG/Mx:#:2)
1.0E+02
2.0E+02
3.0E+02
1.0E+03
2.0E+03
5.0E+03
1.05+04
2.0LE+04
5.0E+04
1.0E+03
2.0E+03
5.0E+05
1.6GE+06
2.0E+06
5.0E+06
1.0E+07
2.0E+07
5.0E+07

BLUE-RED RATI!O

1.000
1.000
1.000
1.000
1.000
.999
<999
.298
. 994
.988
.978
.951
. 920
.091
.883
904
. 950
1.090

CONTRAST

~.000
-.000
~.000
-.000
-.000
~.000
-.001
~-.001
-.004
-.007
-.015
-.036
-.069
-.128
-.235%9
-.367
-.439
-.450

DELTA [

+001
+ 001
.003
« 007
014
. 034
.069
« 197
.338
663
1.287
2.922
5.028
7.793
12.514
17. 197
20.265
21.643



LE2

BACKGROUND VISUAL RANGE (KM 259.0
FLUME-ODGSERVER DISTANCE (KM 109.0

(NO2) INTEGRAL
(UG/Mx:k2)
1.6E+02
2.0E+02
5.0E+02
1.0E+03
2.0T+03
5.0C+03
1.0E+04
2.0E+04
5.0L5+04
1.0C+05
2.0L+05
5.0E+05
1.0E+06
2.0E+06
5.005+06
1.00+07
2.0C+07
5.0C+07

BLUE-RED RATIO

1.000
1.000
1.000
1.000
1.000
1.000
1.600
1.000
.999
.999
097
.994
.991
.989
.994
1.008
1.033
1.110

CONTRAST DELTA E

-.000 .000
-.000 . 000
~-.000 .001
-.000 . 002
-.000 . 004
-.000 .009
-.000 .018
-.001 . 037
-.002 .021
-.003 . 189
-.097 362
-.016 8030
-.031 1.633
-.0350 2.740
-.119 5.434
-. 160 7.088
-.190 9.439
~. 200 10.420



8ee

BACKGROUND VISUAL RANGE wi» 25

9.0
PLUTE~-OBSERVER DISTANCE (KM 150.0

(NC2) INTEGRAL DLUE~RED RATIO CONTRAST DELTA E
(UG/ M)

1.0E+02 1.000 -.000 .000
2.0E+02 1.060 ¢ -.090 . 000
5.0E+02 1.000 -.000 - ° .000
1.05+03 1.000 -.000 .001
2. 0E+03 1.000 -.000 .001
5.0C+03 1.000 -.000 . 004
1.0C+04 1.000 -.000 .007
2.0E+04 1.000 -.000 .015
5.0E+04 1.000 -.001 .036
1.0E+05 1.000 ~.001 .072
2.0E+05 1.090 -.003 . 143
5.0E+05 .999 -.007 .349
1.0E+06 .999 -.014 .673
2.0E+06 1.009 -.026 1.256
5.0E+06 1.c04 -.051 2.549
1.0E+07 1.011 -.074 3.633
2.0E+07 1.024 -.088 4.381

5.0E+07 1.060 -.091 4.943



6€2

BACKGROUND VISUAL RANGE (KM
PLUME-QDSERVER DISTANCE (KM

(HO2) INTEGRAL
(UG/IMx%2)
1.0E+02
2.0E+02
5.0E+02
1.0r+03
2.0C+03
5.0E+03
1.0E+04
2.0L+04
5.0C+04
1.0E+€3
2.0E+05
3.0E+05
1.0L+006
2.0E+06
5.0E+06
1.0E+07
2,0E+07
5.0E+Q7

BLUE-RED RATIO

1.000
1.000
1.0€0
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.002
1.008
1.010
1.023

250.0
203.0

CONTRAST

DELTA E



ove

BACKGROUND VISUAL RARGE (KM 259.9
PLUME-OBSERVER DISTANCE (KM) 2530.0

(NO2) INTEGRAL
UG/ M:k::2)
1.0E+02
2.0LE+02
G.0LE+02
1.0E+03
2.0E+03
5.05+03
1.0E+04
2.00n+04
5.0LE+04
1.05+05
2.0E+05
35.0CE+03
1.0E+06
2.0L+06
5.0E+06
1.0E+07
2.0CE+07
5.0E+07

BLUE-RED RATIO

1.000
1.000
1.000
1.060
1.000
1.000
1.000
1.0€9
1.860
1.000
1.000
1.000
1.000

.999

.999
1.060
1.000
1.060

CONTRAST

-.000
-.000

. 000

. 000

. 000

. 000

.000

. 000
. 009

. 000

.001
.001

. 092
-.004
-.009
-.012
-.010
-.0135

DELTA E



APPENDIX D

REFERENCE FIGURES AND TABLES FOR POWER PLANT VISUAL IMPACTS

This appendix presents figures and tables that show the calculated
visual impacts of emissions from power plants of various sizes under dif-
ferent meteorological and ambient conditions. These reference data are
based on calculations made using the plume visibility model (PLUVUE).

If one is evaluating a power plant (or another emissions source with
similar particulate, SO,, and NO, emission rates), one can identify the
emission, meteorological, and background conditions shown here closest to
the given case under evaluation. Alternatively, one can interpolate the
values in the reference tables in this appendix to obtain a best estimate
of a source's impact. These reference tables and figures would be used in
a level-2 visibility screening analyses.

The tables and figures are based on 96 PLUVUE runs for the permuta-
tions of the following input parameters:

Power plant size: 500, 1000, and 2000 Mwe
Pasquill-Gifford stability category: C, D, E, F
Wind speed: 2.5 and 5.0 m/s

Background visual range: 20, 50, 100, and 200 km.

vV VvV VvV VvV

The emissions used in this appendix are based on emission rates of
controlled power plants meeting the EPA's New Source Performance
Standards. Emission rates of 0.03, 0.3, and 0.6 pound per million Btu
heat input--for particulates, S0,, and NO,, respectively--were assumed.
The emission rates for the 1000 Mwe and 2000 Mwe plants are simple
Multiples of those for the 500 Mwe case: The mass emission rates for a
500 Mwe power plant are as follows:
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> Particles: 1.6 tons/day
= 1.5 metric tons/day
=17 g/s

> S0p: = 16 tons/day
= 14.5 metric tons/day
= 168 g/s

> NO: 32 tons/day
= 29 metric tons/day
= 336 g/s.

Other important input parameters for the PLUVUE runs used to generate
the tables and figures in this appendix are summarized below:

> Flue gas flow rate (per stack): 1,270,000 £t3/min

= 599 m3/s
> Flue gas temperature: 175°F
= 353°K
> Ambient relative humidity: 40%
> Background ozone concentration: 40 ppb
> Mixing depth: 1000 m
> Simulation date/time: 23 September/10:00 a.m.
> Plume-observer distance: Maximum of 5 km or a half-sector
width (rp = 0.2 x)
> Scattering angle: 90°
> Line-of-sight orientation: Horizontal, perpendicular to the

plume centerline.

As noted, if the user has a situation in which conditions are between
those used in this appendix, interpolation will yield a reasonable esti-
mate cf. impacts. However, if one has to extrapolate the results of this
appendix, one should exercise extreme caution: Many visual impacts do not
have a Tinear relationship with input conditions.
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500MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIKD SPEZD = 2.5 MN/S

BACKGROURD VISUAL RANWGE = 20. KM

PLUME- VISUAL PLUME PLUME

LOWHWIKRD OBZESVIR RANGE CORTRAST PERCEPT-
D1STARCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY

(KM (1) 7) RATIO HICROK E(L*A%Bx*)
1. 5.0 1.3 06.9¢2 -.004 0.52

2. 5.0 0.8 0.933 -.06C3 0.72

5. §.0 C.5 6.987 -.6035 0.77

10. 5.0 0.4 0.937 ~.005 0.78
15. 5.0 0.4 0.986 -.005 0.81
20. 5.0 0.4 0.9356 -.006 6.83
89o. 6.0 0.4 0.920 -.004 0.61
£9. 8.0 6.5 0.925 -.G03 0.33
50. 9.9 0.5 0.9¢3 -.C02 0.18
735. 14.9 6.5 1.8G0 -.001 0.04
100. 19.9 0.3 1.620 -.000 0.01
150. 29.8 6.1 1.0G0 -.0CO 0.00
220. 89.8 G.0 1.630 -.000 0.00
236. £9.7 0.9 1.6%90 -.000 06.09
33J. 30.7 ¢.0 1.G50 -.000 0.00
330. 69.6 0.0 1.630 -.0600 6.00

500MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEED = 2.5 M-S

BACKGROURD VISUAL RANGE - §59. KM

PLUNE- VISU2AL PLUNE PLUME
DEWNWIND ORSENVER PANGE CONTRAST PERCEPT-
DISTARCE DISTARCE REDUCTION BLUE-RED AT 0.35 IBILITY
@ (4)) (KID (7) RATIO MICRON ECL*®AXBx*)
1. 3.0 1.2 0.97v2 -.608 1.04

2. 5.0 0.7 0.999 -.010 1.41

5. 5.0 0.4 0.966 ~-.010 1.51

10. 5.0 0.3 0.9635 -.010 1.53
15. 5.0 ¢.3 8.904 -.010 1.59
20. 5.0 ¢.3 0.9263 -.010 1.62
39. 6.0 6.3 0.968 -.06Co 1.42
40. e.o 6.4 ©.977 -.003 1.08
50. 9.9 0.4 ©.933 -.000 0.81
73. 14.9 0.5 ©.993 -.C0& 0.38
100. 19.9 0.5 0.997 -.602 0.18
130. 29.8 6.7 1.639 -.001 0.04
2G3o. 29.8 0.8 1.0 -.000 0.01
2350. 40.7 0.5 1.6C0 -.000 0.00
300. 52.7 0.3 1.600 -.000 0.00
350. 69.6 0.2 1.600 -~.000 0.00
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500MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEED - 2.5 N/S

BACKGROURD VISUAL RARGE = 100. KM

PLUME- VISUAL PLUME PLUME

DOWRWIND OBSERVER RANGE CONTRAST ., PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KID (KD (7%) RATIO MICPRON E(L*A%B¥)
1. 5.0 1.1 0.563 -.012 1.34

2. 5.0 0.6 0.956 -.013 1.78

5. 5.0 0.3 0.933 -.012 1.90

10. 5.0 0.2 0.952 -.012 1.93
13. 5.0 0.2 ©.950 -.012 1.99
20. 5.0 0.2 0.949 -.013 2.04
30. -6.0 0 3 0.934 -.012 1.88
40. 8.0 0.3 0.961 -.011 1.60
50. 2.9 6.3 ©.963 -.010 1.35
73. 14.9 0.4 0.981 -.007 0.85
1093. 19.9 0.4 0.939 -.039 0.54
1350. 20.8 0.7 0.9¢6 -.003 0.22
2090. 39.08 0.9 0.999 -.002 0.08
2%50. 49.7 1.1 1.650 -.001 0.04
3C3. 5¢.7 1.2 1.639 -.C01 0.02
330. 69.6 1.4 1.0600 -.600 0.02

So0eMv COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEED = 2.5 M/S

BACKGROUTWD VISUAL RANGE = 200. KM

PLUME- VISUAL

DOVHIWIRD OBSERVER RARGE CgkggEST P§§32§T=
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
CKan (1D (%) RATIO MICRON E(L*A%Bx)
i' §.o 1.0 0.959 -.016 1.58

2. 5.0 9.5 0.947 -.016 2.05

5. 5.0 3.3 0.944 -.01¢ 2.17

10. 5.0 3.2 9.943 -.014 2.20
gs. g.o 2.2 0.941 -.014 2.27
20. 5.0 3.2 0.940 -.014 2.32
29. 6.0 3.2 0.943 -.014 2.21
;o. 3.0 5.2 0.9350 -.013 1.29
59. 9.9 0.2 0.936 -.012 1.78
75. 14.9 0.3 0.969 -.010 1.30
igo. ;9.9 0.3 0.979 -.008 0.95
250. 52.8 0.6 0.989 -.606 0.52
200. 89.8 0.8 0.995 ~.G95 0.25
50, 29.7 1.0 0.997 -.004 0.16
300. 59.7 1.2 0.9%3 -.003 0.12
350. 69.6 1.4 0.993 -.003 0.11
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500MW COAL-FIRED PLANRT
PASQUILL-GIFFORD C

WIND SPEED = 5.0 M/S

BACKGROUKD VISPAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOWNWIRD OBSERVER RARGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(D (KM) (%) RATIO MICRON E(L*AxBx)
1. 5.0 6.7 0.993 -.003 0.42
2. 5.0 0.5 0.931 -.004 0.57
5. 5.0 0.3 0.990 -.004 0.58
10. 5.0 0.2 0.992 -.003 0.47
15. 5.0 0.2 0.992 -.003 0.45
20. 5.0 0.2 9.992 -.003 0.44
30. 6.0 0.2 0.995 -.002 0.33
40. 8.0 0.3 0.997 -.002 0.18
50. 9.9 0.3 0.999 -.601 0.10
75. 14.9 0.3 1.000 -.000 0.02
109, 19.9 0.2 1.060 -.000 0.01
150. 29.8 0.1 1.020 -.000 0.00
200. 39.8 0.0 1.089 -.000 0.00
250. 49.7 0.0 1.000 -.600 0.00
300. 59.7 0.0 1.060 -.000 0.00
350. 69.6 0.0 1.000 -.006 0.00
560MW COAL-FIRED PLART
PASQUILL-GIFFOPD C
WIND SPEED = 5.0 M’S
BACKGROUND VISUAL NMARGE = 50. KM
PLUIE- VISU:iL PLUIT PLUME
DOWNWIND OBSERVER RASGE CONTRAST PERCL?PT-
DISTARCE DiSTALKCE REDUCTIGH BLUE-PED AT O.G3 IBILITY
(KD (I ) RATIO MICHIR E(L3A:xB%)
1. 5.0 0.6 0.952 -.036 0.83
2. 5.0 0.4 0.973 -.GI7 1.11
5. 5.0 0.2 0.974 -.05 1.13
10. 5.0 0.2 0.979 =.023 0.%2
15. 5.0 0.2 0.932 -.0C3S 6.&87
20, 5.0 0.2 0.920 -.000 0.27
390. 6.0 0.2 ¢.223 -.G33 0.76
40. 8.0 0.2 0.9C23 =00 G.38
50. 2.9 0.2 0.991 -.0C3 G.44%
73. 14.9 + 0.3 ¢.996 -.022 G.21
1690, 19.9 0.3 ¢.923 - 00 0.11
159, 29.85 0.4 1.0G0 -.000 0.02
200. 39.8 c.3 1.630 -.0ud C¢.01
230. 49.7 0.2 1.G39 -.CGLo G.00
309. 59.7 0.1 1.630 -.000 0.00
350. 69.6 0.0 1.609 -.CCT 0.¢C0
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500MW COAL~FIRED PLANT
PASQUILL-GIFFCRD C

WIND SPEZD = §.0 MW/S

BACKGROURD VISUAL RANGE = 100. KM

PLUXE- VISUAL
DOUNWIRD  GDSER'ER PANGE
DISTAKCE  DISTANCE  REDUCTION BLUE~RED
(KID (KD (%) RATIO
1. 5.0 0.6 0.974
2. 5.0 6.3 0.965
5. 5.0 0.2 0.964
10. 5.0 e.1 0.971
15. 5.0 0.1 0.973
29, 5.0 0.1 0.973
30. 6.0 0.1 0.975
49, 8.0 0.2 ©.979
50. 9.9 0.2 0.933
75. 14.9 0.2 0.990
160. 19.9 0.3 0.994
150. 29.8 0.4 0.9¢3
209. 39.8 6.4 0.999
230. 49,7 6.4 1.680
363. 57.7 0.3 1.0C0
350. 69.6 0.3 1.059
500MvW COAL~FIRED PLANT
PASQUILL-GIFFORD C
WIND SPEED = 5.0 M'S
BACKGROUND VISUAL RAKGE = 200. K
PLUME- VISUAL
BOWNWIND  OBSERVER RARGE
DISTARCE  DISTAICE  REDUCTION 1LUE-RED
(KD (IZ (%) PATIO
1. 5.0 0.5 0.963
2, 5.0 0.3 ¢.oT3
5. 5.0 0.1 0.953
10, 3.0 0.1 0.966
15. 5.0 0.1 0.963
22, 5.0 0.1 0.563
30. 6.0 0.1 0.970
20, e.0 e.1 0.973
50. 9.9 0.1 90.S75
73. 14.9 0.2 6.903
100, 19.9 0.2 0.923
50. 29.8 0.3 0.994
200. 29.8 0.3 0.997
270, 49,7 0.3 0.928
360. 59.7 0.3 0.999
330. 69.6 0.3 0.929
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PLUME
CONTRART
AT 0.55
MICRON

-.008

-.009
. 009
. 007
.097
. 007
.006
-.000
-.GGS
-.004
-.003
-.0602
-.0C1
-.0C1
-.ooo
-.000

PLUMMT
CONTRAST
AT 0.55
MICRON

-.011
G111
Q10
005
. 003
.CGC3
N Horg
.007?
.007
-.0C6
-.003
-.003
-.0C2
-.002
-.0u1
-.001

PLUME
PERCEPT-
IBILITY
E(L*A*Bx)
1.06
1.40
1.42
1.15
1.09

PLUIME
PERCEPT-
IBILITY
E(L*A*xB::)
1.23
1.61
1.62
1.31
1.2
1.24
l.l?
1.07
0.96
0.73
0.55
0.27
0.16
0.10
0.07
0.05



500MW COAL-FIRED PLANT
PASQUILL~-GIFFORD D

WIRD SPEED = 2.3 M/S
BACEKGROUND VISUAL RANGE =
PLUME-
DOWNWIND OBSERVER
D1STANRCE DISTALCE
(KM (KM
l. 5.0
2. 5.0
S. 5.0
10. 5.0
15. 5.0
20. 5.0
30. 6.0
40. 8.0
50. 9.9
73. 14.9
100. 19.9
130. 29.8
200. 39.8
250. 49.7
300. 59.7
350. 69.6

500MW COAL-FIRED PLART
PASQUILL-GIFFORD D

WIND SPEZD = 2,5 M/S
BACKGROUKD VISUAL RANGE
PLUMNE-
DOWNVWIRD OBSERVER
DISTANCE DISTANCE
(KD (KD
1. 3.0
2. 5.0
5. 5.0
10. 5.0
15. 5.0
20. 5.0
39. 6.0
40. 8.0
50. 9.9
5. 14.9
1060. 19.9
150. 29.8
200. 39.8
2590. 49.7
309. 59.7
350. 69.6

20.

VISUAL
RATWGE
REDUCTICH

(%)

[
(=)

LI

COROOPOOOCOOO D=
OO0V ANANNDODDDOCOW

50. KM
VISUAL
RANGE
REDUCTION

(7)

[
a

QOO0 OOOm
=N ANOCANUOSNANNOP
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KM

BLUE~RED

RATIO
. 990
.987
.932
.978
76
.977
.9835
.993
.997
.0C0
. Q30
.QCO
. 000
. 020
.060
. 000

Pt bt ot ok pt it it DD DD DDOOODO

BLUE-RED

RATIO
0.973
0.966
©.952
0.941
0.938
0.939
0.931
0.967
0.9?27
0.990
0.996
0.999
1.0060
1.050
1.080
1.600

PLUME
CONTRAST
AT 0.55

MICRON
-.005
-0006
-.008
-.009
-.010
-.009
-.007
-.004
-.003
~-.C01
~.000
-0000
-.000
-.0600
-.000
-.000

FLUME

CONTRAST
AT 06.55

MICRON
-.010
-.011
-.014
-.017
_0018
-.017
-.014
-.011
-.609
-.605
-.003
~-.0601
-.001
-.0600

000

. 06O

PLUME
PERCEPT-
IBILITY

E(L¥%A*B¥)
.63
.78
.10
.39
.41
.39
.95
.48
.25
.05
.02
.00
.00
.00
.00
.00

COCCOOOOC O OO

PLUME
PERCEPT-
IBILITY

E(L*xAXxBx)
1.25
1.55
2.17
2.65
2.78
2.73
2.20
1.57
1.14
0.54
0.26
0.07
0.02
0.01
0.00
0.00



500MW COAL-FIRED PLART
PASQUILL-GIFFORD D

WIRD SPEED - 2.5 M/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWHWIND OBSERVER RARGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(D (KD (%) RATIO MICROR E(L%A*xB%)
1. 5.0 1.3 0.961 -.014 1.61
2. 5.0 1.1 0.9352 -.015 1.97
5. 5.0 6.7 9.932 -.019 2.74
10. 5.0 0.6 0.918 -.021 3.34
15. 5.0 0.5 0.914 -.022 3.51
20. 5.0 0.4 0.915 -.022 3.43
30. 6.0 0.4 0.928 -.019 2.93
40. 8.0 0.4 0.%944 -.016 2.35
50. 9.9 0.4 0.956 ~-.014 1.91
75. 12.9 0.4 0.974 -.010 1.20
1G0. 19.9 6.5 0.984 -.0607 0.?27
150. 2%.8 0.6 6.9¢4% -.005 0.35
200. 39.8 0.7 ¢.928 -.003 0.17
230. 49.7 0.9 0.929 -.0G2 0.08
300. $9.7 1.1 1.080 -.001 0.04
330. 69.6 1.5 1.000 -.001 0.02

560MW COAL-FIRED PLART
PASQUILL-GIFFORD D

WIND SPEZD = 2.5 MN/S

BACKGROULD VISUAL RANGE = 200. KM

PLUE~ VISTJAL PLUKE PLUNE
DOWNWIND OTSEXVE RARGE CORTRAST PERCEPT-
DISTANCE DISTAICE REDUCTION BLUE-RED AT 0.55 IBILITY
(KM (X&) (%) RATIO MICRON E(L*A*B*)
1. 5.0 1.2 0.951 -.020 1.90

2. 5.0 0.9 0.941 -.020 2.29

5. 5.0 0.6 90.919 -.022 3.13
10. 5.0 0.5 0.502 ~.025 3.83
15. 5.0 0.4 0.38% ~.026 4.01
20. 5.0 0.4 0.900 ~.025 3.93
30. 6.0 0.3 0.913 ~-.022 3.44
40. 8.0 6.3 0.927 -.019 2.92
50. 9.9 0.3 9.938 -.017 2.52
75. 14.9 0.3 0.957 -.014 1.83
109, 19.9 0.4 0.970 -.011 1.36
l§0. 29.8 0.5 @.933 -.009 0.83
209. 39.8 0.6 0.991 -.007 0.52
230. €9.7 0.0 0.925 -.063 0.33
390. 39.7 1.0 6.997 -.0604% 0.20
355. 69.56 1.4 0.923 -.003 6.12
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500Mw COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 206. KM

PLUME- VISUAL PLUME PLUME
POWNWIND SSERVER RARCE CORTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(D (KID (7)) RATIO MICRORN E(L*A:xBx*)
1. 5.0 1.2 0.994 -.0G3 0.37
2 5.0 0.9 0.991 -.004 0.53
8. 5.0 0.6 0.987 -.0C60 0.81
10. 5.0 0.5 6.93¢ -.6G0 0.95
15. 3.0 0.5 0.9C5 -.0066 0.91
20. 5.0 0.4 0.936 -.0606 0.83
30. 6.0 0.4 0.991 -.00% 0.53
140. 8.0 0.4 0.996 -.002 0.26
§90. 9.9 0.4 9.9¢8 -.001 0.13
?5. 14.9 0.3 1.030 -.0G0 0.03
106. 19.9 6.2 1.630 -.060 0.01
150. 29.8 0.0 1.630 -.600 0.00
2060. 39.8 0.0 1.620 -.0600 0.00
250. 49.7 0.0 1.6G9 -.0660 0.00
360. 59.7 6.0 1.0G0 -.060 0.00
350. 69.6 0.0 1.020 -.0C0 0.09

5060MW COAL~-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 5.0 IMN/S

BACKGRUURD VISUAL RAKGE = 30. KM

PLUME- VISUAL PLUNE PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTARCE REPUCTICN BLUE-RED AT 0.55 IBILITY
(KM (KM ) RATIO MICLCH E(L*AxBx)
1. 5.0 1.1 0.934 -.6Co 0.74

2. 5.0 0.8 0.977 =.007¢ 1.04

S. 5.0 0.9 9.964 -.010 1.59

10. 5.0 0.4 0.933 -.012 1.83
15. 5.0 0.3 0.960 -.011 1.78
20. 5.0 6.3 0.963 -.010 1.63
30. 6.0 0.3 0.973 -.C0C 1.23
40. 8.0 6.3 9.922 -.600 0.84
50. 9.9 0.3 0.9C3 -.6GH 0.39
75. 14.9 0.3 0.9995 -.0C3 0.26
100. 19.9 0.3 0.993 -.C0Z 0.12
150. 29.8 0.4 1.0C0 -.001 0.03
2G0. 3¢.8 0.4 1.030 -.000 0.01
250. 49.7 0.2 '1.6C0 -.060 0.00
305G, 59.7 6.1 1.000 -.600 0.060
850, 69.6 0.9 1.0C0 -.060 0.060
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500M¥ COAL-FIRED PLANT
FPASQUILL-GIFFORD D

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RAKGE = 100. KM

PLUMNE- VISUAL PLUNE PLUME
DOWNWIND  OBSCRVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
(E3D) (KD (%) RATIC MICROK E( L*A%B+)
1. 5.0 1.1 0.977 -.010 0.97
2. 5.0 0.7 0.967 -.010 1.33
5. 5.0 0.4 9.930 -.013 2.00
10. 5.0 0.3 0.942 -.015 2.33
15. 5.0 0.3 0.944 -.014 2.23
20. 5.0 0.2 0.919 -.013 2.05
30. 6.0 0.2 0.960 ~.010 1.63
40. 8.0 0.2 0.970 -.008 1.25
50. 9.9 0.2 0.977 -.¢67 0.98
75. 14.9 0.2 0.987 -.005 0.58
160. 19.9 0.3 0.993 -.003 0.36
150. 29.8 0.4 0.598 -.002 9.13
269. 39.8 0.4 9.999 -.001 0.05
250. 49.7 0.4 1.060 -.601 0.03
300. 59.7 0.3 1.000 -.000 .01
350. 69.6 0.3 1.000 -.000 0.01
500MW COAL-FIRED PLANT
PASQUILL-CIFFORD D
WIND SPEED = 5.0 MN/S
BACKGROUND VISUAL RANGE = 200. KM
PLUMNE- VISUAL PLUME PLUME
DOWNWIND  OBSERVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTARCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
C(EID (12D (%) RATIO MICRON E(L#*AXB¥)
I. 5.0 1.0 ¢.970 -.014 1.16
2. 5.0 0.6 9.960 -.013 1.54
5. 5.0 0.4 0.941 -.G616 2.29
10. 5.0 0.3 0.931 -.017 2.66
15. 5.0 0.2 9.934 -.016 2.55
z0. 5.0 0.2 0.959 -.01¢ 2.34
50. 6.0 0.2 0.951 -.012 1.91
0. 8.0 0.2 9.961 -.010 1.55
50. 9.9 0.2 0.953 -.009 1.29
75. 14.9 0.2 9.979 -.007 .88
109. 19.9 0.2 9.986 -.005 0.63
150. 29.8 0.3 9.923 -.C0% 0.32
260, 39.8 0.3 0.997 -.608 0.17
250. 49.7 0.3 0.993 -.002 0.11
300. 59.7 0.3 0.999 -.001 0.07
350. 69.6 0.3 0.999 -.¢01 0.05
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500MW COAL-FIRED PLANT
PASCUILL-GIFFORD E

WIND SPEED = 2.5 MN/S

BACKGROUND VISUAL RAKNGE 20. KM

PLUIE~ VISUAL PLUMT PLUME
DOWNVIND OLCSERVZIR RARGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE~RED AT 0.895 IBILITY
(ITD (I (%) rATIO NICPOR E( L#AxB:x)
1. 5.0 2.9 0.939 -.0006 0.7<¢
2. 5.0 2.2 ©.937 R eN) 0.835
5. 5.0 1.5 6.931 -.G32 1.14
1G. 5.0 1.3 0.976 ~-.010 1.47
15. 5.0 1.2 G.972 ~-.01Z 1.67
29. 5.0 1.2 9.970 ~.012 1.80
20. 6.0 1.2 G.977 ~-.011 1.45
40. 8.0 1.3 0.9383 ~.033 6.81
50. 9.9 1.3 ©.994 ~.CJ3 0.¢¢
75. 14.9 1.2 0.9299 ~.C32 0.10
169, 19.9 3.6 1.0380 -.CO1 G.03
150, 29.3 0.0 1.C50 ~.CG3 6.00
2C0. 39.8 0.0 1.0C0 =033 0.60
230. 49.7 0.0 1.070 ~.G50 0.00
360. 59.7 0.0 1.000 ~. 660 0.¢0
330. 69.6 0.0 1.000 -.080 0.00
SO0MW COAL-FIRED PLANT
PASQJILL-GIFFORD E
WIND SPEED = 2.5 /S
BACKGROULD VISUAL RANGE = 50. KM
PLUIE~ VISUAL PLUME PLUNE
DOVRWIND OESERVER R’ XGE CONTRAST PERCEPT-
DISTARCE DISTARCE REDLCTION BLUE-RED AT 0.55 IBILITY
(an (KD (%) RATIO MICEON EC(L*A%D:)
1. 3.0 2.7 0.959 -.013 1.50
2. 5.0 2.0 0.6534% -.014 1.70
5. 5.0 1.3 ¢.930 -.Gl1e6 2.26
10. 5.9 1.1 0.936 -.019 2.90
13. 5.0 1.0 9.927 -.021 3.8390
29, 3.0 G.9 0.921 -.G23 3.56
30. 6.0 3.9 0.027 -.623 3.38
40. 8.0 3.9 0.943 -.020 2.64
50. 9.9 1.0 0.250 -.016 2.01
5. 14.9 1.1 o.002 -.010 0.93
100. 19.9 1.1 ©.993 -.G05 0.47
159. 29.3 1.2 6.999 -.C02 0.13
200. 39.8 1.3 1.080 ~.C01 0.04
230. 49.7 0.7 1.660 ~.GCGO 0.02
300, 59.7 0.2 1.080 -.000 0.01
350. 69.6 0.9 1.0¢0 -.G00 0.00
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500MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.5 N/S

BACKGROURD VISUAL RARGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOVNVIND  OBSERVEZR RINGE CONTRAST  PERCEPT-
DISTARNCE  DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
(13D (XD (%) RATIO MICRON E( L*A%B:)
1. 5.0 2.5 6.954 -.020 1.97
2. 5.0 1.8 0.943 -.019 2.19
5. 5.0 1.2 0.930 -.021 2.83
10. 5.0 0.9 0.910 -.025 3.63
15. 5.0 0.8 0.898 -.027 4.17
20, 5.0 0.8 0.890 -.0629 4.50
30. 6.0 0.7 @.892 -.030 4.52
20. 8.0 0.7 0.907 -.027 3.97
50. 9.9 0.3 0.922 -.025 3.3¢
75. 12.9 0.3 0.933 -.019 2.20
107, 19.9 0.9 0.972 -.014 1.40
139. 20.3 1.1 0.220 -.0%3 0.62
269, 29.8 1.2 0.925 -.C05 0.29
230. 49.7 1.3 0.9%9 -.CC3 0.16
300. 59.7 1.5 1.030 -.002 0.03
330. 69.6 1.8 1.60 -.001 0.03
500MW COAL-FIRED PLART
PASQUILL~GIFFORD E
WIND SPEZD = 2.5 /S
BACIIGROUKD VISUAL RAKGE = 209. KM
PLUKE- VISTAL PLUME PLUME
DOWNWIRD  OBSERVER R: IGE CONTRAST  PERCEZPT-
DISTARCE ~ DISTANCE  REDUTION  BLUE-RED AT 0.55 IDILITY
(17 (ITD 3 RATIO MICRON E(L*A:B:%)
1. 5.0 2.2 0.940 -.030 2.33
2. 5.0 1.6 0.933 -.027 2.39
3. 5.0 1.1 0.914 -.027 3.83
1. 5.0 5.8 0.322 -.C39 4.23
13. 5.0 0.7 0.879 -.¢32 4.79
23. 5.0 0.6 9.870 -.034 5.16
83, 6.0 6.6 ¢.8567 -.035 5.32
0. 8.0 0.6 9.879 -.023 4.96
50. 9.9 0.6 0.822 -.031 4.30
73 14.9 0.6 6.022 -.026 3.87
163. 19.9 0.7 6.916 -.c21 2.3
15 2.8 0.9 0.971 -.016 1.46
209, 39.3 1.0 0.934 -.012 0.90
23). £9.7 1.2 0.990 -.010 G.61
360. 59.7 1.3 9.¢04 -.CC5 0.40
850. 69.6 1.7 6.997 -.006 0.26
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500M% COAL-FIRED PLANT
PASQUILL-GIFFORD E
WIND SPCED = 5.0 IS
BACKGROUND VISUAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOWNWIRD OBSERVER RARGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.35 IBILITY
(IOD (120 (%) PATIO MICRONR EC(LxA%Bx*)
1. 5.0 1.7 0.994 -.603 0.42
2. 5.0 1.2 0.992 -.004 0.52
5. 5.0 0.9 0.9327 =.000 9.81
10. 5.0 0.7 0.922 -.007 1.06
15. 5.0 0.7 0.950 -.00G 1.18
20 5.0 0.7 0.9C0 -.603 1.23
30. 6.0 0.7 0.9350 -.607? 0.91
<0. 8.0 0.7 0.293 -.C04 0.48
50. 9.9 0.7 0.997 -.003 0.25
75, 1.9 6.7 1.059 -.601 0.06
1G0. 10.9 0.3 1.02C ~-.0C0 0.01
150. 29.8 0.0 1.000 -.0C0 0.00
200. 39.8 0.0 1.6350 -.600 0.00
250, 49.7 0.0 1.G20 -.CCo 0.00
3605. 59.7 0.0 1.820 -.6GC0 0.e0
330. 69.6 0.0 1.050 -.000 0.00
506MW COAL~-FIRED PLANT
PASQUILL-GIFFORD E
WIND SPEED = §5.0 M/S
BACKGROUNL VISUAL RARGE = 50. KM
PLUME- VISUAL PILUME PLUME
DOWRWIND OESERYTR RANGE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTIONR BLUE-RLZD AT 0.55 IBILITY
(13D (KID (%) RATIO MICRON E(L%A%B:x)
1. 3.0 1.6 6.932 -.003 0.86
2. 5.0 J.1 ©.977 -.000 1.04
5. §.0 0.7 0.904 -.C11 1.39
10. 5.0 C.6 9.933 -.013 2.08
15. 5.9 0.5 0.2:3 -.015 2.33
20. 5.0 ¢.5 0.220 -.015 2.41
<0. 6.0 6.5 0.05% -.01<4 2.10
490. 8.0 0.5 0.9C7 -.011 1.56
50. 9.9 0.5 0.977 -.009 1.13
75. 14.9 0.6 0.990 ~.065 0.54
1CO. 19.9 0.6 0.996 -.0603 0.26
150. 29.8 0.6 0.929 -.001 0.06
2069, 39.8 0.6 1.650 -.0C0 0.02
2T0. 40.7 0.8 1.620 -.CC0 0.01
2G9. 59.7 G.1 1.06C3 -.6G0 0.00
330. 69.06 0.0 1.650 -.CCO 0.00
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500MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME-- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KM (%) RATIO MICRON E(L*A%xB*)
1. 5.0 1.5 0.97?4 -.012 1.13

2. 5.0 1.0 9.968 -.012 1.33

S. 5.0 0.6 0.950 -.014 2.01

10. 5.0 0.5 0.935 -.017 2.63
15. 5.0 0.4 0.928 -.019 2.93
20. 5.0 0.4 0.925 -.019 3.04
30. 6.0 0.4 0.932 -.018 2.80
40. " 8.0 0.4 0.945 -.016 2.32
50. 9.9 0.4 0.9535 -.014 1.92
73. 14.9 0.4 0.974 -.010 1.20
1GO. 19.9 0.5 0.983 -.007 0.76
150. 29.8 0.5 0.993 -.060% 0.30
269. 39.8 0.5 0.993 -.0692 6.13
250. 49.7 0.6 1.080 -.001 0.05
300. 59.7 0.5 1.6690 -.001 0.03
330. 69.6 0.5 1.000 -.0600 0.01

500MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 5.0 M/S

BACKGROURD VISUAL RANGE = 200. KM

PLUME- VISUAL PLUME PLUME
DOWRWIND 03SERVER RARCE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(D (KD (%) RATIO MICRON E(L*A%B%)
1. 5.0 1.4 0.965 -.018 1.37

2. 5.0 0.9 0.939 -.016 1.57

5. 5.0 0.6 0.940 -.017 2.31

10. 5.0 0.4 0.922 -.0620 3.01
15. 5.0 0.4 ©.914 -.021 3.335
290. 5.0 0.3 0.911 -.022 3.47
30, 6.0 0.3 0.916 -.021 3.29
40. 8.0 0.3 0.9283 -.019 2.89
50. 9.9 0.3 0.9338 -.017 2.53
5. 14.9 0.3 ©.957 -.014 1.83
100. 19.9 0.4 0.970 -.011 1.33
150. 29.8 0.4 0.986 ~.603 6.71
590. 39.8 0.5 0.993 -.005 06.39
;qo. 49.7 0.5 0.997 -.003 0.21
2G0. 59.7 0.5 0.928 -.002 0.12
350. 69.6 0.5 0.999 -.002 0.08
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500MW COAL-FIRED PLANT

PASQUILL-GIFFORD F
WIND SPELCD = 2.5 IMN/S
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BLUE~FED

RATIO

BLUE-RZD
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500MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.5 N/S

BACKGROUNWD VISUAL RANGE = 100. KM

PLUNE- VISUAL PLUME PLUME
DOVNWIND  OBSERVER RANGE CORTRAST  PERCEPT-
DISTANCE  DISTARCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
(KD (KID (%) RATIO MICRON E(L*A%B%)
1. 5.0 3.4 "0.942 -.027 2.53
2 5.0 2.7 0.932 -.026 2.86
5. 5.0 1.9 0.917 -.027 3.43
10. 5.0 1.5 0.901 -.029 4.08
15. 5.0 1.8 0.889 -.032 4.60
20. 5.0 1.3 0.879 -.034 5.02
29. 6.0 1.2 9.874 -.636 5.30
40. 8.0 1.2 0.835 -.036 4.99
50. 9.9 1.3 0.897 -.035 4.59
75. 14.9 1.4 0.926 ~.031 3.51
100. 19.9 1.6 0.950 -.026 2.57
150. 29.8 1.9 0.973 -.018 1.32
200. 39.8 2.1 0.991 -.012 0.69
250. 49.7 2.3 0.997 -.005 0.2
369. 59.7 2.5 0.999 -.005 0.22
330. 69.6 2.8 1.050 -.003 0.14
500MW COAL-FIRED PLANT
PASQUILL-GIFFORD F
WIND SPEED = 2.5 NS
BACKGROUND VISUAL RANGE = 200. KM
PLUNE- VISTAL PLUMNE PLUME
DOWNWIND  OBSERVER RAKGE CONTRAST  PERCEPT-
DISTANCE ~ DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
(KD (FID (%) RATIO M1CRON E(L*AXBx)
1. 5.0 3.1 0.923 -.639 3.06
2. 5.0 2.4 0.913 -.036 3.40
5. 5.0 1.7 0.893 -.035 4.00
16. 5.0 1.3 .80 -.056 4.72
5. 5.0 1.2 0.866 -.039 5.31
29. 5.0 1.1 0.855 -.641 5.78
£3. 6.0 1.0 0.845 -.643 6.27
40. 8.0 1.0 0.8+ -.04¢ 6.27
50. 9.9 1.0 0.835 -.045 6.12
73. 14.9 1.1 9.87 -.043 5.41
160. 19.9 1.2 0.902 -.040 4.58
150. 29.8 1.5 0.940 -.¢33 3.12
2¢0 39.3 1.7 0.964 -.027 2.11
250 49.7 1.9 0.97 -.022 1.45
ac 59.7 2.1 0.927 -.018 1.01
85 69.6 2.5 0.9:2 -.015 0.72
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$00MW COAL-FIRED PLART
PASQUILL-GIFFORD F

WIND SPEED = 5.0 M/S

BACKGROURD VISUAL RANGE = 20. KM

PLUME- VisuaL PLUME PLUME
DOWNWIND OBSERVER RANGLE CONTRAST PERCEPT-
DISTAKCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KM (KD (%) RATIO MICRON E(L*A%Bx)
1. 5.0 2.3 0.993 -.004 0.47
2. 5.0 1.7 0.992 -.004 0.54
5. 5.0 1.2 6.983 -.003 0.76
10. 5.0 1.1 0.983 -.007 1.03
15. 5.0 1.0 0.980 -.008 1.21
20. 5.0 1.0 0.978 -.609 1.35
30. 6.C 1.0 0.982 -.009 1.15
0. 8.0 1.1 0.990 -.006 0.68
50. 2.9 1.1 0.933 -.004 6.39
75. 14.9 1.2 9.929 -.002 0.10
100. 19.9 0.6 1.090 -.C01 6.03
150. 29.8 0.0 1.080 -.000 0.00
200. 39.8 0.0 1.030 -.06C0 06.00
250, 49.7 0.0 1.600 -.0G0 0.00
360. 59.7 0.0 1.600 -.000 0.09
350. 69.6 0.0 1.000 ~.0800 0.00

SeoMw COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 5.0 M/S

BACKGROUNWD VISUAL RARGE = 50. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CORTRAST PERCEPT-
DISTAI'CE DISTAICE REDUCTIORN BLUE-RED . AT 0.55 IBILITY
I (KD (%) RATIO MICRON E(L*A*Bx*)
1. 5.0 2.1 0.981 -.009 0.97

2, 5.0 1.6 0.977 -.009 1.09

5. 5.0 1.1 0.967 -.011 1.50

10. 5.0 0.9 6.955 -.014 2.03
15. 5.0 0.8 0.947 -.016 2.39
20. 5.0 0.8 0.941 -.017 2.66
30. 5.0 0.8 0.942 -.018 2.67
40. 8.0 0.8 0.953 -.016 2.22
50. 9.9 9.9 0.964 -.014 1.78
5. 14.9 1.9 0.983 -.010 0.97
100. 19.9 1.1 6.992 -.007 0.52
150. 29.8 1.2 0.999 -.003 0.15
260. 39.8 1.2 1.0660 -.001 0.05
230. 49.7 0.6 1.0%0 -.001 0.02
360, 59.7 0.0 1.0G0 ~-.0600 0.01
350. 69.6 0.0 1.080 -.0060 0.01
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500MW COAL-FIRED PLANRT
PASQUILL-GIFFORD F

WIND SPEED = 5.0 MN/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND  OBSERVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTANCE  REDUCTION BLUE-RED AT 0.55 IBILITY
(12D (KD (%) RATIO MICRON E( L*A%Bx)
1. 5.0 2.0 0.971 -.015 1.28

2. 5.0 1.5 0.966 -.014 1.41

5. 5.0 1.0 0.953 -.015 1.91

10. 5.0 0.8 0.937 -.018 2.57
15. 5.0 0.7 0.926 -.020 3.02
20. 5.0 0.7 0.918 -.022 3.35
30. 6.0 0.6 0.914 -.624 3.57
40. 8.0 0.7 0.922 -.023 3.32
50. 9.9 0.7 0.931 -.022 2.99
75. 14.9 0.8 0.953 -.018 2.17
100. 19.9 0.9 0.970 -.015 1.53
150. 29.8 1.0 0.908 ~-.010 0.75
200. 39.8 1.1 0.995 -.606 0.37
250. 49.7 1.1 0.998 -.004 0.20
300. 59.7 1.2 0.999 -.003 0.11
350. 69.6 1.2 1.000 -.002 0.07

500MW COAL-FIRED PLAKT
PASQUILL-GIFFORD F

WIND SPEED = 5.0 /S

BACKCROUND VISUAL RANGE = 200. KM

PLUME- ViSUAL PLUME PLUME
DOVREWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KID (%) RATIO MI1CRON E(L*AxB*)
1. 5.0 1.8 0.960 -.022 1.58

2. 5.0 1.3 6.957 -.019 1.69

5. 5.0 0.9 0.943 -.019 2.21

10. 5.0 0.7 0.924 -.022 2.935
15. 5.0 0.6 6.911 -.024 3.46
20. 5.0 0.6 0.992 -.026 3.84
36. 6.0 0.5 0.89%4 -.025 4.21
49, 8.0 0.5 0.898 -.028 4.13
50. 9.9 0.5 0.904 -.028 3.96
75. 14.9 0.6 0.924 -.025 3.32
100, 19.9 0.6 0.941 -.023 2.70
130. 29.8 0.8 0.265 -.618 1.75
290. 39.8 0.9 6.980 -.014 1.14
230. 49.7 1.0 0.988 ~-.011 6.735
369. 59.7 1.0 6.993 -.009 0.51
3350. 69.6 1.1 4.996 -.007 0.36
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1600MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPECD = 2.5 M/S

BACKGROUND VlgUAL RANGE = 20. KM

LUME- VISUAL PLUME PLUME
DOWNWIND OEB3ERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(L*AxBx*)
1. 5.0 2.4 0.990 -.003 0.66
2. 5.0 1.5 0.980 -.006 0.86
6. 5.0 0.8 0.935 -.006 0.94
16. 5.0 0.7 0.981 -.003 1.12
15. 5.0 0.7 0.978 -.009 1.33
20. 5.0 0.8 0.976 -.010 1.435
30. 6.0 0.8 0.982 ~.008 1.12
40. 8.0 0.9 0.991 -.006 0.62
50. 9.9 0.9 0.996 -.004 0.34
75. 14.9 ©.8 0.99¢ -.001 0.08
100. 19.9 0.5 1.690 -.000 0.02
150. 29.8 0.2 1.0660 ~.0CO 0.60
200. 39.8 0.1 1.6C0 -.000 0.09
250. 49.7 ¢.0 1.609 -.000 0.00
200C. 59.7 0.0 1.630 -.000 0.6¢9
350. 69.6 0.0 1.020 -.000 0.00
1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD C
WIND SPEED = 2.5 M/S
BACKGROUND VISUAL RANGE = 3506. KM
PLUME- VISUAL PLUME PLUME
DOWRWIND OBSER'C RARGE CONTRAST PERCEPT-
DISTAKNCE DISTANCE REDUCTION BLUE~-RED AT 0.55 IBILITY
(1D (KM (R) RATIO MICRON E(L*A%xBx)
1. 5.0 2.3 0.973 -.012 1.32
2. 3.0 1.3 9.963 -.012 1.71
8. 5.0 0.7 6.939 -.012 1.84
10. 5.0 0.9 0.950 ~-.014 2.21
15. 5.0 0.9 0.941 -.017 2.61
20. 5.0 0.6 0.936 -.018 2.86
30. 6.0 0.6 0.943 -.617 2.60
40, 8.0 0.7 0.957 -.0135 2.03
50, 9.9 0.? 0.969 -.012 1.55
3. 14.9 0.8 0.986 -.008 0.77
100. 19.9 0.9 0.994 -.0035 0.38
150. 29.8 1.1 6.299 -.002 0.11
209. 39.8 1.0 1.020 -.0601 0.04
2T0. 49.7 0.7 1.000 ~.000 0.02
3Ca. 59.7 0.5 1.060 -.06G0 0.01
3350, 692.6 0.3 1.eG0 -.000 0.00
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1000MW COAL-FIRED PLART
PASQUILL-GIFFORD C

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANCE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND  OBSERVER RANGL CONTRAST  PERCEPT-
DISTANCE  DISTARCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
(1D CKID (%) RATIO MICRON E( L*A*Bx)
1. 5.0 2.1 0.960 ~.018 1.73

2. 5.0 1.2 0.947 -.017 2.18

5. 5.0 6.6 0.942 ~.016 2.32

10. 5.0 0.4 0.931 ~-.018 2.78
15. 5.0 0.4 0.919 -.021 3.29
20. 5.0 0.4 0.911 -.022 3.60
30. 6.0 0.5 0.916 -.022 3.47
40. 8.0 0.5 0.923 -.021 3.04

50 9.9 0.6 0.940 -.019 2.61
75. 14.9 0.7 0.963 -.014 1.72
160. 19.9 0.7 0.977 ~.011 1.12
150. 29.8 1.0 0.991 -.007 0.53
200. 39.8 1.2 ©.997 -.004 0.26
250. 49.7 1.4 @.999 -.003 0.13
309. 59.7 1.7 1.000 -.002 0.067
350. 69.6 2.2 1.000 -.001 0.04

1600MW COAL~-FIRED PLART
PASQUILL-GIFFORD C

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 209. KM

PLUME~ VISUAL PLUME PLUME
DOWNWIND OBSERVER RARCE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE~RED AT 0.53 IBILITY
(Ian (KD (%) PATIO MICRON E(L*AxBx)
1. 3.0 1.9 0.947 ~.026 2.09
2 3.0 1.1 0.934 -.022 2.54
3. 5.0 0.5 0.931 -.019 2.66
1C. 5.0 0.4 0.918 -.021 3.18
15. 5.0 0.4 0.904 -.024 8.76
20. 5.0 0.4 0.89%5 -.026 4.11
34. 6.0 0.4 0.897 -.626 4.08
£0. 8.0 9.4 0.9G6 -.025 3.78
50. 9.9 0.4 0.916 -.024 3.45
?3. 14.9 0.3 0.939 -.920 2.63
100. 19.9 0.6 0.956 -.017 1.99
150. 29.8 0.8 0.975 -.014 1.25
260. 3%.3 1.0 0.986 -.011 0.80
goo. 49.7 1.2 0.992 -.00¢° 0.352
290 59.7 1.6 0.995 -.007 0.32
350. 69.6 2.2 6.997 -.005 0.21
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 20. KM

PLUIE- VISUAL PLUNME PLUME
DOWRWIND OBSEXVER RANGE CONTRAST PERCEPT-
DISTARCE DISTAKRCE REDUCTION BI.UE-RED AT 0.55 IBILITY
(LID (KID (7)) RATIO MICRON E(L*xA%B*)
1. 5.0 1.3 0.992 -.004 0.50
2. 5.0 0.8 0.939 -.005 0.70
5. 5.0 0.5 0.935 -.0006 0.88
10. 5.0 0.4 0.936 -.0G0 0.84
15. 5.0 0.4 0.930 ~.06006 0.83
20. 3.0 0.4 ©.936 -.006 0.85
30. 6.0 0.4 0.990 -.605 0.64
<0. 8.0 0.5 0.995 -.¢03 0.35
50. 2.9 0.5 0.993 -.002 0.19
73. 14.9 0.5 1.0¢0 ~.001 0.05
100. 16.9 ¢.3 1.630 ~.000 0.01
150. 29.8 0.1 1.660 ~.000" 0.00
209. 39.8 0.0 1.0C0 -.000 0.00
2350. 4.7 0.0 1.0%0 -.0G0 6.00
300. 59.7 0.0 1.630 ~.6G0 0.00
350. 69.6 0.0 1.630 -.630 0.00

1000MW COAL~FIRED PLANT
FASQUILL-GIFFOXD C

VIND SPEED = 5.0 M/S

BACKCROULD VISUAL RANGE = 50. KM

PLUTE- VISUAL PLUNE PLUINE
DO NWIRD CODIERVER RANGE CORTRAST PERCEPT-
DISTANCE DISTAKRCE REBUCTION BLUE-RED AT 0.55 IBILITY
t [19) (12D (%) RATIO MICRON E(L¥:AXBx)
1. 5.0 1.2 9.979 -.6Co 0.99
2. 5.0 0.7 0.959 -.¢09 1.37
5. 5.0 0.4 0.961 -.011 1.73
10, 5.0 0.3 0.963 -.010 1.64
15, 5.9 0.3 6.963 -.010 1.62
20. 5.0 0.3 0.952 -.G10 1.66
2 6.0 0.3 0.9567 -.010 1.47
<0. 5.0 0.4 ©.976 -.0C3 1.14
50. 2.9 0.4 0.932 -.G07 0.88
73. 14.9 C.5 0.992 -.6G4 0.45
109, 19.9 0.5 0.996 -.0C3 0.23
150. 22.3 0.6 ¢.929 -.0401 0.C6
200. 32.8 ©.5 1.€39 ~.00J 0.02
229, 9.7 0.4 1.0C¢0 -.0GO 0.01
300. 59.7 0.2 1.000 -.G00 0.00
3350, 69.6 0.1 1.0600 -.0G0 0.00
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1600M¥ COAL-FIRCD PLANT
PASQUILL-GIFFORD C

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OFSERVER RARGE CONTRAST PERCEPT-
DISTARCE DISTANCE REDUCTIGCN BLUE-RED AT 0.55 IBILITY
(2D (KD %) PATIO MICRON E(L*A*Bx)
1. 5.0 1.1 0.969 -.012 1.28

2. 5.0 0.6 0.957 -.012 1.73

5. 5.0 0.3 0.946 -.014 2.18

10. 5.0 0.2 0.948 -.013 2.06
15. 5.0 0.2 0.949 -.013 2.04
26. 5.0 0.2 0.9483 -.013 2.08
30. 6.0 0.2 6.952 -.012 1.95
49. 8.0 0.3 0.959 -.011 1.70
50. 9.9 0.3 0.966 -.010 1.46
75. 14.9 0.4 0.978 -.008 9.99
109. 19.9 0.4 0.987 -.606 0.67
150. 29.8 0.5 0.995 -.004 0.29
269. 39.8 0.6 ©0.993 -.002 0.12
230. 49.7 0.7 1.620 -.e01 0.05
300. 59.7 0.7 1.000 -.001 0.03
350. 69.6 0.6 1.600 -.00 0.02

1600MW COAL-FIRED PLANT
PASQUILL-GIFFOILD C

WIND SPEED = 5.0 /S

BACKGROUND VISUAL RARGE = 200. KM

PLUIE~ VISUAL PLUME PLUME
DOWNWIRND OBSEQVE RARGE CONTRAST PERCEPT-
DISTANCE DISTAKCE REDUCTIOR BLUE-RED AT 0.535 IBILITY
(K19 (KD (%) RATIO MICRON E(L*A%Bx)

1. 5.0 1.0 0.961 -.016 1.51

2. 5.0 0.6 6.928 -.015 2.00

5. 5.0 0.3 0.935 -.016 2.49

10. 3.0 0.2 9.939 ~-.015 2.35
15. 5.0 0.2 0.940 -.014 2.32
20. 3.0 0.2 0.939 ~-.015 2.37
29. 6.0 6.2 0.941 -.014 2.29
20, &.0 0.2 0.9£7 -.014 2.11
5G. 2.9 0.2 0.9352 -.C13 1.93
73. 14.9 0.3 9.954 -.011 1.51
100. 19.9 0.3 0.974 -.010 1.18
150. 29.8 0.5 0.986 ~-.097 0.68
200. 39.8 0.5 ©.923 -.C05 0.392
250. 49.7 0.6 0.996 -.004 0.22
309. 52.7 0.6 0.993 -.003 0.14
3590. 69.6 .6 8.999 -.002 0.10
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANCE = 20. KM

PLUME~ VisuaL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
D1ISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(12D (I (%) RATIO MICRON E(L*AXxB%*)

. 5.0 3.0 0.983 -.006 0.79
2. 5.0 2.5 0.985 -.007 0.97

5. 3.0 1.8 0.978 -.010 1.38

10. 3.0 1.5 0.971 -.012 1.?77

15. 5.0 1.4 0.268 -.014 1.95
20. 5.0 1.8 0.967 -.014 2.03
30. 6.0 1.3 0.976 -.012 1.52
40, 8.0 1.8 €.988 ~.608 0.82
50. 2.9 1.3 0.994 «.605 0.44
75. 14.9 1.1 0.999 -.602 0.10
100. 19.9 6.6 1.690 -.001 0.063
150. 29.8 0.1 1.650 -.0C0 0.00
200. 39.8 0.0 1.000 -.600 0.00
250. 49.7 0.0 1.6560 -.000 0.00
300. 59.7 0.0 1.5 -.000 0.00
350. 69.6 0.0 1.600 -.000 6.00

1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 2.5 M/S

BACKGROURD VISUAL RANCE = 59. KM

PLUNE- VISUAL PLUNE PLUME
DOWNVWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.65 IBILITY
(ED (KD (%) RATIO MICRON E(L*A%xB*)
1. 5.0 2.8 0.967 -.014 1.59

2. 5.0 2.2 0.959 -.015 1.93

5. 5.0 1.6 90.930 -.019 2.74

10. 5.0 1.2 0.923 -.023 3.51
15. 5.0 1.1 0.913 -.025 3.87
20. 3.0 1.0 0.911 -.026 4.02
30. 6.0 0.9 0.923 -.024 3.96
120. 8.9 0.9 0.95% -.020 2.68
50. 9.9 1.0 0.959 ~-.016 2.02
5. 14.9 1.0 0.932 -.01C 1.00
100. 19.9 1.1 6.992 -.006 0.51
150. 29.8 1.2 0.929 -.603 0.15
200. 39.8 1.1 1.000 -.001 0.05
250, 49.7 0.7 1.030 -.001 0.02
300. 59.7 0.3 1.6350 -.06G0 0.01
350. 69.6 0.1 1.630 -.060 0.060
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1006MW COAL-FIRED PLANT
PASQUILL-CIFFORD D

WIND SPEED = 2.3 M/S

BACKGROURD VISUAL RANRGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(L*xAxBx)
1. 5.0 2.6 0.951 -.022 2.09
2. 5.0 2.1 0.941 -.022 2.49
S. 5.0 1.4 0.915 -.026 3.48
10. 3.0 1.1 0.892 -.030 4.44
15. 5.0 0.9 0.881 -.032 4.90
20. 5.0 0.8 0.877 -.033 5.09
0. 6.0 0.7 0.886 -.031 4.77
40. 8.0 0.7 0.9066 -.028 4.03
50. 9.9 0.7 0.922 -.025 8.40
73. 14.9 0.8 0.9352 -.019 2.25
100. 19.9 0.8 6.970 -.014 1.49
150, 20.8 1.0 0.928 -.009 0.73
2G0. 39.8 1.2 0.995 -.006 0.37
250. 49.7 1.3 0.998 -.004 0.20
360. 59.7 1.5 1.0€0 -.003 0.11
350. 69.6 1.7 1.000 -.002 0.07

1000!MW COAL-FIRED PLANT

. PASQUILL-GIFFORD D

WIiD SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 200. KM

PLUME- VISuAL ) ‘ PLUME PLUME
DO'NWIND OBSERVER RARGE \ CONTRAST PERCEPT-
DI¢ TANCE DISTANCE REDUCTION BLUE-RED AT 0.53 IBILITY
LIID (KD (%) RATIO MICROR E(L*Ax%B:)
1. 5.0 2.4 0.936 -.031 2.63

2. 5.0 1.9 0.925 -.030 2.94

5. 5.0 1.8 6.897 -.032 4.03

10, 5.0 0.9 0.871 -.036 5.11
13. 5.0 0.8 0.859 -.038 5.63
29. 5.0 6.7 0.854 -.038 5.84
30. 6.0 0.6 0.860 ~-.037 §.62
40. 8.0 0.6 0.877 -.034 5.04
50. 9.9 0.6 0.892 -.031 4.50
75. 14.9 0.6 0.921 -.026 3.44
100, 19.9 0.6 0.942 -.022 2.64
150. 29.8 6.8 0.866 -.018 1.71
2C0. 39.8 1.0 0.980 -.014 1.13
230, 492.7 1.1 0.983 -.012 0.77
369. 59.7 1.3 0.993 -.009 0.52
350. 69.6 1.6 0.996 -.037 0.35
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1000M¥ COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 5.0 MN/S

BACKGROURD VISUAL RANGE = 26. KM

PLUME- VISyaL PLUME PLUME

DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY

(KD (KD (%) RATIO MICRON E(L*xA%B*)
1. 5.0 2.4 6.993 ~.004 0.49

2. 5.0 1.6 0.990 ~.005 0.64

5. 5.0 1.1 0.983 ~.067 1.02

10. 5.0 0.9 0.978 ~.009 1.32
15. 5.0 0.8 0.976 ~.010 1.42
20. 5.0 0.8 0.976 ~.010 1.42
30. 6.0 0.7 0.934 ~.007 0.98
40. 8.0 0.7 6.993 ~.004 0.49
50. 9.9 0.7 0.997 -.003 0.25
75. 14.9 0.6 1.090 -.9001 0.05
100. 19.9 0.3 1.630 ~.000 0.01
150. 29.8 0.0 1.000 -.000 0.00
200. 39.8 0.0 1.000 -.000 0.00
230. 9.7 0.0 1.650 -.000 0.00
300. 59.7 0.0 1.600 ~.600 0.00
330. 62.6 0.0 1.0630 -.000 0.00

1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 5.6 M/S

BACKGROUND VISUAL RANGE = 56. KM

PLUNE- VISTAL PLUME PLUME
DOWEWIND OBSERVER RAJIGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(IID (KD (%) RATIO MICRON E(L*A*B*)
1. 5.0 2.3 0.950 -.010 1.60

2. 5.0 1.5 9.973 -.010 1.28

5. 5.0 0.9 0.935 -.014 2.01

10. 5.0 0.? 0.942 -.017 2.59
15. 5.0 0.6 6.937 -.018 2.89
20. 5.0 0.6 0.937 ~.018 2.80
30. 6.0 0.5 0.9590 ~.015 2,27
40. 8.0 0.5 0.966 -.012 1.60
§0. 9.9 0.5 0.9?7 ~.009 1.18
73, 14.9 0.9 0.920 -~.003 0.353
100, 19.9 0.6 0.996 -.603 0.26
150. 29.8 0.6 6.999 -.001 0.06
2060. 392.8 0.5 1.6390 ~.000 0.02
250. 49.7 0.3 1.620 -.0G0 0.01
3G0. 59.7 0.1 1.030 ~.000 0.00
330. 692.6 0.0 1.030 -.000 0.00
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1600Mw COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 5.0 N/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND 03SERVER RANGE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTIOR BLUE~RED AT 0.55 IBILITY
(KM) (KID (%) RATIO MICRON E(L*A*B*)
1. 5.0 2.1 0.970 -.016 1.33

2. 5.0 1.3 0.961 -.015 1.64

5. 5.0 6.8 0.937 -.018 2.54

10. 5.0 0.6 0.919 -.021 3.27
15. 5.0 0.5 0.913 -.022 3.354
20. 5.0 0.5 6.913 -.022 3.52
30. 6.0 0.4 9.926 -.019 3.02
40. 8.0 0.4 0.943 -.016 2.40
59. 2.9 0.4 0.9355 -.014 1.93
75. 14.9 0.4 0.974 -.010 1.18
100. 19.9 0.9 0.983 -.007 0.75
150. 29.8 0.5 0.995 -.004 0.31
200. 39.8 0.6 0.998 -.0062 0.14
250. 49.7 0.6 0.999 -.001 0.06
300. $9.7 0.6 1.600 ~-.00C1 0.03
3350. 69.6 0.6 1.000 -.000 0.02

1000MW COAL-FIRED PLANT
PASQUILL~GIFFORD D

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANCE = 200. KM

PLUME~ VISUuAL PLUME PLUME
DOWIAWIND OBSERVER RANGE CORTRAST PERCEPT~
DISTANCE DISTANCE REDUCTIOR BLUE~RED AT 0.55 IBILITY
(KD (3D (%) RATIO MICRON E(L*A%B¥)
1. 5.0 1.9 6.959 -.023 1.64
2. 5.0 1.2 0.930 -.020 1.94
5. 5.0 0.7 0.924 -.022 2.93

10. 5.0 0.5 0.904 -.025 3.75
15. 5.0 0.4 0.897 -.026 4,04
26. 5.0 0.4 0.897 ~.023 4.03
20. 6.0 0.3 0.910 -.0623 3.55
40. 8.0 0.3 0.92¢0 -.020 2.98
90. 9.9 0.3 0.938 -.017 2.54
73. 14.9 0.3 0.953 -.014 1.79
100. 19.9 0.4 0.970 -.011 1.33
150, 22.8 0.4 0.985 -.003 0.74
200. 39.8 0.5 0.992 -.906 0.43
250. 49.7 0.5 0.996 -.004 0.25
300. 52.7 0.6 6.998 -.003 0.15
350. 09.6 0.6 06.999 -.002 0.10
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RARNGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KM (IID (%) RATIO MICRON E(L*A%Bx*)
1. 3.0 5.7 0.983 -.010 1.18

2. 5.0 4.3 0.973 -.011 1.43

5. 5.0 3.0 ©.972 -.013 1.75

10. 5-0 2-4 00966 ‘.015 2-09
15. 5.0 2.2 6.962 -.017 2.35
20. 5.0 2.1 0.959 -.018 2.54
30. 6.0 2.1 9.907 -.017 2.09
40. 8.0 2.2 9.933 -.012 1.22
50. 2.9 2.3 0.991 -.0608 0.70
75. 14.9 2.2 9.999 -.0C3 0.18
100. 19.9 1.1 1.600 -.601 0.03
150. 29.8 0.0 1.0¢0 -.000 0.01
2060. 39.8 0.0 1.680 -.000 0.00
250. 49.7 0.0 1.0C0 -.000 0.060
3690. 59.7 0.0 1.060 -.000 0.00
359. 69.6 0.0 1.600 -.060 0.00

1600MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.3 MN/S

BACKGROUNRD VISUAL RANGE = 350. KM

PLUME- VISUAL PLUIE PLUME
DOVIWIND OESERVER RAKGE CONTRAST PERCEPT-
DISTANCE DISTLRCE REDUCTIOR BLUE-RED AT 0.55 IBILITY
(11D (KID (%) RATIO MICRON E(L*A*Bx)
1. 5.0 5.3 0.952 -.023 2.41

2 5.0 3.9 0.940 -.024 2.88

5. 5.0 2.6 0.925 -.026 3.48

10. 6.0 2.0 0.909 -.029 4.16
13. 5.0 1.8 6.893 -.032 4.67
20. 5.0 1.2 0.820 -.034 5.05
30. 6.0 1.6 9.895 -.034 4.93
0. 8.0 1.7 ©.917 -.031 4.03
§0. 9.9 1.8 0.937 -.027 3.20
75. 14.9 1.9 0.970 -.018 1.69
1690. 19.9 1.9 0.987 -.011 0.86
150. 29.8 2.1 0.993 -.0035 0.235
200. 39.8 2.1 1.600 -.002 0.09
2050. 49.7 1.2 1.090 -.601 0.04
3C0. 59.7 0.3 1.030 -.000 0.02
3%¢. 69.6 0.0 1.699 -.030 6.01
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.5 MN/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOVEWIND OPSERVER RAKRGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(12D (KD (%) RATIO MICRGN EC(L*AxBx)
1. 5.0 5.0 0.923 -.036 3.20

2 5.0 3.6 ©.912 -.035 3.74

3. 5.0 2.4 0.8%4 -.035 4.46

10. 5.0 1.8 6.873 -.038 5.30
15. 5.0 1.6 ©.853 -.041] 5.94
29. 5.0 1.4 ©.847 -.043 6.43
39. 6.0 1.3 8.844 -.045 6.64
40. 8.0 1.4 0.860 -.044% 6.10
50. 9.9 1.4 4.879 -.0641 5.44
<3. 14.9 1.5 ©.920 -.633 3.81
100. 19.9 1.6 0.930 -.026 2.54
159. 29.8 1.8 0.980 -.016 1.22
209. 3%2.8 2.0 ©.992 -.010 0.60
2350. 9.7 2.3 0.9297 -.007 0.32
3G3. 59.7 2.4 0.999 -.004 0.18
3590. 69.6 2.7 1.090 -.0803 9.11

1000MYW COAL-FIRED PLANT
PASQUILL-GIFTORD E

WIND SPEFD = 2.5 M/S

BACKGROUND VISUAL RANGE = 200. KM

PLUMNE- VISUAL PLUME PLUME
DOVWVNWIRD OBSERVER RARGE CONTRAST PERCEPT-
DISTANCE DISTAINC REDUCTI1ON BLUE~RED AT 0.58 IBILITY
1§ v)) (KD (%) PATIO MICRON E(L*%A%B%)
1. 5.0 4.5 0.902 -.053 3.93

2. 5.0 3.3 0.823 -.043 4.46

5. 5.0 2.1 0.869 -.045 5.20

10. 5.0 1.6 6.817 ~.6<0 6.13
15. 5.0 1.4 0.830 -.049 6.86
20. 5.0 1.2 6.817 -.6351 7.41
30. 6.0 1.1 4.809 -.034 7.88
40. 8.0 1.1 0.817 -.054% 7.68
50. 9.9 1.1 ©.830 -.C33 7.26
75. 14.9 1.2 0.8638 -.027 5.88
160. 190.9 1.2 0.903 -.040 4.53
150. 29.8 1.4 0.%44 -.031 2.87
290. 39.8 1.7 6.968 ~.024 1.84
2Z9. 49.7 2.0 9.981 -.019 1.23
3C9. 59.7 2.2 6.989 -.015 0.84
350. 69.6 2.4 0.993 -.012 0.59
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPELED = 5.0 M/S

BACKGROUND VISUAL RANGE = 26. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND  OBSERVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
120 (2D (%) RATIO MICRON E(L¥A%Bx)
1. 5.0 3.4 0.991 -.006 0.64
2, 5.0 2.3 6.989 -.006 0.74
5. 5.0 1.6 0.983 -.007 1.03
10. 5.0 1.3 0.977 -.010 1.39
15. 5.0 1.2 0.973 -.011 1.61
29. 5.0 1.2 6.971 -.012 1.76
30. 6.0 1.2 0.977 -.011 1.43
0. 8.0 1.2 6.928 -.¢08 0.81
50. 9.9 1.3 0.994 -.005 0.45
75. 14.9 1.2 0.999 -.062 0.10
100. 19.9 0.6 1.000 -.001 0.03
150. 29.8 0.0 1.009 -.6G0 0.00
200. 30.8 0.0 1.000 -.000 0.00
250. 49.7 , 0.0 1.000 -.000 0.00
300. 59.7 0.0 1.0C0 -.000 0.00
350. 69.6 0.0 1.060 -.000 0.00
1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E
WIND SPEED = 5.0 M'S
BACKGROUND VISUAL RANGE = 50. KM
PLUKE- VISUAL PLUNE PLUME
DOYRVIND  OBSERVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
CE) (KM (%) RATIO MICRON E(L*A%B%)
1. 5.0 3.2 0.974 -.013 1.32
2. 5.0 2.1 0.969 -.012 1.47
3. 5.0 1.4 0.955 -.015 2.05
19. 5.0 1.1 0.939 -.018 2.75
1. 5.0 1.0 0.929 -.021 3.19
20, 5.0 0.9 0.923 -.023 3.438
30. 6.0 0.9 0.927 -.023 3.35
40. 8.0 0.9 0.945 -.020 2.64
50. 9.9 1.0 6.959 -.016 2.03
75. 14.9 1.0 0.932 -.010 1.01
100. 19.9 1.0 0.902 -.006 0.50
150. 29.8 1.1 0.999 -.c02 0.13
200. 39.8 1.0 1.600 -.0601 0.04
250. 49.7 0.5 1.000 -.000 0.01
300. 59.7 0.1 1.020 -.000 0.01
350. 69.6 0.0 1.020 -.000 0.00
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 5.0 M/S

BACKCROURND VISUAL RANCE = 109. KM

PLIDE- V1SUAL PLUME PLUME
DOWRVWIRD ORSERVER HANGE CONTRAST PERCEPT-
DISTANCLE DISTARC RELUCTICN PLUE-RED AT 0.535 IBILITY
(13D @ 23)) %) RATIO MICRON EC(L*AxBx)
1. 5-0 3.0 0-961 —-021 1076

2. 5.9 2.0 0.985 -.918 1.92

3. 5.0 1.2 9.937 -.020 2.60

10. 5.0 0.9 9.92135 -.024 3.48
15. 5.0 0.8 0.902 -. 026 4.03
20. 5.9 0.8 6.893 -,023 4.41
30. 6.0 0.7 0.822 -.0629 4.48
40. 8.0 0.7 0.907 -.027 3.97
50. 2.9 0.8 0.922 -.025 3.42
73. 14.9 ©.8 8.952 -.019 2.26
100. 19.9 0.8 0.971 -.C14 1.47
150. 29.8 0.9 0.9950 -.G03 6.62
209. 39.8 0.9 0.997 -.004 0.27
250. 49 .7 0.9 0.99%9 -.003 0.12
309. 59.7 0.9 1.0G0 ~.001 9.09%
350. 69.6 0.9 1.060 -.001 0.03

1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 5.0 WS

BACKGROURD VISUAL RANGE = 200. KM

PLULE~ VISUAL PLUME g

DOWNWIND OBSERVER RANGE CONTRAST PﬁkEE?Tb
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(12 (KID %) RATIO MICRON E(L*xA¥Bx%)
1. 5.0 2.7 ©.945 -.031 2.19

2. 5.0 1.8 G.9%1 -.026 2.29

5. 5.0 1.1 6.922 ~.0256 3.02

10. 5.0 0.8 ©.893 ~.029 4.00
15. 5.0 0.7 0.8£3533 ~-.021 4.63
20. 5.0 0.6 0.872 -.033 5.05
90. 6.0 0.6 6.868 -.63 5.28
40. 8.0 6.6 6.879 ~.033 4.96
59. 9.9 0.6 0.891 ~-.032 4.53
75. 1¢.9 0.6 0.920 ~.026 3.46
100. 19.9 0.6 9.943 -.022 2.60
150. 29.8 6.7 9.971 -.015 1.46
:20. 39.8 0.9 0.9835 ~.011 6.82

= 30. 49.7 0.3 0.993 ~.007 0.48
:90. §90.7 0.8 0.996 ~.0605 0.28
130, 69.6 0.8 6.9¢3 -.C34 0.17
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1600MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.3 M/S

BACKGROUNID VISUAL RANGE = 20. KM

PLUIE-~ VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CORTRAST PERCEPT-
DISTANCE DISTAKCE REDUCTION BLUE-RZD AT 0.55 IBILITY
(Ian (KID (%) RATIO MICRON E(L*AxB%)
, 1. 5.0 7.7 0.9?3 ~-.014 1.37
2. 5.0 6.4 0.568 -.017 2.15
5. 5.0 4.8 ©.939 -.020 2.63
10. 5.0 3.9 0.935 ~.C21 2.84
13. 5.0 3.6 0.952 -.622 3.00
20. 5.0 3.4 8.249 ~.023 3.16
39. 6.0 3.3 6.1361 -.021 2.57
40. 8.9 3.5 6.979 -.015 1.50°
50. 2.9 3.6 0.990 -.011 0.88
75. 14.9 3.8 0.999 -.CCH 0.25
1G0. 19.9 1.8 1.669 -.002 0.¢9
150. 29.8 0.0 1.600 -.0G0 0.01
200. 39.8 0.0 1.050 -.0C0 0.60
2590. £49.7 6.0 1.0C0 -.000 0.09
300. 59.7 0.0 1.6¢0 -.000 6.00
350. 69.6 0.0 1.0350 -.000 0.00

1000MW COAL~-FIRED PLANT

PASQUJILL-GIFFORD F

WIND SPEED = 2.3 NS '
BACKGROUND VISUAL RANGE = 50. K

PLUIE- VISUAL PLUNE PLUME
'DOWNWIND OB3LRVER RARGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(D I (%) RATIO MICRON E(LXAxBx*)
1. 5.0 7.3 0.936 -.031 3.22

2. 5.0 5.9 0.9210 -.036 4.34

5. 5.0 4.3 .82 -.640 5.29

10. 5.0 3.4 0.878 -.041 5.70
13. 5.0 3.0 0.871 -.043 6.02
20. 5.0 2.8 0.353 -.044% 6.234
30. 6.0 2.7 0.872 ~.044 6.09
40. 8.0 2.8 0.899 -.040 5.60
50. 9.9 2.9 0.922 ~.030 4.05
73. 14.9 3.2 6.960 -.027¢ 2.34
1C0. 19.9 3.5 0.231 -.619 1.33
150. 29.8 3.9 0.926 -.€0% 0.46
200. 39.8 4.2 1.6C0 -.604 0.19
250. 49.7 1.9 1.630 -.CG02 0.09
200. 59.7 0.1 1.000 -.001 0.04
350. 69.06 0.0 1.000 -.6GO 6.02
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1000MW COAL-FIRED PLANT
PASQUILL-IFFORD F

WIND SPEED = 2.5 M/S

BACKGROULD VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOVWRWIRD OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTANCE REDUCTIOR BLUE-RED AT 0.53 IBILITY
(ITD (2D ) RATIO MICFON E(L*A%B)
1, 5.0 6.8 0.994 ~.646 4.29
2. 5.0 5.4 0.869 -.052 5.66
5. 5.0 3.9 6.841 -.054 6.81
10, 5.0 3.0 6.829 -.03% 7.31
3. 5.0 2.7 0.820 -.056 .72
20. 5.0 2.9 0.810 -.057 8.12
30. . 6.0 2.8 0.310 -.059 8.26
40. 8.0 2.8 0.829 -.€558 .62
50. 9.9 2.4 0.813 -.656 6.94
73. 14.9 2.6 ©.8%1 -.0630 5.32
1G0. 19.9 2.9 0.925 -.043 3.96
150. 20.8 3.4 0.966 -.031 2.14
200. 39.8 3.7 0.986 -.021 1.17
230. 49.7 4.0 0.9925 -.C15 0.68
3C0. 59.7 4.2 0.999 ~.010 0.42
330. - 69.6 4.5 1.030 -.607 0.28

1060MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.5 M/S

BACKGROURD VISUAL RARGLE = 200. K

PLUNME- VISUAL PLUME PLUME
DOWNWIND DSERVER RALGE CONTRAST PERCEPT~
DISTANCE  DIiSTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
(2D (KT (%) RATIO MICRON E(L*A%Bx)
1. 5.0 6.2 0.871 ~.070 3.27

2. 5.0 4.9 6.333 ~-.071 6.75

5. 5.0 3.5 0.8%4 -.069 7.98

10. 5.0 2.7 0.722 -.667 8.51
15. 5.0 2.% 0.7e2 ~.C%8 8.96
20. 5.0 2.2 0.772 -.0669 2.42
30. 6.0 2.0 0.763 -.072 2.85
4£0. a.0 2.0 0.775 -.072 9.66
50. 9.9 2.0 0.787 -.072 92.34
75. 14.9 2.1 0.820 -.07?0 8.30
160. 19.9 2.2 0.5652 -.067 7.14
150, 20.8 2.0 0.935 -.038 5.8
269, 39.8 3.0 0.941% -.064% 3.36
230. 49.7 3.3 0.964 -.G41 2.52
3C0. 59.7 3.6 9.979 -.03¢ 1.82
330. 69.6 4.0 0.93 -.0286 1.85
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1000MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

VIND SPEED = 5.0 N/S

BACKGROUND VISUAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSTRVER RARGE CONTRAST PERCEPT-
DISTANCL DISTARCE REDUCT ION BLUE-RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(L*xA%B%)
1. 5.0 4.5 9.990 -.0607 0.76
2. 5.0 3.4 0.987 -.007 0.90
5. 5.0 2.4 0.982 -.008 1.12
10. 5.0 1.9 0.977 -.010 1.41
15. 5.0 1.8 9.973 -.012 1.65
29. 5.0 1.7 9.970 -.013 1.83
20. 6.0 1.8 0.975 -.012 1.58
40. 8.0 1.9 0.997 -.9009 8.96
50. 9.9 2.0 0.993 -.007 0.57
75. 14.9 2.1 0.999 -.603 0.16
100. 19.9 1.1 1.0090 -.001 0.05
150. 29.8 0.0 1.620 ~-.GC0 0.01
200. 39.8 0.0 1.080" -.800 0.00
230. 49.7 0.0 1.020 -.000 0.00
800. 59.7 0.0 1.020 -.000 0.00
350. 69.6 0.0 1.000 -.000 0.00
-1000MW COAL~-FIRED PLANT
PASQUILL-GIFFGCRD F
WIND SPEZD = 5.0 NS
BACKCROUKD VISUAL RANGE = 350. Kl
PLUIE- VISU:L PLUIEZ PLUME
DOWNWIRD OBSERVER RARGE CONTRAST PERCEPT-~
DISTAKRCE DISTANCE REDUCTION BLUE-RED AT 0.53 IBILITY
(13D CIad %) RATIO MICFON E(L*A:B:x)
1. 5.0 4.2 0.970 -.016 1.57
2. 5.0 3.1 0.9¢3 -.016 1.1
5. 5.0 2.1 0.952 -.017 2.2
10. 5.0 1.7 9.939 -.020 2.79
15. 5.0 1.5 0.923 -.022 3.26
20. 5.0 1.4 0.920 -.024 3.63
30. 6.0 1.4 0.920 -.026 3.71
40. 8.0 1.5 0.933 -.024 3.16
50. 9.9 1.6 6.943 -.022 2.62
75. 14.9 1.8 0.973 -.016 1.53
100. 19.9 1.9 0.957 -.012 0.835
150. 29.8 2.1 0.993 -.003 0.23
203. 39.8 2.2 1.6090 -.002 0.10
250. 49.7 1.1 1.0G0 -.001 0.63
300. 59.7 e.1 1.€00 -.000 0.02
350. 69.6 0.0 1.650 -.060 0.01
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1600MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RAKGE = 103. KM

PLUME~ VISUL PLUME PLUME
DOWNYIND OBSERVER RAN(E CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY
CIGD (QlGY (%) RATIO MICROH E(L%A::B%)
1. 5.0 4.0 0.953 -.026 2.12

2. 5.0 2.9 0.943 -.024 2.33

5. 5.0 2.0 0.931 -.024 2.86

10. 5.0 1.3 6.214 -.02% 3.56
15. 5.0 1.3 0.969 -.029 4.14
2C. 3.0 1.2 0.823 -.032 4.61
30. 6.0 1.2 0.383 -.634 4.98
40. 8.0 1.2 0.8¢0 -.034 4.77
50. 9.9 1.3 ©.900 -.034 4.44
73. 14.9 1.4 0.927? -.030 3.45
1GO. 19.9 1.6 0.¢350 -.026 2.55
130. 29.8 1.3 0.973 -.018 1.33
2CGO. 39.8 1.9 9.921 -.012 0.69
250. 49.7 2.0 0.9¢7 -.C33 0.32
3GO. 59.7 2.1 0.999 -.CGC3 0.52
350. 69.6 2.1 1.660 -.003 0.14

1600MW COAL~-FIRED PLANT
PASQUILL~-GIFFORD F

WIND SPEED = 5.0 M'S

BACKGROUID VISUAL RANGE = 220. KM

PLUNE~ VISUAL CPLIME PLUIE
DOWNWIRD OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTARCE REDUCTION BLUE-RED AT 0.535 IBILITY
(@idy)) (FID (7) RATIO HMICRON E(L*AxB*x)
1. 5.0 3.5 6.934 -.040 2.66

2. 5.0 2.6 0.927 -.02% 2.87

S. 5.0 1.7 0.914 -.022 3.36

10. 3.0 1.3 0.893 -.033 4.12
15. 5.0 1.2 0.879 -.026 4.78
20. 5.0 1.1 0.32356 -.0338 5.31
30. 6.0 1.0 9.83% -.G4 §8.90
40. 8.9 1.0 6.3855 -.043 5.99
S0. 9.9 1.0 6.860 -.043 5.91
73. 14.9 1.1 0.839 -.042 5.32
190. 19.9 1.2 0.2¢ -.040 4.54
150. 22.3 1.4 0.940 -.033 3.13
292. 39.8 1.5 0.964 -.027 2.11
oﬁv° 29.7 1.7 ©.979 -.022 1.43
300. 59.7 1.8 9.9C23 -.017 0.%29
3390. 6.6 1.9 6.993 -.014 0.71
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2000MW COAL-FIRED PLANT
PASQUILL-GITFFORD C
WIND SPEZD = 2.5 MN/S

BACKGROURD VISUAL RARGE = 20. KM
PLUNE- VISUAL
DOWNWIND  OBESEZRVLR RALGE
DISTAKCE ~ DISTARCE  REDUCTION
(KD CKID (%)
1. 5.0 4.8
2. 5.0 2.3
5. 5.0 1.4
10. 5.0 1.2
15. 5.0 1.3
20. 5.0 1.4
&0. 6.6 1.5
20. 8.0 1.6
50. 9.9 1.7
75. 14.9 1.5
169. 19.9 0.9
150. 29.3 0.3
260. 39.8 0.1
250. 49.7 0.0
3G9, 59.7 0.0
350. 69.6 0.0
1600MY COAL-FIRED PLANT
PASQUILL-GIFFORD C
WIND SPEED = 2.5 M/S
BACKGROUND VISUAL RARGE = 5G. KM
PLUNE- VISUAL
DOVNWIND  OBSERVER RARGE
DISTANCE ~ DISTAKCE  REDUCTION
(XD (13D %
1. 5.0 4.5
2, 5.0 2.6
5. 5.0 1.2
10. 5.0 1.0
15, 5.0 1.9
20, 5.0 1.0
20. 6.0 1.1
20. 8.0 1.2
50. 9.9 1.3
75. 14.9 1.5
160, 19.9 1.6
150. 29.8 1.9
209, 9.5 1.7
250, 9.7 1.1
300, 59.7 0.5
350. 69.6 0.%

275

BLUE-RED

RATIO
0.928
¢.983
0.932
0.97?
0.970
©.963

COOQ
D OO O

-
[t
3

PRGACE RN
[S-J-RU- N & JUE Y

—t
o
d

BLUE-RED

RATIO

~ A
.90':

-
.233

L9351
29
.92
.9C7
.910
. 929
.946
. 973
.et

.9¢3
.0G0
. 630
1.G30
1.630

== Q@O0 OOODO

PLUME

CGRTRAST
AT 0.55

MICRON

o
.0G2
.005
.010
.012
.O15
014
.010
.Co7
.GC3
.CCY
.0CO
.CCO

.CG0

.GCO

.6CO

PLUIE

CORTRAST
AT 0.55

MICRON

PLUME
PERCEPT-
IBILITY

ECLx%AxB:x:)
.88
.10
.12
.39
.80
.14
.77
.04
.59
.15
.04
.01
.00
.00
.00
.00

QQOCOOCOQOOO = )t vt bt it O

PLUNE
PERCEPT-
IBILITY
EC(L#*A*Bx)
1.81
2.20
.21
.78
.56
.23
.16
.41
.70
.41
.72
.22
.08
.04
.62
.01

COOQCOO=NWM BN



2000MW CO2L-FIRED FLANT '
PASQUILL-GIFFORD C '
WIND SPEED = 2.5 /S .

BACKGROUND VISUAL RARGE = 100. KM

PLUNE- VI=sUAL PLUME PLUME
DOWNWIND OBSERVLR RARGE CORTRAST PERCEPT-
DISTANCLE DISTAKRCE REDUCTION BLUE~RED AT 0.53 IBILITY
(KD (K %) RATIO MICRON E(LxAxB%)
1. 5.0 3.2 9.956 -.629 2.43

2. 5.0 2.4 0.932 ~.025 2.84

5. 5.0 1.1 0.931 -.020 2.81

10, 5.0 0.8 0.915 -.023 3.46
15. . 9.0 0.8 0.821 -.029 4.560
20, 5.0 0.8 0.871 ~.034 5.36
30. 6.0 0.9 0.857 ~.037 5.58
40. 8.0 1.0 0.331 -.036 5.14
50. 9.9 1.0 0.807 -.034 4.56
75. 14.9 1.2 0.933 -.027 3.16
100. 19.9 1.3 0.¢38 -.021 2.12
150. 29.8 1.6 9.932 -.014 1.07
2G0. 39.8 1.9 6.923 -.010 0.53
280. 49.7 2.1 0.997 -.000 0.31
300. 59.7 2.4 0.929 -.0G4 0.18
350. 69.6 2.6 1.850 -.603 0.11

2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEZD = 2.5 M/S

BACKGPOURD VISUAL RARGE = 200. KM

PLUIE- VISUAL PLUME PLUME
DOWNWIND OESERVER RANGE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE~RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(LxA%Bx)
1. 5.0 3.9 0.925 ~.043 3.02

2, 5.0 2.1 0.914 -.034 3.36

5. 5.0 1.0 0.917 -.0Z5 3.24

10. 5.0 0.7 0.899 -.023 38.97
15. 5.0 9.7 ©.8Y0 -.G2% 5.16
fO. 5.0 0.7 0.815 -.0640 6.18
0. 6.0 0.7 ©.3223 -.043 6.59
=0. 8.0 0.8 0.3%5 -.044 6.43
30. 9.9 0.8 0.836 -.043 6.67
35. 14.9 0.9 ©.520 -.038 4.86
150, 19.9 1.0 0.218 -.0323 3.77
150. 29.8 1.3 6.951 -.027 2.52
290. 39.8 1.6 0.970 -.022 1.70
230. 49.7 1.8 ©.932 -.0138 1.19
3C0. 59.7 2.1 ¢.9¢0 -.C15 Q.80
350. 69.6 2.3 0.99 -.012 0.56
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20000MY COAL-FIRED PLAN
PASQUILL~GIFFORD C

WIND SPEED = 5.0 M/S
BACKGROUND VISUAL RANGE = 2¢.

PLUMNE- VISUAL PLUME PLUIM™
DPOWHWIND OBSERVER RARGE CORTRAST PERCEPT-
DISTANCLE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(zn (KD (%) RATIO MICLON E(LkA%B%)
1. 5.0 2.6 6.991 -.003 0.61
C 2, 3.0 1.5 0.907 -.G06G ©.82
5. 5.0 0.9 0.981 -.008 1.17
10. 3.0 0.8 0.979 -.0C¢% 1.27
15. 5.0 0.8 0.977 -.009% 1.86
20. 5.0 0.8 0.976 -.010 1.46
30. 6.0 0.8 ©.982 -.009 1.14
40. 8.0 0.9 ¢.991 -.005% 0.64
50. 9.9 1.0 0.9935 -.0G04 0.36
79. 14.9 6.9 ©.999 -.001 0.09
100, 19.9 0.5 1.059 -.001 0.03
15G. 29.8 0.2 1.6G9 -.000 0.00
200. 39.8 0.0 1.020 ~.0C0 0.C69
230. 49.7 G.0 1.020 -.00C 6.0
300. 59.7 0.0 1.0C9 -.0C0 0.00
330. 69.6 0.0 1.6350 -.GCO 0.00
2000MW COAL-~FIRED PLANT
PASQUILL~GIFFORD C
WIND SPEED = 5.0 MN/S
BACKGROUND VISUAL RARGE = 50. KM
PLUIE- VISUaL PLUIT™ PLUIE
DOWNWIND OBSLRVER RANGE CORTRAST PERCEPT-
DISTARCE DISTARCE REDUCTION BLUE-RED AT 0.83 IBILITY
(KID (12D (%) R.TIO MICRCH E(LxA%B:x)
1. 5.0 2.4 0.973 -.012 1.24
2. 5.0 1.3 6.9635 -.012 1.62
5. 5.0 0.7 0.949 -.015 2.30
10. 5.0 0.6 0.94¢ -.016 2.50
15. 5.0 6.6 0.9490 -.017 2.69
20. 5.0 G.0 0.923% -.01G 2.3
0. 6.0 0.6 ©.942 -.Q1G 2.65
490, 8.0 0.7 3.27¢ -.015 2.10
50. 9.9 0.7 0.257 -.0123 1.6&
75. 14.9 0.9 ©.935 -.0GC9 0.86
100. 19.9 0.9 0.9¢3 -.8006 0.45
150. 29.8 1.0 6.999 -.C02 0.12
200. 20.83 0.9 1.680 -.CO01 0.04
250, 49,7 0.5 1.060 -.GCG 0.C2
S00. 59.7 0.3 1.630 -.0G0 0.01
3350. 69.6 6.2 1.6C9 -.C00 0.00
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2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD €

WIND SPEED = 5.0 N/S

BACKGROUND VISUAL RANGE - 100. KM

PLUNE- VISULL PLUME PLUME
DOWNWIRD OBSCRVER RANGE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.53 IBILITY
(D (KD (%) RATIO MICRON E(L%A:xB*)
1. 5.0 2.3 9.962 ~.018 1.64

2 5.0 1.2 0.950 -.017 2.07

5. 5.9 0.6 6.929 -.019 2.90

10. 5.0 0.3 0.922 -.020 3.15
15. 5.0 0.4 0.917 -.021 3.38
20. 5.0 0.4 0.911 -.023 8.63
30. 6.0 9.5 0.914 -.023 3.53
40. 8.0 0.5 0.926 -.021 3.14
50. 2.9 0.6 0.937¢ -.020 2.75
73. 14.9 0.7 0.959 -.016 1.91
160, 19.9 6.3 0.974 -.013 1.31
150. 29.8 0.9 €.9%0 -.000 0.60
2C9. 39.8 1.0 ©.9¢6 -.005 0.28
25390. 49.7 1.0 0.999 -.0G3 0.14
309. §59.7 1.1 1.000 -.G02 0.07
350. 69.6 1.1 1.060 -.001 0.04

2000MW COAL~-FIRED PLANT
PASQUILL-GIFFORD C

WIND SPEED = 5.0 W/S

BACKCROUND VISUAL RAKRGE = 200. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTANC REDUCTION BLUE-RED AT 0.55 IBILITY
(K1) (119 () RATIO MICTON E(LxAxBx)
1. §.0 2.0 ©.949 -.626 1.99

2. 5.0 1.1 ©.938 -.022 2.41

3. 3.0 0.5 0.9219 -.022 3.32

16. 5.0 0.4 6.903 -.G23 3.60
15. 5.0 0.4 0.901 -.024 3.87
20, 5.0 0.4 0.8%4 -.026 4.15
3¢, 0.0 0.4 0.823 -.026 4.15
40. 8.0 6.4 0.963 -.G26 3.92
oC., 9.9 G.4 0.912 -.025 3.64
75, 14.9 0.5 6.932 -.022 2.93
1CC. 19.9 0.6 0.949 -.020 2.32
150. 22.8 0.7 Q.272 -.015 1.42
290. 39.3 0.8 0.933 -.011 0.87
2zC. 9.7 0.9 0.922 -.003 0.53
306. 59.7 1.0 0.2235 -.000 0.33
350. 069.6 1.0 0.923 -.005 0.21
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2009NMW COAL-FIRED PLANT
PASQUILL-GIFFOFRD D

WIND SPEED = 2.3 NS

BACKGROUND VISUAL RANGE = 20. K

PLUME- VISTAL
DOWNWIND OBSERVER RALGE
DISTLNCE DISTARCE REDUCTION BLUE-RZD
CITD asn (%) RATIO
1. 5.0 6.0 6.926
2 5.0 4.8 0.929
5. 5.0 3.5 0.971
10. 5.0 2.8 0.9463
15. 5.0 2.4 0.%39
20, 5.0 2.3 0.937
30. 6.0 2.1 ©.968
40. e.0 2.2 0.924
50. 9.9 2.2 6.292
75. 14.9 2.0 0.929
1GO. 19.9 1.1 1.G20
150. 29.3 0.1 1.00
200. 39.8 0.0 1.029
230. 49,7 0.0 1.02)
3¢0. 59.7 0.0 1.020
350. 69.6 0.0 1.059

2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 30. KM

PLUME- VISUAL
DOWRWIND OBSERVER RANGE
DISTANRCE DISTANCE REDUCTION BLUE-RED

(X (2D (7)) RATIO
1. 5.0 3.6 0.9338

2. 3.0 4.4 0.944

5. 5.0 3.1 0.921

10. 5.0 2.3 6.899
15. 5.0 2.0 6.820
20. 5.0 1.8 6.836
30. 6.0 1.7 0.826
40, 8.0 1.7 0.920
50. 9.9 1.7 0.940
75. 14.9 1.9 0.971
100, 19.9 1.9 0.987
150. 29.8 2.2 0.993
2¢0. 39.8 2.0 1.06G0
250. 49.7 1.2 1.¢C0
560, 59.7 0.4 1.0G0
350. 69.6 0.1 1.0600
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PLUME
CONTRAST
AT 0.55
MICRON

~.609

-.011
.0l4
017
.018
012
.016
.011
.CCo
.0G3
GOl
.GCO
. 000
.0¢9
.CGO
.6CO

PLUME
CORTRAST
AT 0.55
MICRON

| I N N N N IO Y N Y I I |
Qo
o)

PLUME
PERCEPT-
IBILITY

E(L*xA:xDB:)
1.06
1.335
1.84
2.33
2.54
2.63
2.07
1.17
0.66
0.17
0.03
0.01
0.00
0.6
0.¢0
0.00

PLUME
PERCEPT-
IBILITY

E(LxA%xBx%)
2.18
2.72
3.69
4.65
5.07
5.23
4.88
3.87
3.04
1.64
0.87
0.238
0.10
0.03
0002
0.01



2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 100. KM

PLUME- VISUAL PLUME PLUME
DOWRWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KD (%) FATIO MICRON E(L*A*xBx)
1. 5.0 5.3 0.933 -.035 2.93
2. 5.0 4.1 0.917 -.035 3.97
5. 5.0 2.8 0.883 -.038 4.73
10. 5.0 2.1 0.859 -.042 5.93
15. 5.0 1.7 0.847 -.0%4 6.46
20. 5.0 1.5 0.841 -.045 6.69
30. 6.0 1.4 0.846 -.045 6.57
40, " 8.0 1.8 0.866 -.042 5.85
50. 9.9 1.4 0.834 -.039 5.17
?5. 14.9 1.5 0.922 -.033 3.70
100. 19.9 1.6 0.949 -.026 2.58
150. 20.8 1.8 0.978 -.618 1.33
200. 39.8 2.0 0.991 -.012 0.70
250. 49.7 2.2 0.997 -.0C0 0.40
300. 59.7 2.4 0.999 -.005 0.23
359. 69.6 2.6 1.000 -.004 0.15
2000MW COAL-FIRED PLART
PASQUILL-GIFFORD D
WIND SPEED = 2.5 W/S
BACKGROURD VISUAL RANGE = 200. KM
PLUME- VISUAL PLUKME PLUME
DOWNWIRD OBSERVER RAKGE CORTRAST PERCEPT-
DISTANCE DISTALCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KM (KM (%) RATIO MICRON E(LXxAXxBx%)
1. 5.0 4.8 9.910 -.053 8.65
2. 5.0 8.7 6.832 -.030 4.29
5. 5.0 2.5 0.851 -.049 5.53
10, 5.0 1.8 0.829 -.032 6.87
13. 5.0 1.5 6.8106 -.053 .45
20. 5.0 1.8 0.810 -.053 7.71
39. 6.0 1.1 6.811 -.033 7.79
40. 8.0 1.1 0.824 -.032 7.36
50. 9.9 1.1 0.82 -.050 6.89
75. 14.9 1.1 0.872 -.045 .72
100. 19.9 1.2 0.601 -.040 4.61
156G. 29.8 1.4 0.939 -.033 3.14
200. 39.8 1.6 9.953 -.627 2.13
25C. 49 .7 1.9 0.973 -.023 1.50
8G0. 59.7 2.1 0.927 -.010 1.04
336. 69.6 2.3 0.992 -.615 0.74
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2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD D

WIND SPZED = 5.0 MN/S

BACKGROURD VISUAL RANGE = 20. KM

PLUME~- VISUAL PLUME PLUME
DOWNWIRD OBSERVER RANGE CORTRAST PERCEPT-
DISTANCE DISTARCE REDUCTICN BLUE-RED AT 0.55 IBILITY
(IDH (¥ID 7%) RATIO MICRON EC(LxAxBx)
1. 5.0 4.3 0.9¢91 -.G07 0.70

2, 5.0 3.1 0.937 -.007 0.87

9. 5.0 2.0 0.6C0 -.0C9 1.27

10. 5.0 1.6 0.972 -.012 1.71
13. 5.0 1.4 0.968 -.014 1.95
20. 5.0 1.3 0.966 -.014 2.08
30. 6.0 1.3 6.975 -.9012 1.60
49. S.0 1.3 0.93238 -.0C3 0.86
50. 2.9 1.3 0.924 -.005 0.435
75. £.9 1.1 0.9%9 -.002 0.10
1G0. 19.90 0.6 1.020 -.0C1 0.03
150. 29.8 0.1 1.639 -.0G0 0.00
209. 32.38 0.0 1.000 -.0C0 0.00
250. 49.7 0.0 1.G3 -.0C0 0.00
3C9. 59.7 0.0 1.60 ~.0G0 0.00
350. 69.6 0.9 1.GJ0 -.060 0.00

2000MW COAL-FIFED PLART
PASOUILL-GIFFORD D
WIND SPLED = 5.0 M/S

BACKGROUND VISUAL RANGE = 50. KM
PLUIE- VISU: L PLUME PLUME
WITVIRD CGESZRVIR PORGE CONTRAST PERCEPT-
DISTARCE DISTLICE REDUCTIORN BLUE-RED AT 0.53 IBILITY
(KID (K19 %) RATIO MICRON E(LxAxBx)
1. 5.0 4.5 0.973 -.016 1.45
2. 5.0 2.9, 0.96% -.015 1.75
5. 5.0 17 0.9435 -.016 2.53
10. 5.0 13 0.925 -.023 3.33
13. G.0 11 0.915 -.C23 3.86
20. 5.0 1.0 ©.9C9 -.027 4.12
0. 6.0 1.0 0.919 -.025 8.7«
<. 5.0 1.0 0.941 -.021 2.82
5O. 2.9 1.0 6.¢33 -.017 2.07
3. 14.9 1.0 0.922 -.010 0.99
109. 10.9 1.0 0.992 -.006 0.49
150. 29.8 1.1 0.999 -.002 0.13
209. 39.8 c.9 1.6C0 -.001 0.04
230. £49.7 c.5 1.670 -.000 0.02
300. 59.7 6.2 1.¢00 -.000 0.01
3359. 69.6 0.1 1.6C0 -.GCO 0.060
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2000MW COAL-FIRED PLART
PASQUILL-GIFFORD D

WIND SPEED = 5.0 M-S

BACKGROURD VISUAL RANGE = 100. KM

PLUME- VISUAL
DOWKRWIND OBSERVER RANGE
DISTANCE DISTAKRCE REDUCTION

(EID (D (%)

1. 5.0 4.2

2. 5.0 2.7

S. 5.0 1.6

10. 5.0 1.1

135. 5.0 0.9

20. 5.0 0.8

30. 6.0 0.8

490. 8.0 0.7

50. 9.9 0.8

75. 12.9 3.8

100. 19.9 0.8

159. 29.8 0.9

200, 392.8 0.9

2590. 49.7 1.0

3G9. 59.7 1.0

359. 69.6 1.0

2000MW COAL-FIRED PLANT
PASQUILL-GIFFOFD D
WIND SPEED = 5.0 M/S
BACKGROUID VISUAL RANGE = 200. KM
PLUNE- VISUAL
DOVWRWIND ODSERVER RARGL
D1STARCE DISTANCE REDUCTICON
(KD (KD (%)
1. 5.0

w
L)

2.
5.
10.
13.
20.
30.
<0.
50.
?5.
100.
150.
2GC0.
250.
3G0.
35¢.

« s ¢ e

L =R~ U Rt R N ol o AN S R0 S RS D
ANANOOOVOOVOSOCOOO
VORQUNASAKAAANQNO 0P

QU1 GO [ et b
QQROCOQOOQCOCQOO0OmmN
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BLUE-RED

RATIO
.957
. 947
.922
. 826
.822
.EY74
20
.602
.920
.952
.971
.939
.996
.999
. 030
. 069

e QOO0 ODOOOOOOO

BLUE-RED

RATIO
0.939
0.230
9.904
0.875
0.859
0.8350
8.854
0.372
9.839
0.922
0.944
0.970
5.924
9.9¢1
0.295
G.9¢7

PLUNME

CONTRAST
AT 0.55

MICR.ON
-.026
-.023
-.025

[ I A A I I B e |
(o)
—
O

PLUIE

CORTRAST
AT 0.85

MICRON

PLUME
PERCEPT-
IBILITY

E(L*AxB::)
1.99
2.29

N
N

.29
.83
.21
.00
.21
.49
.22
.43
.64
.30
0.14
0.03
0.4

COmNWhHAh G L W

PLUME
PERCEPT-
IBILITY
E(L*xAxB*)
2.53
2.73
3.74
4.94
5.60
5.9C
5.90



2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 20, KM

PLUME- VISUAL PLUME PLUME
DOWNWIRD  OBSERVER RANGE CORTRAST  PERCEPT-
DISTANCE ~ DISTANCE  REDUCTION  BLUE-RED AT .55 IBILITY
(KID (KID (%) RATIO MICPON EC L*A%Bx*)
1. 5.0 11.4 0.975 -.017 1.85
2. 5.0 8.8 0.959 -.623 2.76
5. 5.0 6.1 0.950 -.023 3.25
10. 5.0 4.8 0.946 -.026 3.44
13. 5.0 4.3 0.943 -.027 3.62
20. 5.0 4.0 0.949 ~.029 3.80
20. 6.0 3.9 0.954 -.026 8.05
20. 8.9 3.9 0.976 -.¢18 1.76
50. 9.9 4.0 0.9C -.013 1.02
75. 14.9 8.9 0.993 -.0C3 0.28
100. 19.9 1.9 1.029 -.c02 0.09
150. 29.8 0.0 1.0C -.6C0 0.01
200. 39.3 0.0 1.600 -.GG0 0.09
250. 49.7 0.0 1.630 -.000 0.00
300. 59.7 0.0 1.0C0 -.069 0.00
350. 69.6 0.0 1.089 -.6Co 0.60
2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E
WIND SPEZD = 2.5 W/S
BACKGROUND VISUAL RANGE = 50. KM
PLUIE- VISUAL PLUIE PLUIT
DOWNWIRD BSERVER RANGE CONTRAST  PERCEPT-
DISTANCE ~ DISTANCE  REDUCTION  BLUE-RED AT 0.55 IBILITY
C(KID (KID (%) RATIO MICRON E(L*AxB:)
1. 5.0 10.3 0.926 -.039 3.84
2. 5.0 8.1 0.633 -.047 5.61
5. 5.0 5.4 0.852 -.650 6.53
10. 5.0 4.1 0.834 -.030 6.94
15. 5.0 3.6 0.8%% -.052 7.32
20. 5.0 3.3 0.833 -.034 7.68
29. 6.0 3.1 0.829 -.054 7.23
0. 8.0 3.2 0.322 -.045 5.83
59. 9.9 3.2 0.910 -.042 4.69
75. 14.9 3.4 0.956 -.020 2.58
100. 19.9 8.5 0.930 -.620 1.83
150. 29.8 3.3 0.926 -.0C9 0.44
260. 39.8 5.6 1.689 ~.0G4 0.17
250. 49.7 1.9 1.080 -.002 0.68
300. 59.7 0.5 1.009 -.0C1 0.04
330. 69.6 0.0 1.650 -.600 .02
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2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 2.5 WS

BACKGROUND VISUAL RANGE - 100. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE~-RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(LX%A%Bx)
1. 5.0 10.2 0.837 -.061 §5.19

2. 5.0 7.5 0.833 -.068 7.35

5. 5.0 5.0 0.855 -.068 8.51

10. 5.0 3.7 0.794 -.067 8.93
15. 5.0 3.2 0.780% -.063 9.41
29. 5.0 2.9 0.774 -.070 9.87
20. 6.0 2.6 0.776 -.071 9.91
40. 8.0 2.6 0.891 -.663 2.01
50. 9.9 2.6 0.826 -.065 8.07
75. 14.9 2.8 0.38581 ~.055 5.87
109. 19.9 2.9 90.922 -.044 4.069
150. 29.8 3.3 0.967 -.030 2.08
2C0. 32.8 3.5 0.987 -.620 1.09
250. 49.7 3.8 0.995 ~.013 0.62
300. 59.7 4.0 9.999 -.0G% 0.36
350. 69.6 4.4 1.000 -.006 0.23

2000MW COAL-FIRED PLART
PASQUILL-GIFFORD E

WIND SPEED = 2.5 M/S

BACKGROUID VISUAL RANGE = 200. KM

A PLUME~- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTARCE REDUCTION BLUE-RED AT 0.55 IBILITY

(KD (KD (%) RATIO MICRON E(L*A%Bx)

1. 5. 9.4 0.844 ~.092 6.48
2. 5.0 6.9 9.787 -.093 8.79
5. 5.0 4.4 6.759 -.037¢ 10.60
10. 5.0 3.2 6.730 ~-.082 10.42
15. 5.0 2.8 0.739 -.632 10.94

20 5.0 2.5 0.723 -.0634 11.47

30. 6.0 2.2 G.723 -.035 11.E86

40. 8.0 2.1 6.738 -.0335 11.43

50. 9.9 2.1 0.753 -.683 10.89

3. 14.9 2.2 0.802 -.077 9.18

160. 19.9 2.2 0.847 -.069 7.39

130. 29.8 2.6 0.908 -.036 4.93

260. 39.3 2.9 8.935 -.045 3.30

230. 49.7 3.2 0.967 -.037 2.31

366. 59.7 3.5 0.981 -.0630 1.59

350. 69.6 3.9 9.989 -.024 1.14
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2000MW COAL-FIRED PLANT
PASQUILL~-GIFFORD E

WIND SPEED = 5.0 MN/S .
BACKGROUND VISUAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOVWNWIND OESERVER RARGE CORTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE--RED AT 0.55 IBILITY
(@cay)) (K (%) RATIO MICRON E(L*A%*Bx)
1. 5.0 6.8 0.937 -.009 1.02

2. 5.0 4.6 0.932 -.010 1.22

5. 5.0 3.0 0.977 -.011 1.49

10. 5.0 2.4 0.970 -.013 1.87
13. 5.0 2.2 0.965 -.015 2.16
20. 5.0 2.1 0.961 ~.01? 2.38
30. 6.0 2.1 0.969 -.016 2.00
40. 8.9 2.2 7.933 -.011: 1.18
50. 9.9 2.2 0.992 -.003 0.68

75 14.9 2.2 0.999 ~.0063 0.18
109 19.9 1.1 1.630 -.001 0.05
130, 29.8 0.0 1.639 -.6G0 0.01
20J. 8¢.8 0.0 1.6G0 -.CCO 0.00
250. 49,7 0.0 1.6¢0 -.GCO 0.60
300. 59.7 0.0 1.679 -.0G0 0.00
350. 69.6 0.0 1.0G0 -.06GO0 0.00

2000MW COAL~FIRED PLANT
PASQUILL-GIFFORD E

WIND SPEED = 5.0 M/S

EACKGROUND VISUAL RARGE = 30. KM

PLUME- VISUAL PLUME PLUME
DOWAWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(1D (ITD (7) RATIO HICRGOR E(L%xA*B:x)
1. 5.0 6.5 0.960 -.023 2.11
2. 5.0 4.3 0.949 -.022 2.47
5. 5.0 2.7 0.936 -.022 2.97
i0. 5.0 2.1 0.919 =.625 3.72
13. 5.0 1.8 0.906 -.629 4.39
20. 5.0 1.7 0.897 -.€32 4.73
30. 6.0 1.6 0.899 -.033 4.72
20, 8.0 1.7 0.920 -.030 3.91
50. 2.9 1.8 0.938 -.027 3.13
75, 14.9 1.9 0.970 -.018 1.69
160. 19.9 1.9 6.987 ~-.Q12 0.87
150. 29.8 1.9 0.998 -.0Q3 0.24
200. 39.8 1.7 1.8390 -.002 0.03
230. 49.7 ¢.9 1.06039 -.601 0.03
300. 52.7 0.2 1.000 -.6C0 0.01
330. 69.6 0.0

1.0600 -.0C0 0.01
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2000MW COAL-FIRED PLANT
PASQUILL~GIFFORD E

WIND SPEED = 5.0 /S

BACKGROURD VISUAL RANGE = 10¢. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND  OBSERVER RANGE CONTRAST  PERCEPT-
DISTANCE  DISTANCE  REDUCTION  BLUE-RED AT 6.55 IBILITY
(D (KD (%) RATIO MICRON ECL*A%B%)
1. 5.0 6.1 0.938 -.037 2.88

2 5.0 4.0 8.925 -.033 3.24

5. 5.0 2.5 9.909 ~-.031 3.81

10. 5.0 1.8 0.886 -.084 4.74
15. 5.0 (.6 0.869 -.038 5.47
20. 5.0 (.4 0.856 -.041 6.02
30. 6.0 1.3 0.851 -.c43 6.35
40. 8.0 't 0.865 -.042 5.91
50. 9.9 1.4 0.801 -.040 5.82
75. 14.9 1.5 0.920 -.033 3.80
109. 19.9 1.6 0.949 ~.026 2.59
150. 29.8 1.6 0.981 -.016 1.17
200. 39.8 1.6 0.993 -.6Co 0.53
250. 49.7 1.6 0.993 -.G05 0.25
300. 59.7 1.6 1.000 -.0G3 0.13
350. 69.6 1.5 1.060 -.0c2 0.07

2000MW COAL-FIRED PLANT
PASQUILL~-GIFFORD E

WIND SPEED - 5.0 M/S

BACKGROURD VISUAL RANGE = 200. KM

PLUME-~ VISTAL PLUTEE PLUME
DOVRWIND CBSERVLCR RARGE CORTRAST PERCEPT-
DISTANCE DISTANCE REDUCTIOR BLUE-RED AT 0.55 IBILITY
(I2D (KD (%) RATIO MICRON E(L*AxB%)
1. 5.0 5.6 0.912 -.C57 3.65
2. 5.0 3.7 0.202 -.047 3.91
5. 5.0 2.2 0.887 -.041 4.47
10. 5.0 1.6 0.8592 -.643 5.43
15. 5.0 1.4 0.532 -.046 6.21
30. 5.0 1.2 0.823 -.043 6.94
30. 6.0 1.1 0.816 -.632 7.52
40. 8.0 1.1 0.823 -.052 7.43
59. 9.9 1.1 0.834 -.031 7.10
75. 14.9 1.1 0.8569 -.047 5.87
190. 19.9 1.2 0.901 -.040 4.62
150. 29.8 1.3 0.947 -.629 2.75
2C0. 39.8 1.3 0.972 -.021 1.62
230. 49.7 1.4 0.986 -.015 0.935
3C0. 59.7 1.4 0.992 -.010 0.58
350. 69.6 1.3 0.996 -.007 0.36
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2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.5 /S

BACKGROUND VISUAL RANGE = 20. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RARGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KM) ) RATIO MICION E(L*AkB%)
1. 5.0 15.5 0.967 -.022 2.46

2. 5.0 13.3 0.936 -.037 4.33
5. 5.0 10.3 0.917 ~.047 5.48

10. 5.0 8.4 0.915 -.047 5.59
15. 5.0 7.9 0.9214 -.646 5.60
20. 5.0 7.0 0.913 ~.046 5.63
30. 6.9 6.8 0.937 -.039 4.29
40. 8.0 6.9 0.968 -.027 2.42
50. 9.9 2.0 0.933 -.G19 1.39
?5. 14.9 7.2 9.998 -.003 0.40
100. 19.9 3.0 1.000 -.003 0.15
150. 29.8 0.0 1.600 -.600 9.03
200. 392.8 0.0 1.680 -.0C0 0.00
250. €9.7 0.0 1.609 -.0G0 0.00
300. 59.7 0.0 1.0C0 -.000 0.00
350. 69.6 0.0 1.690 -.000 0.00

200CMW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 350. KM

PLUME- VISUAL PLUME PLUIE
DOWIWIND OBSERVLR RANGE CORTRAST PERCEPT-
D1STANCE DISTARC REDBUCTIO: BLUE-FED AT 0.535 IBILITY
(IID (KID (%) RATIO MICROR E(L*xA%Ex)
1. 5.0 14.7 6.902 -.0631 §.10

2. 5.0 12.2 0.821 -.076 8.96

5. 5.0 .1 0.774 -.090 11.33

1G. 5.0 7.2 0.768 -.6&2 11.53
15. 3.0 ‘' 6.4 0.763 -.0Go 11.54
20. 5.0 5.9 0.766 -.033 11.61
80. 6.0 5.6 0.793 -.0a3 10.42
40. 8.0 5.6 0.843 -.072 8.17
50. 9.9 5.8 9.881 -.0064 6.42
73. 14.9 6.2 0.242 -.643 3.53
1G3. 19.9 6.6 0.973 -.G32 2.60
150. 29.8 7.2 ©.9%6 -.016 0.71
200. 39.8 7.2 1.629 -.007 0.31
250. 9.7 3.1 1.0C1 -.004 0.15
309. 89.7 0.2 1.601 -.0602 0.062
350. 69.6 0.0 1.6901 -.0601 0.G4
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2000MW COAL-FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 2.5 M/S

BACKGROUND VISUAL RANGE = 160. KM

PLUME- VISUAL PLUME PLUME
DOWNWIND OBSERVER RANGL CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE~-RED AT 0.55 IBILITY
(KM (KM (%) RATIO MICRON E(L*AxBx)
1. 5.0 13.9 0.851 -.020 6.89

2. 5.0 11.4 ?.741 -.106 11.80

5. §.0 8.3 0.679 -.120 14.86

10. 5.0 6.5 0.674 -. 117 15.10
15. 5.0 5.6 0.673 -.114 15.06
206. 5.6 5.2 0.672 -.113 15.14
30. 6.0 4.8 0.690 -.110 14.40
40. 8.0 4.8 0.732 -. 104 12.70
590. 9.9 4.8 0.7648 -.G985 11.20
75. 14.9 5.1 0.8%1 -.033 8.17
100, 19.9 5.9 0.822 -.072 5.94
159. 29.8 6.2 0.933 -.082 3.19
200. 39.8 6.8 0.931 -.036 1.81
250. 49.7 7.3 0.9%4% -.025 1.10
3G0.- 59.7 7.6 6.999 -.017 0.73
3350. 69.6 8.0 1.601 ~-.012 0.50

2000MW COAL-FIRED PLANT
PASQUILL-CIFFOFD F

WIND SPEED = 2.5 MN/S

BACKGROUND VISUAL RANCE = 200. KM

PLUMC~ VISUAL PLUMNE PLUME
DOWNWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KID (KID (%) RATIO MICRON E(L*xAxBx)
1. 5.0 12.9 0.796 -.118 8.60

2. 3.0 10. 4 0.673 ~-. 141 14.15

3. 5.0 7.4 0.6C3 ~-. 130 17.62

10. 5.0 5.7 0.603 -.142 17.81
15. 5.0 5.0 0.6C5 -. 133 12.73
20, 5.0 4.5 9.60C5 -. 136 17.80
20. 6.0 4.1 0.616 -.133 17. 44
<0. 8.0 4.0 0.643 -.18 16.37
59. 2.9 4.0 6.672 -.12 15.36
75. 14.9 4.1 0.733 -.120 13.00
100. 19.9 4.4 0.786 -.112 10.90
1590. 29.8 5.0 0.853 -.097 7.63
2090. 39.8 5.5 0.917 -.082 5.40
280. 49.7 6.1 0.9£9 -.070 3.91
309. 59.7 6.5 9.979 -.0S9% 2.93
350. 69.6 7.0 ©.9302 -.049 2.27
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2000MW CCAL-FIRED PLANT
PASQUILL-GIFFOFD F

WIND SPLED = 5.0 M/S

BACKGROUND VISUAL RANGE = 20, KM

PLUNE- VISUAL PLUME PLUME
DOVHWIND OBRRIEZRVER RARGE CONTIRAST PERCEPT-
DISTANCL DISTARCE REDUCTION BLUE-RED AT €.59 IBILITY
(IID (KD (%) PATIO HICLON E(L%A*B:2)
1. 5.0 8.9 0.984 -.012 1.24

2. 5.0 6.8 0.975 -.014 1.74

5. 5.0 4.7 0.968 -.016 2.038

1Q. 5.0 3.8 9.964 -.017 2.29
15. 5.0 3.4 0.969 -.015 2.50
20. 5.0 3.2 0.937 -.020 2.69
39. 6.0 3.2 0.965 -.018 2.26
40. 8.0 3.3 0.932 -.014 1.35
50. 9.9 3.4 0.991 -.010 0.890
73. 14.9 3.6 0.999 -.604 6.23
103. 19.9 1.7 1.680 -.0602 0.08
1590. 29.3 0.0 1.6350 -.CG0 0.01
2069. 39.8 0.0 1.009 -.0Go 0.00
230. 49.7 0.0 1.030 -.0660 0.00
3690. §2.7 0.0 1.0CO -.0G0 0.00
3:0. 69.6 0.0 1.050 -.CCO 0.00

2000MW COAL-FIRED PLANT
PASCUILL-GIFFCRD F

WIRD SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 350. KM

PLUE- VISUAL PLUME PLUNE
DOVRWIND OBSERVER RANGE CONTRAST PERCEPT-
DISTARCE DISTAKCE REDUCTION BLUE-RED AT 0.55 IBILITY
(I (IaD (%) RATIO MICFOR E(L*AxB:x)
1. 5.0 3.5 0.932 -.023 2.59

2. 5.0 6.3 0.923 -.031 3.54

5. 5.0 4.3 0.911 -.033 4.19

10. 5.0 3.3 0.9C2 -.034 4.59
15. 5.0 3.0 0.393 -.036 5.00
Zo. 3.0 2.8 ©.834 -.030 5.38
2o. 6.9 2.6 0.837 -.039 5.34
<0. 8.0 2.7 €.909 ~.036 4.49
50. 2.9 2.8 0.928 -.033 3.70
73. 14.9 3.1 9.963 -.025 2.19
1G0. 19.9 3.4 0.932 -.01G 1.26
180. 29.8 8.7 0.997 -.009 0.44
200. 32.8 3.9 1.000 -.004 0.18
Z30. 49.7 1.8 1.600 -.002 0.08
209. 59.7 6.1 1.069 ~.00! 0.04
S30. 69.6 6.0 1.0C0 -.0G0 0.02
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2000MW COAL~FIRED PLANT
PASQUILL-GIFFORD F

WIND SPEED = 5.0 M/S

BACKGROUNRD VISUAL RANGE = 100. KM

PLUMNE- VISUAL PLUME PLUME
DOVNWIND OBESERVER RANGE CONTRAST PERCEPT-
DISTANCE DISTAICE REDUCTION BLUE-RED AT 0.55 IBILITY
(1 (KD (%) RATI1O0 MICRON E(L*A%Bx)

1. 5.0 8.0 0.925 -.046 3.55

2. 5.0 5.9 0.8%% -.047 4.63

S. 5.0 4.0 0.873 -.046 5.41

10. 3.0 3.0 0.861 -.046 5.90
15. 5.0 2.6 0.849 -.047 6.40
29. 5.0 2.4 0.838 -.050 6.89
39. 6.0 2.3 0.832 -.032 7.24
40. 8.0 2.3 0.816 -.052 6.83
50. 2.9 2.3 0.8561 -.051 6.32
75. 12.9 2.5 0.8%3 -.046 4.97
169. 19.9 2.8 0.928 -.04%1 3.76
150, 29.8 3.2 0.967 -.0¢30 2.06
2c0e. 39.8 3.5 0.95 -.021 1.13
230. 49.7 3.7 0.993 -.014 0.65
300. 59.7 §.8 6.999 -.609 0.40
350. 69.6 3.9 1.639 -.006 0.25

2000MW COAL-FIRED PLANT
PASQUILL-GIFFCRD F

WIND SPEED = 5.0 M/S

BACKGROUND VISUAL RANGE = 2Co. KM

PLUME- VISUAL PLUME PLUME
DOVWNVWIRD OBSERVZR RANGE CONTRAST PERCEPT-
DISTANCE DISTANCE REDUCTION BLUE-RED AT 0.55 IBILITY
(KD (KD (%) RATIO MICRON E(L*AxB:=:)
1. 5.0 7.4 0.892 -.071 4.352

2. §.0 5.4 0.861 -.067 5.63

S. 3.0 3.5 0.6%1 -.061 6.38

10. 5.0 2.7 0.3829 -.0538 6.8
15. 5.0 2.3 0.8106 -.039 7.43
29, 5.0 2.1 0.804 -.061 7.99
30. 6.0 2.0 0.792 ~.064 8.63
40. 8.0 1.9 0.796 -.065 8.63
50. 909 1-9 00804 -1066 8049
?5. 14¢.9 2.0 0.831 -,0G3 .74
1C0. 19.9 2.2 0.839 ~-.063 6.78
15¢C. 29.% 2.5 0.938 -.0356 4.90
290. 39.2 2.8 0.943 -.047 3.44
209. 29.7 3.0 0.966 ~-.039 2.41
30¢., 39.7 3.2 0.930 -.022 1.72
35¢. 69.6 3.4 0.980 -.026 1.27
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APPENDIX E

TWO EXAMPLE APPLICATIONS OF THE LEVEL-1 AND LEVEL-2 ANALYSES

E.1 EXAMPLE 1--COAL-FIRED POWER PLANT

£E.1.1 Level-1 Analysis

This example is based on a hypothetical coal-fired power plant that
has been proposed for a site appro:imately 70 km from a class I PSD
area. The emission rates for this hypothetical power plant are projected
to be 25 g/s of particulates, 380 j/sec of nitrogen oxides (as NO,), and
120 g/sec of sulfur dioxide. Figure E-1 shows the relative locations of
the proposed site and the class I area. The Federal Land Manager has
identified the view toward the mountains to the west as integral to the
visitors' experience of the class I area. The discussion below demon-
strates the way in which potential visibility impairment in this situation
would be evaluated with the level-1 procedure.

The level-1 procedure steps are carried out as follows:

8
1. p = 259:%;12— x = 60 km"
z % (60 km) = 83 m
p= 4.0 x 10°
2. Tpart = 1.0 x 10-6 *p Qpart
o, = 1.7 % 1077« p « Oyo,

* Distance from site to closest point of impact, which is the vista to the
west.
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= 4.0 x 104

p =
= 2.16 MT/day

QNOX = 380 g/s
= 32.8 MT/day

Thart = 0.0864

0.223

™o,
rvo = 170 km

(The proposed site is in the west-central United States.)

Taerosol = (1.06 x 107%) . rvo * (Qpart + 1.31 QSOg)

rvo = 170 km
Qpart = 2.16 MT/day
0502 = 120 g/S

10.368 MT/day

Taerosol = 0.0284

", 1 - exp( )| exp(-0.78 x/r o)
Cqy = - - exp(-t - exp(-0.78 x/r
1 -
Cz =1l - m exp(-Tpart - TNOZ) exp( 1.56 X/rvo)
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TN02 = 0.223
Tary = 0.0864
x = 60 km
rVO = 170 km
Tieroso] = 002837
Cy = -0.146
C2 = 0.0814
C3 = 0.0103

6. The absolute value of Cl is greater than 0.10. Therefore, a level-2
analysis is indicated. Atmospheric discoloration due to N0, is
expected to be the most serious problem.

£.1.2 Level-2 Analysis

The design parameters for the proposed power plant are:

Stack height hgtack = 150 m
Stack inside diameter D=8m
Stack gas velocity Vg = 15 m/s
Stack temperature T = 350°K
Particulate emissions rate Qpart = 25 g/s

= 2.16 MT/day
NO, emissions rate (as NO,): QNOX = 380 g/s

= 32.8 MT/day
S0, emissions rate (as S0,): QSOZ = 120 g/s

= 10.4 MT/day
Site elevation Zoi1e= 940 m MSL
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E.1.2.1 Calculating Terrain Effects on Plume Transport

The level-2 analysis proceeds as described in the text. First, the
potential for interference by terrain features on plume trajectories is
identified by comparison with effective stack height.

The equation given for &h in the text,
ioh = 1.6+ F3 (3.5 5%) 3 L]

reduces to:

4.-3

w = f21a B/ for Focss T

-1 ’
138.7 g3/5 *u for F > 55 mis™3

where, as before,

F=g _Ji_ (1 - Tambient ,
L Tstack
. Vv_md 2
V= -EL7T————
hstack = 150 m
u=>5m/s
vg = 15 m/s
d=8m
Tambient = 10°C = 283°K
Tstack = 350°K
g=9.8 m/s2

. 15 m/s + 3.14 - 82 m’
V= 3

-4
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754 m3/s

<0
n

R m/s§?§254 m/s) | (1 ) %f%—%)
F = 450 m?/s3
. - 38.7§450)3/5
th = 302 m
H =150 m + 302 m
H=452 m
Ihtock = Zsite ¥ H + 500 m
Zirock = 940 m + 452 m + 500 m

Zb]OCk = 1892 m

Figure E-2 shows the area above Zjy,.k 1n the vicinity of the class I area
and the proposed power plant, along with trajectories affecting visibility
in the class I area. Figure E-3 shows terrain elevation plots for several
lines of sight from within the class I area.

E.1.2.2 Estimating Worst-Case Meteorological and Ambient Conditions

Worst-case conditions for plume discoloration--To characterize worst-
case meteorological conditicns, we obtained meteorological data from an
airport 100 km west of the proposed power plant. Although the intervening
terrain is not flat, we judged that the 850 mb wind and stability data are
the best available data source. For the trajectory passing to the north-
west of the class I area, we tabulated winds from the southwest and west-
southwest for both morning and afternoon soundings. From these tabula-
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tions, a frequency of occurrence (table E-1) was developed. The cumula-
tive frequency entries show that on three to four days per year conditions
with o,u values of 322 me/s. (E stability, 2 m/s) can be expected. Note
that the bulk of the contribution t> the cumulative frequency (0.9% out of
1.0%) represents the 1200 GMT E,2 dispersion conditions. This corresponds
to approximately 5 a.m. LST. Note also that the afternoon sounding fre-
quency of E,2 dispersion conditions was relatively high (0.6 percent, or
about two days per year).

Worst-case conditions for general haze*--Because of time and resource
considerations, we decided to rely initially on Holzworth (1972) for the
necessary data for the determination of episode frequency. A large scale
map was obtained, on which circles of radii of integer multiples of 173 km
(transport limit per 2 m/s of wind speed) were drawn, centered on the site
of the proposed power plant. Class I areas were marked, and the wind sec-

tors associated with transport to each area were noted, as shown in figure
E-4. From this figure and the two-day-episode data for mixing height and
wind speed in Holzworth (1972) (figures 51 through 62),7 table E-2 was
constructed. The worksheet in figure E-5 shows the extraction of the
actual frequency of specific ~ind speeds and mixing depths for second-and-
later episode days from the cumulative data presented in Holzworth. The
four-day-per-year uH, value is 4000 m?/s. Note that the principal contri-
bution to the frequency of occurrence of this condition derives from a
high incidence of greater-then-two-day episodes of H, between 500 and

1000 m and u between 2 and 4 n/s. This observaticn is confirmed by the
five-day-episode data in figu-e 65 of Holzworth (1972), which show eight
episodes lasting a total of 65 days for H <1000 m and u <4 m/s.

* Note that since Cy was less than 0.1, we could have eliminated this
step. However, for purposes of illustration this step is shown.

t The numerical values chosen here assume that Grand Junction, Colorado
data best charactérize the conditions affecting our hypotheticai power

plant.
331



TABLE E-1. FREQUENCY OF OCCURRENCE OF SW AND WSW WINDS BY DISPERSION
CONDITION AND TIME OF DAY

. * Cumulative
Dispersion 0zu Transport Time 1M of Day"  prequency  Frequency
Condition (m2/s) (hrs) 00Z 127 (%) (%)
F, 1 33 33 0 0 N/A n/AT
E, 1 161 33 0 0 N/A n/AT
D, 1 353 33 0 0 N/A n/at
F, 2 166 11 0.1 0 0.1 0.1
E, 2 322 11 0.6 0.9 0.9 1.0
D, 2 706 11 1.6 0.8 1.6 2.6
F, 3 249 7 0 0 0 2.6
E, 3 483 7 0.6 1.4 1.4 4.0
F, 4 332 5 0 0 0 4.0
D, 3 1060 7 3.4 1.2 3.4 7.4
F, 5 415 4 0 0.1 0.1 7.5
E, 4 644 5 0.4 1.2 1.2 8.7
D, 4 1410 5 2.4 1.5 2.4 11.1
F, 6 498 4 0 0 0 11.1
E, 5 805 4 0.2 1.8 1.8 12.9

* 007 refers to midnight Greenwich mean time (GMT) and 12Z to noon GMT.

T Persistence of stable meteorological conditions for over 12 hours is not con-
sidered likely. Therefore, conditions requiring greater than 12-hour trans-
port time are included in the cumulative frequency computation, but would not
be selected as representative of the "l-percentile event."

332



Figure E-4.
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*
TABLE E-2. FREQUENCY OF EPISODE DAYS BY MIXING DEPTH AND WIND SPEED

Number of Occurrences

1’2.[r - Affecting Class I Area
(Day 2+ fre- Sectors with Sectors per Year
uH quency per Class I Areas
u, Hy (mz/s) five years) (ng) £ Cumulative
2, 500 1000 10 1 0.25 0.25
2, 1000 2000 3 1 0.075 0.325
4, 500 2000 15 3 1.125 1.45
2, 1500 3000 1 1 0.025 1.475
6, 500 3000 1 3 0.075 1.55
2, 2000 4000 : 0 1 0 1.55
4, 1000 4000 72 3 5.4 6.95
4, 1500 6000 49 3 3.675 10.625
6, 1000 6000 25 3 1.875 12.5
4, 2000 8000 23 3 1.725 14.225
6, 1500 9000 57 3 4.275 18.5
6, 2000 12000 37 3 2.775 21.275

* Example based on Grand Junction, Colorado.

T From frequency worksheet shown in figure E-5.

§ ¢ - fa+ M Class 1 sector impact days

> « 16 year
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S-year Cumulative (i.e., # < u, < H)

No. of Episodes

No. of 2nd and Later Days

Figure E-5.

335

Lasting at Least No. of No. of 2nd for Specific Conditions
0 Z(Ea{s Epls?de Days and Later)Days (from matrix below)
(U e fa-fe (f24)
o —— — -
2, 500 7 17 10 10
4, 500 12 37 25 15
6, 500 12 38 26 1
2, 1000 9 22 13 3
4, 1000 29 129 100 72 Sum = 293
§, 1000 40 166 126 25 = f4 (6, 2000)
2, 1500 10 24 14 1 - o (6, 2000)
4, 1500 43 193 150 49
6, 1500 64 297 233 57
2, 2000 10 24 14 0
4, 2000 51 224 173 23
§, 2000 72 365 293 37
% 126 233 293
1 (-xzsfgoo-x (-233-132-49-1 (-zss-zas-za-q r LEGEND
[ (=26-25) or 126-26.73-3) | or 233-150-25-1) | 293-173-57-25-1) g 1o
i 6t oth 12t
25 100 180 173 rd 17
3 15 (+100.25-3 (+150-103-1, or (+173-166:0 o )
s (=25-10) or 100-13-15) 180:-14-72-18) | 173-14-49-72-15) Order of] Tota) number of
s » " " " :alcu‘lating se::on: a:d ht:r
’ 5 8 1 2+ _ episode days with
10 13 1 1 Calculation of: :a:un:sns stated
. 0 :;‘:; (:h:"" Number of second and
10 3 y ‘o later days within
0-2 {base case) (=13-10) (=1 3) (»14-14) exanple) stated uyind H ranges
15t ath 7th 10th
0-500 500-1000 1000-1500 1500-2000
H (m)

Worksheet for the calculation of windspeed and mixing
depth joint frequency distribution



Background Ozone Concentration--According to the "W" notation in
figures 51 through 62 in Holzworth (1972), limited mixing episodes occur
predominantly during winter months in the vicinity of Grand Junction,
Colorado. Also, in the same reference, table B-1 gives seasonal mean mix-

ing depths and wind speeds. According to this table, the uH value by
season is most limiting for winter (uH = 3333, 19448, 22981, and 9011
m2/s, respectively, for winter, spring, summer, and autumn). Therefore,
in the absence of any other data for ozone aloft, a conservative winter
median ozone estimate of 50 ppb (0.05 ppm) was taken from figure 19 of the
text.

Background Visual Range--Telephotometer data for several months are

available, and we have.interpreted them as indicating a median r,q of 140
km; however, this data set is relatively small. Therefore, the more con-
servative estimate of 170 km from figure 13 of the text was chosen for the
initial level-2 analysis, based on our recognition that the analysis can
be revised as more telephotometer data are generated.

E.1.2.3 Calculation of Worst-case Visual Impacts

The level-2 hand calcula:.ion procedure is demonstrated in this
example. A comparison with the results obtained from reference tables and
figures appears at the end of this example.

Determining plume-observer-object-sun geometry--Figure E-6 shows
plume-observer orientations corresponding to the terrain elevation plots
of figure E-3. Plan views of assumed geometries are shown in figures E-7
and E-8. From these figures, the following angles are determined:

Azimuth:
Al = 270
Ap = 232.5
A3 = 157.5
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Angle to plume centerline:

® = 36°
a = 58.5°
03 = 99°

We chose these lines of sight as the principal vistas for analysis because
of the steep terrain and resulting obstructions surrounding the class I
area. Therefore, rather than computing scattering angles for a = 30°,
45°, 60°, 90°, 120°, 135°, and 150° for both plume centerlines, we chose
to study azimuths including the three principal vistas plus three flanking
lines of sight for each plume trajectory. Specifically, for the plume
trajectory to the northwest of the class I area, azimuths corresponding to
a = 30°, 45°, and 90° are designated Az, Ag, and Ag. For the plume tra-
jectory passing to the south, azimuths A7, Ag, and Aq correspond to a
values of 90°, 120°, and 135°. Thus, we computed azimuths for views

1 through 3 as follows:

Trajectory for views 1 and 2:

ap = 30° » A4 = 264°
ag = 45° +Ag = 279°
ag = 90° > Ag = 324°

Trajectory for view 3:

a; = 90° » Ay = 166.5°
og = 120° + Ag = 136.5°
og = 135° + Ag = 121.5°

We computed scattering angles for three scenarios corresponding to
m)rning{ midday, and late afternoon in early winter (December 21, Julian
date 355). Values calculated for these scenarios are subscripted M, N,
and A, respectively, in the calculations below:
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cos eij = =cos 6§ sin ¢ cos Ai cos Hj
+ cos & sin Ai sin H
+ sin 8 cos ¢ cos Ai

J

i=1, 2,3
J=M N, A
§ = 23.45 sin [éeo‘ 2§§3§_2]
n = 355
¢ = latitude = 39° N

45° (for 9 a.m.)
Hy = 0° (for noon)
Hy = -60° (for 4 p.m.)

e o
=
]

A = 270°
Ay = 292.5°
A3 = 157.5°
A4 = 264°
Ag = 279°
A = 324°
A; = 166.5°
Ag = 136.5°
Ag = 121.5°

- . cne [284 + 355

§ = 23.45 sin [360 (—W—ﬂ
= 23.45 sin (270.2°)

§ = -23.45°

-(cos - 23.45°) (sin 39°) (cos 270°) (cos 45°)
+ (cos - 23.45°) (sin 270°) (sin 45°)
- (sin -23.45°) (cos 39°) (cos 270°)

cos em

cos 6y = -0.6487

elM = 130.
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Similarly, ©;; values are derived for the other azimuth/time-of-day pairs,

ij
as shown in table E-3.

E.1.3 Calculation of Plume Optical Depth

The plume flux of scattering coefficient, Qgcat.part, is calculated
with a particle-size distribution different from those used in the level-1
analysis. The values chosen here are expected to more accurately charac-
terize emissions from this proposed project. Specifically:

1160 Qp, ¢ *(Pscat/Y)

Qscat-part = P
Qpart = 2.16 MT/day
p=2 g/cm3
DG =1 wm
9 = 2
bgcat/V = 0.05 (from figure 24)

Q = 63 m2/s
scat-part 0.55 um

For the determination of NO, concentration, we have

6.17 + Qg

NO, = X
X o} L4
ZUX
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gve

TABLE E-3.

(A; )
1 2 3 4 5 6 7 8 9
J (Hi) (270°) (297.5°) (157.5°) (264°) (279°) (324°) (166.5°) (136.5°) (121.5°)
M(45°) 130 151 24 125 139 164 32 15 22
N(0°) 90 110 35 85 98 136 30 50 62
A(60°) 37 60 76 32 46 91 67 97 111



QNOX = 32.8 MT/day
@ u = 322 mZ/s (from table
E-1)
x = 60 km

NO, = 0.0105 ppm

As the background ozone concentration (0.05 ppm) is greater than this cal-
culated value for [NOXJ, we may assume complete conversion of NO to NO,.
Thus:

[NO, ] = [N, ] = 0.0105 ppm
x = 60 X = 60

Although we are concerned about nighttime stable transport of pollutants,
as a check on the extent to which we may be overestimating [NOZ] during
daylight hours, we have also calculated [N02] using the alternate formula-
tion.

Values of Z. of 90°, 75°, 45° and 0° are computed, yielding the following:

I [NO,]
90°  0.0105 ppm
75° 0.0093

45° 0.0080

0° 0.0077

Thus, even with the sun directly overhead (which would not occur for the
latitude and season of concern), there is a relatively small difference in
projected [NO,]. For the remainder of the level-2 analysis, therefore, we
will continue to use the more conservative value of 0.0105 npm.
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The optical thickness of the plume resulting from NO, is calculated
for A = 0.40, 0.55, and 0.70 m, using the equation:

tNOZ = 0.398 [NO,] tX e (baps/Ppm)

[N0,] = 0.0105 ppm

X = 60 km
1.71 for A = 0.40 um
(baps/PPm) = 0.31 for A = 0.55
0.017 for A = 0.70

0.429 at A= 0.4 m

™0,

™o, = 0-078 at A= 0.55 im

tNOZ = 0.00426 at X = 0.7 um

Light scattering by sulfate aerosol is calculated under the 40
percent relative humidity assumption for the western United States. Thus,

43.4 « ke + Qg
i 2
Oscat-s0, = TR, + %, J(T = RA7I007 {1‘9”9['0'48(kf * kdi]}

. .« 2
kd = d/Hm 3600
k¢ = 0.1 %/hr (winter)
Vg = 0.5 cm/s
Hp = 2000 m"
QSOZ = 10.4 MT/day
RH = 40%

* Note from table E-2 that either 1000 or 2000 m could be assumed for H.
In this equation, the higher value of Hm yields the most conservative

result. Therefore, 2000 m has been used.
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Therefore,

1.0%/hour

k'=kf+kd
and

28.7 mz/s

Qscat-504'
A2=0.55 um

Next, Q¢cat wavelength dependence is determined via the equation

Q = Q - . o,
scat‘x sca'clo.55 - 0.55

which is based on the proportionality of Qccat @nd bgeat- Thus,

Q - Q (0.4 \-n (1,2)
scat-part}, ;4 scat-part‘l=0.55 0.55

n (1,2) = 0.2 (from table 4)

2
Q = 63 m°/s

Q | = 67
scat-part =0.4
Similarly,
Qcat-part = 60

x=0.7
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For Qscat'504» the size distribution has an assumed mass median diameter

of 0.3 wm and 9% of 2. Thus,
- n(0.3,2)
Qups. = Q (0.4)
scat-30,1,.0.4 um  Scat-S0, 3=0.55 \0-
Qcat-s0 = 28.7 m%/s
41 x=0.55
n (0.3,2) = 1.6
Qscat-s0 I = 47.8 n’/s
4ix = 0.4
Similarly,
= 19.5 mzls

Q
scat~~$04 =0.7

Optical thickness (1) calculations are made using the equation

- Q scat-part

‘r -
part (2“)177"2“

and

Q~:.c at-part + Qsc at-So 4

Taerosol uH ’

where g = 322 m?'/s and uHm = 4000 mzls
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Below are the tabulated values for 1 for particulates, general haze,
and N02 shown as a function of wavelength.

0.4 wm 0.55 um 0.70 m

Tart 0.083 0.078 0.074
Taerosol ).0287 0.0229 0.0199
TNOZ 0.429 0.078 0.0N426

E.1.4 Phase Function Calculations

The wavelength, scattering angle, and particle-size-dependent phase
function calculations are performed next.

_ _3.912
bext(x = 0.55 um) =

"vo
rvo - 170 km
beyy (A = 0.55) = 0.023 km™!
becat(} = 0.55 wm) = 0.95 b_ .
be.t(A = 0.55) = 0.022 k™
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bap = 0-05 by
b. = 0.0012 km™ !
ap
A - +
bp(2 = 0.55) = (11.62 x 10 Sul) exp ("Zﬁﬁﬁgpo)

Z=940m

be(A = 0.55) = 1.0 x 107> m~! = 0.010 km~!

b

bsp(x = 0.55) bScat - by

1

bsp(x = 0.55) = 0.012 km

The attribution of bSp to coarse and fine particles in 1/3 : 2/3 pro-
portions gives:

- -1
bsp-coarse = 0.004 km

_ -1
bsp-submicron = 0.008 km

Wavelength dependence is calculated as before, using:

. x \"
bg; (N = b (30.55 un) (5755—;5)
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where

Ncoarse = 0
Nsubmicron = 1-6
NRayleigh = 4-1

Naverage = 0-2

The wavelength-specific bSp

values thus calculated are shown in table E-4

along with phase functions calculated for Rayleigh scattering according to

p(e) = 0.75 [1 + cos’e] for all A

and extracted from appendix B for Mie scattering by coarse (DG

fine (DG = 0.3 wm) mode particles.

Average p(\,8) values are calculated according to

Z b (1) - p(1,6)
sp

Rayleigh,
coarse,
fine

p(x’e)}bak d Z b ()
ckgroun

Rayleigh,
coarse,
fine

= 6 um) and

Plume phase function values have also been taken from appendix B, for

DG = 1 wm and o = 2.
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TABLE E-4.  PHASE FUNCTIONS AND SCATTERING COEFFICIENTS FOR
BACKGROUND AND PLUME

Phase Function p(,0)
for Indicated 9

Scattering Component A (wm) bgcat (km~1) 36° 90° 130°
BACKGROUND
Rayleigh Scattering
Due to air molecules 0.40 0.037
at site elevation 0.55 0.01 1.28 0.75 1.06
(n = 4.1) 0.70 0.0037
Mie Scattering
Submicron aerosol 0.40 0.013 2.87 0.276 0.157
DG = 0.3 m 0.55 0.008 2.90 0.318 0.189
o = 2.0 0.70 0.005 2.88 0.357 0.211
(n =1.6)
Mie Scattering
Coarse aerosol 0.40 0.004 1.56 0.147 0.0552
DG = 6 wm 0.55 0.004 1.44 0.161 0.0529
dg = 2.0 0.70 0.004 1.61 0.167 0.0825
(n =0) ’
Total (average) 0.40 0.054 1.66 0.591 0.768
0.55 0.022 1.88 0.486 0.560
0.70 0.013 1.96 0.402 0.408
PLUME
DG = 1 um 0.40 2.22 0.203 0.159
9 = 2 0.55 2.45 0.219 0.142
0.70 2.58 0.224 0.156
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E.1.5 Calculating Plume Contrasts

Impacts are calculated for the range of scenarios described below.
To eliminate repetition, only the impacts on the view to the west (Al =

270°) are presented here.

Azimuth = A; = 270°

a= 36°
6y = 130°
8y = 90°
o = 37°"
x = 60 km'

Stable plume conditions:

0.429 A= 0.40 im
TNO = 0.078 X = 0.55
2 0.004 A= 0.70
0.083 A= 0.40 m
T = 0.078 A= 0.55
part 4 074 A = 0.70

*
As p (A,8) values are given in appendix B only for even degree values of
6, subsequent calculations assume a By = 36°.

T For each transport/azimuth scenario, x is taken to be the transport

distance to the intersection of the plume centerline and the line of
sight.
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(Sulfate is not considered for the stable plume scenarios.)

Values of plume are taken from appendix B:
Scenario
e
M N A
A 130° 90° 36°
0.40 um 0.15¢9 0.203 2.22
0.55 0.142 0.219 2.45
0.70 0.156 0.224 2.58
“5ackground =0.95

The value of b4 is determined by summing the values for b (units of
km'l) shown below:

b

A br bspfggbmicron sp-coarse ap ?gxt
0.40 0.037 0.013 0.004 0.001 0.055
0.55 0.010 0.008 0.004 0.001 0.023
0.70 0.004 0.005 0.004 0.001 0.014

Also, for calculating sky/terrain contrast reduction:

ro = 55 km"
Co = -0.9
-t
fObj =1

* From terrain elevation plot (figure E-3a).

¥ i.e., the entire plume is assumed to be between the mountains of view 1
and the Visitors' Center.
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Intermediate calculations are made for the following parameters:

i

- - part
mp] ume TNO2 * part
0.162 A =0.40 ym
= { 0.501 A= 0.55
0.946 A=0.70
TNO2 Tpart
L g = .
p lume sin a
0.871 A= 0.40 wm
= ¢0.265 A= 0.55
0.134 A=0.70
_0.199 x _
rp *sTh o - 20 km

Given the above, plume contrast is calculated according to:

o - (p ugplume -1
P 1 9

1 - exp(-t

plume) exp(-b

ext rp)
background

Scenario 1A--Morning, A = 0.55 um:

Cotume = [%8—:%2%}{%%3%%—‘1* - 1] [1 - exp(-o-zés)] [exD (-0.0230)-(20)]

C

olume = - 0127
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Scenario 1B--Morning, A = 0.40:

Coume - [%%3%%1% . 1][1 - exp(-0.87)] {exp [(-0.055) + (20)] §
Corume = ~0-187

Scenario 1C--Morning, A = 0.70:

cp]ume - [L?ﬁlg'g%'(f?ﬁg%g’} '1] [1 - exP('OJZ‘l')] {exp[(-0.014) . (20)] }
Cp1ume = -0.059

E.1.6 Calculating Reduction in Sky/Terrain Contrast Caused By Plume

Using the above data, we calculate AC. according to:

AC

1
r = =Co exP('bext ro) [1 - Cplume + 1 exP('fobj tblume)]

Scenario 1A--Morning, A = 0.55 um:

Acr = -(-0.9) exp[-(0.0230) - 55) gl - -(-_-0'—1-217—;—”' exp [—1 . (0.265)]}

AC 0.031

r

Scenario 1B--Morning, X = 0.40 um:

i = -(-0.9) exp[-(0.055)(55)]{ 1 - (-o.Tslﬁ 7 expl-1 - (0.87)3}

AC 0.021

r

Scenario 1C--Morning A = 0.70 um:

m?‘ = -(-0.9) exp[-(0-014)(55)] {1 - '(:6.—6%;—;_—[-)- exp[-1 - (0.13*)15

-
-

o = 0.030
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For the stable transport situation, we may summarize our results for
the morning view toward the west as shown:

A Cj Tume ACT.
0.40 -0.187 0.021
0.55 -0.127 0.031
0.70 -0.059 0.030

These values indicate that though significant reduction in visual range is

not expected (]4C.| < 0.1), a perceptible yellow-brown plume is likely to
be visible in some situations (|Cp1ume[ > 0.1).

E.1.7 General Haze Effects

The same values for many parameters are used for assessing general
haze effects. Aside from the differences in calculated values for optical
thickness, the principal differences are

"plume = Taerosol = 0.0229

-
n

D 50 km

fObJ = r0/100 km = 0.55

For the westerly morning view at 0.55 un, we have

Cotume = |10 5o0 b dsT - 1] |1 - exp(-0.0229)] [exp(-0.0230 + 50)]

-0.005
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Also,

B

. ' 1 - .
-(0.9) [exp(-0.023 + 55)] [1 - —g-gb &% (-0.55 - 0.0229)]

0.002

E.1.8 Comparison of Results with Reference Tables

The example described above corresponds reasonably closely to the
hypothetical 500 Mwe power plant of appendix D, as shown in table E-5.

TABLE E-5. COMPARISON OF EXAMPLE POWER PLANT EMISSIONS AND
APPENDIX D POWER PLANT EMISSIONS

Emissions

Hypothetical 500 Mwe Example Power Plant
Power Plant

Qpart (MT/day) 1.6 2.2
Ono, (MT/day) 14.5 10.4
Qgp, (MT/day) 29.0 32.8

The scenario descriptions, though somewhat different, are still close
enough to provide useful results, as shown in table E-6.

TABLE E-6. COMPARISON OF SELECTED SCENARIO DESCRIPTORS

Appendix D Example
RH 40% 40%
[O3Jbackground 0.04 ppm 0.05 ppm
Simulation date/time 23 September/1000 21 December/0900
Scattering angle 90° 130°
Wind speed 2.5 m/s 2 m/s
Background visual range 100 and 200 km 170 km
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At a downwind distance of 50 km, with a 200 km visual range, appendix
D shows a blue-red ratio of 0.892, which indicates that the plume would
probably be perceptible. This agrees quite favorably with the hand cal-
culated value of 0,864. The modeled plume contrast of -0.031 at 0.55 um
is significantly lower than the hand calculated value of -0.13. This is
due to the differences in input parameters between the hand calculation
and the model. Also, the hand calculation procedure is conservative for
this backward scatter case (© = 130°) since multiple scattering is
ignored. The AE(L*a*b*) value of 4.5 (dropping to 3.37 by the 75 km down-
wind distance) indicates a marginally perceptibie plume. Visual range
reduction is insignificant at 0.6 percent, a result which agrees with the
hand calculation showing AC. of 0.031 at 0.55 um.

The downwind effect profiles shown in the plots in appendix D
indicate that, at downwind distances of 50 to 75 km, model results are
relatively insensitive to downwind distance for all parameters except
blue-red ratio, which peaks fairly sharply at approximately 25 km. The
difference in the blue-red ratio plots between the 2.5 and 5 m/s scenarios
indicates a substantial sensitivity to wind speed, a factor that con-
tributes to the difference in the magnitude of results between the hand
calculations and appendix D results. The assumption of 100% NO-N02 con-
version also contributes to this difference.

In general, the results above indicate a potential concern only for
the visibility effects of NO, emissions from the proposed facility. Par-
ticulate and S0, emissions appear unlikely to cause perceptible impairment
of visibility in either general haze or coherent plume scenarios.

Additional (level-3) analysis is probably warranted for this
facility, if design parameters (specifically NO, emissions rates) remain
as originally stated. In particular, the significance of potential
effects can be better evaluated given a more thorough analysis of the fre-
quency of occurrence of meteorological regimes associated with perceptible
impacts in and around the class I area, and a more precise determination
of anticipated NO, chemistry in the plume.
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E.2 EXAMPLE 2--CEMENT PLANT AND RELATED OPERATIONS

A cement plant has been proposed, along with related quarrying,
materials handling, and transportation facilities, for a location 20 km
away from a class I area. Terrain in the -vicinity is relatively flat, and
no external vistas from the class I area (a national park) are considered
integral to park visitors' experfences. Visibility within the park
boundaries is of concern, however.

The proposed project would cause both elevated emissions from
numerous process points and ground-level emissions of fugitive dust.
Estimated emissions rates and particle-size distributions are shown in
table E-7.

For the level-1 screening, a downwind distance (x) of 20 km is used,
along with the corresponding o,, for F stability of 46 m. As before, the

calculations are carried out in sequence.

E.2.1 Level-1 Analysis

8
p= 20210 x = 20 km
z o, = 60 m
p=1.67 x 10°

= 1n-0 .
Tart = 1077 P * Qpart

*
Qpart = 4.93 MT/day
4.54 + 395)

——
"

* For the initial screening, it is conservatively assumed that the
emissions are released from a common point,
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TABLE E-7. ESTIMATED PROJECT EMISSIONS

Emissions Emissions Rates

Particulate Matter

Process Sources 0.395 MT/day
(effective stack height = 50 m)
DG=1wm
% 2

p =2 gm/cm3

Fugitive Emissions 4.54 MT/day
DG = 10 m
% 2

=2 gm/cm3

Sulfur Oxides . 7.26 MT/day

(effective stack height = 50 m)
Nitrogen Oxides 2.72 MT/day

(effective stack height = 50 m)
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Thart = 0.822

o, = 1.7 x 1077+ p
NO, P * Ono,

Oyo. = 2.72 MT/day

0.0771

™0,

Taeroso] = 1.06 x 1072 « r g - (Gpart + 1.31 + Qsp,)

Y‘vo = 60 km
Qpar't = 4.93
QSO2 = 7.26
Taeroso] = 0-00918
1'No2
Cy = 1 - exp (-r - exp -0.78 x/r
1 Tart ¥ TNOZ part 1N02) v0
€; = -0.0392
1
C, ={1 - 'C_l_TT exp (- Tpart - TNOZ) exp (—1.56 x/rvo)
C, = 0.343
C3 = 0.368 [1 - exp ('Taeroso])]

C3 = 0.00336

* Taken from figure 12, text page 56, for the proposed location.
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The values for Cy, Cp, and C3 are characteristic of major particulate
sources with relatively low NO, and SO, emissions. Both C; and C3 (NO,
discoloration and general haze indicators) are sufficiently low to indi-
cate relatively little possibility of perceptible impact. However, C,
indicates the potential for a perceptible particulate plume. It should be
noted, however, that the level-1 calculations were based on the following
two specific conservative assumptions:

> A1l particulate emissions are assumed to have been released
from a comhmon point, resulting in the creation of a single,
coherent plume. Most of these emissions are, in fact,
fugitive emissions released near ground level.

> Particle scattering efficiency is assumed to be sig-
nificantly higher than would be expected for the DG = 10 m
fugitives.

Because level-1 procedures cannot address these issues, a level-2 assess-
ment is indicated. It is worth noting, however, that plume discoloration
resulting from NO, is unlikely, as are problems associated with general
haze. Therefore, the level-2 analysis need only concentrate on those
parameters related to estimation of particulate plume effects.

E.2.2 Level-2 Analysis

An analysis similar to that shown for example 1 (section E.1.2.2)
indicates that a D stability 1 m/s wind speed scenario corresponds most
closely to the l-percentile worst-case diffusion. Because there are no
terrain features that might affect the flow of pollutants toward the park,
the transport distance for analysis remains at 20 km. Therefore, as o

2
for stapility class D at 20 km is 200 m, the reasonable worst-case o,u
value i§ 200 mé/s.
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The park itself is also relatively flat, with sizable (20 km)
internal open vistas. Because all internal vistas are potentially
impacted at all times of the day, scattering angles between 0° and 180°
are of potential concern. A range of angles covering backscatter, forward
scatter, and side lighting of the plume are selected for analysis.

As a means of simplifying the level-2 screening calculations, it is
assumed (as in level-1) that for calculation of visibility impacts, all
emissions are released from a common point. General haze has been
eliminated in the level-1 screening; therefore, SO, emissions need not be
considered, because the level-2 procedures do not incorporate short-term
sulfate formation. NO, formation, on the other hand, must be considered,
because of the effect of NO, on plume perceptibility.

Particulates constitute the major potential problem for the proposed
project, as indicated by the C, value of 0.343. There are two major
groups of particulate emissions, each of which warrants separate treat-
ment. Process emissions constitute a relatively small proportion of the
total mass emissions rate (< 10%); however, their size distribution (DG =
1, 9 = 2) has a much greater scattering efficiency than the larger, fugi-
tive emissions (DG = 10 9 = 2).* To distinguish between these emissions
types, the calculations below have various parameters that are subscripted
"proc" and "fug", to indicate the process (fine) emissions and fugitive

(coarse) emissions, respectively.

The calculations of particulate impacts begin with determination of
plume optical depth, based on the equation

* This example is based, in part, on cement plants, which will typically
have bag-house controlled process emissions (and therefore no coarse
particle emissions) and fugitive emissions, which are generally large
particles. Fugitive emissions result from materials handling,
quarrying, haul roads, and so on.
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1160 Q b /v

part “scat

Qscat-part - o : y
Both Qua.t and bgeat/v take different values for the different types of
emissions. Therefore Qscat-part is determined separately for each type of

emissions.

Qpart_proc = 0-395 MT/day
DGppgc = 1 W
9 proc = 2
fproc = 2 gm/cm3
*
(bscat/V) proc = 0-05
= . 2
Qscat-part proc - 11.5 m°/s
Qpartfug = 4.54 MT/day
DGfug = 10 wm
= 2
abfug 3
Pryg = 2 gm/cm
*
bgcat/VFug = 0.004

= 2
Qscat-part fug = 10.5 m%/s

Note that despite the relative difference in mass emission rates, the pro-
cess emissions dominate the scattering coefficient flux at the assumed
emissions point. For simplicity, it will be assumed that all emitted par-
ticles remain suspended in the plume. This conservative assumption need
not be made; it is possible, though somewhat tedious, to calculate the
settling of large particles from the p'Iume.T On the other hand, if the

* From figure 24.

T Stokes settling velocities can be calculated, according to the equa-
tion ¢ = 3 x 103 od2, where c. is the settling velocity (in cm/s), »
is the particle density (in gm/cm3), and d is the particle diameter (in
m). This equation is an approximation of the Stokes velocity equation,
and it is approximately accurate for particles larger than about 2 m.

364



less conservative meteorological scenarios of this level-2 analysis and
the lower scattering efficiency of large particles result in calculated
effects below perceptible levels, then no purpose is served by projecting
settling effects. Should potential effects be projected under assumed
conditions, then the decision can be made either to rework the level-2
analysis with consideration for settling or to go to a level-3 analysis.

Consideration of table 4 also indicates a possible simplification of
calculations. Because of the size of particles emitted, there is little
wavelength dependence of scattering cnefficients. Therefore, we may
restrict consideration of scattering effects to a single wavelength,

A =0.55 wm.

Proceeding with the analysis, we have:

6.17 QN0x
[NOX] N o_u X
4
QNOx = 2.72 MT/day
oU = 200 m2/s
x = 20 km
(N0 ] = 0.0042 ppm

Even at extremely low background [03], it should be assumed that total
conversion of NO to NO, will occur at concentrations below 0.02 ppm.
Therefore,

[Noz] = 0.0042 ppm
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Continuing, we have:

TNOZ 0.398 [NOZJ (babs/ppm)

0.010

™0,

As stated previously, sulfate impacts need not be considered.

we need consider only Tart -

babs/ppm|0'55 = 0.31

Qscat-part proc
Qscat-part fug
o, U

"v0

Toart Qscat-part
par (210172 @ u
- Qscat-part proc ¥ Qscat-part fug
Tart = 0.0439
bext (3=0.55 wm) = 3;912
v0
bext 0‘55 = 0.065
bscat = 0.95 bext
becat = 0.062 km™1
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= 11.5 me/s
= 10.5 m/s

200 m2/s
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bsp = bgcat - bR

bR £ 1.06 x 10‘5m'1
z =400 m
2 0.011 km™}
bgp = 0.051
b = 0.67 b.. = 0.034 km~1
SPsubmicron 0.67 sp m
b = 0.33 b.. = 0.017 km-1
SPeoarse - 0-33 Psp = 0.01

Phase functions are determined for the background air mass and the plume
at scattering angles of 22°, 44°, 90°, and 136°, as shown in table E-8.

Because of the assumed bimodal particle-size distribution, average values
for the plume phase function are calculated. These plume average values

are weighted using the values of Qscat-part proc and Qscat—part fug
according to the equation

P(%,0) ay plume *

Qscat-part proc P(* 8proc * Qscat-part fug P 8)fuq
Qscat-part proc + Qscat-part fug

Finally, we determine Cplume and AC,. using the following values:

90°

Q
[}

Thart = 0.084

TN02 0.010 .

367



TABLE E-8.

BACKGROUND AND PLUME ATMOSPHERE PHASE FUNCTIONS AND

SCATTERING COEFFICIENTS (A = 0.55 wm)

Background Atmosphere

Phase Function p(A,0)

for Indicated ©

Scattering Component bscat (km‘l) 22° 44° 90° 136°
Rayleigh Scattering 0.011 1.39 1.12 0.75 1.125
Due to air molecules
at site elevation
Mie Scattering
Submicron Aerosol 0.034 5.36 2.01 0.318 0.188
DG = 0.3 um
o = 2.0
Coarse Aerosol 0.017 3.20 1.08 0.160 0.0740
DG = 6 wm
dg = 2.0
Total (average) 0.062 4.06 1.60 0.351 0.323
Phase Function p(a,0)
Plume Scattering for Indicated ©
Component Qscat-part 22° 44° 90° 136°
Process Emissions 11.5 5.92 1.57 0.218 0.175
DG =1 um
og =2
Fugitive Emissions 10.5 2.70 1.28 0.138 0.0344
DG = 10 wm
og = 2
Plume average 22 4.38 1.43 0.180 0.108
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N02 * Tpart
Tplume sTh o = 0.054

_0.199x _
P Sin a 4 km

bext = 0.065

ro = 5 km

Co = 0.9
fObj = 1

T

- bart . 5814
“plume TNO2 + Tpart
thig = 0.95

Cpiume and AC,. are determined according to:

(p“’)p]ume
Cplume - zp“”bkg -4 t"’xp('rplume) exp ('bextrp)

B

- 1
r = e’(p('bexwtro) 1- ¢ + 1 exp(’fobj":>lume)

plume

On the basis of these equations, and the p(A, ©) from table E-8, we com-
pute the impact projections shown in table E-9.
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TABLE E-9. PROJECTED PLUME CONTRAST AND CONTRAST REDUCTION
FOR EXAMPLE 2 (A = 0.55 wm)

Scattering Angle (9)

22° 44° 90° 136°
Colume -0.003 -0.009 -0.023 -0.029
&, 0.032 0.028 0.020 0.016

These results show that visibility impacts would probably be imper-
ceptible for the situation described. Therefore, further analysis is not
warranted. Note that the combined effects of the less conservative
meteorology (D,1 versus F,2), the consideration of particle-size distribu-
tion, and the more precise formulation of visibility impact parameters in
level-2 have provided a substantially different description of expected
impacts from that which might be extracted from the level-1 results.
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