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INTRODUCTION TO VISIBILITY 

ERRATA 

Additions to the tex t are underscored. 

page 9, column 2, beginning at l ine 11. Change to read: 
"Figure 2.Id i nd i ca tes how a photon can be absorbed by a p a r t i c l e . In t h i s 
case the r ad ian t energy of the photon i s t r ans fe r recP to^ ' n te rna l moTecular 
energy or heat energy." 

page 15, column 2, beginning at l ine 9. Change to read: 
"A s im i la r l i g h t source-detector conf igurat ion can be used to measure j us t the 
scat ter ing a b i l i t y of par t ic les and gases." — 

page 17, Table 1 , beginning at l ine 6. Change to read: 
"Dust Solid par t ic les larger than co l lo ida l size capable of temporary 

suspension in a i r " 

page 28, Figure 5.12 caption, beginning at l ine 1 . Remove "air." Change to 
read: 
"Another example of pol lutants trapped in an inversion layer at Grand Canyon." 

page 34, Figure 6.1a, b, c, d, e, f , g, and h caption, beginning at l i n e 1. 
Change to read: 
"Examples of s l i d e s used in s tud ies of people's percept ions of v i sua l a i r 
qua l i t y . " 

page 35, Figure 6.1a, b, c, d, e, f , g, and h caption, beginning at l ine 1. 
Change to read: 
"Photo g i s a lso taken from Hopi Po in t but in the opposi te d i r e c t i o n from 
Desert View." 

page 42, Figure 6.9 caption, beginning at l ine 1. Change to read: 
"The green l i n e shows the decrease in perceived visual a i r qua l i ty of a hypo-
thet ica l v is ta as a resu l t of adding a small amount of par t icu la te matter to a 
"clean" atmosphere as a funct ion of distance to the v is ta." 

page 42, Figure 6.9 caption, beginning at l ine 3. Change to read: 
"The red curve is s im i la r in nature but shows perceived changes in a i r qua l i t y 
when the atmosphere is already 'd i r ty . ' " 

page 44, column 1 , beginning at l ine 8. Change to read: 
"However, dark plumes were rated lower or perceived to have a greater impact on 
visual a i r qua l i ty than l i g h t colored plumes^ More important ly , as the plume, 
whether dark or l i g h t , obscured more and more of the v i s ta , the rat ings went 
down." 

page 44, column 2, beginning at l ine 6. Change to read: 
"Much work remains to be done in an e f f o r t to quanti fy impacts of layered haze 
i n such a way as to be rep resen ta t i ve of-h~ow humans perceive layered haze 
visual impairment." 

page 44, Figure 6.11 caption, beginning at l ine 6. Change to read: 
"This is indicated in Figure 6.11 by the increased slopes of the blue and green 
l ines over that of the red l ine . " 
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Introduction 

A definition of visibility, as it relates to 
management of the many visual resources 
found in national parks, is a complex and 
difficult idea to address. Should visibility be 
defined in strictly technical terms which 
concern themselves with exact 
measurements of i l lumination, threshold 
contrast and precisely measured distances? 
Or is visibility more closely allied with value 
judgements of an observer viewing a scenic 
vista? 

Historically "visibility" has been defined 
as " t h e greatest distance at which an 
observer can just see a black object viewed 
against the hor izon s k y . " An object is 
usually referred to as at threshold contrast 
when the difference between the brightness 
of the sky and the brightness of the object 
is reduced to such a degree that an 
observer can jus t see the object. Much 
effort has been expended in establishing the 
threshold contrast for various targets under 
a variety of illumination and atmospheric 
condi t ions . An impor tan t result of this 
work is that threshold contrast for the eye 
adapted to daylight changes very little with 
background br ightness but is strongly 
dependent upon the size of the target and 
the time spent looking for the target. 

However, visibility is really more than 
being able to see a black object at a 
distance for which the contrast reaches a 
threshold value. Coming upon a mountain 
such as one of those shown in Figures la 
and lb an observer does not ask, "How far 
do I have to back away before the vista 
d i s a p p e a r s ? " R a t h e r , the observer will 
comment on the color of the mountain, on 

whether geological features can be seen and 
appreciated, or on the amount of snow 
cover resulting from a recent storm system. 
Approaching landscape features such as 
those shown in Figures Ic and Id the 
observer may comment on the contrast 
detail of nearby geological structures or on 
shadows cast by overhead clouds. 

Visibility is more closely associated with 
conditions which allow appreciation of the 
inherent beauty of landscape features. It is 
important to be able to see and appreciate 
the form, contrast detail, and color of near 
and dis tant features. Because visibility 
includes psychophysical processes and 
concur ren t value j udgemen t s of visual 
impacts, as well as the physical interaction 
of light with particles in the atmosphere, it 
is necessary to: 

• understand the psychological process in­
volved in viewing a scenic resource, 

• specify and understand the value that an 
observer places on visibility, and 

• be able to establish a link between the 
physical and psychological processes. 

Whether we define visibility in terms of 
visual range or in terms of some parameter 
more closely related to how visitors 
perceive a visual resource, it is necessary to 
understand what constituents in the atmos­
phere reduce visibility as well as the origins of 
those const i tuents . 
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Figure la 
The farthest scenic feature is the 130 km. distant 
Navajo Mountain, as seen from Bryce Canyon 
National Park. 

Figure lb 
The La Sal Mountains, as seen from the Colorado 
River, are a dominant form on the distant horizon. 

Scientists know that in t roduct ion of 
particulate matter and certain gases into 
the atmosphere interfers with the ability of 
an observer to see landscape features . 
Moni to r ing , model ing , and control l ing 
sources of visibil i ty-reducing par t iculate 
matter and gases depend on scientific and 
technical unde r s t and ing of how these 
pollutants: 

• interact with light, 

• transform from a gas into particles that 
reduce visibility, 

• are dispersed in local canyons and 
valleys, and 

• are transported from a source, over hun­
dreds of kilometers, to a receptor such as 
one of the national parks. 

Scientific understanding of some of these 
issues is more complete than of others. The 
goal of this publ icat ion is to assist the 
reader in developing basic knowledge of 
those concepts for which there is an 
unders tanding and to indicate the areas 
which need further research. 
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Figure Ic 
This view in Canyonlands National Park shows 
the highly textured foreground canyon walls 
against the backdrop of the La Sal Mountains. 
The La Sals are 50 km. away from the observation 
point. 

Figure Id 
Bryce Canyon as seen from a hiking trail just 
below Bryce Point. Notice the highly textured and 
brightly colored foreground features. 

Figure I 
Figures la through Id show that, from a visual resource point of view, visibility is not how far a person can 
see, but rather the ability of an observer to clearly see and appreciate the many and varied scenic elements 
in each vista. 
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SECTION ONE THE NATURE OF LIGHT 

One of our principal contacts with the world around 
us is t h rough l ight . Not only are we personal ly 
dependent on light to carry visual information, but 
much of what we know about the stars and the solar 
system is derived from light waves registering on our 
eyes and on optical instruments. 

Light can be thought of as waves, and to a certain 
extent they are analogous to water and sound waves. 
Figure 1.1 is a schematic representation of water waves 
with the dis tance from crest to crest denoted as one 
wavelength. 

Similar oscillations of electric and magnet ic fields 
are called electromagnetic radiation. Ordinary light is 
a form of e lect romagnet ic radia t ion , as are x-rays , 
ultraviolet, infrared, radar , and radio waves. All of 

these t ravel at approx imate ly 300,000 km. / sec . 
(186,000 mi./sec.) and only differ from one another in 
wavelength. Figure 1.2 is a schematic representation of 
the electromagnetic spectrum with the visible portion 
shown in color to emphasize the portion of the spec­
trum to which the human eye is sensitive. The visible 
spectrum is white light separated into its component 
wavelengths or colors . T h e wavelength of l ight, 
typically measured in terms of millionths of a meter 
(microns), extends from about 0.4 to 0.7 micron. 

Waves of all k inds , inc luding light waves, carry 
energy . E lec t romagne t i c energy is un ique in that 
energy is car r ied in small , discrete parcels called 
photons. Schematic representations of a blue, green, 
and red photon are shown in Figure 1.3. Blue, green, 

Figure 1.1 
Water waves can be used to show the concept of wavelengths. A wavelength is defined as 
the distance from one crest to the next. 
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Figure 1.2 
Vibrations of electric and magnetic fields are referred to as electromagnetic radiation. This diagram shows the 
wavelengths of various types of electromagnetic radiation including visible light. The wavelength of the visible 
spectrum varies from 0.4 micron (blue) to 0.7 micron (red). One micron equals one millionth of a meter. 

and red photons have wavelengths of a round 0 .45 , 
0.55 and 0.65 micron respectively. The color proper­
ties of light depend on its behavior both as waves and 
as particles. 

Colors created from white light by passing it through 
a prism are a result of the wave-like nature of light. A 
prism separates the colors of light by bending (refract­
ing) each color to a different degree . Colors in a 
rainbow are the result of water droplets, acting like 
small prisms, dispersed through the atmosphere. Each 
water droplet refracts light into the component colors 
of the visible spectrum. 

More commonly, the colors of light are separated in 
other ways. When light strikes an object certain color 
photons are captured by molecules in that object. Dif­
ferent types of molecules capture photons of different 
colors. The only colors we see are those photons that 
the surface reflects. For instance, chlorophyll in leaves 
capture photons of red and blue light and allow green 
photons to bounce back, thus providing the green ap­
pearance of leaves. Nitrogen dioxide, a gas emitted 
into the atmosphere by combustion sources, captures 
blue photons . Consequen t ly , n i t rogen dioxide gas 
tends to look reddish brown.Figure 1.4 is an example 
of an eggshell reflecting all wavelengths of light. The 
eye perceives the eggshell to be white. An apple, on the 
other hand, reflects mostly red light while absorbing all 
others, so the apple, to an eye-brain system, appears to 
be red. 

For all practical purposes, in visibility, it is most 
convenient to think of light as being made of small 
colored par t ic les . T h e following sections of this 
documen t will discuss more specifically how these 
" l ight" particles interact with atmospheric particulate 
matter and gases. 

Figure 1.3a, b, and c 
At times light can exhibit either wave-like or particle­
like characteristics. Light can be thought of as 
consisting of bundles of vibrating electric and 
magnetic waves. These bundles of energy are called 
photons, and the wavelengths of radiant energy 
making up the photon determine its "color." Figures 
1.3a, 1.3b and 1.3c schematically show a blue, green 
and red photon. 
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Figure 1.4 
Why some objects appear white while others appear colored. White light, which is composed of all "colors" 
of photons, strikes an object. If the object is white, photons of every color are reflected. However, if some 
photons are absorbed while others are reflected, the object will appear to be colored; a red apple, for 
instance, reflects red photons and absorbs all others. 
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S E C T I O N T W O INTERACTION OF LIGHT AND PARTICLES 

A photon of light is said to be scattered when it is 
received by a par t ic le and re - rad ia ted at the same 
wavelength in any direction. Visibility degradat ion 
resul ts from light sca t te r ing and absorp t ion by 
atmospheric particles and gases which are nearly the 
same size as the wavelength of the light. Particles 
somewhat larger than the wavelength of light can scat­
ter light as a result of a combination of the first three 
phenomenon shown schematically in Figures 2.1a, 
2.1b, and 2. lc. Figure 2. la shows diffraction, a pheno­
menon whereby rad ia t ion is bent to "f i l l in the 
shadow" behind the particle. Figure 2.1b depicts light 
being bent (refracted) as it passes through the particle. 
A third effect resulting from slowing a photon is a little 

difficult to understand. Consider two photons approach­
ing a particle, each vibrating "in phase" with one another. 
One passes by the particle, retaining its original speed, 
while the other, passing through the particle, has its 
speed altered. When this photon emerges from the par­
t icle, it will be v ib ra t ing " o u t of p h a s e " with its 
neighbor photon; when it vibrates up, its neighbor will 
vibrate down. As a consequence, they interfere with 
each other's ability to propagate in certain directions 
(Figure 2.1c). 

Figure 2.Id indicates how a photon can be absorbed 
photon is transferred to internal molecular energy or 
heat energy. In the absorption process the photon is 
not redistributed into space; the photon ceases to exist. 

Figure 2.1a, b, c, and d 
Large particle light scattering and absorption. Diffraction (2.1a) and refraction (2.1b) combine to "bend" light to "fill in 
the shadow" behind the particle. Diffraction, an edge effect, causes photons passing very close to a particle to bend 
into the shadow area; refraction is a result of the light wavefront slowing down as it enters the particle. While the 
photon is within the particle its wavelength is also shortened. Thus, when it emerges from the particle it may vibrate out 
of phase with adjacent photons and interfere with their ability to propagate in a pre-prescribed direction. This effect 
(phase shift) is shown in Figure 2.1c. As a fourth possibility, the photon may be absorbed by the particle (Figure 2.1d). 
In this case the internal energy of the particle is increased. The particle may rotate faster or its molecules may vibrate 
with greater amplitude. 
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The efficiency with which a particle can scatter light 
and the di rect ion in which the incident light is 
redistributed are dependent on all four of these effects. 
Photons can be scattered equally in all directions (iso­
tropic scattering), but in most instances photons are 
scattered in a forward direction. 

F igures 2.2 and 2.3 show the d i s t r ibu t ion of 
scat tered light for par t ic les which are respect ively 
much smaller and much larger than the wavelength of 
l ight . If the par t ic les are small (such as the air 
molecules themselves) the amounts of light scattered in 
the forward and backward directions are nearly the 

same. This type of scattering is referred to as rayleigh 
scattering. As the particle increases in size more light 
tends to scatter in the forward direction until for large 
particles nearly 100% of the incident photons end up 
being scattered in the forward direction. 

The fact that light scatters preferentially in different 

directions as a function of particle size is extremely 
important in determining the effects that atmospheric 
particulates have on a visual resource. The angular 
relationship between the sun and observer in conjunc­
tion with the size of particulates determines how much 
of the sunlight is redistributed into the observer's eye. 

T h e effect of par t i cu la tes on visibility is further 
complicated by the fact that particulates of different 
sizes are able to scatter light with varying degrees of 
efficiency. It is of interest to investigate the efficiency 
with which an individual particle can scatter light. The 
efficiency factor is expressed as a ratio of a particle's 
effective cross section to its actual cross section. Figure 
2.4 shows how this efficiency varies as a function of 
particle size. Very small particles and molecules are 
very inefficient at scattering light. As a particle increas­
es in size it becomes a more efficient light scatterer 
until, at a size that is close to the wavelength of the 

Figure 2.2 
Light interacts with a particle 
through the processes shown 
in Figure 2.1. If the particle is 
very small the net result of the 
interaction process is to re­
distribute incident light in a 
way shown in the above dia­
gram. Equal numbers of 
photons are scattered in the 
forward and backward direc­
tions and about one-half of 
the number of forward scat­
tered photons are directed to 
the sides (90 degree scatter­
ing). 

Figure 2.3 
If the particle is large, most of 
the incident light is scattered 
in the forward direction. 
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incident light, it can scatter more light than a particle 
five times its size. Even particles which are very large 
scatter light as if they were twice as big as they actu­
ally measure. Each of these particles removes twice the 
amount of light intercepted by its geometric cross-
sectional area. 

Figure 2.5 shows the relative amounts of small and 
large particles found in the atmosphere. The green line 
is a typical mass size distribution of particles. The y-
axis is the amount of mass in a given size range; the x-
axis is particle size measured in microns. Notice the 
two-humped, or bi-modal, curve. Those particles less 
than about 2 microns are referred to as fine particles 
and particles larger than 2 microns are called coarse 
particles. 

The red curve is the corresponding amount of light 
scattering that can be associated with each size range. 

Even though there is less mass concentrated in the fine 
m o d e , it is the fine par t icu la tes that are the most 
responsible for scattering light. This is because fine 
particles are more efficient light scatterers than large 
particles, and because there are more of them, even 
though their total mass is less than the coarse mode. 
Consequently it is the origin and transport of fine par­
ticles that is of greatest concern when assessing visi­
bility impacts. 

It is this scattering phenomenon that is responsible 
for the colors of hazes in the sky. The sky is blue 
because blue photons, with their shorter wavelengths, 
are nearer the size of the molecules that make up the 
a tmosphe re than are their green , o r ange , and red 
counterpar ts . Thus blue photons are scattered more 
efficiently by air molecules than red photons, and as a 
consequence, the sky looks blue. 

Figure 2.4 
The relative efficiency with 
which particles of various sizes 
scatter light. The green line 
corresponds to the scattering 
efficiency of molecules. The 
red and blue lines show the 
efficiency with which fine and 
coarse particles scatter light. 
Note that fine particles (0.1 
micron to 1.0 micron) are more 
efficient at scattering light 
than are either molecules or 
coarse particles. 

Figure 2.5 
The green line shows the rela­
tive amount of mass typically 
found in a given particle size 
range. The red line shows the 
relative amount of particle 
scattering associated with that 
mass. Note that even though 
mass is associated with coarse 
particles, it is the fine parti­
cles that are primarily respon­
sible for scattering light. 
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