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Abstract

An introductory discussion of the various phenomena which take place
in the atmosphere effecting visible and infrared radiation is given. In-
cluded are absorption and emission, scattering, and local changes of the
index of refraction of the air, and how they effect intensity, contrast,
spectral signature, and distortion. Many examples are presented includina
48 Fiqures and 7 Tables. The purpose of this paper is to make the reader
aware of atmospheric-induced problems encountered in remote sensina of earth

surface features. Forty-one references are given to more complete work.
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ATMOSPHERIC EFFECTS ON REMOTE SENSING

|. Introduction

The purpose of this paper is to familiarize enaineers and earth scien-
tists interested in remote sensing of surface features with some atmospheric
effects on their measurements; to aid them in gaining a primary understandina
of these effects; and to direct them to more detailed discussions, if neces-
sarv.

The atmosphere effects visible and infrared electromaagnetic radiation in
three primary ways: absorption and emission, scatterina, and local chanaes
in the index of refraction of the air. These phenomena cause chanaes in the
intensity, contrast, spectral signature, and apparent source locations of the
objects beina viewed (distortion). This paper will present an inftroductory
discussion of the phenomena, as well as some simple examples of the resultina
effects. (References will be aiven to more detailed work). Once the reader
is aware of the problems, he can consider the conditions of an experiment in
the liaht of possible effects on his results. These will varv, of course, as
more atmosphere is placed between detector and target; as one moves from.a
stenladder to an aircraft to a satellite.

Since this paper is meant fo deal only with how the atmosphere effects
electromaqnetic radiation, the sources and detectors of radiation will not be
discussed. The reader is directed to a book such as Kruse, et al., (1967) for
such information. Micodemus (1963) aqives a good summarv of Radiometric Units.

The most important of these are qiven in Table |I.



2. The Atmosphere:

The atmosphere consists of several layers delineated bv atmospheric
properties which vary with height in a aenerally reoular manner. The most
common framework is that due to the thermal structure (see Fiqure ). In
the lowestT |0 km called the troposphere, the temperature decreases rouahly
linearly with heiaht since the atmosphere is primarily heated bv the around.
Above this the temperature levels off and then increases again due to ulfra-
violet lioht absorption by the concentration of ozone at this altitude. This
atmospheric reqion is called the stratosphere. At about 50 km the femnera-
ture starts to decrease again and this layer is called the mesosphere. At
still higher altitudes, over about 80 km, the molecules are so far apart that
thermodynamic eauilibrium does not exist and the temperature of the individual
molecules starts to rise again. This reagion is called the thermosphere (U.5.
Standard Atmosphere, 1962).

As warm air rises, it expands due to the lower pressure at hicher altitude,
and therefore cools. As long as the surrounding atmosphere also cools with
heiaht at a rroper rate, the air parcel can continue to rise. The water vapor
in the air parcel condenses since the cooler air has a lower saturation point.
This is what forms clouds. Since the air parcel must be able to rise, water
vapor clouds are |limited to the troposphere. They can also exist in the meso-
snhere (noctilucent clouds) but are more rare since there is not much water
vapor there.

The atmosphere is made up of oxygen and nifrogen nlus a number of minor
nasses, some fixed and some variable in concentration (see Fiqure 2). The
minor aasses which are important in absorption will be dealt with in that sec-

tion: here, only water will be mentioned. Water can be found in any of its



three phases in the atmosphere and its concentration varies both spatially
and temporally. Since most remote sensing is done in the absence of clouds,
only water vapor is of areat importance here; however, both ice and water
clouds will chanae the intensity and spectrum of natural illumination. This
will be discussed further after analyzing the phenomena of absorption and
scatterina.

Besides aasses, the atmosphere contains many kinds of aerosols, from
salt over the oceans and dust over deserts to ash from fires and volcanoes
as well as the many man-induced pollutants. The effects of these aerosols
are only beginnina to be studied extensively; a few of the results will be
aiven later in this paner.

Since, as will be shown, remote sensing depends on the present weather
(temperature, pressure, moisture, winds, and cloudiness) as well as previous
weather (rainfall and winds especially in determinina aeroscl content), it is
important that control areas be viewed, in each region that fliahts are made and
each time a flight is made)in order to allow even relative comparison of

measurements obtained under different atmospheric conditions.



3. Absorption

Electrons in atoms are l|ocated in»cerfain definite energy levels. When
an electron jumps from an outer shell or high energy state fo an inner shell
or low energy state, visible or ultraviolet light is emitted dependinag on the
energy jump involved (ultfraviolet light has higher energy than visible liaht).
Conversely, when |ight of the proper energy passes by the atom, the electron
can jump in the reverse direction. Thus light is being continually absorbed
and reemitted from atoms in the atmosphere. What often happens is that liaht
may be absorbed from a beam (eg., from a farget to a detector) and reemitted
in another direction so that it is lost to the beam. As mentioned before,
the energy of the light involved depends on the difference in energy levels
in the atom. The eneray (E) of the light is in turn related to the wavelenath
{A\) of the light by the relation E = D;- and the frequency of the liaht (v)
by the relation E = hv where h is Plank's constant and ¢ is the velo-
city of light.

Atoms which are coupled to form molecules are not rigidly attached; thev
tend to vibrate about their center of mass in simple harmonic motion. As were
the enerqy levels of the electrons within the atoms, the vibration eneraies
are quantized. When a molecule goes from one vibration state to another, a
quantum of energy is absorbed or given off. In like manner a molecule can ro-
tate about its center of mass, and it has rotational energy states. The en-
ergy differences between rotational and vibrational energy states are much less
than the eneragy difference between the electron shells so that the radiation
absorbed is of longer wavelength. This radiation is called infrared radiation.

According fo the Lambert-Beer Law, the decrease in spectral intensity of

radiation by absorption with distance (x) is proportional to the intensity (1)



and the density (p) of absorbing moiecules:

gt el Kix,v) 1(x,v) p(x) dx
dx

where the proportionality constant (K) is called the absorption coefficient.
This expression is then integrated to give the transmissivity (T), and assumina
that K and p do not change significantly with distance:
T(y) = 1 (v) - e—K(v)u

I (V)

o
where u 1is the mass of absorbina gas per unit area u = pAx. |In the absence
of scattering the radiant absorptance (A) over a finite frequency interval

| -K{v)u
- e

(Av) is then A = — [ (1

o Ky ) dv since A =1 -T.

Refore evaluating K(v) it should be noted that these enerqy tfransitions
are not infinitesimal points on the frequency spectrum. The spectral lines
have width. The ftwo primary causes of |ine broadenina in the atmosphere are
due to the Noppler and the pressure effects. The observed frequency of a
spectral line is changed by motion of the radiating molecule in the line of
siaht just as the time to move from one crest of a wave to the next on a lake is
shortened when one is movinag toward the source of fthe waves. This is called
the Doppler effect. In the case of liaoht, the frequency is decreased (or the
color shifted from green to red) if the source is moving away from the observer.
(This is the cause of the red-shift of distant galaxies moving rapidly awav
from the earth.) The molecules of a gas are constantly in motion in all directions
so that some of them will appear fo aive off shorfter wavelenath radiation and
others will agive off longer wavelenath radiation. This causes a spread in wave-
lenaths. The hiagher the ftemperature (T), the faster the motion and therefore
the greater the spread. The half-width at half maximum intensity of a Dopnler

broadened line is aiven by:



Av. = Yo ,2kT
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where vo is the center frequency, k 1is the Boltzmann constant and m s
the mass of the molecule, (Wolfe, 1965).

In order for a molecule to emit a continuous wave train, it must be free
from interruptions. However, atmospheric molecules underao many coliisions
with other molecules in a short period of time and these collisions therefore
cause a line broadening. This is called pressure, Lorentz, or collisional

broadening, because it depends on pressure as well as temperature.

Here Po and Avo are evaluated at a reference femperature To‘ n depends
on v and the molecule involved (both the molecule that is radiatina and the
one with which it is colliding) but generally, n= %n P is not the total

pressure because the absorbing molecules are more effective at broadenina than

the background molecules. For CO P equals the ftotal pressure plus 0.3

2’

times the partial pressure of CO, (Anding, 1967). Occasionally for hiah con-

2
centrations of the absorbing gas, the effect due to absorbing molecules is
separated from the effect due to backaround molecules and called self-broadenina.
I¥ the partial pressure of the absorbing gas is small as is generally the case,
it is a good approximation to use the total gas pressure. Burch et al., (1962)
gives a good description of pressure broadening including self-broadenina.

Pressure broadening is dominant at low altitudes in the earth's atmosphere
and Doppler broadening is dominant at high altitudes. A general discussion of
line broadening is aiven in Richtmyer et al., (1955),

Now that the half-widths of the spectral lines are known, the absorption

coefficients can be written down. The absorption coefficient for pressure

broadening for a frequency Vv - L from the band center is:
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where S is the total line intensity. The absorption coefficient for Dop-

pler broadening is:

KD(\’> - R exp [ - 12—2-2 (v-vo)zj.

LR (Avy)

If both Doppler and pressure broadening must be considered at once,

g2
S o 0 (1n2)'/? Sa e e dy
Vil = 11-3/2 A\)D —-co aZ + (W"\/ﬁ)Z
Av v=v
B 1/2 °Vp E 1/2 0, , o _Su
where a = (ln 2) KGE) w= (in 2) —EVB Y = zﬂAvP'

u as previously mentioned is the mass of the absorbing gas per unit area.
In principle it is now possible to find the absorptance of the aas. The prob-
lem is that all of this was done for only one |ine and each absorption band
has many lines in it, many of which overiap each other. Also since the absorp-
tion coefficients depend on temperature, pressure, concentration of the absorb-
ing specie as well as wavelength, the absorption coefficients will vary with
altitude, geographical location, time of day, season, and local mefeoroloaical
conditions. Therefore the absorptance must be calculated in layers affer makina
many general assumptions and then the layers are added. This is qgenerally done
in a computer. Among others, McClatchey at AFCRL and Andina at the University
of Michigan have computer programs to make these computations. Wolfe (1965)
is a good general reference for the subject of atmospheric absorption. Andina
(1967) goes into much greater detail.

Ozone in the upper atmosphere absorbs most of the ultraviolet liaht from
the sun so that radiation with wavelengths shorter than 0.3um is not useful fo
remote sensing. The visible spectrum is almost free of absorption except for

a weak O3 band between 0.5um and 0.7um. There are three narrow absorption



bands due to 0 in the near infrared at 0.6%m, 0.76um, and |.25um but

2
most of the 0, and N, absorption is in fthe far ultfraviolet.

2 2

There are six aqasses that are primarily responsible for molecular ab-
sorption of infrared radiation in the atmosphere: CO2’ NZO' B{O)N C“A’ 03,
and H20 (see figure 3). Carbon Dioxide is fairly uniformly mixed vertically
throughout the atmosphere and averages about 320 ppm. Ceographically CO2
concentration can vary from 50 pom in the polar regions to 700 ppm near
Africa and in aeneral is higher at night than during the day (Anding, 1967).
CO2 concentrations are also higher in industrial reqgions. The CO2 content
has been measured to be 107 higher downwind of London than when the wind was
blowing the other way. A 10% increase in the average concentration of CO‘,2
has been noted between 1900 and 1950 (Glueckauf, 1951).

The measured concentration of Nitrous Oxide varies from 0.28 ppm tfo
1.25 ppm probably because the major sources of NZO are the aerobic bacterial
decomposition of nitrogen compounds and air pollution. The fractional concen-
tration appears to be constant with altitude (Anding, 1967).

The concentrations of Carbon Monoxide and Methane also vary with location
being hiaher near cities, but are uniformly mixed as a function of altitude.
Typical values (not near a city) are 0.12 ppm for CC and |.| ppm for CHA (Andino,
1967).

Ozone varies greatly with altitude because it is formed primarilv by phofo-
chemical dissociation of oxygen by ultraviolet radiation in the mesosphere (see

Fiaure 4). Because of this distribution, O, absorption is much more important

3

in satellite measurements than in airplane measurements. 03 distribution varies

with season and latitude (see Fiqures 5 and 6). The seasonal variation is
roughly sinusoidal with a maximum in early spring and a minimum in the fall

(Andinag, 1967). The vertical profile of 0, also changes with concentration and

3



season (see Fiqure 7). The relatively low-altitude maximum (12 km) that
sometimes occurs in winter could be a problem with aircraft measurements. 03
also increases during thunderstorms (Glueckauf, 1651).

Water vapor is probably the most important infrared absorber and it also
has the areatest variation of concentration with location, altitude, and time.

A typical H,0 sounding is given in Figure 8. |f measurements are fto be made

2

which include an HQO absorption band, the only accurate procedure is to moni-
tor the water vapor, perhaps by using another wavelength channel to look at
only the water vapor.

Wolfe (1965) gives absorption curves for the various absorption bands of
COZ’ HZO, NzO, C0, and CH4 at different equivalent pressures. He also des-
cribes methods for determining absorption along slant paths. An indication
of the increased absorption for slant paths is given in Table 2. These
equivalent air masses can be used both for determining the atmospheric ab-
sorption in the incident solar radiation and the radiation absorption of a
around target when the sensor is above the atmosphere on a satellite.

Figure 9 aives the results of high resolution measurements taken over
fairly long paths at ground level (therefore Ozone is absent). Note the
similarity of the curves for the various path lengths. Note also that the
atmospheric '""Windows™ have many absorption lines within fthem.

In addition to the atmospheric gasses, aerosols are important in ab-
sorption of infrared radiation. Fiqure 10 shows the transmission of infrared
and H,0 absorption

2 2

curves. These are theoretical curves takina into account both absorption

radiation through aquartz aerosols superimposed on CO

and scatterina, but the 8-9um peak is primarily due to absorption. The size

and mass distributions of the quartz particles are typical of a | km layer



centered at 850 mb over NW India. A density of 0.5 agm/kam for HZO and 0.24

cm/mb for CO, was. assumed (Peterson, 1968).

2
Micas, clay minerals, quartz, and most other silicates absorb stronaly

around |0um (dee Table 3). This is the spectral region of the so-called

atmospheric window. For this reason, one must be aware of aerosols as well

as atmospheric gasses when using certain spectral intervals. More will be

said about aerosols in the section on scattering.



4, Scattering

Pure scattering means only a redistribution of energy from its oriainal
direction of propagation with no attenuation. Numerous substances such as
smoke will both scatter and absorb radiation, but the theoretical part of this
section will be limited to pure scattering. When electromagnetic radiation
falls upon an atom, the electrons in the atom begin fto oscillate with the
frequency of the radiation in the direction of the electric vector of the
radiation. The accelerating electrons will then re-radiate in all directions
perpendicular to the electric vector similar to an antenna. |f the atoms are
in a fixed lattice, destructive interference between the re-radiation from the
various atoms will cancel virtually all except the forward radiation, and if
not absorbed, the radiation will continue unimpeded except for a phase chanae
related tfo the index of refraction.

The spacings between atoms of a gas, however, are irregular and continually
changing. Therefore the radiation interference becomes negligible and re-
radiation in other than the forward direction becomes possible. This Type of
scattering is called Rayleigh scattering. Rayleigh scattering applies when
the radiation wavelength is much larger than the particle size. |In the case
of visible light, the radiation wavelength is several thousand times the size
of individual atoms.

At right angles to the incident radiation, an interesting phenomenon occurs.
Since radiation is not emitted in the direction of acceleration of the electron,
only radiation with the electric vector perpendicular to the direction of scat-
tering will appear. The scattered radiation is thus polarized even thouah the
incident radiation is not. At angles other than right angles to the incident

radiation, the scattered radiation will be only partially polarized.



In the atmosphere, however, even radiation scattered at 90° will not be
completely polarized due to such effects as multiple scattering.

The transmissivity of a given path to radiation subjected to scattering
is aiven by an expression similar to that for absorption:

T = e-ox

where x is the path length and o is the scattering coefficient. For

Rayleigh scattering: " b
oy 4m2NY2 (n _no )

. (n242n 2)2
(o]

where N is the number of particles per unit volume, V is the volume of
the scattering particle, s is the refractive index of the suspendina med-
fum and n is the refractive index of the scatterina particles (Wolfe, 1965).

Rayleigh scatterina may also be expressed as:

'Ig N 8rNe? (| + cos?28)

:'fi“ Al pl

where Ig is the intensity of scattered light, Ii is the intensity of the in-

cident light, « is the particle polarizability, 6 is the angle of scatter-
ing, and r is the distance from the scattering system to the point of ob-
servation (where r>> any relevant dimension of the scattering system) (Hart,
1966) .

The most important factor in the above equation§is the fourth power de-
pendence on wavelength. The shorter the wavelength, the areater the scatter-
ing. This means that blue light is scattered 5 to 10 Times as much as red
light. Since skylight is light from the sun scattered by the atmosphere, the
sky appears blue. The sun, on the other hand, appears vellow because much of
the blue has been removed. As The atmospheric path length is increased (ie.,

the sun is lower in the sky), the sun appears more red since more and more



short wavelengths are scattered out. At sunset, the atmospheric path is
long enough for the red to be scattered, and since the blue has already been
scattered out, the sky appears red. Rayleigh scattering contributes about
7% to the earth's albedo (Bartman, 1967).

The physical reason for the preferred blue scattering is that the re-
storing forces bindina the electron in an atom give the electrons a natural
freaguency corresponding to the freguencies of violet or ultraviolet liaht.

It is therefore easier to set up forced oscillations of the electrons if the
incident radiation is of this frequency. The longer the wavelenath, the more
difficult this forcing becomes (Halliday et al., 1962).

As is indicated in the formula for the Rayleigh scattering coefficient,
the intensity scattered is proportional to the number of scatferina pnarticles.
This is true only if the atoms are far enough apart to be independent. Ex-
cept for random density fluctuations, this is true for atmospheric gasses
since the spacing is not small compared fo the wavelenagth of light. llowever,
if a number of atoms of the gas combine together to form a drop, such as
happens when water vapor condenses, the atoms are spaced very closely compared
to the wavelenagth of light and the atoms are no longer independent. Since
the atoms are acting fogether, the electric field will be muitiplied bv the
number of atoms. This means that the intensity scattered will be multiniied
by the number of atoms squared (Feynman, 1963). This is why clouds scatter
much more than the sky. The ircrease in scattering with the square of The
numbar of particles will not continue indefinitely. When the water droplet is
Too bia, the atoms on one side of the droplet become independent of fthose on
the other side. Due fo its shorter wavelength, blue light reaches this limit

before red Ilight. Although the blue light scatters more per atom than red



light, there is a biager enhancement for red light when most of the drops are
bigger than the wavelength; hence for large drops, there is |ittle wavelenath
dependence. Since cloud drops are bigger than visible wavelenaths, (see Fia-
ure 11), clouds appear white rather than blue. For derivations and further
discussions of Rayleigh scattering including polarization effects and anqular
dependences, see Condon, 1958 and Born, 1965. Coulson et al., (1960) have
tables of Rayleigh scattering.

Rayleigh scattering is a good scattering theory only for particles of
diameter less than about one-tenth the wavelength of the incident light
(Condon, 1958). For aerosol particles of the same order of magnitude as the

incident wavelength, Mie theory must be used where:

c = f:? N(a) K(a,n) a%da

N(a) is the number of particles per unit volume in the interval da and
K(a,n), which depends on both the particle radius (a) and fthe particle
index of refraction (n), 1is the scattering area coefficient. The particle
size distribution extends from a; o aj (Wolfe, 1965). For water dron-
lets, K(a,n) has the form shown in Fiqure 12. Table 4 aives further values
of K for various n and o (defined as circumference of the particle div-
vided by the wavelength of the radiation).

I+ should be noted that as was hinted eariier, there is little wave-
length dependence in this scattering coefficient. For this reason a dusty or
pol luted sky appears gray rather than blue. Other results of Mie theory, of
which Rayleigh scattering is a limiting case, are a depolarization of liaht
scattered through 90° and a dissymmetry that makes forward scatfering more in-
tense than backward scattering (Condon, 1958). An example of this stronag for-

ward scattering is the bright aureole surrounding the sun (Bartman, 1967).
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in general, for a fixed mass per unit volume, scatterinag is a maximum when
the particle size is of the order of the incident radiation wavelength and
diminishes for both smaller and larger particles (Condon, 1958). A thorough
discussion of Mie theory is given in Van de Hulst (1957). A good description
of Mie theory including tables of Mie scattering is given in Deirmendjian
(1969).

Nonselective scattering occurs when the scattering particles are larae
compared to the incident radiation wavelength. This process is a combination
of surface reflection, transmission, and edge diffraction. Combinina these
effects and including the interference between them gives the result that for
particles with diameters greater than about six wavelenagths, the scatterina
area coefficient (K) 1is about two. This agrees with Mie theory (Wolfe, 1965).
A more detailed description of nonselective scatterina is agiven in Kruse (1962).

Mie theory applies only to spherical particles. Water drops are aeneral-
ly spherical but dust and ash particles are irreqular in shape. For irreaular
particles, it is a good approximation fo use spherical particles with the same
surface area in the theory. This aporoximation, however, will not predict
polarization or large angle scattering properiy (Anding, 1970).

Real atmospheric scattering is next to impossible to calculate. A complete
solution would need to contain multiple scattering, both molecular and aerosol,
aerosol particle size distributions as a function of altitude, atmosnheric ab-
sorption, and surfaces such as clouds or the ground which may reflect radiation
into the nath under consideration, all as a function of wavelenagth and sun
angle (Bartman, 1967).

It would be nice to have an empirical expression for scatterina, perhapns
similar to the Rayleigh scatterina law but with another exnonent. Kruse (1962)
derives the following expression for the transmitted infensity in the ith wave-

length interval as affected by scatfering:



A.
& . 3,9l i -q
T = exp r v (67534 %]
Where x is the path lenagth, Ai is the wavelenath in micrometers, and V

is the meteoroloqical range defined as the distance at which fthe averace eve

can just barely detect a large, black object against the horizon sky. More

will be said about the meteorological range in the section on contrast. On
days when seeing conditions are very good, q = 1.6; on days of averaae seeina
conditions, q = |.3; and when the meteorological range is less than 6 km,

/3

q=0.585V . ODuenzel (1970) gives examples of measured extinction co-
efficients vs. wavelenath.

Since the mass and size distribution of aerosol parTicIes‘pIays such an
important role in scattering, some experimental results will now be aiven.
Fiqure 13 shows the size distribution of natural aerosol particles in con-
tinental air and Figure 14 the same for maritime air (sea salt) at about 807
relative humidity and various wind speeds. N is the total number of particles
per cm3 with radii (in um) from the lower limit up to R. Fiqure |5 aives the
typical vertical profiles of aerosols where N is the number concentration
per cm3 of the size particles plotted. The giant particles refer to sea salt
and profiles are given both for over the source area and continents. Aitken
particles are less than O.lum and large particles range between O.lum and lum.
Figure 16 aives the vertical profile of aerosol number densitv for a clear
standard atmosphere, and Fiqure 17 qives a vertical profile for an extreme case
of aerosol concentration, namely over the NW Indian desert. [Peterson (1968)
found that scattering from these particles does not follow Mie theory.] There
is a concentration of dust near the mesopause (see Fiaqure |) probably due to
meteorite activity. When noctilucent clouds are present, at these hiah alti-

Tudes, the dust concentration is IO3 times greater at this altitude (84 + 4 km)
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than when absent (see Fiqure [18). The particles are primarily iron, nickel,
and silicon (Erickson, 1969). The clouds scatter sunlight accordina to Mie
theory. The scattered light is eliptically polarized ranaing from 57 at 20°
scatterinag anale to 507 at 60° scattering anale (Valley, 1965). Table 5 aives
the concentration (in gm/ms) of aerosols for different air massconditions. |I¥
qgives an indication of horizontal variations and points out the importance of
pollution aerosols. Table 6 gives the increase in aerosol concentration under
extreme conditions.

To show how variable the atmosphere can be, Fiqure 19 gives the variation
of scatterina coefficients with height on various occasions of ‘“clean air".
Figure 20 does the same for industrial haze.

In summary, it should be stated that in general both absorption and
scattering should be considered. M8ller (1964) claims that scatterina of
terrestrial radiation (infrared) by gasses or aerosols (even clouds) is an
insianificant part of the extinction compared to absorption. This is due fo
the large absorption and long wavelengths. On the ofther hand the visihle
spectrum is almost free of absorption. In most aerosols, the index of refrac-
tion chanaes widely with wavelength (Peterson, 1968); however, the size dis-
tribution is continuous, therefore scattering is a much smoother function of

wavelength than absorption.



5. Index of Refraction Changes

Besides being absorbed and scattered, electromaanetic radiation can be
bent or refracted by the atmosphere in the same way light is refracted in a
lens. The index of refraction of the gaseous atmosphere (n) depends on pres-
sure (p in mmHg), temperature (+ in °C), vapor pressure (f in mmHg), and wave-
fenagth (X in um):

2 -4 -6 =2
+0.020) pl 1+(1.049-0.01571)10 “pJ-(46.136512-0.49020044) ") f

720.883(1+0.0036611)

_ (272.7+1.482\"
n=| +

(Kingslake, 1965). A much simpler expression for index of refraction for dry

air is aiven by Wark et ai., (1964):

3

nE il Gl . C=T7.52% % 400 2L
mb

.1.
Fiaure 21 is a nomograph for computina the refractive modulus (N) of dry air

at optical wavelenaths.

N = 10° (n - 1)
This nomograbh is good fo within about 5 unifs of N. In general, the index of
refraction decreases with altitude so that radiation entering the atmosphere at
any anale follows a curved path. For example, the apparent position of stars
near the horizon is about 0.5° higher than the true position (see Fiaure 22).
This increases the path length of the radiation. |In the vicinity of a cold
body of wafer, the air density (and thus the index of refraction) can decrease
much more rapidly with alftitude than normal and a phenomenon called "loomina"
can occur. Light rays are bent downward so that looking up one can see an ob-
ject which is on the water surface appear to be floating in mid-air (see Fiaure
23). When the earth's surface is very hot the air near the surface becomes
much warmer than at higher altitudes and the lapse rate (temperature vs. alti-

tude) is much steeper than normal. In this condition of unstable equilibrium
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the air density actually increases with height near the surface: therefore,
the light rays are bent upward. An object appears to be reflected in the
surface as though there were water present (see Fiqure 24). This phenomenon
is called a mirage. These phenomena are discussed by Rossi (1957).

More serious optical effects occur due to rapid irregular chanaces in
the index of refraction over distances of 3-8 inches and times of 0.05 sec
(Kinaslake, 1965). These effects qo by various names: scintillation, atmos-
pheric boil, image jitter, optical haze, twinkling, or shimmer. Since con-
vection currents are among the main contributors to these fluctuations, scin-
tillation is most evident on sunny days; however, Twinkling stars are a prime
example of this phenomenon. The imace displacement amounts to only 15 to 30
seconds of arc under severe ground to ground conditions (Wolfe, 1965), but
the problem is that there is little correlation between the instantaneous
deviations of any two points separated by 5 minutes of arc or hore (Middleton,
1952). Thus there can be great distortion of small objects. This effect,
however, is less noticed in extended objects which is why planets do not
twinkle. This fTime varying image distortion causes loss of fine detail and
limits obtainable resolution. A typical diurnal cycle of scintillation over
a grass surface is given in Figure 25.

The illumination as well as the apparent direction of an object can be
affected (Middleton, 1952). Another effect of scintillation is imaae enlaroe-
ment. The atmosphere acting like a time varyina lens will defocus the image.
No matter whether the new focal point is behind or in front of the old one, a
point in the oriaginal focal plane will be spread out. For further discussion
on scintillation, includina wind speed dependence, see Volfe (1965).

A note about making measurements, especially from airplanes, should be

made at this point. The index of refraction of the atmosphere can be chanaed
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by pressure chanaes due to air flow around the airplane or camera housina,
sound pressure waves from engines, qas type variations, and aerosols in add-
ition to the parameters mentioned at the beginning of this section.

One last point is that image degradation of ground resolution due to
scintillation for a given atmospheric condition will become less and less
noticeable with increasing altitude while the geometrical aground resolution

falls off with altifude (Polcyn, 1967).
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6. Natural Solar and Infrared Radiation

Most radiating objects are aiven in ferms of a blackbody temperature.

In reality this is difficult because there are many different processes aoinn
on. Even outside the earth's atmosphere, the solar spectral irradiance can-
not he characterized by any single blackbody temperature. [t is 4500°K at
0.2um wavelenath, 5900°K in the yellow green at 0.56um, 5600°K at 4.0um,
5300°K at 5.0um, and 5040°K at Ii.lum. In the microwave region the radiance
temperature of the solar corona reaches | to 2 X IO6 °K (Valley, 1965). Super-
imposed on this complex blackbody curve are numerous absorption bands due to
the solar atmosphere. Fiqure 26 gives the solar irradiation both outside the
earth's atmosphere and at sea level compared to a 5900°K blackbody curve.
Gates (1966) describes the spectral Distribution of Solar Radiation at the
earth's surface.

The natural illumination of objects depends on how the atmosphere has
altered the radiation of the sun by absorption and scatterina. Flioures 27 and
28 show the fransmission of the atmosphere for different sun zenith anales.
The sun zenith angle in turn is a function of latitude, time of day, and time
of year. Fiqgure 29 comoares solar altitude with illuminance for averaae clear
weather. For a rough approximation, divide the values by two for thin clouds
and by three for average clouds. Figure 30 shows the illumination for differ-
ent dates and latitudes for local noon, and Figure 3| shows the same for local
noon * 4 hours. Harvey et al., (1965) shows similar fiqures for other times
of the day.

The natural light which illuminates most terrestrial objects is a combin-
ation of sunliaht and skylight. The sunlight ranges roughly beftween a 5600°K

and a 5800°K blackbody radiator depending on the solar zenith anale. (As men-
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tioned earlier, Rayleigh scattering shifts the suniight toward The red end
of the spectrum which means a lower blackbody temperature). On the other
hand, the predominancy of blue makes skylight range from 10,000°K to 60,000°K
depending on sun angle and weather conditions (Harvey et al., 1965). An ob-
ject in the sun is illuminated by both sunlight and skylight which average to
about 6,000°K. However, objects in the shade will be illuminated by much bluer
light (see Figure 32).

Bidirectional reflectance (p”°) 1is the fraction of radiation incident from
the direction (Gi, ¢i) which is reflected in the direction (Gr, Qr). Here
Gi and Gr are zenith angles and Qi and @r ére azimuth anales (see Fiaure

33). The radiance N in the direction (er, @r) is then:

Nr (Qr, ¢r) = fh o (Qi, Ei, Gr, @r) Ni (Gi, ﬂi) cos Gi in

where Ni is the source radiance which subtends a solid angle in = sin Gidgid(?‘i
at AS. h indicates inftegration over a hemisphere (Nicodemus, 19€5).

The directional reflectance (pd) is defined as the ratio of radiation in-
cident AS from the direction (ei, ﬂi) to that reflected in all directions.

It is related to the bidirectional reflectance by:

Py (Gi, ¢i) = fh p (Gi, Qi, Qr, @r) cos Qrer

(Nicodemus, [965). For perfectly diffuse (Lambertian) reflectance,

Py = mp~ = constant

Neglecting skylight and assuming that p~ and Ni are constant over QO
which Ts the solid angle subtended by the sun, the bidirectional reflectance

becomes:

Nr (er, @r)

N (8., #.) @ cos 9,
® i i ® i

o (8., 2, 8, ﬂr) =
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where No is the sun's radiance and ei and ﬂi are now the zenith and

azimuth of the sun. For a Lambertian surface:
m N
=

Py =
N (8., #.Y @ cos 8,
® i RO i

(Peekna, et al., 1970).
Since most surfaces are not Lambertian, an anisotropy factor (X) may

be defined as:

0y (8.5 B.)
X (91’ gl’ erl ?)I’) = T p'(@i, jS, er.’ Qr—)

(Brennan et al., 1970). For Lambertian surfaces yx = |. Table 7 aives aniso-
tropy factors for various surfaces and atmospheres. Figure 34 shows ref&ec+ed
radiance vs. wavelenath for snow fields.

The radiant power incident on an object is the product of the source radi-
ance, the solid angle subtended by the source, and the object area. The radi-
ance of the sun is independent of the distance from the sun, hut the solid
angle subtended by the sun decreases as the sauare of the distance from the sun
(at large distances). For this reason the radiant nower from the sun incident
on an object is less important than atmospheric emission (large solid anale)
for wavelengths greater than about 4um even thouah the radiance from the sun
(watts - m—2 . s+er_') is greater than the radiance from the atmosphere at
These wavelengths (see Figure 35).

The atmosphere emits |ike a graybody radiator (a blackbody radiator with
emissivity less than one) having the temperature of the atmosphere at that
point (200°K to 300°K). Figure 36 gives the infrared spectral radiance of a
clear zenith sky as a function of sun angle. The atmospheric emission does
not change much with sun angle; however, the scattered sunlight chances auite
a bit. Figure 37 gives the spectral radiance of a sky covered with cirrus

clouds at various look angles. The ground also emits like a qraybody. Whether
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an observer sees the ground or the atmosphere depends on the opacity of the
atmosphere at that wavelength. An example of radiation reachina a satellite
is aiven in Figure 38. The infrared interferometer spectrometer on Nimbus
|1l was used, and the effect of major absorbing bands of atmospheric aasses
is evident.

As mentioned earlier, skylight is partly polarized due to Rayleigh
scattering. The polarization is stroncest where the sky is darkest at about
90° from the suh.

Fiaure 39 gives the atmospheric luminance vs. solar altitude for clear
weather conditions using a minus blue filter. The decrease above 25° indi-
cates less scattering in the shorter path length. The decrease below 25°

is due to attenuation of the sun's rays (Harvey et al., 1965).
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7. Contrast -

The contrast (c) between two objects of radiance N and N' (or ob-

jesct N and background N') is defined in at least three ways in the lit-

erature:
_ N-N! _ N=N! _N
= s Cosmmre . 2 G =g

The first definition is used by Duntley (1948) and Middleton (1952) and will
bé used in this paper unless otherwise noted. The inherent contrast (CO) is
the actual contrast as viewed at the object and the apparent contrast (CR)
is the contrast as viewed from a distance R. Inherent radiance (NO) and
apparent radiance (NP) are similarly defined.

Two things can happen to a beam of |ight between the object and the de-
tector. First, the liaht within tThe beam can be absorbed or scattered out of
the beam, and second, light from outside the heam can be scattered info the
beam and the atmosphere can emit radiation into the beam. Both of these nhe-
nomena depend on the path length.

As an example, suppose NO = 3 and Né = |. This agives an inherent con-

trast of 2. Now suppose the atmosphere adds | unit to both NO and Hé, then

=g

Cn“z

I, a reduction of contrast. If in addition both NO and Né are

_L3 s + 1] -5 #1011 2
3

reduced by 0.5 by the atmosphere, then CR = TN .5 + 1] -

’

a further reduction in contrast. Thus a dark mountain against a liaht skv will
appear to get lighter with distance until the mountain and sky are the same
briahtness makina the mountain invisible. In like manner a sunlit, snow-clad
mountain aqainst a darker backaround will appear darker as viewed from further
and further away until it, foo, disappears against the backaround.

Followina Duntley (1948), this can be put mathematicaily as follows:
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where °, is the scattering rate coefficient at the object, W is the spectral
_ radiant density of the atmospheric |ioht, Bo is the atmospheric attenuation
coefficient near the object and R is the optical slant range. Physically, the
optical slant range is the horizontal distance in a homogeneous atmosnhere for
which the attenuation is the same as that along the path to R. If the above
expression for N (and a similar one for Né) is put into the equation for

R

apparent contrast, the law of contrast reduction by the atmosphere is found:

= f ' - [}
NR NR NO 80 R
CR =N %
R R
_30 R .
i R = ! = = i =
Assuming that No NR , Then CR CO TR where TR e is the con

trast ftransmittance.

Previously the meteorological range (V) was defined as the distance at
which the average eye can just barely detect a large, black object acainst the
horizon sky. Since this oriainal definition was subjective, meteoroloaical

range is now defined as that horizontal distance for which the conftrast trans-

: . 912 . 1 .
mittance (TP) is two percent. Hence, V = 2 B'? . Since in practice, The
0
meteorological range is stiil found by the old method and observabie black

objects are rarely large enough so that increasing fthe size would not chanae
the contrast, the reported 'visibility" is usually less than the meteoroloaical
range. A study showed that on the average the "visibility" was three-fourths
the meteorological range (Duntley, 1948).

The optical slant range can be found from the meteorological ranae and
the inherent contrast under full daylight conditions usina the nomogram in

Fiqure 40. A point is noted at the riaht edge on a straiaht I|ine connectina
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the sky-ground ratio with the inherent contrast. This point is then connected
by a.s+raith line with the meteorological range. Where this second line
crosses the proper target area, the value of R can be observed (Middleton,
1952 )

I+ should be noted here that it has been shown by photographing resolvina
power targets that haze, although reducing contrast, does not obliterate de-
tails (Duntley, 1948). On the other hand, more detail will be obliterated on
a clear day due to atmospheric scintillation.

A telescope can increase the range at which an object can be seen by in-
creasing the angle the object subtends. A telescope cannot, however, increase
the contrast. In fact, the telescope optics will act like additional atmos-
phere and reduce the contrast further (Middleton, 1952).

A computer program which simulates contrast reduction has been developed
by Breitling et al., (1970). (The contrast definition used is that aiven by
C2 at the beginning of this section.) Some of the results of this proaram
will now be agiven. Fiqure 41 gives the spectral variation of the apparent
contrast for four atmospheres of varying turbidity. The Rayleiah atmosphere
has no aerosols; the Elterman model has a sea level visibility of about 25 km;
the typical model has a visibility of about 12 km; and the dirtv model has a
visibility of only 3 km. It should be noted that the dirty model has lost
almost alllwaveleanh dependence, because Rayleigh scatterina is small compared
to Mie scattering. The discontinuity in the curves beyond 0.75um is caused
by the high reflection of the vegetation background. This reduces the apparent
contrast by increasina the atmospheric path radiance. Fiqure 42 aives fthe con-
trast reduction dependence on solar zenith angle and Fiqure 43 the dependence

on nadir look anagle.
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An examplie of experimental results is given in Figure 44 (the contrast
definition is that given by CZ)' The contrast reduction vs. altitude was
measured photographically using several filters. The airplane flew over

large (48 foot square) black and white panels having reflectances of 0.05

and 0.9 respectively (Majarowski, 1965).
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8. Spectral Signature

Various atmospheric phenomena can have an effect on the spectral sia-
nature of an object. As mentioned in the section on natural illumination, the
radiation impinging on an object can change with ftime. Fiaqure 45 shows the
spectral distribution of incident solar radiation at various times durina the
dav. Not only the intensity of the liaht is different, some of the peaks have
changed wavelength. The fact that the infrared to visible radiation ratio is
lower in the morning than in the afternoon is probably due fo the increase of
aerosols which offen occurs during the day (Yost, 1969).

Two things can happen to the beam of light once it has been reflected off
the object of interest. First, attenuation and scatterina can preferentially
decrease the intensity of one wavelength more than another, and second, the
{iaht scattered into the beam may be of a different color. The latter can be
thought of as the mixture of the object color and the air-light color. Middleton
(1952) discusses the theory of mixing colors, but here only experimental results
will be given. |t should be clear, however, that more color mixina will appear
on a clear day than on a hazy day, because a Rayleigh sky is blue and a Mie
sky is white.

Figure 46 shows the color shift with altitude of four target panels. The
blue and areen fargets have considerable ambiguity as the altitude is increased
since the colors overlap. Figure 47 shows the spectral signatures of hiah and
low chiorophyl| seawater at various altitudes. The high chlorophyl! concen-
tration was about 0.22 mg/m3 with a mean temperature of 18°C, and the low chloro-
phyl| concentration was about 0.07 mg/m3 with a mean temperature of 25°C. The
The look angle was 40° incidence, pointed away from the sun's glitter pattern.

The sun's zenith angle was less than 48° and empirical corrections for the
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angle were applied to the spectra. The atmosphere was clear and the sea

state was low (Clarke et al., 1969). Since the nonspecular reflectance of
water is low, the addition to the light beam is more significant than the
depletion of the light beam from the target; therefore, the radiance increases
with altitude, the difference between the hiagh-chlorophyll and low-chlorophyl!
spectra décreases with altitude, however. Middleton (1952) noticed an effect
of industrial haze. A bluish-white mercury vapor lamp appeared areen at |00 m
and vellow at 200 m.

A more subtle effect is the change of spectra with decreasing viewina
anale. Fioure 48 shows a chromaticity diagram deformed to give rouahly equal
spacing to colors equally different in appearance. Twenty such colors are
plotted as open circles. The solid dots show the apparent locations of the
colors when observed as spots subtending two minutes of arc on a grav back-
ground. Red and blue-agreen are not changed much but yellow-green and purple
become almost aray. This effect appears with subftending anales of about 15
minutes or less (Middleton, 1952).

One final note is fthat whereas color differences can help identification
since there are both luminosity and chromaticity contrasts, at larae distances
color mav not help. This is because any color is likely fo appear achromatic
with the addition of air light by the Time its luminosity contrast has aone
to zero (Middleton, 1952). |In addition fto this, distant objects subtend very

small angles and the anaular effect just mentioned becomes important.
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9. Concluding Remarks

A aeneralized theory to cover the various atmospheric effects on remote
sensing is not available because of the many variables involved includina
temperature, pressure, moisture, cloud cover, wind, aerosol concentration,
aerosol size distribution, aerosol composition, ozone concentration, sun anale,
look anale, ground surface reflection properties, convection currents and
lapse rate, all of which may change in time and space, both horizontally and
with alftitude. Even an empirical theory is difficult, because the same vari-
ables are involved. The only approach is then to minimize the significance
of fthese variables for the particular experiment involved and monitor the
ones which may give frouble. The experimental results can then be interpreted

with this information in mind.



Acknow ledgements

We thank the members of the Wisconsin Remote Sensing Project for

their encouragement, especially Professor James Clapn. The study was

supported by NASA.

Dr. Thomas VYonderHaar, principal investigator, is presently affil-

iated with the Depariment of Atmospheric Science, Colorado State Univer-

sity.

33



34

References

Anding, Daivd, Band Model Methods for Computing Atmospheric Slant-Path
Molecular Absorption, Report No. 7142-21-T. Willow Run Laboratories,
The Unlversi¥y of Michigan, Ann Arbor, 1967.

Anding, Daivd, Lecture in Advanced Infrared Technology Short Course at the
University of Michigan, 1970.

Bartman, Fred L., The Reflectance and Scattering of Solar Radiation by the
Earth, University of Michigan Technical Report 05863-11-T, 1967.

Born, Max, and Emil Wolf, Principles of Optics 3rd Ed., Pergamon Press,
New York, 1965.

Breitlina, P.J. and S. Pilipowsky], "Computer Simulation of Optical Contrast
Reduction Caused by Atmospheric Aerosol", AIAA Paper No. 70-194, AIAA
8th Aerospace Sciences Meeting, New York, [970.

Brennan, B. and W.R. Bandeen, "Anisotropic Reflectance Characteristics of
Natural Surfaces", Appl. Opt. 9, 405-412, 1970.

Burch, D.E., D. Williams, D. Gryvnak, E.B. Singleton and W.L. France,
Infrared Absorption by Carbon Dioxide, Water Vapor, and Minor Atmospheric
Constituents, Ohio State University Research Report, AD 287 406, 1962.

Clarke, Ceorge L., Gifford C. Ewing and Car! J. Lorenzen, "Remote Measurement
of Ocean Color as an index of Biological Productivity", Proceedings of the

Sixth Infernational Symposium on Remote Sensing of Environment, Vol., |1,
991-1001, 1969.

Condon, E.V., "Electromagnetic Waves'" in Handbook of Physics Ed. by E.V.
Condon and High Odishaw, McGraw-Hill, New York, 1958,

Coulson, Kinsell L., Jitendra V. Dave and Zdenek Sekera, Tables Reiated to
Radiation Emerging from a Planetary Atmosphere with Rayleigh Scattering,
University of California Press, Berkeley, 1960.

Deirmendjian, D., Electromagnetic Scattering on Spherical Polydispersions,
Am. Elsevier, New York, (969,

Duntley, Seibert 0., "Reduction of Apparent Contrast by the Atmosphere",
J. Opt. Soc. Am. 38, 179-190, 1948.

Erickson, Jon D., "A Review of Active Remote Sensing of the Atmosphere with
Ground-Based Laser Radar", Proceedinas of the Sixth international Sym-
posium on Remote Sensing of Environment, Vol. |, 275-295, 1969.

Feynman, Richard P., Robert B. Leighton, and Mathew Sands, The Feynman Lectures
on Physics, Vol. |, Addison-Wesley, Reading, Mass., 1963.




35

Gates, David M., "Spectral Distribution of Solar Radiation at the Earth's
Surface", Science, |51, 523-529, 1966.

Glueckauf, E., "The Composition of Atmospheric Air" in Compendium of Meteorol-
oay, Ed. by Thomas F. Malone, American Meteorological Society, Poston,
B -

" Hanel, R., Goddard Space Flight Center, NASA, private communication, 1970.

Hart, R. W., "Light Scattering" in Encyclopedia of Physics, Ed. by Robert M.
Besangon, Reinhold, New York, 1966.

Harvey, D. |. and E. P. Myskowski, "Physics of High Altitude Photography’, in
Photographic Considerations of Aerospace, Ed. by H. J. Hall and H. K.
Howell, ltek Corp., Lexington, Mass., 1965.

Hol liday, David and Robert Resnick, Physics for Students of Science and
Engineering, Part Il, 2nd Ed., John Wiley & Sons, New York, 1962.

Hovis, Warren A., Goddard Space Flight Center, NASA, private communication,
1969. ‘

Hunt, John M., Mary P. Wisherd and Lawrence C. Bonham, "Infrared Absorption
Spectra of Minerals and Other Inorganic Compounds"”, Anal. Chem., 22,
1478-1497, 1950.

Kingstake, Rudolf, Ed., Applied Optics and Optical Engineerina, Vol. 1,
Academic Press, New York, 1965,

Kruse, Paul W., Laurence D. McGlauchlin, and Richmond B McQuistan, Elements
of infrared Technology: Generation, Transmission, and Detection, John
Wiley & Sons, New York, [962.

Mazurowski, Melvin J. and D. Roger Sink, "Attenuation of Photographic Contrast
by the Atmosphere’, J. Opt. Soc. Am. 55, 26-30, 1965.

Middieton, W. E. Knowles, Vision Through the Atmosphere, University of Toronto
Press, 1952.

M8iler, F., "Optics of the Lower Atmosphere', Appli. Opt. 3, 157-166, 1964.

Nicodemus, fFred E., "Directional Reflectance and Emissivity of an Opaque Sur-
face", Appl. Opt. 4, 767-773, 1965.

Nicodemus, Fred E., "Radiance", Am. Jour. Phys. 3|, 368-377, |963.

Peekna, Susan K., Robert J. Parent and Thomas H. VonderHaar, '"Possibilities
for Quantitative Radiance Measurements in the 450-650 nm Reqion from
the ATS-I Satellite”, Annual Report on Contract NAS 5-11542, 1970 in
Press. Available from Space Science and Engineerina Center, 1225 West
Dayton Street, Madison, Wisconsin 53706.




36

Peterson, James Teigen, Measurement of Atmospheric Aerosols and Infrared
Radiation Over NorthwesT India and their Relationship, Ph.D. Thesis,
Department of Meteorology, University of Wisconsin, [968.

Polcyn, Fabian C., Investigation of Spectrum-Matching Sensing in Agriculture,
Semi-annual Report No. 6590-9F (1), University of Michigan, Willow Run
Laboratories, 1967.

Quenzel, H., "Determination of Size Distribution of Atmospheric Aerosol Particles
from Spectral Solar Radiation Measurements'", J. Geophys. Res. 75, 2915-
2921, 1970.

Richtmyer, F. K., E. H. Kennard, and T. Lauritsen, introduction fto Modern
Physics, 5th Ed., McGraw-Hill, New York, 1955.

Rossi, Bruno, Optics, Addison-Wesley, Reading, Mass., 1957 .

U. S. Standard Atmosphere, 1962, NASA, USAF, U. S. Weather Bureau, For sale
by U. 5. Government Printing Office, 1962.

Valley, Shea L., Ed., Handbook of Geophysics and Space Environments, McGraw-
Hill, New York, 1965.

Van de Hulst, Hendrik C., Light Scattering by Small Particles, John Wiley &
Sons, New York, 1957.

Wark, D. 0., J. Alishouse, and G. Yamamoto, "Variation of the Infrared Spec-
+ral Radiance near the Limb of the Earth", Appl. Opt. 3, 221-227, 1964,

Wolfe, William L., Handbook of Military Infrared Technology, Office of Naval
Research, For sale by U. S. Government Printing Office, 1965.

Yost, Edward and Sondra Wenderoth, "Agricultural and Oceanographic Anplica-
+ion of Multispectral Color Photography", Proceedings of the Sixth
International Svmposium on Remote Sensing of Environment, Voi. !., 145-173,
1969.




57

Figure Legends

Figure |: Temperature-height profiles of U. S. Standard Atmosphere,
1962, compared to those of Air Research & Development Com-
mand Model Atmosphere, 1956 and 1959 (Vallev, [965).

Fiqure 2: Vertical distribution of atmospheric constituents (Kinaslake,
1965).
Figure 3: Comparison of the near-infrared solar spectrum with spectra of

various atmospheric gasses (Valley, 1965).

Figure 4: Typical ozone concentration profile. Solid curve developed from
ozonesonde network data, dashed curve from chemical equilibrium
theory (Valley, 1965).

Figure 5: Average distribution of total! ozone over the Northern Heg%sphere
in the sprinag. Multiply numbers given on contours by I0 - to
obtain values in atm-cm (Valley, 1965).

Figure 6: Average distribution of fotal ozone over the Northern Hemisphere

in the fall. Multiply numbers given on contours by 10-3 to ob-
tain values in atm-cm (Valley, 1965).

Fiqure 7: Mean seasonal distribution of ozone at about 52°N (Wolfe, 1965).

. Figure 8: Typical variation of atmospheric water vapor with altitude
(Anding, 1967).

Fiqure 9: Sea level atmospheric transmission (Kruse, 1962).

Figure 10: Theoretical transmission through a | km thick atmospheric iaver
as a function of wavelength resultina from the nresence of quartz
aerosols, water vapor, and carbon dioxide. The aerosol size dis-

t+ribution is proportional to r~% (Peterson, 1968).

Fiqure |1: Typical drop-size distributions for a coastal foa and a cloud
(Middleton, 1952).

Figure 12: Scattering area coefficient vs. size parameter for spherical water
droplefs (n = 1.33) of radius a (Wolfe, 1965).

Figure 13: Aerosol size distribution in continental air (Valley, 1965).
Figure 14: Aerosol size distribution in maritime air (Valley, 1965).

Fiqure 15: Vertical profile of the number concentratijon N (cmns) for various
' size particles (Valley, 1965).

Figure 16:  Aerosol number density vs. altitude for a clear standard atmosnhere
(Valley, 1965).
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Typical aerosol mass density as a function of height over NW
India (Peterson, 1968).

Aerosol concentrations and methods of measurement (Erickson, 1069).

Variation of scatterinag coefficient with height on various occas-
ions in "clean air" (Middleton, 1952).

Variation of scattering coefficient with height on various occas-—
ions in industrial haze (Middleton, 1952).

Nomogram for computing refractive modulus (Valley, 1965).
Atmospheric refraction.

Looming.

A Mirage.

Diurnal cycie of scintiliation over a grass surface (Wolfe, 1965).
Spectral curves related fo The sun. Shaded areas indicate ab-
sorption at sea level due fto the atmospheric constituents shown

(Valley, 1965).

Transmission of the atmosphere at various sun angels (Kinagsiake,
1965).

Spectral distribution as a function of wavelenath of direct solar
radiation incident at sea level on a surface perpendicular to the
sun's rays for slant paths of air mass_I.0 to 8.0. Precipitable
water is 10mm, aerosols are 200 per cm3 and ozone is 0.35 cm
(Gates, 1966).

Solar horizontal plane illuminance as a function of solar altitude
in average clear weather (Harvey et al., 1965).

Constant solar horizontal plane illuminance as a function of norfh
latitude and time of year at local apparent noon (Harvey et al., 1965).

Constant solar horizontal plane illuminance as a function of north
latitude and time of year at local apparent noon * 4 hours
(Harvey et al., 1965).

Spectral distribution of sun and shade (Yost et al., 1969).

Geometry of incident and reflected radiation used in bidirectional
reflectance discussion (Peekna, 1970).

Reflectance vs. wavelenath showing absorption bands taken with a
filter wedge spectrometer from 43,000 ff. over snowy fields with
clear skies. Note scale change-at |.4um (Hovis, 1969).
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Spectral radiance of a blackbody at the temperature in °K
shown on each curve. The diagonal line indicates the wave-
length of maximum radiance. Subdivisions of the ordinate
scale are at 2 and 5 (Valley, 1965).

Spectral radiance of a clear zenith sky as a function of sun
position (Wolfe, 1965).

The spectral radiance of sky covered with cirrus clouds at
several "look" angles (Wolfe, 1965).

Radiance vs. wavelength ftaken from the infrared interferometer
spectrometer on Nimbus i1 (Hanel, 1970).

Atmospheric luminance vs. solar altitude for clear weather
conditions (Harvey et al., 1965).

Nomoaram for determining optical slant range (R) in full davliaht
using a detection probability of 95 per cent. See fext for ex-
planation (Middieton, 1952).

Spectral variation of apparent contrast. Inherent confrast is
0.5. The sun zenith angle is 60° and the look anale is straiaht
down from the top of the atmosphere (Breitling et al., 1970).

Solar zenith angle dependence on apparent confrast. Inherent con-
trast is 0.5, fthe wavelength is 0.55um, and the look anale is
straight down from fthe top of the atmosphere (Breitling et al.,
1970).

Nadir look angle dependence on apparent contrast for fypical
turbidity (see text) and various solar zenith anales. Inherent
contrast is 0.5 and wavelength is 0.55um. The detector is at
the top of the atmosphere looking in the detector-sun-target
plane which is perpendicular to the surface (Breitling et al., 1970).

Apparent white-black contrast vs. altitude using various filters.
o aircraft ascent; e aircrafft descent (Mazurowski), 1965).

Spectral distribution of incident solar radiation on flat ground
at various times of the day (Yost, 1969).

Chromaticity plot of the colors of target panel imaaes on aerial
ektachrome filmas a function of altiftude on a relatively clear
day. The dots represent the altitudes in increasing order: 1500,
3000, 5000, 10000, 15000 and 28000 feet (Yost, 1969).

Spectra of sunlight backscattered from chloronhylil-rich and chioro-
phyll-poor seawater at various altitudes (Clarke et al., 1969).

The effect of small subtense on various colors (Middleton, 1957).
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Table ! Radiometric quantities, symbols, definitions and units (Nicodemus, 1963)40

Quantity - Symbol Defining relations Units
Radiant energy U ) I
g : S v '
Radiant energy density o nE=— J-em—2
Ee _ : av
. , il av .
-Radiant power P P=—. watt (W)
- ot
= ar : :
Radiant intensity J- T : W-sr—t
| 7 C T ~
_Radiant emittance w W) aP
. Wl T
Imdiance H, Hj. 84 Wekan,
o . e
Radiance N Ne— W-cm=2-sr—t
0303482 .
Wavelength - micron (x)
' 2 ; .épP . :
Spectral radiant power Py Py=— Wyt
: . a ' '
Sttar ar -
-Spectral radiant intensity . A SH=— Wegrt. 1
. . ah . ¢
' . . aw : ’
Spectral radiant emittance 2568 C Wam— ; W.em™2-4t
' - @A )
R éH ’
Spectral irradiance B, - Hy=— Weem™2: -t
: éx
b : : . an
Spectral radiance N T Nym— . Weem=2.sr~t. 4=t
Radiant emissivity € Ratio of “emitted” radiant power to that
. from an ideal blackbody at the same tem-
. ; ) . berature.
Radiant absorptance ] Ratio of “absorbed’ radiant power to incident
. . radiant power.
Radta_nt reflectance ) . _ Ratio of “reflected” radiant power to incident
. 5 radiant power.
Radiant transmittance . . Ratio of “transmitted” radiant power to
ks . . incident radiant power. : .

The spectral radiant emissivity e(\)=W,/W,,z03¢/0\. Hence, the subscript notation e, which
eould be confused with de/a), is not recommended, although it is often used. Similarly, it is recommended
that the spectral absorptance, spectral reflectance, and spectral transmittance be written as a(A), p(A),
and =(0), respectively.

= the solid angle filled by the rays along which the radiation is propogated
= the area of the surface : ;
the angle between the given direction and the normal to the surface

®>p

Table 2 (Wolfe, 1965)

EqQuivaLENT Air Masses ror SoLar AvTITUDES 0° TO 90°

o 1° r 3 L 5° e T & 9
0 - 2696 19.79 1536 1244 1040 890 7.77 6.88 6.18
10° 560 5.12 472 437 408 3.82 359 3.39 321 3.05
20° 290 2.77 265 255 245 236 227 220 212 208
30" 200 194 188 183 178 174 170 166 162 1.59
40° 155 152 149 146 144 141 139 137 134 132
50° 130 128 127 125 124 122 120 119 118 1.17
60° 1.15 114 1.13 112 111 110 109 1.09° 1.08 1.07
70° 106 106 105 1.05 104 104 1.03 1.03 1.02 102
80° 102 101 101 101 101 100 1.00 1.00 1.00 1.00
90° 1.00 - - - - - - - - -

'ﬁﬁu in the table are the air masses for the angles indicated down the l2ft and acroes the top.
For example the air mass for 22° elevation is 2.65. )
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Integrated Directional Reflectance and Relative Anisotropy as Measured with an Aircraft-borne MRIR over Yarious

Table 7 (Brennan et. al., 1970)

Earth Surfaces

Range of

. Type of Surface Aireraft Solar Zenith Directicna_l' Anisotropy
Fit. No. Surface Alt. Al {MSL) Angle £, Reflectance R({,) Factor y
‘ (103 FT.) tdegrees) %(.2-4y) %(.55-.852) (.24p)  (.55-.85p)
1966: 12 Desoto Nationa!
Forest 0.2 37 516 - 686 18.0 18.6 .15 i.18
14 Strato Cumulus Over .
"Forest 6.3 4] 549 - 724 s1.5 61.9 1.08 1.09
34 Strato Cumulus Over .
Pacific Ocean 23 40 4.0 - 58.1 27.7 35.2 1.49 .62
35 Pacific Ocean 35 446 - 505 7.2 $.2 1.83 1.45
36 Strato Cumutus Over
Pacific Ocean 40 50.7 - 587 330 39.0 1.34 1.27
37 Strato Cumutus Over
Pacific Ocean 25 68.4 - 757 32.0 45.6 2.04 2.08
1967:° | Strato Cumulus Over 4
Pacific Ocean 4.5 25 612 - 69.2 48.2 57.3 1.02 1.21
! Strato Cumulus Over '
Pacific Ocean 4.5 353 74 - 790 41.1 51.2 1.31 1.09
3 Strato Cumulus Over
Pacific Ocean 10.0 25 220 - 24.0 345 41.5 1.57 1.47
It Farmland and Wooded
Areas with Patches
of Stratus 0.5 33 1.6 - 133 137 1.4 0.87 0.91
11 Gulf of Mexico 28 295 - 355 6.1 8.0 0.97 0.85
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