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ABSTRACT 

The effect of increased stratospheric dust on the polarization 

and intensity of sunlight scattered by the terrestrial atmosphere in 

the spectral region near the ultraviolet transmission cutoff is examined. 

Particular interest is given to radiation reflected to space or trans

mitted to the surface in the direction perpendicular to the incident 

solar beam in a plane containing the sun and the local vertical. 

Theoretical results are presented from radiative transfer 

calculations using a simple single scattering model and a four layer 

model in which ground reflection and multiple scattering were treated. 

Results show that the polarization state of transmitted radiation 

of .2975 y for an incident solar zenith angle of 70° is sensitive to 

dust loading above 50 mb. The depolarization caused by a moderate 

increase in stratospheric dust loading is found to be roughly comparable 

to that caused by ground reflection and tropospheric aerosol. The 

polarization of light reflected to space is found to be very sensitive 

to high altitude dust scattering while being much less sensitive to 

other sources of depolarization. 

Results show that increasing the amount of stratospheric dust 

can cause either an increase or a decrease in the daily dosage of 

ultraviolet radiation at the surface, depending on the alitude profile 

of the dust, the latitude and the season. 

x 



xi 

Preliminary experimental results or polarization monitoring by 

a ground-based instrument are presented and discussed. Sky light 

polarization ratios in the direction normal to the solar beam at .2975 y 

and .300 y based on data collected in the spring and summer of 1980 

from the roof of the Physics-Atmospheric Sciences building on the campus 

of The University of Arizona are presented and discussed. 

The stratospheric dust problem is considered in terms of 

stratospheric aerosol enhancement resulting from volcanic activity. 

I 



CHAPTER 1 

INTRODUCTION 

This work concerns the perturbing effects of stratospheric dust 

on the intensity and polarization of ultraviolet radiation transmitted 

and reflected by the atmosphere in the region of the atmospheric ultra

violet cutoff (.29 y - .32 y). Although the solar energy in this 

spectral interval is small compared to the total extraterrestrial solar 

energy reaching the outer reaches of the earth's atmosphere, it has been 

the subject of considerable interest because of the possible harmful 

effects to the biosphere from increased ultraviolet exposure. 

Ultraviolet dosage at the surface is largely limited by ozone 

in the stratosphere. Strong absorption in the Hartley and Huggins 

absorption bands of ozone effectively prevent radiation of wavelength 

shorter than about .29 y from being transmitted at all, while radiation 

from .29 y to .32 y is strongly attenuated by the atmosphere. The cut

off wavelength depends on sun zenith angle, total ozone thickness, and 

several other less important variables. 

The ozone shield provides protection from the numerous ill 

effects of overexposure to ultraviolet radiation which has been related 

to skin cancer, changes in DNA structure, aging of the skin, possible 

changes in insect behavior, and alteration of the life cycle of some 

plants (Harm, 1980; CIAP V, 1975; ESB, 1973). Some of these processes 

1 
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are very wavelength-specific so that increases in radiation in a 

particular small interval of the spectrum have a disproportionately 

large effect. For example, the erythema effectiveness curve shown in 

Figure 1 has a sharp peak at .2967 y according to Roller (1952). 

There have been many studies ultimately connected to changes 

in the amount of ultraviolet radiation reaching the surface of the 

earth. For example, it has been conjectured that various substances 

injected into the troposphere and stratosphere as a result of man's 

activities might reduce or destroy the ozone in the atmosphere. 

Particularly important is the introduction into the stratosphere of 

halocarbons (Turco and Whitten, 1975), oxides of nitrogen and HO 

(Crutzen, 1974; CIAP III, 1975; Cadle, Crutzen, and Ehhalt, 1975). 

Bener (1972) has conducted the most comprehensive monitoring of the 

spectral ultraviolet flux reaching the earth's surface: a ten-year 

study in Davos, Switzerland in which he related the ultraviolet flux 

to total ozone thickness and turbidity of the atmosphere. Bassett, Box, 

and Hewitt (1974) made simple calculations of expected changes in inte

grated daily ultraviolet fluxes due to variations in total ozone for 

several latitudes and seasons. Shettle and Green (1974) calculated 

transmitted ultraviolet spectral irradiance for various total ozone 

thickness, aerosol thickness, ground albedo, and ground height. (These 

calculations were done as part of the Climatic Impact Assessment Program 

of the Department of Transportation to predict the atmospheric response 

to a fleet of SSTs.) Another factor which may be of importance in 

determining ultraviolet surface irradiance is the eleven year sun spot 
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Figure 1. The erythema curve showing the relative effectiveness of 
equal amounts of energy in different parts of the spectrum 
in producing erythema. 

From Roller (1952). 
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cycle in which the solar energy output at .3 y may vary around 18 per

cent (White, 1977). 

Bassett et al. (1974) constructed a simple model of the atmo

sphere to calculate variations in the ultraviolet. They modeled the 

ozone as being a thin shell of absorber. They mention that their 

results depend somewhat on the level in the atmosphere at which this 

shell is located, since light which is scattered downward by the atmo

sphere above the absorbing layer can take paths of different length 

through the ozone than the direct beam. As the solar zenith angle 

becomes larger, the path taken by the direct solar beam through the 

atmosphere increases. Therefore, the amount of ultraviolet light energy 

left in the direct beam is greatly reduced after transversing the region 

of high ozone concentration in the stratosphere. This reduces the 

amount of primary scattering low in the atmosphere in relation to the 

amount of scattering occurring at higher altitude above the ozone. 

Photons scattered at high altitudes taking nearly vertical paths have 

a much better chance of reaching the surface without being absorbed. 

TTie "umkehr effect" which is commonly used to measure the vertical ozone 

profile (Gotz, Meetham, and Dobson, 1934) is a manifestation of this 

phenomenon. The addition of scattering above the altitude of maximum 

ozone concentration will result in more photons traveling paths which 

are more likely to take them to the earth's surface. The effect is most 

pronounced for the shortest wavelengths of transmitted light near the 

zenith when the sun nears the horizon. Under these circumstances, adding 

aerosol at the proper altitude can enhance the total irradiance 
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transmitted by the atmosphere in the most biologically sensitive region 

of the ultraviolet spectrum. This effect is studied in this work. 

An increase in scattering material above the ozone can occur in 

two ways, either by a lowering of the ozone layer, which puts more atmo

sphere above the ozone maximum, or the introduction of more scattering 

material above the ozone in the form of stratospheric dust. The latter 

can be the result of volcanic eruptions or man's activities. 

Volcanic eruptions periodically inject large amounts of gas and 

ash directly into the stratosphere. This results in a large number of 

particles composed of sulfate compounds, sulfuric acid droplets, and 

sulfuric acid-coated ash (Mossop, 1964; CIAP I, 1975). Particles with 

sizes up to around one micron can remain in the stratosphere for months. 

Since many particles are comparable in size to the wavelength of visible 

light, the light scattered by them at 90 degrees to the direct beam is 

almost completely depolarized, while Rayleigh scattering by air molecules 

is very strongly polarized at this scattering angle. Therefore, it is 

possible to differentiate through linear polarization between light 

singly scattered by air and by larger particles. 

Based on radiative transfer calculations in a conservative 

Rayleigh atmosphere, one would expect the diffuse ultraviolet light 

received at the surface to have a low degree of polarization due to 

multiple scattering. However, absorption in the ozone layer tends to 

isolate the upper stratosphere from the lower portions of the atmosphere. 

In low sun angle situations, direct beam illumination of the lower 

atmosphere is greatly reduced by absorption. This results in giving 
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scattering in the stratosphere a large contribution to the brightness of 

the near zenith sky. 

Isolation of the upper stratosphere is especially apparent in 

the polarization and intensities of ultraviolet light reflected to space. 

These are well described by a single scattering approximation and are 

little affected by the condition of the lower atmosphere. 

As a part of this work, the possibility of obtaining information 

about stratospheric dust from polarization measurements from satellites 

viewing at 90 degrees to the solar direction is investigated. 

This study is accomplished by calculations of single scattering 

in a detailed, easily changeable model of the atmosphere and a model of 

the atmosphere constructed of four homogeneous layers in which multiple 

scattering and ground reflection can be taken into account. 

Ground-based measurements of ultraviolet spectral intensity and 

polarization transmitted through the atmosphere at 90 degrees to the 

solar beam are analyzed for information content regarding changes in the 

amount of stratospheric dust. These observations were conducted on 

cloud-free days between February 1980 and August 1980 both in the morning 

and afternoon when the sun's zenith angle was greater than 60 degrees. 

During this period the eruption of Mt. St. Helens injected material into 

the stratosphere (McCormick, 1980) on May 18. These polarization mea

surements are studied in an attempt to find the effects of the Mt. St. 

Helens eruption on the ultraviolet sky in Tucson, Arizona. 

However, on the initial circuit of the earth, the stratospheric 

air trajectories carried the St. Helen plume over eastern New Mexico, 

probably missing Tucson altogether (Danielson, 1981). By the time the 
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material had mixed over the northern hemisphere, it was dispersed to the 

extent that my observational technique was unable to detect it. 



CHAPTER 2 

DESCRIPTION OF THE ATMOSPHERE 

Atmospheric radiative transfer in the middle ultraviolet is 

dominated by ozone absorption, Rayleigh scattering by the air, scatter

ing by particulates, and surface reflection. 

Ozone 

The amount of ozone in a vertical column from the surface to 

the top of the atmosphere is usually called the total ozone and is 

measured in units of centimeter atmospheres (cm-atm). Typically the 

total ozone in the atmosphere is around 0.3 cm-atm but varies with 

season and latitude in a systematic manner (Craig, 1965) . It also 

varies in a more random fashion on a day-to-day basis depending on 

weather conditions, as one can see by looking at the daily ozone measure

ments tabulated in the World Meteorological Organization's publication 

"Ozone Data for the World" (ODW, 1979). Monthly averages of total ozone 

measured in White Sands, New Mexico (32°14'N,106o50'W) taken from ODW 

(1979) are shown in Figure 2. The annual total ozone cycle of the 

northern hemisphere, which has a maximum in the early spring and minimum 

in the fall, is evident in Figure 2. The daily observations in ODW show 

that 10% fluctuations in total ozone in the course of 24 hours are not 

uncommon. 

8 
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Figure 2. Monthly averages of total ozone over White Sands, New Mexico 
(32o14«N,106°50,W). 

Taken from ODW (1979). 
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About 85 percent of the ozone lies above 15 km with a maximum 

concentration between 18 and 25 km, depending on season and latitude. 

The general shape of the ozone profile was extensively studied by 

Diitsch (1969, 1971) and Diitsch and Meeker (1964), who examined its 

seasonal and latitudinal dependence. Figure 3 from his 1971 work shows 

the behavior of the ozone profile. 

In this work the ozone distribution of Elterraan (1964) is used 

for purposes of modeling; it has a maximum at an altitude which by 

reference to Diitsch's data is appropriate for a latitude of 32 degrees 

(the location of Tucson). Figure 4 depicts the Elterman (1964) ozone 

distribution. 

Ozone is radiatively important in the ultraviolet because of 

the Hartley and Huggins absorption bands extending from .2 y to . 3 y 

and from .30 y to .34 y, respectively. In this work the absorption 

coefficients of Inn and Tanaka (1953) shown in Figure 5 are used. The 

temperature dependence of these coefficients was investigated by 

Vigroux (1953). The Hartley band, which is of interest here, is found 

to be only weakly temperature dependent; therefore values for -44°C, 

the temperature in the region of the ozone, are used. 

Rayleigh Scattering 

Lord Rayleigh (1871) introduced the concept of scattering to 

explain the color and polarization of the sky. Molecular light scatter

ing has since become known as "Rayleigh" scattering. The cross section 

per unit mass for anisotropic Rayleight scattering is given by equa

tion (1), where X is the wavelength, N is the number density of molecules, 
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Figure 5. Ozone absorption coefficients as a function of wavelength. 
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n is the index of refraction of the air, 6 is the depolarization factor, 

and y is the mean weight of an air molecule: 

8tt (n-1) 6 + 36 m 

R 3 jr^" N2 6-75 ' 1 J 

The index of refraction of air is related to the mass density 

by (Bean and Dutton, 1968) : 

(n-1) ^ y N (2) 

This relationship cancels out the N2 dependence in equation (1) and 

allows k to be independent of height for the purposes of this work. 

kD is evaluated for one standard set of conditions. The index of 

refraction of dry air at 1013 mb and 15°C is given by Edlen (1953) as: 

^ o . 2949810 25540 
(n-1) x 10 6432.8 146_(x-2) 41-(A"2) ' ^ 

where X is given in microns. N, in this case, is just Loschmidt's 

number, = 2.69 x 1019 molecules/cm3. The depolarization factor for 

dry air is given by Young (1980) as .0279. 

The Rayleigh extinction per length, k^p, is tabulated by 

Elterman (1968) as a function of wavelength and altitude, where p is 

the mass density of air. In this work the Rayleigh extinction coeffi

cient for .3 u is used and corrected to other wavelengths with the 

relationship: 
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Figures 6 and 7 show the Rayleigh scattering pattern for inci

dent unpolarized light with depolarization taken into account for scat

tered light polarized parallel and perpendicular to the scattering plane. 

Aerosol Model 

In this section models for the stratospheric aerosol are 

developed for "normal" and volcanically perturbed atmospheres. Models 

of the tropospheric aerosol representative of clear days in Tucson are 

developed to assess their effect on sky polarization in the ultraviolet. 

The earliest in situ investigations of the stratospheric 

aerosol were made by Junge, Chagnon, and Manson (1961) using balloon 

born samples. They discovered the existence of a layer of particulates 

in the lower stratosphere composed primarily of sulfate-containing 

compounds. In a subsequent study by Junge and Manson (1961) with 

impactors mounted on a U-2 aircraft, they found that the sulfate layers 

were a general feature of the lower stratosphere. They measured the 

concentration profile of particulates with altitude and constructed a 

general size distribution from their measurements. They concluded that 

the sulfate layer had a broad maximum in concentration between 15 and 

23 km and the particulates have a size distribution given on the average 

by dN/dlogr ̂  r~2, where r is the radius of the particle and N is the 

number density. The cutoff radii are around 0.1 y on the small end and 

1 y on the large end. 

Mossop (1963) studied the composition and morphology of the 

sulfate layer and found that the particles were typically ammonium 

sulfate or persulfate in the form of flattened rosettes. The soluble 
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Figure 6. The angular scattering pattern, P Z 2 >  for light scattered from 
air molecules polarized parallel to the scattering plane. 
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Figure 7. The angular scattering pattern, PM, for light scattered from 
air molecules polarized perpendicular to the scattering plane. 
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larger particles had a core of nonsoluble material probably of extra

terrestrial origin. 

In a later paper, Mossop (1964) sampled at 20 km. This was 

after the tremendous volcanic eruption of Mt. Agung, in Bali (8°25'S, 

115°30'E) on March 17, 1963. His impactor samples in the months 

immediately following the Agung eruption showed large angular insoluble 

particles of volcanic dust. These particles were coated with sulfuric 

acid. The stratosphere has not yet returned to its pre-Agung 

state; the stratospheric aerosol still contains higher concentrations 

of liquid H2S0it-H20 solution drops than before Agung. The process by 

which volcanos add to the particulate content of the stratosphere seems 

to be an initial injection of volcanic ash along with sulfurous gases 

which are later converted to sulfuric acid droplets (Pollack et al., 

1976). Even small eruptions which do not penetrate the stratosphere 

can contribute to the maintenance of the sulfate layer by transport 

through the tropopause (Fegley, Ellis, and Heffter, 1980) . 

Given the long recovery time of the stratosphere and the fre

quency with which volcanic eruptions occur, it is doubtful that a 

"normal" stratosphere can be characterized. [For a chronology of 

volcanic eruptions in recorded history see Lamb (1970).] 

For purposes of this calculation, it has been assumed that the 

stratospheric aerosol is composed of spherical, Mie particles which are 

distributed between 0.1 y and 1.0 p according to a Junge's stratospheric 

[dN/d log (r) = r~2] size distribution. The index of refraction is 

assumed to be 1.43, the index of refraction for an aqueous solution of 

75% sulfuric acid for visible light (AIP, 1972). 
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This section is devoted to describing the perturbing effects of 

volcanos on the stratospheric aerosol. The optical effects resulting 

from the injection of volcanic ash into the stratosphere have been 

studied by many investigators (Symons, 1888; Meinel and Meinel, 1964; 

Volz, 1969). Pollack et al. (1976) surveyed the available literature 

and made estimates of the change in the aerosol optical depth due to 

recent volcanic eruptions. According to their study, a great eruption 

such as Krakatoa in 1883 or Agung in 1963 can increase the optical 

depth of the atmosphere over a hemisphere by 0.3 for periods on the 

order of a month and 0.1 for periods on the order of a year. Many 

smaller volcanos have led to perturbations of 0.1 or so, for short 

periods. 

The residence time of particulate matter in the lower tropo

sphere has been estimated to be about 11 days on a global average 

(Lamb, 1970); therefore, the increased turbidity in the atmosphere 

which lasts for years must be above the tropopause. Lamb (1970) gives 

residence times of particles in the stratosphere for various sizes 

injected at different altitudes. For example, the time for a 1.0 y 

ash particle to fall from 40 km to 17 km is 1.9 years. 

Lamb also gives the height of the top of the ash column result

ing from large volcanic eruptions. A few eruptions, notably Krakatoa 

and Agung, have injected material up to 50 km. A few others have sent 

ash columns to over 30 km. 

In this work interest is focused on the few eruptions which have 

the potential of putting volcanic dust over the altitude of the region 

of maximum ozone concentration in the stratosphere. The perturbations 
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in optical depth given by Pollack et al. (1976) are used as a guideline 

for the maximum amount of extinction one can expect from a major 

volcanic eruption. These are only guidelines since in general these 

optical depth perturbations were measured at much longer wavelengths; 

therefore, their optical effects in the near ultraviolet cannot be 

accurately predicted. 

For convenience the same Mie phase function is used to describe 

aerosol scattering in both the perturbed and unperturbed models of the 

stratosphere. 

The pattern for light scattering from the stratospheric 

aerosol is illustrated in Figures 8 and 9. 

Elterman's (1968) model for aerosol extinction profile at 0.3 y 

which is illustrated in Figure 10 was used as a basis for the unperturbed 

aerosol in this work. Profiles of aerosol extinction at other wave

lengths are proportional to wavelength. To simulate the introduction 

of volcanic material into the stratosphere, Elterman's aerosol extinction 

is increased in the stratosphere. 

This modified Elterman atmosphere is used in the single scatter

ing calculations of Chapter 4, which assumes a stratospheric-like size 

distribution through the atmosphere for the sake of simplicity. In addi

tion to a model for the stratosphere, the multiple-scattering calculation 

presented in Chapter 5 requires a description of the scattering proper

ties of particles in the troposphere and the reflective properties of the 

surface. Scattering from the tropospheric aerosol and surface reflec

tion both serve to depolarize skylight. In this section models of 

representative surfaces and particles are described. These are used 



Figure 8. The angular scattering pattern, P223 f°r incident unpolarized 
light scattered from the stratospheric aerosol polarized 
parallel to the scattering plane. 
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90* 

180* 

Figure 9. The angular scattering pattern, Pjx, for incident unpolarized 
light scattered from the stratospheric aerosol polarized 
perpendicular to the scattering plane. 
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Figure 10. Standard aerosol extinction profile at A = 0.3 y. 

From Elterman (1968). 
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to assess their effects on a ground-based measurement of polarization 

properties. 

Instead of using Elterman's (1968) model for aerosol extinction 

in the troposphere, a description is developed which more closely fits 

extinction measurements that have been made locally. Nearly all of the 

particulate extinction in the atmosphere, with the exception of clouds, 

occurs in the convective boundary layer. The optical thickness of this 

layer in the Tucson area varies roughly between 0.15 and 0.04 depending 

on local conditions according to Spinhirne's (1977) ruby lidar data and 

King and Byrne's (1976) multiwavelength solar radiometer data. Twomey's 

(1980) nephelometer measurements typically give aerosol extinction 

coefficients of around .12 x 10"5 m-1 which implies an optical depth 

of 0.06 for a 6 km thick well-mixed layer. These values of optical 

depth pertain to longer wavelength visible radiation and can at best 

provide guidelines as to the optical depth in the region of interest. 

The tropospheric aerosol phase function of the aerosol is com

puted assuming that it consists of a polydispersion of sherical Mie 

particles distributed in sizes according to the "Junge" distribution, 

dN/d log (r) « r~3. The minimum cutoff radius in this distribution is 

taken to be 0.05 y and the maximum cutoff 5 y. The refractive index 

of the aerosol is assumed to be 1.50 which is representative of silicate 

materials. 

Surface Reflection 

The surface is assumed to be depolarizing Lambertian surface 

with an albedo derived from the reflection measurements of Coulson, 



Bouricius, and Gray (1965). Coulson et al. (1965, Figure 1, p. 4605) 

plotted albedo versus wavelength for various soils which indicate that 

for many bare soils and rocks a reflectance ranges between 0.35 and 

0.02 at 0.4 y. The more highly reflecting surfaces show an almost 

linear decrease in reflectance with decreasing wavelength, and if one 

extrapolates from Figure 17 of Coulson et al. to 0.3 y, total reflec

tance is found to be less than 0.10. In this work the influence of 

surface reflectivity is modeled using albedos of 0, 0.10, and 0.85. 

The albedo of 0.85 is a characterization of a snow-covered surface 

(Roller, 1952). 

Incident Solar Spectrum 

The extraterrestrial solar flux of Broadfoot (1972) tabulated 

at 1 X intervals is used in all calculations which require knowledge 

of the solar output. 



CHAPTER 3 

THE RADIATIVE TRANSFER CALCULATION 

The radiative transfer properties of the atmosphere are modeled 

as a stack of four horizontally and vertically homogeneous layers with 

an underlying Lambertian surface. The upper stratosphere, lower strato

sphere, upper troposphere, and lower troposphere are represented with 

scattering and absorption properties characteristic of their thickness 

and position in the atmosphere. The reflection and transmission of each 

homogeneous layer is calculated by the "doubling" method which will be 

described in this section. Once the reflection and tranmission functions 

of the individual layers have been calculated, the reflection and trans

mission of the stack plus the ground can be calculated using the "adding" 

method which is also described. 

The "doubling" method was developed independently by van de 

Hulst (1963) and by Twomey, Jacabowitz, and Howell (1966) and was later 

extended to include polarization by Howell and Jacabowitz (1970), Hansen 

(1971) , and Hovenier (1971). "Doubling" refers to the procedure of 

combining two homogeneous identical layers of known angular transmission 

and reflectance atop each other in order to calculate the reflection and 

transmission properties of a layer twice as thick. "Adding" refers to 

to the practice of combining two non-identical layers in this way. 

25 
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Definitions and Formulae 

The description of these methods must begin with a discussion 

of definitions and formulae involved in the calculation. Consider 

light falling on the horizontal surface shown in Figure 11. Let a 

polar coordinate system with its origin on the surface in infinitesimal 

area element dA have its z axis in the vertical. The polar angle, 0, 

is measured from the z axis to the direction of the incoming light. 

The azimuth angle, <j>, will be measured from some arbitrary origin <|)o. 

The monochromatic radiant intensity 1^(6><f>) is defined as the radiant 

energy per unit solid angle passing through a unit area normal to the 

direction of light propagation per unit time per unit interval in wave

length. In differential form the above expression for the intensity is 

written: 

Ix(0,<J>) (4) 
dA cos 0 dX dt dfl 

Figure 11. Coordinate system used in the definition of flux and 
intensity. 



where dE, dA, dt, dfl are infinitesimal in radiant energy, wavelength, 

time, and solid angle, respectively. 

The radiant monochromatic flux is defined as the amount of 

radiant energy per unit time, per unit wavelength per unit area. It 

is related to the monochromatic radiant intensity by an integration 

over solid angle. For the flux incident on a horizontal surface from 

above, this relationship takes the form of eq. (4) in polar coordinates 

f2ir 

FX 

fir 
cos 0 sin 0 d0 d<|> . (4) 

o 

If the usual change of coordinates, y = cos 0, is made then 

eq. (4) can be written in the form 

r2ir r l  
(5) F, = f | ix(y,<i>) y dy d<f> 

J o  - 1  

Consider a ray of light of intensity 1^ normally incident upon 

an infinitesimally thin slab of thickness dz. This beam is attenuated 

upon passing through the slab by amount dl^ according to 

dl A = - IAke(X) p dz , (6) 

where kg is the extinction cross section per unit mass of material and 

p is the mass density of the material which composes the slab, k is 

the sum of cross sections for scattering and absorption which are 

symbolized by k and k respectively. The single scattering albedo 
s 3-

of such a slab is w which is defined by 
o 1 



28 

ksCA) ksCA) 
C7) o ks (A) + kaCX) keCX) 

For a slab of finite thickness z, the optical depth, T, is given by 

Most of the preceding development comes almost directly from 

Chandrasekhar (1960, Chapter 1). 

The Adding Method 

Spatial directions are divided into 2N latitude belts of uniform 

width Ay. y=l represents the upward vertical direction, y = 0 the 

horizontal direction, and y= -1 the downward vertical direction. In 

this work N = 10, amounting to ten upward and ten downward directions 

into which light is allowed to propagate. The azimuthal direction, <p, 

is measured from an origin in the direction of the direct solar beam and 

increases in a clockwise sense when viewed from above the layer. The 

intensity field propagating in a downward direction is denoted by the 

vector v, and the upward propagating intensity field by the vector u. 

A component of v, v^, for example, gives the intensity of light shining 

downward in the direction y^, imagining for the time being that the 

azimuthal dependence has been taken care of by an integration over tf>. 

fz 
T(A) kg(A) p(z) dz (8) 

o 

S and T matrices describe the reflection and diffuse trans

mission of a layer such that gives the intensity of backscattered 

light into the y^ direction from light incident from the y^ direction 

at unit intensity. The element T„ of T is similar except the light is 



scattered in the forward direction from direction y. into direction y.. 
J i 

For a layer illuminated from above by an intensity field vo> the 

reflected intensity field u is given by u = S vQ, and the downward 

transmitted diffuse intensity field is given by v = T vQ. The direct 

beam transmission through a layer of optical thickness x, incident from 

direction y^ is given by v = E vq where E is a diagonal matrix whose 

elements are e /y. = E... 
3 33 

Suppose now that the reflection and transmission matrices of two 

homogeneous layers of optical depths Tj and x2 are known; call these Sj, 

S2, Tx and T2. The scattering matrices SJ2 and T12+E12 of a layer 

Tj+Tg in optical thickness can be derived through the following argu

ment. Consider the light reflected from the layer which results from 

placing Layer 1 atop Layer 2. Some of the light incident on the top 

will be reflected by Layer 1, never reaching Layer 2; however, the light 

transmitted by Layer 1 will be reflected and transmitted by Layer 2. 

Some of the light reflected from Layer 2 emerges from the top and some 

is again reflected by Layer 1 and emerges from the bottom. Multiple 

reflection between Layers 1 and 2 contributes to the reflection and 

diffuse transmission of the combination of layers as shown in Figure 12. 

The direction transmission is given by EJ2 = Ej'E^ so the elements are 

C J J D j 
—y 

The reflected intensity field, u, and the diffuse transmitted 

field, v, are given by eqs. (9) and (10) where S12 and T12 are the 

respective reflection and transmission matrices for the new layer when 

it is illuminated from above: 
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vo siv0 (T^EjJS^T^E^Vo 

 ̂2&L J vk. 2&L 
LAYER 1 

CTi+Ei^o s iS2 (Tj+E^VQ % 

SzfT^EOVo 4  ̂
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(f^E-JCTj+E^Vo (Vg, )S1S2(f1+E1)^ 

VJV 

Figure 12. Schematic chart of the individual contributions making up 
the whole reflected and transmitted intensity fields. 
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" = S12vq = Sj + (T1+E1)S2 (I+S1S2+CS1S2)2 + ...) (Tj+Ej)vq , (9) 

* = 
1̂2+E12)vo = (T2+E2) (I+SiS2+(S1S2)2 + ...) (Tj+Ej)vq . (10) 

Both equations contain an infinite matrix series which converges for 

layers of finite thickness or non-conservative scattering. Practically, 

this series is summed by adding higher powers of SjS2 until the condition 

= X(SjS2)n is satisfied. At this point, higher order terms 

in SjS2 are simply related by the above relationship, where X is a 

scalar constant (the dominant eigenvalue of SjS^) . Therefore the infi

nite series can be written as the finite sum of a matrix series plus the 

product of a matrix and the sum of an infinite geometric series in X as 

shown in eq. (11) : 

I (Ma)^ = I  (SiS2)(l) + (SjS2)n I X3 
i=0 i=0 j=0 

(ID 

= I (S^)^ + (1-X)"1 (SjSa)" . 
i=0 

If Layers 1 and 2 are identical, the method described above is called 

"doubling." If they are different, the procedure is termed "adding." 

With doubling, homogeneous layers of any optical depth can be con

structed using eqs. (9) and (10) once the reflection and transmission 

matrices of a very thin layer, usually around T = 2-1", are calculated 

from single scattering theory. Each successive application of eqs. (9) 

and (10) yields the S's and T's for a layer twice as thick. Thus thick 
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layers can be constructed using relatively few applications of the 

doubling equations. 

The energy absorbed by the combination of absorbing layers has 

been derived for the doubling method by Twomey (1975). He defines an 

absorption vector a such that unit energy falling on the layer from 

direction y^ will lose fraction a^ to absorption in the layer. Hie 

energy carried in the incident intensity field vq is MvQ where M is a 

diagonal matrix with elements y... So the energy absorbed by a single 

layer is ajMvQ where aj is the transpose of the column vector aj. 

Therefore the energy absorbed by the combinations of Layers 1 and 2 is 

the result of the absorption of vq falling on Layer 1 and the absorption 

of the intensity field between layers falling on the bottom of Layer 1 

and the top of Layer 2. The interlayer intensity field represented by 

vm for downward intensities and u^ for upward intensities is given by 

eqs. (12) and (13) for homogeneous layers. The energy absorbed by the 

combination of layers is given by eq. (14). 

Writing vm and um in terms involving vQ we get eq. (15) where a12 is 

the absorption vector defined for the two layer combination: 

vm = [I + SjS2 + (S^)2 + ...] (Tj+EJ)vq , 

um = S2 [I + SjS2 + (S^)2 + ...] (Tj+Ej)vq (13) 

(12) 

Energy absorbed by Layers 1 and 2 = 

">JL ~ ~ •+  ̂-> 
a, Mv„ + a,Mv + a,Mu = 1 o 1 m 1 m 

(14) 
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a12 = Z1 + (Tj+E^ [I + SgS, + (S^j)2 + ...] (S2ax+a2) . (15) 

Combining non-homogeneous layers introduces an additional com

plexity since the scattering functions which describe reflection and 

diffuse transmission for illumination from the top of the layer will not 

in general be correct for illumination from below. For example, con

sider the two layers shown in Figure 13. For the situation shown in 

Figure 13a where the incident light first encounters Layer 1, the rela

tionship between incident and scattered field is given by u = S12vq and 

v = (T12+Ei2)v0- F°r situation shown in Figure 13b, these relation-

ships become u = S21vq and v = (T21+E21)vq, where S12 f S21 and T12 ^ 

T2j. This complicates the layer summing formula for non-homogeneous 

layers since the interlayer intensity field is incident on the top layer 

from below. 

v 

LAYER 1 

LAYER 2 

u 

LAYER 2 

LAYER 1 

(a) (b) 

Figure 13. The configuration of the layers for the derivation of the 
non-homogeneous summing formula. 
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Consider the scattering from four individually homogeneous 

layers stacked together as shown in Figure 14. Once the properties of 

th 
the H layer have been determined in terms of representative single 

scattering albedo, optical depth, and phase function, a very thin layer 

with the proper single scattering albedo and phase function can be 

doubled until the desired optical depth is achieved. Using the S's and 

T's for the individual layers, Layer 1 can be combined with Layer 2 by 

eqs. (9) and (10) to calculate S12 and f12. Similarly, Layers 3 and 4 

are combined to yield S34 and ¥31f. Before combining Layer 12 with Layer 

34 to calculate the reflection and transmission of the stack, S21, T21, 

S 3̂ and T must be calculated. The complete formula for computing S's 

and T's for the stack for illumination from below and above are given 

by eqs. (16) through (19) . These equations can be written in a form 

such that they all contain the same infinite series by application of 

eq. (20). 

LAYER 1 

LAYER 2 

LAYER 3 

LAYER 4 

Figure 14. The atmosphere modeled as a four layer stack. 
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S, = S + (T +E IS ri+S S + fS S )2 + ...1 (T +E ) (16) 1234 12 *• 21 21 34 1 21 34 1 21 3«• ^ "'J 1 12 12' 1 J 

^"•321 = ®4 3 + +E3i,)S21 [I + S31tS2 j + (S31tS2 x) + ...] (T^+E^g) (17) 

T1234 = Ct31t+E31t) [I + S21S31t + (S21S31|)2 + ...] (T12+E12) (18) 

^4321 = (T21+E2l) [I+SsijSg! • CSj.S,,)2 • ...] (T,,,+E„) (19) 

[I+SstS21 + (S3tS21)2 + ...] = I*S3JI+S21S3t.CS2IS!t)2*...]S21 (20) 

The four layer stack is combined with the ground represented as 

a reflection matrix G to calculate the intensity u reflected to space 

and the intensity v , the downward intensity at the ground, by eqs. (21) 

and (22) : 

v = [I + (Slt32̂ G) + (Slf32iG) +...] (Ti23if+E123it)vo , (21) 

u
m 

= t^l23i» + (^It321+̂ 1»32l)^ [I + Sij32IG) + (S^ 3 2 j G) 2 + . . . ] (22) 

(^12 3l»+̂ 12 3i*)Vo 

The absorption for illumination above and below the stack of 

layers is given by eqs. (23) and (24): 

a = a + (T +E ) Tl + S S + (S S )2 + .. . 1 (S a +a ) , (23) 1234 12 *• 12 1271 34 21 V 34 2 1'' J 34 21 34"' » *• •* 

a = a + (T +E ) ri + s S + (S S )2 + ... 1 (S a +a ) . (24) 4321 43 *• 4 3 4 SJ  1 21 34 21 34"' J v 21 34 21 ' *• J 
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The energy absorbed by the entire system is given by: 

a?23fMvo = aJ23„fivo + a£321Mvm + AMum , (25) 

where vm and um are the downward and upward intensity vectors between the 

ground and Layer 4 and A is the albedo of the ground. The absorbed 

energy written in terms of vq is given by: 

3*23»Gfi% = W5* C\32.S+AS5HI»S,3!!1GtS,321G)^...] 
~  ( 2 6 a )  

* (T123't+El23i+)V0 

or 

L123l,G = ai23«» + (T1234+E123lt) t1 + GS"» 321 + (GSI» 32l)2 + • • •] 
~ C26b) 

• Ca,32i+AG> • 

Fourier Representation of Azimuth 

The azimuthal dependence in the problem is handled by expanding 

the S's and T's into Fourier components which because of the ortho

gonality of trigonometric functions allows each harmonic component to 

til 
be doubled separately (Twomey et al. 1966). For example, the j compo

nent of the downward directed intensity field expanded in harmonics is: 

v (y •»^1) = vc(y •) ̂  + £ vc(y.)^m^ cos mcj)* + vs(y.)^ sin mtj) * (27) 
3  3  m = l  3  3  

where vc^(yj) and vs^(yj) are the Fourier cosine and sine coeffi

cients for the mt'1 harmonic of the j**1 latitude belt. The formulae for 
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the coefficients are given by eqs. (28) through (30), where M is the 

maximum number of harmonic components: 

vc(yj)(0-) = iir 
IT 

v(Uj ,<J>') d(f>' 

vc(Hj) 

vs(p^) 

(m) _ 

(M) _ 

-it 

eir 
1/tt J v(Uj , 4> *) cos m<J>' d<f> * 

-IT 

fTT 
1/tt J v(Mj ,(j)') sin mtf)* dcj>* 

-TT 

for all m > 0 

(28) 

(29) 

(30) 

The direct solar beam is represented as a delta function in 

azimuth centered at (J)' = 0. The expansion of the direct beam is given 

in eq. (31): 

vD(vu ,<f>') 
1 
a— + — J cos md>' 2TT it l t 

m=l 
vD(yj) <5 (<J>') (31) 

The elements of S's and T's can be expanded in a similar fashion in 

terms of the azimuth of the incident and emerging intensity. Letting tp' 

be the incident azimuthal angle and ({> be the emerging azimuthal angle, 

these expansions are given by: 

. ( 0 )  
M 

SC^ (y. ,y.) + I SC^ (y. ,y.) cos mOM1) 
3 m=l J 

+ (y^y^) sin m(<M>') 

(32) 

T(y-,y. .^-(f)') = TC 0̂̂  (y. ,y.) + J TC(m-) (y. ,y.) cos m^-f) 
1 J 1 •> m=l 3 

+ TS^ (yi,yj) sin m(4>-<j>') 

(33) 
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The Fourier components of the reflected or transmitted intensity 

field are computed by multiplying the i harmonic components of the 

th 
scattering function times the i harmonic component of the incident 

intensity vector and integrating over all incident azimuth angles: 

i ( x ) w  -
•2tr 

[SC("° cos + SS(m) sin m(cf)-<|)*)] 

cos mtj)' + VS sin m4>') d<j>' 

(34) 

We have 

cos = cos m<{i cos mtj>1 + sin m4> sin mtj)' , 

sin = sin mcf) cos m^' - cos m<j) sin mtj)1 

(35) 

(36) 

Using the angle addition formulae eqs. (35) and (36) and integrating 

around azimuth as in eq. (34), u^ (<j>) is broken into its sine and cosine 

components as shown in eq. (37), where fQ = 2tt and fjv.Q = it: 

SCm) (<f>) = fm [(SC(m̂ VC m̂-) - SS^VS^) cos m<j> 

(37) 

+ (SC^VS^ + SS^VS^) sin mcf>] 

Picking out the Fourier components in eq. (37), we get 

«« = - ss^vj 1̂"-1) , 

j5g(m) _ £ + ss^v£^) . 
m 

(38) 

(39) 
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This expression can be written in the form of a matrix vector multi

plication as 

u£Cm) 
r 

= £ 

us(m) 
m 

sc m̂-) -SS^ 

SS ̂  SC ̂  

\ > 

vc o 

) 

VSo J \J 

(40a) 

Similarly the transmitted intensity field v^ is given by eq. (41a) 

where f = 2tr for m = 0 and f = ir for m greater than 0: 
m m & 

VC(m) TC^ +E _ vc ^ 
o 

^(m) 
, 
e
 

il 

jg(m) TC^ +E v? (n° 
o 

(41a) 

Each harmonic vector is just attenuated by the Beer's law attenuation 

-T/y • 
e J. Equations (40a) and (41a) can be rewritten as (40b) and (41b) 

which define the notation used for the doubling and harmonic components: 

fj(m) _ f g(m) ̂  (m) 
m o ' 

y(m) _ £ (T̂ m)+E) V 

(40b) 

(41b) 

Azimuth increases in a clockwise sense viewed from the top of 

the layer. Viewed from the bottom of the layer, azimuth increases in 

the counterclockwise direction. This leads to symmetry relationships 

between scattering functions for illumination from below and above the 

layer as pointed out by Hovenier (1969). Let S* and T* be the 
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reflection and transmission matrices for illumination from below the 

layer, then the symmetry relationships are given by: 

S*(yipj ,<|)-(j)') = S(pi ,vu ,4>1 -<(>) , (42) 

1*0^ ,<M') = TOi^,<j>'-<P) . (43) 

This symmetry is manifested as a change in the sign of the sine coeffi

cients in the harmonic matrices for illumination from the bottom of the 

layer. This sign change must be taken into account when evaluating the 

layer adding formulae (9) and (10). 

Polarization and Stokes Parameters 

This calculation takes polarization fully into account using 

the notation developed by Stokes (1852). Each intensity v, for example, 

is an N component vector whose components are four element Stokes1 

vectors, ^(y^)* *r^i^ ' and • The Stokes vector notation 

is developed in Chandrasekhar (1960) and Hansen and Travis (1974). 

Imagine a monochromatic light wave of wavenumber k and frequency 

to propagating along the z axis of a rectangular coordinate system 

defined by the unit vectors £, r, and z as shown in Figure 15. The 

temporal and spatial dependence of the electric field of this light 

ray can be written in terms of its components in the & and r directions 

as given by eqs.(44) and (45). and are the electric field ampli

tudes and e is a phase angle: 

i(tot-kz+e0) 
=  A ^ e  ,  (4 4 )  

i(wt-kz+e ) 
Er = Ar e r . (45) 
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Figure 15. The coordinate system for describing the Stokes parameter 
notation. 

The Stokes parameters of this beam are by definition given by eqs. 

(46a-d) where 6 = e. - e : 
A/ X 

I  =  ( E E * )  =  ( A 2 )  
Z z z z 

I = (EE*) 
r r r 

< A 2 > 
r 

U = < E0E* + E E*> = 2 <A.A > cos 6 
Z r r Z Z r ' 

V = i <EnE* - EE?) = 2<A„A > sin 6 
Z T r Z Z r 

(46a) 

(46b) 

(46c) 

(46d) 

The brackets indicate a time average over a period of many wave oscilla

tions. In this notation the degreee of polarization is given by: 



(I£-IJ2 +U2 +V2)* 
% polarization = = = x 100 . (47) 

1A + r 

The Stokes parameters depend on the orientation of £ and r. For single 

scattering & and r are picked so & lies in the scattering plane and r 

is perpendicular to it. The scattering plane is the plane which con

tains the incident and emerging light rays. 

In the full polarization treatment the scattering of polarized 

light is described by a 4 x 4 Mueller matrix which transforms incident 

Stokes vector from direction jju into the emerging Stokes vector for 
f \ 

light propagating in direction y^. In this treatment TC for example 

becomes a 40 x 40 matrix with a 4 x 4 Mueller matrix for each combina

tion of the 10 incident and 10 emergent latitude belts. A specific 

element in TC^ will be given by TC^^ (y^,y^) where y^ is the inci

dent direction, y^ is the emergent direction, n and k are the row and 

column indices of the Mueller matrix. 

Doubling Initialization 

The layer doubling formulae can be used if one knows S's and 

approximated by a single scattering calculation or even simpler means. 

Wiscombe (1976) discusses several doubling initialization approxima

tions. In this work, the approximation used by Twomey, Jacobowitz, 

and Howell (1966) was used: 

S(yi,yj jcJ)-^') 

T(yi}yj ,<f>-<f>') 

= t0
oB(yi,yj,<f>-<f>') [1 - exp(-Ar/yi)] , 

= uoP(yi,yj .(J)-^) [1 - exp(-Ax/yi)] , 

(48a) 

(48b) 



a(vu) = (l-"0) [1 " exp(-AT/vK)] (48c) 

Equations (48a-c) give the initialization for the S's, T's, and absorp

tion vectors where Ax is the optical thickness of the initial layer, 

and U}Q is the single scattering albedo of the layer. The B's and P's 

are called phase matrices. They describe the angular distribution of 

the light scattered by the individual particles which compose the layer. 

The B's represent backscattered radiation, i.e., a reversal of the sign 

of y for incident and emerging light rays, whereas P's represent scat

tering of light in the forward direction, the same sign of y for inci

dent and emerging radiation. 

Van de Hulst's Scattering Amplitudes 

The general interaction of light with a particle is described 

by van de Hulst (1957); this description will closely follow his. Con

sider a particle situated at the origin of the coordinate system shown 

in Figure 16 whose orthogonal basis vectors are e , e and e . Consider 
z y x 

the situation when light propagating in the +§z direction impinges on 

the particle and is scattered in the arbitrary direction specified by 

0 and <f>. Let er be a unit vector pointing in this direction. In the 

far field, many wavelengths of light from the particle, the light wave 

is a transverse wave propagating in the direction with its electric 

field lying in the plane to which er is normal. Thus electric field 

vector can be written as components in the eg and e^ directions. These 

components written as E. and E are the respective components parallel 
j65 ITS 

and perpendicular to the scattering plane, which we used earlier in the 
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t  t t  t  t  \ !  
INCIDENT BEAM 

Figure 16. Coordinate system used in the explanation of van de Hulst's 
scattering amplitudes. 

discussion of Stokes parameters. A new set of basis vectors can be 

defined for convenience; let these be and where $0c = and 
rs '£s 0 

@  =  " g A -
rs <p 

The scattered wave is written in terms of these new basis vec

tors as E = E„ §„ + E e . The incident wave can also be written in 
Zs Is rs rs 

terms of its components in and out of the scattering plane. Let e^ = 

§ sin 0 + ea cos 0 and e . = -eQ, then the electric field of the inci-r 0 rj 0 

dent light can be written as E. = Er e.. + E . e .. In the far field 
i X/i A/i ri xi 

Eg and E^ are related by eq. (49), where k = 2tt/X: 

'As 

rs 

exp ik(r-s) 
-ikr 

s2ce,40 s3ce,<f>) 

s„ce,<J>) Sj(0,(|)) 

\ » * 

E*i 

E • 
J . ri-

(49) 
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The S matrix whose four elements are the complex scattering 

amplitudes is called the amplitude scattering matrix. depends on 

the optical properties of the particle, the properties of the medium in 

which it is embedded, and the angle between the incident and scattered 

beams. From the amplitude scattering matrix we can immediately derive 

the relationships between the incident and scattered Stokes parameters 

and evaluate them as in eq. (49). 

For the special case of homogeneous spheres S3 = S!^ = 0 and 

the amplitude scattering matrix becomes 

S = 

S , ( 0 )  0 

(50) 

0 s^ 

The Stokes vectors of the scattered radiation are then related 

to the incident Stokes parameters through relationship (51): 

5-s «WS.> - E^'VtSla) 

is k r 
r^-s2(0) s*(0) <E A . E J. )  =  i^rs2 (0) s*(0) 

£i 
(51b) 

which shows specifically the relationship between and measured 

at distance r from the scattering center. The relationship relating the 

full Stokes vector is: 

S2S* 0 0 

I 
r 1 

0 S l S *  0 

U ~ k2r2 0 0 i(SxS*+S2Sp 

V 0 0 -i(S1S*-S2Sj) 

0 

0 

ks t s*-s  2 "2^1^ 

i(S1S2+S2S*) 

Tr 
U 

V 

(52a) 
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The matrix on the right side of eq. (52a) is real, in contrast to the 

matrix in eq. (50). Rewriting (52a) in a more compact vector matrix 

form we get 

ts = F Tt . (52b) 

where f is a complete Stokes vector and F is the matrix in (52a). 

Van de Hulst (1957) presents expressions for Sj(0) and S2(0): 

CO 
S, (0) = I —7——yy" [a it + b t ] , (53a) 1K J L. n(n+l) 1 n n n nJ ' n=l J 

00 

S,(0) = I 2
f}, [b 7T + a T ] . (53b) 2V J n(n+l) L n n n nJ n=l v 

The coefficients a^ and b^ are in general complex and depend on the index 

of refraction of the particle and the size of the particle relative to 

the wavelength of the scattered light. A measure of this relative size 

is the size parameter x where x = 2irR/A, R being the radius of the par

ticle. 7rn and xn are functions of the scattering angle only. 

Programs which compute Sj and S2 for any angle, size and index 

of refraction are widely available. In this work one written by Twomey 

(University of Arizona) was used. 

Aerosol Phase Matrix 

The transformation matrix F gives the relationship between 

incoming and emerging Stokes parameters at distance r away from a par

ticle. To calculate the scattered intensity from a slab composed of 

many such particles it is more convenient if the angular distribution 

of the scattered Stokes parameters is separated from the distance 
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dependence and normalized. The phase matrix P(0) is related to F(0) by 

F(0) = cP(0) where (0) is the scattering angle. The normalization con

dition for matrix P(0) is given by: 

f [P..O) * P2 2(S)] ^ = 1 .  CS4) 
•Mir 

where the integration is over all 4tt steradians of solid angle. This 

condition is a statement of the requirement that light emerging from 

the particle must go into some direction. 

To find the normalization constant c, the condition (54) along 

with a definition of scattering cross section for a particle °scat is 

used (after Hansen and Travis, 1974) : 

T r2 dft . (55) I. a 
i scat A S 4tt 

In eq. (55) 1^ is the intensity of a beam of light incident upon the 

particle from some given direction, "i is the intensity of light scat

tered into all directions. The integration amounts to integrating over 

the area of a sphere of radius r shown in Figure 17. 

Substituting into (55) for I as in (52a) we get eqs. (56a-d) 

as a derivation of the value of constant c: 

"scat * fi j4lr pW {Fu+F») « • (56a) 

• 5-T^L • (56b) 
scat Mir 

1-0 - g "" c f It • t56c) 

scat Mir 
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scat 

Figure 17. Diagram for explaining the normalization of the phase 
function. 

k2 o 
~ _ scat ,r̂  ̂  
c " 4^ • (56d) 

The scattering and extinction cross sections for individual 

spherical particles are given from Mie theory by the expressions (57a,b) 

(Hansen and Travis, 1974) : 

"scat - W I (2n*l) (a,^ • b^) . C57a) 
n=l 

"ext " It I (2^1) •toC'W • (57« 
n=l 
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The single scattering albedo of the particle is w = a /a . And 
o sccit ext 

4tt 
the asymmetry factor g = / ^ p n + p i2^  cos ® c^2/4tt is given by Mie 

theory as: 

g = 
00 V  *1 
Y [n(-n̂ 2) Re (a a* + b b* J + -^TT Re(a b*)| • C58) o * i L n+1 v n n+1 n n+1' n(n+l) v n nJJ *• J 

scat n=l u 

Imagine a collection of spherical particles of the same optical 

properties distributed in radii according to some function n(r). n(r) 

is the number density of particles per unit radius such that integration 

over all possible radii from the minimum size r . to the maximum size 
r mm 

rmax N the total number of particles per unit volume of space. 

The average scattering an extinction cross sections for the 

collection of particles is given by: 

fT 

°Cr)ext,scat nCr) dr 
r . ' 

— mm 
aext,scat ~ N ' ^ ^ 

Similarly the phase function for the collection of particles is given by 

th 
eq. (60) where ij is the ij element in the 4x4 phase matrix: 

[rmax P..(0) n(r) dn 

rmin P..(0) = . (600 
J N 

In the limit that the particles become very small with respect 

to the wavelength of the radiation illuminating them, the Mie theory 

yields the solution for isotropic Rayleigh scattering. The phase 
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function for scattering from fluctuations as well as small particles, 

PRay. is given by: 

Ray 
3 

167T 

cos2 0 0 0 

0 10 

0 0 cos 0 

0 0 0 

0 

0 

0 

cos 0 

(61) 

The elements of the phase matrix are functions of the scattering angle 0. 

In order to do radiative transfer calculations which involve many scat

tering planes, we must refer all scatterings to some single reference 

plane so they can be described in terms of y and <j> instead of 0. This 

transformation is accomplished by referring all Stokes parameters to a 

meridianal plane which is shown in Figure 18 (from Chandrasekhar, 1960) . 

1^ incident along direction PjO on the scattering center at 0 is ini

tially represented by a set of Stokes parameters referred to plane OPjZ. 

This Stokes vector is transformed by transformation L(-ix) which rotates 

the Stokes vector so it is now referred to scattering plane. The phase 

matrix is then applied to the transformed Stokes vector which produces 

a scattered intensity referred to the scattering plane PjOP2. A rota

tion L(7r-i2) applied to this vector produces an emerging vector referred 

to the meridianal plane P20Z. We can now write the phase matrix in 

terms of variables y^, <(>, y^ and <j>' as given by: 

P(yi}yj ,<f>-<f>') = L(TT-i2) P(cos 0) L(-ix) (62) 

where L(-ix) and L(ir-i2) are given by: 
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x 

Figure 18. Diagram for explaining the rotation into and out of the 
meridianal plane. 

Modified from Chandrasekhar (I960). 



L(-ij) 

cos 1, 

sin 2ij 

0 

sin2 i. 

sin x, cos 1, 

-sin 2ij 

0 

-i sin 2ij 

+ i sin 2ij 

cos 2i, 

52 

(63a) 

LO-iJ = 

cos i„ sin i. 

sin i„ cos l, 

sin 2i„ -sin 2i, 

-i sin 2i2 

+ i sin 2i2 

cos 2i2 

0 

(63b) 

Using Figure 18 and some spherical trigonometry angles ix and i2 

can be related to the polar coordinates, y^, tj>, y^ and <t>'. The law of 

cosines for spherical triangles yields immediately an expression for 

cos 0 given by: 

cos 0 = y^.. + (1 -yj2)^ cos 1) , (64) 

where y^ = cos 0^ and y.^ = cos 0^. Expressions for ij and i2 are given 

by: 

cos 1, 
y. - cos 0 y. 
_i LJ 

±(1 - cos2 0)2 (l-Pj) i ' 

cos 1, 
\i. - cos 0 y^ 

±(1 - cos2 0)* (l-yp1 

(65 a) 

(65b) 

where + is for 0 < <)>-<{> • < ir and - for tt < tf»-c}>1 < 2tt. 
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The complete phase matrix describing scattering in the atmosphere 

is a weighted combination of a Rayleigh phase matrix and another for a 

distribution of larger particles: 

P = f . p + fl - f 1 • P. f661 
ij RAYLEIGH ijRAYLEIGH 1 RAYLEIGH^ ljMIE 1 J 

The weighting fraction is given by a ratio of the RAYLEIGH 

optical depth of a layer to the total scattering optical depth of the 

layer. 

The mathematical procedure for evaluating P^jj^g i-s as follows. 

A representative size distribution and optical properties are chosen from 

a search of the literature and various data sources as discussed in the 

atmospheric description section. The four elements which describe the 

scattering matrix for a spherical particles as in eq. (62) are evalu

ated for 1800 scattering angles between 0 and tt radians. These 1800 

4-vectors are stored in a tabular form with each scattering angle. 

Whenever the Mie phase matrix is needed for any scattering angle, the 

tables can be entered and the proper values interpolated without further 

calculations. 

The harmonic phase matrix P^Cy^Vj) is calculated by calculating 

P(VK,1Jj for 2n values of azimuth (<J>-<J>') and Fourier analyzing the 

results with a fast Fourier transform (FFT). 

The azimuth is broken in 2n directions such that n = 2 where 

k is an integer. Picking the first azimuth direction along with polar 

directions y^ and y^ an average P(cos 0) over the interval Ay from 

y^ ± Ay/2 and y^ ± Ay/2 is calculated. The averaging is done by sub

dividing the interval y - Ay/2 to y + Ay/2 into seven equal increments. 
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These smaller intervals are called A^ where k goes from 1 to 7. Equa-

tion (67) is the averaging formula for P(cos 0) where and £ are the 
k m 

th th 
centers of the k and m subintervals of the intervals Ay. and Ay. 

i J 

respectively: 

7 7 

I I P[cos 0(e£, £* <M>')] A? A£ «W V — 1 — 1 I" 
<P(cos 0) > = . (67) 

Ay Ay 

<P(cos 0)) is calculated for n+1 equally distributed values of 

azimuth starting at 0 and ending up at ir radians. These phase matrices, 

however, describe the scattering of light with its polarization referred 

to the scattering plane. To use them in the doubling routine they must 

be properly rotated into the meridianal plane as in eq. (62). This 

procedure provides a set of matrices for incident y^ and emergent y^ for 

n+1 values of azimuth angle from 0 to tt radians. Using the symmetry 

property shown in eq. (68) from Hovenier (1969), the matrices for the 

remaining n-1 values of azimuth between tt and 2tt can be easily gotten 

from those between 0 and it radians: 

10 0 0 10 0 0 

0 10 0 0 10 0 

0  0 - 1 0  • PCy^y.j.'K-ffO 0  0 - 1 0  

0 0 0 -1 0 0 0 -1 

(68) 

We now have 2n,4 x 4 matrices describing the scattering in full 

polarization detail from y^ to yi> Each element is Fourier analyzed 
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by the FFT to yield n harmonic sine and cosine components. As a result 

the matrix is broken into the form 

P(y. ,y. ,<J>-<J>') = ][ PC^ cos m(<j>-<J>') + PS^ sin m(<J)-<J>') . (69) 
1 3 m=0 

This process is repeated for all i and j such that j £ i. The rest of 

the elements are gotten from the symmetry property of Hovenier (1969) : 

PCR^Vj.M') = 

1 0 0 0 I 0 0 0 

0 1 0 0 0 l 0 0 

0 0 -1 0 0 0 -l 0 

0 0 0 1 0 0 0 1 

(70) 

which can be applied separately to each harmonic matrix to generate its 

cross diagonal counterpart. 

Reflection and Transmission Matrices 

The initialization of and T^ is given by: 

S(m) = a). 

gg(m) 

g§(m) 

_gg(m) 

gg(m) 

-Ax/yii 
(71) 

T^ = u 
PC 
(m) 

pg(m) 

-P§ (m) 

pg(m) 
1 - e 

-Ar/yi 
(72) 

For continuous angular variables the phase function normalizes according 

to eq. (54) . Similarly, a normalization must be applied to the discrete 

phase matrix element. The condition for normalization says that light 

scattered by a particle must emerge in some direction without regard to 
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polarization. The non-zero order harmonic components of P^ and 

average to zero when integrated over azimuth; therefore, only the zeroth 

harmonic term which is constant in azimuth is important for normaliza

tion. Normalization conditions for light linearly polarized parallel 

and perpendicular to the meridianal plane lead to conditions: 

S£(y..) = I PCnC0)(yi,yj) + PCa/^CuL.R.) + BC, x (0) (y. .y^ 

i=1 (73) 

+ BC21(0-) (yi,y^) = 1 

10 

Sr(yj) = I PC12(0)(yi,yj) + PC22C0)(yi,y;.) + BC12(0;)(yi,yj) 

j=1 (74) 

+ BC22(0:i(yi,yj) = 1 

This normalization condition is applied to the phase matrices 

calculated by the methods which have been described. If the computed 

phase matrix elements do not comply with eqs.(73) and (74), they are 

adjusted to do so. S0(y.) and S (y.) are summed over all j to calculate 
3 T 3 

a normalization constant Fn by the following: 

1 0  

Ay J S£(y.) + Sr(y.) = 2Fn . (75) 

If Fn is not equal to 1 by eq. (75), then each element in the phase 

matrix is divided by F , and eqs. (73) and (74) are tested again. In 

general, these relationships will not be accurately satisfied but are 

usually to within 0.01% or better. Normalization is finally achieved 
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by adjusting the elements of the diagonal matrices by multiplying them 

with a factor f. or f , depending on polarization, which forces 
Xf IT 

normalization: 

fz = [1 - S^CUj) + SS£(yj)]/SS£(yj) , (76a) 

fr = [1 - Sr(y.) + SSr(y.)]/SSr(u.) , (76b) 

where 

and 

SS (y ) = PC21(0)(y y ) + PC22(0)(y y ) 
r J J J " J J 

+ BC21(0)(y y ) + BC22C0)(y ,y ) 
J J z J J  

SSJl(y.) = PC^ty.^) + PC11(0)(yj,y.) 

+ BC12(o:)(yry.) + BCn(0)(y.,p.) , 

which are the diagonal elements which are adjusted. 

The result of the harmonics of higher order are divided element 

by element by Fn and their diagonal elements are adjusted appropriately 

by fr and f^. This insures that the intensity field will be left 

undistorted in azimuth by the normalization. 

Energy Conservation in "Doubling" 

The doubling method is very sensitive to discrepancies in energy 

conservation so the elements of and T^ are adjusted at the end of 

every doubling to insure energy conservation. 
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Consider the intensity vector polarized in the meridianal 

plane incident on a layer of optical depth T. Suppose also that this 

layer is described by absorption vector and scattering matrices 

S(n° and . To check conservation of energy we need consider only 

the zeroth order harmonics since flux involves an integration over azi

muth. The statement of conservation of energy for light incident upon 

the layer polarized in the meridianal plane is given by: 

r  / y .  ^  ®  r  
2Tr|y.. e j+y.. ac^^Cy..) + J yi SC 0̂-1 (y^y^) + sc2i ̂  

+ TC11(0)(yj,yi) + TC21
(0)(y. j,yi)]v1

C0)(y. j)] (77a) 

= 2tt ]i. Vj^-'tyj) Ay 

-T/y. 
j + ac1C0)(y.) + I SC ^(y-.y.) + SC21(-°-) (y. ,y.) J I. 11 J X J X 

+ TC^^Cy ,y.) + TC^^Cy^y.) 
J J . 

= 1 

(77b) 

Similarly, energy conservation for light polarized perpendicular to 

the meridianal plane is given by: 

-x/y. 10 

j + ac2(0)(y.) + I SC2a(0)(y,,y ) + SC22C0)(y,,y.) 
J i=l •> J 

+ TC21(0)(yj,yi) + TC22C03(yj,yi) 

(78) 



These relationships should be true for each value of j and are used to 

— f01 —fO") 
check each column of SC J and TC J for conservation of energy. If 

conditions (77a) and (78) are not met, the diagonal element S£^(yj,yj) 

and TC^(yj,yj) are corrected by a multiplicative factor similar to 

f^ and fr which were used to normalize the phase matrix. The diagonal 

elements of the higher order harmonic elements are corrected in the 

same manner to minimize the distortion of the intensity field. 

Summing of Fourier Components 

The number of Fourier components necessary to describe the 

intensity emerging from a layer composed of a scattering medium depends 

upon the physical characteristics of the scatterers along with the 

number of times photons are scattered while in the layer. Hansen and 

Travis (1974) discuss this problem for spherical particles and conclude 

that the number of Fourier components which "adequately" describe single 

scattering from spherical particles should exceed 2x, where x is the 

size parameter of the particle. They go on to say that the greatest 

number of terms are needed to describe the diffraction peak in the 

forward direction. Presumably, therefore, it requires fewer harmonic 

components to describe the azimuthal dependence of scattering if the 

incident and emergent angles for scattering do not involve the forward 

peak. 

Some tests were performed on the number of harmonics needed to 

describe the single scattering from the distribution of particles which 

were used in this work to characterize stratospheric aerosol. That is, 

the harmonic components were calculated for the Junge's stratospheric 



distribution for particles from 0.1 y to 1.0 y with an incident illu

mination of 0.3 y.. This distribution has a mean size parameter of 

^4.5. Since the interest in this work is focused on low sun angles 

and viewing near the zenith, two examples of this calculation are 

shown in Tables 1 and 2. Many of the similarities to the graphs on 

page 42 of Hansen and Travis (1974) can be noted in these tables. 

We can see that the further the incident and emergent zenith angles 

come from the forward direction, the faster the magnitude of the har

monic coefficients fall off with increasing harmonic number. It seems 

that 16 harmonics describe adequately the y^ = 0.25, y^ = 0.95 case and 

32 will similarly suffice for the y^ = 0.45 and y^ = 0.85 case. Since 

larger particles are found in the lower troposphere, some with diameters 

on the order of 10 y, the mean size parameter for these particles will 

be much larger and more harmonics are needed to describe them with great 

precision. On the other hand, the particles in the convective boundary 

layer near the surface are likely to be jagged pieces of silicate 

stirred up from the ground. These particles are not spherical, and a 

very precise description of them using Mie theory is not accurate any

way. Therefore, instead of calculating the many Fourier components from 

Mie theory, a number of components equal to those chosen to represent 

stratospheric aerosol are chosen and summed in a weighted manner accord

ing to the Lanczos sigma summing technique (Lanczos, 1964, p. 211). 

This method consists of weighting the Fourier component such that 

higher frequencies receive less weight in the sum of Fourier components. 

The weighting factor is 1 for the zeroth order and [sin C^TT/n^^^) ]/ 

(KlT/n ôtaj) for the Kth order harmonic. The Lanczos summing smooths the 
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Table 1. Cosine Fourier coefficients of the phase matrix elements for 
0.3 y light incident upon a Junge's stratospheric aerosol 
distribution with y. = 0.45 and y. =0.85. 

PCI,2) P(2,l) P(2,2) M 

.653E+00 .212E+00 .238E+00 .627E+00 0 

.990E+00 .936E-01 .112E+00 •957E+00 1 

.735E+00 -.158E+00 -.177E+00 .668E+00 2 

.336E+00 -.688E-01 -.838E-01 . 290E+00 3 

.160E+00 -.448E-01 -.462E-01 .128E+00 4 

.667E-01 -.211E-01 -.171E-01 •502E-01 5 

.291E-01 -.124E-01 -.866E-02 .206E-01 6 

.162E-01 -.915E-02 -.108E-01 .413E-02 7 

.101E-01 .841E-02 -.486E-02 .392E-02 8 

.714E-02 .822E-02 .134E-02 .499E-02 9 

.134E-02 -. 756E-02 -1.43E-02 .468E-02 10 
-.237E-02 - .929E-03 -.991E-03 . 158E-02 11 
-.216E-02 .590E-02 -.776E-03 -. 276E-02 12 
-.217E-02 -.399E-02 -.318E-02 -.138E-02 13 
-.834E-03 - .580E-02 .115E-03 .280E-02 14 

.315E-02 .369E-02 .449E-02 .431E-02 15 

.501E-02 .578E-02 .192E-02 . 269E-02 16 

.158E-02 - .629E-03 -. 241E-02 - .554E-04 17 
-.287E-02 -.432E-02 -.183E-02 - .209E-02 18 
-.361E-02 -. 260E-02 .583E-03 -. 244E-02 19 

-.111E-02 .601E-03 .731E-03 -.134E-02 20 
.132E-02 . 226E-02 .113E-04 .854E-04 21 
.166E-02 .140E-Q2 -. 116E-03 .933E-03 22 
.533E-03 - .421E-03 -. 179E-03 .879E-03 23 
-.422E-03 - .939E-03 - .146E-03 . 230E-03 24 

-.504E-03 -. 254E-03 . 128E-03 -.253E-03 25 
-.140E-03 . 215E-03 .192E-03 -. 237E-03 26 
.101E-03 .138E-03 - .571E-05 -.459E-04 27 
.989E-04 - .605E-05 -.103E-03 .284E-04 28 
.176E-04 -. 212E-04 -.349E-04 .174E-04 29 

-.177E-04 -.139E-05 .235E-04 .665E-05 30 
-.941E-05 . 246E-06 . 150E-04 .330E-05 31 
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Table 2. Cosine Fourier coefficients of the phase matrix elements for 
0.3 y light incident upon a Junge's stratospheric aerosol 
distribution of particles with y. = 0.25 and y^ = 0.95. 

PCI ,1) P(l,2) P(2,l) P(2,2) M 

.221E+00 .131E+00 .154E+00 . 198E+00 0 

.223E+00 .172E-01 .269E-01 .199E+00 1 

.218E+00 -.120E+00 -.143E+00 . 184E+00 2 

.417E-01 -. 138E-01 -.231E-01 .284E-01 3 

.120E-01 -. 166E-01 -.103E-01 .940E-02 4 

.143E-02 -.617E-02 - .509E-02 - .115E-04 5 
-.199E-03 .116E-01 -.178E-02 . 125E-02 6 
.608E-03 .641E-02 .131E-02 .248E-03 7 
-.114E-02 -.101E-01 -. 170E-03 -.573E-03 8 
-.977E-03 -.531E-02 -.841E-04 - .588E-03 9 

.910E-03 .511E-02 .157E-02 -.525E-03 10 

.133E-02 .335E-02 .460E-03 .771E-03 11 

.437E-03 -.144E-02 -.134E-02 . 107E-02 12 
-.416E-03 -.132E-02 - .988E-03 . 253E-03 13 
-.365E-03 .333E-03 •601E-03 -. 268E-03 14 

-.652E-04 .174E-03 .804E-03 -.222E-03 15 
.202E-04 -.297E-03 -. 209E-03 -.685E-04 16 
.406E-04 .598E-04 -.391E-03 - .513E-04 17 
.295E-04 .234E-03 .947E-04 -.248E-05 18 
.823E-05 -.191E-04 .141E-03 .706E-04 19 

.203E-05 -.104E-03 - .484E-04 .353E-04 20 
-.627E-05 -.404E-05 - .455E-04 - .237E-04 21 
-.819E-05 .299E-04 .185E-04 -. 181E-04 22 
-.970E-07 .339E-05 .140E-04 .410E-05 23 
.350E-05 -.609E-05 -.463E-05 .498E-05 24 

.895E-06 -.923E-06 -.377E-05 - .400E-06 25 
-.720E-06 .992E-06 .670E-06 -.921E-06 26 
-.353E-06 .137E-06 . 792E-06 -.756E-08 27 
.742E-07 - .150E-06 -.326E-07 . 139E-06 28 
.511E-07 -.244E-07 -. 119E-06 -. 158E-07 29 

.179E-07 .145E-07 -.919E-08 - .174E-07 30 
-.155E-07 . 152E-07 .103E-07 .313E-07 31 
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harmonically analyzed function by eliminating harmonic components of 

order n-j.ota2 and greater. A distribution of irregularly shaped parti

cles would tend to have fewer high frequency components in its scatter

ing pattern than would be expected from a collection of spheres (Pinnick, 

Carroll, and Hofmann, 1976). So the azimuthal dependence of scattering 

in the form of a smoothed function would represent natural aerosol as 

well as a very precise Mie description. Also the instrument used in 

this work has a field of view of 4°. Angular variations in the mea

sured intensity field are limited by this resolution. 

According to van de Hulst (1980, p. 515) higher order scattering 

washes out the high frequency azimuthal dependence so that the number 

of harmonics necessary to describe multiply-scattered photons is less 

than that required to describe the intensity field due to single scatter

ing. Therefore it seems a very reasonable approximation to handle the 

azimuthal dependence of scattering in the following way. The first four 

harmonics are calculated in the full multiple scattering treatment 

according to the "adding" method. To supplement the azimuthal informa

tion, 28 higher order harmonics are added according to the single scat

tering approximation for the particular incident and emergent angles of 

interest. These higher order contributions are found to be of negli

gible importance to the emerging intensity for the cases considered, 

however. 



CHAPTER 4 

SINGLE SCATTERING RESULTS 

The results of single scattering calculations are described in 

this chapter. The intensity and polarization of light transmitted at 

90° to the solar beam are calculated for a variety of conditions which 

illustrate the effects of changing sun angle, stratospheric aerosol 

loading, total atmospheric ozone, and wavelength. The results for li 

reflected to space at 90° to the solar beam are also examined in this 

regard. In addition, the results of calculations of daily integrated 

flux reaching the earth's surface are presented for various strato

spheric aerosol loadings and sun paths. 

Intensities at 90° to the Solar Beam 

Light scattered at 90° from a collection of air molecules is 

about 93% polarized with its electric field pointing perpendicular to 

the scattering plane whereas the light scattered from the stratospheric 

aerosol as model in this work is of -18% polarization. The percentage 

polarization is (P22-Pjj)/(P22+̂ il) using the notation of Chapter 2, 

eq. (54). 

Volcanic enhancement of the stratosphere is simulated by multi

plying the aerosol extinction profile above some level, Z^, by an 

enhancement factor, e^; the aerosol extinction below Z^ remaining 

unaltered. 

64 
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The results of these calculations are given in Tables 3 through 

6. In the tables 1+ and H represent respectively the upward reflected 

2 ^ and downward transmitted intensity in ergs/cm /A/sec/steradian. Ij 

refers to polarization in the plane defined by the direction of the local 

zenith and the solar beam and I2 refers to polarization perpendicular to 

this plane. R is the polarization ratio defined as R = (I2-I1)/(I1+I2) 

x 100%. Results are given for various incident solar zenith angles and 

a t m o s p h e r i c  c o n d i t i o n s .  X  i s  t h e  t o t a l  c o l u m n a r  o z o n e  i n  a t m - c m .  Z i s  

an altitude above which the aerosol optical depth is increased by a 

factor e^ realtive to the "normal" Elterman (1969) aerosol optical 

depth, y^ is the cosine of the incident solar zenith angle, y^ is the 

cosine of the zenith angle of the emerging scattered radiation. All 

viewing is such that the emerging radiation is in a direction perpen

dicular to the incident solar beam. 

Table 3 represents an example in which only the aerosol above 

25 km is enhanced. The incident sun angle is 75° and the total ozone 

is 0.300 atm-cm. Comparison of calculations with enhancement factors 

of 1, 10, and 100 demonstrate the effect of additional aerosol high in 

the stratosphere on the reflected and transmitted intensities. Ij is 

very sensitive to additional aerosol, as one would expect; therefore 

the polarization ratio decreases as additional aerosol is added. 

Table 3 also shows that the polarization is fairly insensitive to small 

changes in wavelength and depends mainly on the amount of aerosol scat

tering. 

The light emerging from the atmosphere is composed of light 

scattered at all levels through the atmosphere. Figures 19 and 20 show 
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Table 3. Calculated intensities and polarization ratios of singly 
scattered radiation emerging from a model atmosphere with 
X = .300 atm-cm, Z = 25 km, y. = cos(75°), and y. = 
cos (15°). P J J  

*Cu) ®f I2+ R+ V V R+ 

.2950 1.0 .0034 .088 92% .000014 .00035 92% 

10.0 .0066 .091 86% .000030 .00035 84% 

100.0 .035 .109 51% .00014 .00034 43% 

.2975 1.0 .0046 .115 92% .000077 .0018 92% 

10.0 .0097 .119 85% .00017 .0018 83% 

100.0 .054 .143 46% .00079 .0018 38% 

.3000 1.0 .0048 .117 92% .00020 .0044 91% 

10.0 .011 .120 83% .00044 .0044 82% 

100.0 .059 .143 42% .0019 .0041 37% 

*1(ergs/cm2/sec/steradian/&) 
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Table 4. Calculated intensities and polarization ratios of singly 
scattered radiation emerging from a model atmosphere with 
X = .300 atm-cm, Z = 15 km, y. = cos(75°), and y. = cos(15°). 

P J i 

AGO ®f I2+ R+ Ii+ I2+ R4-

.2950 1.0 .0034 .088 92% .000014 .00034 92% 

10.0 .0066 .091 86% .000024 .00028 84% 

100.0 .035 .109 51% .000012 .000029 42% 

.2975 1.0 .0046 .115 92% .000077 .0018 92% 

10.0 .0098 .119 85% .00015 .0015 79% 

100.0 .054 .143 45% .000072 .00016 37% 

.3000 1.0 .0048 .117 92% .0002 .0044 91% 

10.0 .011 .120 83% .00041 .0036 79% 

100.0 .060 .144 41% .00019 .00037 32% 
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Table 5. Calculated intensities and polarization ratios of singly 
scattered radiation emerging from a model atmosphere with 
X = .270 atm-cm, Zp = 25 km, uk = cos(75°), and y. = l 

cos(15°). 

*00 ®f V V Rf 
V V R4-

.2950 1.0 .0038 .096 92% .000024 .00059 92% 

10.0 .0075 .099 86% .000053 .00060 84% 

100.0 .040 .118 49% .00024 .00058 41% 

.2975 1.0 .0051 .126 92% .00012 .0028 92% 

10.0 .011 .130 84% .00027 .0028 82% 

100.0 .060 .156 44% .0012 .0027 38% 

.3000 1.0 .0053 .128 92% .00029 .0064 91% 

10.0 .012 .132 83% .00063 .0064 82% 

100.0 .066 .156 40% .0027 .0058 36% 
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Table 6. Calculated intensities and polarization ratios of singly 
scattered radiation emerging from a model atmosphere with 
X = .300 atm-cm, Z = 25 km, p. = cos(60°), and = cos(30°). 

X(u) 6f 
I2 + R+ Ii+ R+ 

.2950 1.0 .0059 .144 92% .000054 .0011 91% 

10.0 .013 .150 84% .00010 .00082 78% 

100.0 .072 .185 44% .000030 .000049 23% 

.2975 1.0 .0081 .193 92% .00051 .0099 90% 

10.0 .020 .201 82% .00082 .0070 79% 

100.0 .111 .248 38% .00021 .00033 21% 

.3000 1.0 .0089 .203 92% .0017 .031 90% 

10.0 .023 .209 80% .0025 .022 80% 

100.0 .123 .250 34% .00058 .0009 21% 
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Figure 19. The relative contribution profile to the intensity 
reflected at 90° to the solar beam in the plane containing 
the solar beam and the local nadir. 

Ij is polarized perpendicular to the scattering plane and 
Ij is polarized parallel to the scattering plane. 
Relative contribution to I] ( ); relative contribution 
to 12 ( ) . 
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Figure 20. The relative contribution profile to the intensity trans
mitted at 90° to the solar beam in the plane containing 
the solar beam and the local nadir. 

I2 is polarized perpendicular to the scattering plane and 
Ij is polarized parallel to the scattering plane. 
Relative contribution to Ij ( ); relative contribution 
to I2 ( ) . 
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the relative contribution to the emerging intensity from each altitude. 

The polarization of the emerging light reflects the mixture of Rayleigh 

and Mie scattering at levels where the relative contribution is large. 

For the three closely spaced wavelengths shown in Table 3 

the peak of the relative contribution curve occurs at nearly the same 

altitude; therefore the polarization is nearly unchanged. 

The Elterman model atmosphere has a total aerosol optical 

depth of 0.411 at 0.3 y of which 0.028 comes from levels above 15 km. 

This amounts to 0.82 yg/cm2 of aerosol over the altitude of 15 km, 

assuming the density of the material to be 1.8 g/cm3 and a mean parti

cle radius of 0.21 y. Enhancing the aerosol extinction above 25 km 

by a factor of 10 increases AT by 0.013 which is equivalent to adding 

0.37 yg/cm2 of material above 25 km. An enhancement of 100 for the 

atmosphere above 25 km increases AT by 0.149 and amounts to an addition 

of 4.3 yg/cm2 of material to the atmosphere above 25 km. 

Comparison of Tables 3 and 4 shows the effect of aerosol 

in c r e ases in the lower as well as the upper stratosphere. Zhas been 

lowered to 15 km. The results show a very slight increase in the 

reflected intensity at all calculated wavelengths while the transmitted 

intensities are reduced. Polarization of the reflected radiation is 

insensitive to the decreased Z^; however, transmitted light shows a 

small decrease in polarization in response to the additional aerosol. 

The results of lowering the ozone content by 10% can be seen 

by comparing Table 3 with Table 5. The result of decreasing ozone 

without changing its relative altitude profile is mainly an overall 

increase of reflected and transmitted intensities. The relative 



contribution profile to Ijt is shown in Figure 21 for X = .300 atm-cm 

and X = .270 atm-cm. 

Comparison of Tables 3 and 6 shows the effect of changing the 

incident solar zenith angle from 75° to 60° while still viewing at 90° 

to the solar beam. The shorter slant path of the incident beam through 

the ozone allows more light to reach each layer] this favors the lower 

altitudes in the relative contribution curve, shifting the peak to 

lower altitudes. Therefore, much of the intensity received at the ground 

originates as scattering in the lower atmosphere for radiation with 

wavelength between 0.2950 y and 0.3000 y. The altitude of the peak of 

the relative contribution curve also becomes dependent on the aerosol 

loading for higher sun angles. Most of the intensity received at the 

ground originates below 10 km for the "clean" stratosphere and above 

15 km for the heavily loaded stratosphere. This differs from the case 

for the low sun (zenith angle = 75°) where the relative contribution 

peak was determined mainly by the ozone distribution and not the aerosol 

distribution. 

The relative intensity contributions to Ij+ are shown in 

Figure 22 for several wavelengths in the middle ultraviolet. These are, 

of course, very similar to the kernel which is used in the inversions 

to yield the vertical ozone profile from the satellite BUV measurements 

and the ground based Umkehr measurements. In a similar way, polariza

tion measurements from a spacecraft would be useful in assessing the 

contribution of aerosol scattering to BUV measurements, removing some 

ambiguity which results from aerosol backscattering. The reflected 

light for less than 0.3 y should be well approximated by this single 
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Figure 21. The relative contribution to upward emerging intensity, Iji, 
at 90° to the solar beam is compared for two different total 
ozone amounts. 
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Figure 22. Relative contribution profile for I + scattered at 90° 
to the solar beam for the conditions X = .321 atm-cm 
and p. = cos(75°). 
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scattering calculation since nearly all of the reflected intensity for 

these wavelengths comes from a small optical thickness above 20 km. The 

scattering optical depth of the region from the top of the stratosphere 

down to 20 km is about 0.23 with the stratospheric aerosol enhanced 100 

times, whereas Rayleigh optical depth at 0.297 y is only 0.07. The 

intensity reflected to space at wavelengths below 0.300 y are very 

insensitive to ground albedo and conditions in the troposphere. For 

example, a white Lambertian reflector at an altitude of 10 km could 

change I2+ by about 0.1% for an incident solar zenith angle of 75° and 

a nadir viewing angle of 15° with an X = 0.320 atm-cm. This would make 

no appreciable change in the measured polarization ratios. 

Integrated Daily Flux 

In this section the influence of aerosol loading on the total 

ultraviolet flux reaching the earth's surface is discussed. The same 

model atmosphere is used in these calculations as used in the calcula

tion of intensity in the previous section. 

The direct, diffuse, and total integrated daily ultraviolet 

light energy reaching the earth's surface is shown in Figure 23 for a 

latitude of 32°N on January 11. For this winter day the solar zenith 

angle is always £ 54°. Energy reaching the surface in the diffuse 

field outweighs that in the direct beam by nearly a factor of two for 

wavelengths shorter than 0.3 y, mainly because the sun spends a great 

deal of time at low sun angles. 

Figure 24 depicts the spectral total integrated daily solar 

energy reaching the earth's surface for a sun path of January 11 at 
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Figure 23. The direct, diffuse, and total daily radiant energy reaching 
the surface for a sun path of January 11 at the latitude of 
Tucson, Arizona. 

Direct beam ( ), diffuse field ( ), total radiant 
energy ( ). X = .300 atm-cm. 
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Figure 24. The spectrum of total integrated daily solar energy reaching 
the earth's surface for a sun path of January 11 at the 
latitude of Tucson, Arizona for three model aerosol loadings. 

The dashed ( ) line represents an atmosphere whose 
aerosol extinction above 30 km has been increased 100 fold. 
The solid ( ) line represents a "normal" atmosphere and 
the dotted ( ) line an atmosphere whose aerosol extinc
tion has been increased 100 fold above 15 km. 



32°14'N, the latitude of Tucson, Arizona. The results of calculations 

involving three model atmospheres are shown, a "normal" Elterman (1968) 

atmosphere, a variation of this atmosphere in which the aerosol extinc

tion above 30 km has been increased 100 fold, and another in which the 

100-fold increase is made to the aerosol extinction above 15 km. Per

turbation of only the upper stratosphere amounts to a change in aerosol 

optical depth of AT = 0.051 above "normal". This additional scattering 

in the upper stratosphere results in a 36% increase in total integrated 

flux at 0.295 y, while at longer wavelengths the effect is reduced. 

Only a 5% increase occurs at 0.3 p for this perturbation. A 10-fold 

increase in aerosol scattering above 30 km gives rise to a 4% increase 

in daily ultraviolet dosage, a 0.295 y increase under these conditions; 

demonstrating even small increases in stratospheric aerosol loading can 

change the downward flux in the ultraviolet. However, if aerosol scat

tering is increased in the lower as well as the upper atmosphere, the 

flux gain due to scattering high in the stratosphere is offset by the 

increased extinction at lower levels. Depending on the profile of 

aerosol scattering in the stratosphere either a decrease or increase 

can result from an increase in aerosol loading. Calculations employing 

the model atmosphere in which aerosol scattering is increased 10 fold 

above 15 km show a net decrease in daily ultraviolet flux because most 

of the added aerosol is at levels much lower than the region of primary 

scattering. 

Perspective on these flux changes can be aided by comparing them 

to a 1% change in total ozone under the same conditions as shown in 

Figure 25. In this example, total ozone is changed from .321 atm-cm 
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Figure 25. The spectral dependence of total daily energy reaching the 
earth's surface for a, sun path of January 11 at Tucson, 
Arizona for two different amounts of total ozone. 

X = .321 atm-cm ( ); X = .288 atm-cm ( ). 
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to .288 atm-cm; this 10% change in total ozone results in an increase of 

200% in the total daily energy reaching the earth's surface at 0.295 y. 

So the 100-fold enhancement of stratospheric aerosol above 30 km gives 

about the same effect as a 1-2% decrease in ozone at 0.295 y under these 

conditions. 

For the "normal" Elterman atmosphere the aerosol extinction in 

the upper stratosphere is from 10 to 100 times smaller than the extinc

tion due to Rayleigh scattering; therefore a 10- or 100-fold increase 

in aerosol extinction results in only perhaps a doubling of the scatter

ing power of the atmosphere at the altitude where the single scattering 

kernel peaks. To examine an extreme case of high stratosphere dust 

loading, the integrated daily flux was calculated for the latitude 45°N 

for a sun path of January 31. Increased aerosol is modelled by making 

the aerosol extinction in a layer from 30 to 40 km equal to 10 times 

the Rayleigh optical depth in this layer. An additional 0.11 in aerosol 

optical depth results in nearly a 3-fold increase in the daily inte

grated energy at 0.295 y. However, the enhanced irradiance at 0.295 y 

for this winter day is till less than 1/50 of that received on April 20 

at this latitude. 

The results of these single scattering calculations for June 21 

indicate that during this summer day the direct beam carries more 

energy through the region of the ozone maximum than is carried in the 

diffuse field. Scattering above the ozone in this case does not provide 

an advantage in less attenuating optical paths. Therefore additional 

aerosol in the stratosphere only serves to reduce the downward flux at 

all wavelengths. The dominance of the direct beam term shown in 



Figure 26 is, however, a little misleading. When higher orders of 

scattering are considered, the diffuse field dominates as indicated 

by the calculations of Shettle and Green (1974). 

Conclusions 

The single scattering approximation has shown that an increase 

in intensity near the zenith and total energy received at the surface 

can be increased by adding aerosol high in the stratosphere for low 

sun angle situations. It has also shown the possibility of remote 

sensing the stratosphere aerosol by polarization measurements from 

space. 

Single scattering, of course, underestimates the diffuse field 

component and overestimates the degree of polarization for transmitted 

and reflected intensities. It has, however, provided insight into the 

situations when increased aerosol loading in the stratosphere can have 

noticeable effects. These results are used in the design of the multi

ple scattering calculation discussed in Chapter 5. 
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Figure 26. The spectral dependence of energy reaching the earth's 
surface for a sun path of June 21 at 32°14'N. 
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CHAPTER 5 

MULTIPLE SCATTERING RESULTS 

In Chapter 4 the single scattering approximation was used to 

calculate the effect of stratospheric aerosol loading on the intensity 

and polarization of the sky at 90° to the solar beam for low sun angles. 

The greatest change was found when aerosol was introduced in the region 

above the ozone maximum. In this chapter the effect of aerosol loading 

of the stratosphere is considered with full multiple scattering effects 

taken into account along with surface reflection and changes in dust 

content in the surface boundary layer. The method of calculation is the 

combination of "doubling" and "adding" methods described in Chapter 3. 

The Four Layer Atmosphere Model 

To apply the adding technique conveniently, the atmosphere must 

he represented as a stack of homogeneous layers. This was accomplished 

by dividing the atmosphere into four regions: from 28 km to 50 km, from 

15 km to 28 km, from 3 km to 15 km, and from the surface to 3 km. Each 

layer is described for purposes of radiative transfer by total optical 

depth x, single scattering albedo wo, and turbidity (3, which is the 

ratio of aerosol to Rayleigh scattering optical thickness. The optical 

depth for any layer is found by using the optical thickness of the 

"normal" atmosphere described in Chapter 2 between the altitudes which 

define the particular layer at the wavelength in question. 
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The wavelength 0.2975 y was chosen for this calculation since 

ozone absorption there is sufficiently high to favor downward contribu

tions to the scattered intensity from high in the stratosphere while 

still allowing enough transmission to permit polarization to be measured 

at the ground. 

The layers used in the calculations of this chapter are 

described numerically by Table 7. The combination of layers 1, 2, 3, 

and 4 represent the normal atmosphere for 0.2975 radiation with a 

Rayleigh optical thickness of 1.26 and an aerosol optical thickness of 

0.56. Total ozone is 0.32 atm-cm, distributed according to Figure 27. 

Layer 1* is the same as Layer 1 except that it contains no aerosol. 

This aerosol-free layer is used to test the effect of tropospheric 

aerosols on the polarization and intensity of scattered light. 

Table 7. Description of layers. 

Layer Altitude (km) t Ta wo ^ 

1 0-3 0.967 0.452 0.871 1.16 

1* 0-3 0.514 0.0 0.757 0.00 

2 3-15 1.52 0.079 0.528 0.110 

3 15-28 2.90 0.027 0.0546 0.208 

t 
3 15-28 3.14 0.1307 0.128 0.482 

tt 
3 15-28 5.59 2.72 0.510 20.76 

4 28-TOP 1.04 0.001 0.0198 0.051 
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1" Layer 3 is the same as Layer 3 except that the aerosol content is 

increased 10 fold. This represents an additional aerosol optical depth 

of 0.128 at 0.2975 y, which is realistic for short periods following 

great volcanic eruptions. For Layer 3 the aerosol optical depth has 

been increased 100 fold over "normal" which is unrealistic for practical 

considerations but is used as an example of an extreme case. 

To assess the importance of ground reflectance, some calculations 

for the model were performed with an underlying Lambertian surface with 

an albedo of 0.85. This is about as large as the ground albedo can ever 

get and indicates an upper limit to the depolarization effects caused 

by surface reflections. 

Results of Calculations for y. = 0.35, y. = 0.95 Ej J—Cl 

Table 8 gives results of model calculations for an incident 

solar zenith angle of 69.5° [cos-1(69.5°) = 0.35] and an emerging inten

sity with a zenith angle of 18.2° [cos~l(18.2°) = 0.95]. This combina

tion yields an angle between incident and emerging radiation of 87.7° 

for an azimuthal angle of 0° in the case of reflected radiation or for 

an azimuthal angle of 180° in the case of transmitted radiation. The 

contribution to downward scattered intensitied peaks in the stratosphere 

for this geometry are shown in Figure 28. The notation used in this 

+ 
table for the combination of layers is, for example, 4,3 ,2,1,85, which 

f indicates a model atmosphere composed of Layer 4, Layer 3 , Layer 2 and 

Layer 1 with an underlying surface of albedo 0.85. The notation for 

intensities and polarization is the same as given for Table 3 in 

Chapter 4. 
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Table 8. Calculated intensities at 0.2975 y emerging in transmission 
and reflection from seven, four-layer model atmospheres. 

Transmitted intensities are given for y. = 0.35, y. = 0.95, 
and <j> = tt. I = (ergs/cm2/steradian/sec?A). X = 320 atm-cm. 

Model Ij+ I2+ R+ I2+ R4-

4321 2 . 89E-03 9.68E -02 94% 1.03E -04 6.01E -04 71% 

4321* 2 .89E-03 9.68E -02 94% 8.85E -05 6.96E -04 77% 

432185 2 .89E-03 9.68E -02 94% 1.55E--04 6 .53E' -04 62% 

43+21 3 .67E-03 1.01E--01 93% 1.58E -04 7.01E' -04 63% 

43+21* 3 .67E-03 1.01E -01 93% 1.46E -04 8.07E -04 69% 

++ 
43 '21 1 .31E-02 1.03E--01 77% 6.31E--04 7.64E--04 9% 

j. J. 
43r 21* 1 . 31E-02 1.03E--01 77% 6.86E -04 8.46E--04 10% 
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The reflected intensities given in Table 8 are largely indica

tive of the turbidity of the upper stratosphere as shown in Figure 29. 

For the layered atmosphere model under "normal" conditions 95% of the 

once scattered photons reflected were first scattered in Layer 4, the 

remaining 5% originate in Layer 3. The 49% polarization of the inten-

+ 
sity reflected from models 4,3,21 and 43 21 indicate that the depolari

zation is largely the result of multiple scattering of predominantly 

Rayleigh atmosphere. Model 4,3 ,2,1 shows a reflected polarization of 

41% which results from the additional aerosol scattering power in the 

lower stratosphere. These calculations in which the aerosol loading of 

the atmosphere above 28 km was increased by 100 fold showed a reflected 

polarization of only 14%. 

Transmitted intensities presented in Table 8 are indicative of 

the turbidity of the stratosphere also, with 62% of the single scattered 

photons reaching the surface having originated in Layer 4, 37% in Layer 

3 and less than 1% in Layer 2 for the "normal" atmosphere. The "normal" 

atmosphere, 4,3,2,1, shows a polarization of 37% which increases to 41% 

when the tropospheric aerosol is removed in Model 4321*. This 4% 

depolarization is caused by the introduction of an aerosol optical depth 

of 0.45 in the lower atmosphere. The addition of a highly reflecting 

surface such as would occur with snow cover, depolarizes the light trans

mitted by the "normal" atmosphere by an additional 5%. This would seem 

to indicate that the low reflectance of most natural surfaces, with the 

exception of snow of course, would have little effect on polarization in 

the ultraviolet light transmitted by the atmosphere. 
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A 10-fold increase in the aerosol loading of the 15-28 km region 

results in a 33% polarization of transmitted radiation compared with 37% 

polarization of the light transmitted by the "normal" atmosphere. This 

change in polarization is comparable to the changes one would expect due 

to fluctuations in tropospheric aerosol. A very large depolarization is 

evident when the aerosol optical thickness of Layer 3 is increased 100-

fold to 2.72 but this represents an extreme and probably unrealistic 

aerosol loading of the stratosphere. 

Effect of Incident Sun Angle 
on Scattered Radiation 

The intensity seen at the surface emerging perpendicular to the 

solar beam is composed of photons which must take progressively longer 

paths as the sun moves higher in the sky. Therefore multiply scattered 

photons make a higher contribution to emerging intensity which results 

in depolarization. Also, the direct beam penetrates deeper into atmo

sphere for higher suns causing the polarization of emerging light to 

reflect the turbidity of lower levels in the atmosphere. 

Conclusions 

The multiple scattering results presented in this chapter are 

consistent with single scattering results presented in Chapter 4. The 

main function of multiple scattering, as expected, is to further 

depolarize light emerging from the atmosphere. Results indicate that 

this additional depolarization would mask depolarizing effects of small 

or moderate amounts of stratospheric aerosol, particularly in the down

ward directed intensities. Even large amounts of stratospheric aerosol, 



such as might be produced by a great volcanic eruption, would have 

depolarizing effects which are comparable with those which could be 

caused by changes in surface reflectance or fluctuations in the scatter

ing power of the aerosol in the surface boundary layer. 

For the wavelength considered here, 0.2975 y, the polarized light 

reflected from the atmosphere is determined to a very high degree by the 

turbidity at very high altitudes (> 28 km). Results further indicate 

that only an extremely high aerosol loading of the mid and lower strato

sphere will produce a notable depolarization in the reflected intensi

ties. At longer wavelengths the Rayleigh scattering power of the upper 

stratosphere is reduced and, more importantly, ozone absorption would be 

less; this would allow more of the upward scattered radiation to origi

nate at levels lower in the atmosphere. This aspect, however, has not 

been pursued. 



CHAPTER 6 

INSTRUMENT DESCRIPTION 

The object of the experimental portion of this work is to 

measure intensity and polarization of sky light in the middle ultra

violet. This measurement requires a device which is capable of pointing 

at a small portion of the sky and of measuring the intensity and 

polarization of the light scattered from it as a function of wavelength 

in a short period of time. The instrument used in this measurement is 

shown in Figure 30. Basically, this instrument consists of a light 

polarizer, a scanning monochromator, and a photon counting system. The 

monochromator, its input optics, and the detector are mounted on a heavy-

duty theodolite base which facilitates pointing of the instrument. Since 

optical elements, notably diffraction gratings, will not necessarily 

exhibit identical properties when the plane of polarization is rotated 

with respect to them, the entire monochromator plus polarizer was rotated 

as a whole to obtain measurements for two planes of polarization. 

The input optics to the monochromator are shown in Figure 31. 

Light enters the apparatus through a 16 mm diameter tube which contains 

a baffle that acts as a field stop for the optical system. After bend

ing 90° upon reflection from a front surface aluminum mirror the light 

proceeds toward the entrance slit of the monochromator. Before reaching 

the entrance slit, two optical elements are encountered. The first is a 

model SB-1 "solar blind" filter manufactured by the Corion Corporation. 



Figure 30. The ultraviolet polarimeter consisting of monochromator, 
photon counting system, and rotating base. 
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This filter blocks (to < lO-1*) wavelengths between about 4000A and 7000A. 

The second optical element is a 12 mm aperture, calcite prism polarizer 

manufactured by the Special Optics Corporation. This polarizer has a 

polarization efficiency greater than 10s and is oriented such that it 

passes only light polarized parallel to the monochromator entrance slit. 

A model 218 McPherson scanning monochromator was used to dis

perse the incoming polarized light. This instrument employs a 1200 line 

per millimeter diffraction grating as a dispersion element and gives an 

overall dispersion of 26.5A/mm at the exit slit. Adjustable slits 

located at the entrance and exit ports determine the wavelength reso

lution. 

Light emerging from the monochromator passes through a 5 mm 

thick quartz window to the detector, an EMI 6256S, 13-stage, photomulti-

plier tube. The photomultiplier is used in the photon counting mode in 

conjunction with an SSR model 1105 discriminator-amplifier and an SSR 

model 1120 Data Converter. The photon count registered on the Data 

Converter is recorded by a Sanborn model 299 stripchart recorder. Data 

emerge as a stripchart record of intensity versus wavelength. A sample 

of the raw data is shown in Figure 32. 

Photon counting appears to be the best available method of 

making stable measurements of the low light levels encountered in this 

experiment. This technique, due to its digital nature, avoids many of 

the noise and sensitivity problems which arise when one measures the 

anode current of a photomultiplier tube with conventional electrometer 

circuits, for example. In th photon counting technique, individual 

pulses at the photomultiplier anode are counted. These pulses originate 
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when a photoelectron is ejected from the cathode of the photomultiplier 

tube. An electron which has been accelerated by the 150 volts or so 

between the photocathode and the first dynode will upon striking the 

surface of the dynode cause three to five more electrons to be freed. 

If there are 13 such dynodes, each separated by 100 volts or so, the 

resulting amplification is on the order of 413 or 108. This avalanche 

of electrons forms a current pulse about 10 nanoseconds wide at the 

anode of the photomultiplier. Pulses which originate in the dynode 

string from thermionic emission, for example, will be subject to much 

less amplification, and therefore can be discriminated from those origi

nating at the photocathode by virtue of their amplitude. 

It is easy to understand why this method has obvious advantages 

over simply measuring the anode current of the photomultiplier. First, 

only processes which cause the ejection of an electron from the photo

cathode are important. Therefore, leakage current, thermionic emission 

from the dynodes, and shot noise are not problems. Secondly, small 

variations in photomultiplier gain do not alter the measurement since 

there is a fairly substantial amplitude difference between pulses origi

nating at the photocathode and elsewhere. Therefore, if the pulse 

height discrimination is set properly to amplify those pulses originat

ing at the photocathode and reject those of lesser amplitude, there is 

room for one minor gain variation which will not significantly affect 

the number of pulses being counted. 

There is, however, a "dark" current which arises as the result 

of thermionic emission of electrons from the photocathode. Since pulses 

originating as thermal electrons cannot be separated from those 
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originating as photo electrons, they contribute to a significant source 

of background noise. One measure which is important in reducing the 

level of "dark" current is the proper selection of photocathode material. 

Since this experiment is concerned with light of wavelengths shorter 

O 
than 3200A, a cesium-antimony cathode with a relatively large work func

tion was selected. The large work function of this photocathode alone 

holds the "dark" count to tolerably low levels at room temperature. 

However, the thermal emission from any photocathode is a strong function 

of temperature. For the CsSb photocathode used here, the emission 

increases about an order of magnitude with a temperature increase from 

20 to 40°C. Therefore, it was advantageous to circulate dry ice-cooled 

methanol through the photomultiplier housing, particularly when data 

were taken on hot summer afternoons. 

Stability of gain from the photomultiplier depends on maintain

ing a constant potential between the dynodes and particularly between 

the photocathode and the first dynode. Although the well-regulated, 

high-voltage power supply of the SSR model 1120 Data Converter provided 

a very stable high voltage source for the photomultiplier, a 150 volt 

Zener diode was used to separate the photocathode from the first dynode 

instead of the 1.5 resistors which separate the subsequent dynodes. 

The temperature sensitivity of the photocathode is another 

variable which can affect the stability of day to day measurements. 

According to the data of Young (1963), the CsSb photocathode shows a 

O 
temperature sensitivity of about -0.30%/ C for wavelengths around 3000A. 

This should not cause a variation in the morning data taken in the 

spring and summer since early morning data were taken at temperatures 
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between 18°C and 30°C, meaning that this source could lead to a maximum 

of 4.0% in the magnitude of the signal. On the other hand, since this 

correction coefficient is known, and the ambient temperature on the days 

in question is known, the data can be corrected to allow for the varia

tion in cathode temperature. Correcting the data taken in the afternoon 

is much more difficult since coolant was circulated through the photo-

multiplier housing, and therefore the cathode temperature was unknown. 

However, from the amount of "dark" current present, it seems that the 

cathode reached temperatures comparable to those found on a cool morning 

or about 20°C. At any rate, this temperature effect is the same for 

both polarizations, and therefore polarization ratios should be 

unaffected. 

Besides "dark" current, the other important source of spurious 

photon counts is stray light in the monochromator. This problem arises 

primarily because light in the spectral region of interest is a very 

small fraction of the total light entering the instrument. Due to the 

low level of light being measured, small light leaks, imperfections in 

the diffraction grating, and light reflected from the interior walls of 

monochromator can contribute to the background level of the signal 

being measured. 

The stray light problem was alleviated through a variety of 

steps. A Model 218 McPherson monochromator was chosen for the experi

ment; this is a high quality instrument which under normal circumstances 

exhibits no problems with stray light. The diffraction grating used in 

the McPherson was blazed at 3000A to give maximum response in the middle 

ultraviolet. Most importantly, a Corion SB-1 "solar blind" filter was 
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introduced into the input optics to block light in the visible region of 

the spectrum from entering the monochromator. 

According to the manufacturer, this filter transmits less than 

lO-1* of the light between 4000A and 7500A. To test the transmission 

characteristics of this filter, the ratios of various emission lines 

from a mercury light source were measured with and without the "solar 

blind" filter in place. This experiment consisted of adjusting the 

sensitivity of the photon counting system until intensity of the Hg 

4056.5X emission line as viewed from a 200 w Oriel Xe-Hg lamp gave 

10,000 counts per second without the "solar blind" filter in place. 

Without changing the sensitivity of the apparatus the strength of the 

Hg line at 3650.15A was found to be 5250 counts/sec while the emission 

line at 3341.48& was undetectable at this sensitivity. Upon placing 

the "solar blind" filter in the system, counting system, and opening 

the entrance slit slightly, Hg lines at 3341.3X, 3125.6A, 3021.4&, and 

2967.3X could be detected easily while the longer wavelength lines at 

3650.15^ and 4056.5A were below the limit of detection. This would 

indicate that the longer wavelength radiation is attenuated by at least 

a factor of 104 which concurs with the Corion specifications for the 

O 
SB-1 and indicates a strong cutoff at around 3500A. 

The magnitude of "dark" count is easily measured by shutting the 

exit slit of the monochromator so that no light is incident on the photo-

multiplier and noting the apparent photon count. While viewing the sky 

with entrance and exit slits open to their normal positions, the count 

rises above the "dark" count even if the monochromator is set to a wave

length well below the atmospheric ultraviolet cutoff. This extra 



component to the background count is due to stray light in the mono-

chromator. It is apparently a nonspectral component since wavelength 

can be scanned between 2600X and 2950A without a notable change in 

photon count. The nonspectral nature of these noise sources make it 

possible to separate them from the signal which is highly dependent on 

wavelength. In practice, this is particularly easy using the zero 

suppress feature on the model 1120 Data Converter. This feature allows 

the zero of the instrument to be offset by a specified number of counts. 

To subtract the unwanted background noise, a wavelength region which is 

below the atmospheric ultraviolet cutoff is selected on the monochroma-

tor, say 2900A. The apparent photon count which consists only of "dark" 

counts and stray light counts is noted and the zero offset by this 

amount. With the background subtracted, longer wavelengths can be 

scanned with only contributions from signal photons being indicated by 

the ratemeter. 

It sounds as though the nonspectral noise sources can be offset 

with impunity; there is, however, a catch. The precision of the rate 

indicated on the Data Converter depends on the number of pulses used to 

determine the rate. Count rates based on long integrating times there

for have small variance with the standard deviation being inversely 

proportional to the square root of the integrating time. The exact 

relationship between the percentage error and the count rate is given 

by eq. (79), where N is the total count rate and x is the instrumental 

integrating time: 

% error = . (79) 
/2N7 
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This relationship which is based on pulses being Poisson distributed in 

time gives the percent undertainty in the total count rate suppressed 

plus signal counts. The percentage error in the signal count rate, Ng, 

is then given by: 

% error = J- x 100 
v s 

It is easy to see from this equation that large offset counts give rise 

to large uncertainties in the light signal of interest. 

It order to more easily intepret the results of measurements it 

is preferable to make measurements quickly to minimize the variation of 

the solar position during the measurement period. The speed with which 

data can be taken is a compromise between rapidity and precision. The 

Data Converter was used on the 100 count full scale with an integrating 

time of 1.0 second. This integrating time was chosen because the next 

lower integrating time of 0.01 seconds produces undesirably large fluc

tuations in the signal. The next higher integrating time of 10 seconds 

would require one to use an undesirably slow wavelength scanning rate. 

O 
With a 1.0 second integrating time, a scanning rate of 100A per minute 

was selected. Therefore, the monochromator scans 1.6X in one integrating 

time which means that the photon count will lag the monochromator by only 

1-2&. The entire wavelength scan,usually from 2900-3000A, takes about 

two minutes. The entire measurement involving a wavelength scan for 

each polarization and the intervening readjustment of the instrument 

takes about five minutes from beginning to end. 

The response of a light measuring system is in general a func

tion of the frequency of light being measured. This effect introduces 
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a distortion into a spectrum measured with the instrument. In order to 

access this distortion and correct for it, the spectrum of a calibrated 

light source was measured with the photon counting apparatus. By com

paring the measured spectrum with the calibration supplied with the 

standard, it was possible to calculate a wavelength-dependent correction 

factor which when multiplied with the measured spectrum would take out 

the distortion due to instrument response. 

The light source used in this calibration was a tungsten-filament 

quartz halogen lamp calibrated by the Epply Laboratories as a standard 

of spectral irradiance. This lamp was placed in a series circuit with 

a 0.01 ohm standard resistor, an adjustable resistor, and 10 series-

connected, 12-volt, lead-acid batteries. The current in the circuit was 

maintained at the prescribed 7.90 amperes by monitoring the potential 

drop across the standard resistor with a digital voltmeter and varying 

the resistance of the circuit. 

The Data Converter was set to the one thousand count full scale 

with an integrating time of 10 seconds. The entrance slit of the mono-

chromator was set at 20Q microns and the exit slit was set at 100 

microns. The measured and supplied calibration spectra of the standard 

lamp are displayed on a semi-log graph in Figure 33. In this figure 

both spectra have been normalized such that unit irradiance occurs at 

O 
3Q00A. The form of both spectra can be fit to a high degree of accuracy 

by a function of the form FfA) = exp(mA + b), where F is the irradiance, 

m is the slope of the semi-log graph and b is its wavelength intercept. 

This formula can be used to derive an instrument response correction 

factor o«) = FstandardOi/F„,easuredCX)- Usins the ™Plrlcal formulae 
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for both spectra, the correction factor takes the form given by 

a (A) = exp[(m -m )A + (b -b )] 
^  1  r i v s m  ^  s  m  J  

This formula for correction depends of course on the wavelength chosen 

for normalization, but this can be taken into account when considering 

any particular measurement. The variables subscripted s and m in eq. 

O 
(80) refer to the standard and measured spectra respectively. If 3000A 

is chosen as the reference wavelength, the wavelength of unit response, 

then the correction factor becomes a(A) = exp(-0.00254A + 7.63), where 

A is the wavelength of the signal being corrected as ĉo ê̂ (A) = 

' Fmeasured^-

The instrument is pointed in a direction such that the sky light 

entering the input optics is propagating in a direction perpendicular to 

the solar beam and in an azimuthal plane determined by the direction to 

the sun, the instrument, and the local zenith. This plane will be 

referred to as the primary scattering plane in the rest of this discus

sion. The geometry of the measurement is shown in Figure 34. Note that 

the instrument has a finite angular field of view which has been mea

sured to be about four degrees. 

The monochromator and viewing optics are mounted on a base plate 

which in turn is attached to a heavy duty theodolite base (Figure 35). 

The axis about which the base plate can rotate is pointed at the sun by 

adjusting the azimuthal and zenith angle of the theodolite mount. The 

monochromator base plate can be rotated about this axis to allow the 

instrument to rotate while looking at the same portion of the sky. 

Since the instrument measures only light which is polarized in the plane 
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of the optical axis of the input optics, the instrument can be rotated 

to measure light polarized both parallel and perpendicular to the plane 

of primary scattering. 

In general, an instrument containing mirrors and diffraction 

gratings will have a polarization dependent sensitivity. Rotating the 

entire instrument into the plane of polarization for both the parallel 

and perpendicular polarized light measurements insures that the response 

to light of both polarizations will be identical, and avoids the problem 

of calibrating the system for differing sensitivity. 



CHAPTER 7 

MEASUREMENT RESULTS 

Measurements of sky polarization were conducted during 1979 and 

1980 from the roof of the Physics-Atmospheric Sciences building at The 

University of Arizona in Tucson with the apparatus described in Chapter 

6. Observations were taken occasionally in 1979 with nearly continuous 

monitoring beginning in May 1980 when Mount St. Helens erupted. Mea

surements were continued throughout the summer ending in September 1980. 

Observations were made on clear days in the morning and evening 

usually for solar zenith angles between 60° and 65°. Data were recorded 

in the form of stripchart recordings (see Figure 32) which were analyzed 

with the aid of a Tektronix 4051 micro-computer equipped with a Tek

tronix 4662 Interactive Digital Plotter. Data points were sampled from 

the chart recording for analysis in the following manner: „ten points 

were digitized from the recording of intensity versus wavelength in a 

5A neighborhood of 2900A, 2975A, and 3000A. Because of heavy ozone 

absorption, signal drops below the level of detectability for wavelengths 

O 
shorter than about 2950A, leaving only a nonspectral count rate due to 

O 
"dark" noise and stray light. At 2900A the instrumental response is 

well within this nonspectral noise region; therefore, the count rate at 

290QX establishes a noise reference baseline. The mean and variance of 

these points were computed using a BASIC program written for 4051. 

Ill 
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The relative mean values of intensity in a particular polariza

tion were computed by subtracting the mean of the baseline samples at 

O o o 
2900A from the mean values of points sampled about 2975A and 3000A. 

Table 9 contains the polarization ratios in a direction perpen

dicular to the solar beam for a period which includes Mount St. Helens' 

eruption of May 18, 1980. Table 9 gives the date and time of the 

observation, the airmass number at the beginning and end of the observa

tion (airmass number = l/y^), and computed polarization ratios at 

2975A and 3000A. 

Discussion of Measurements 

The polarization ratios presented in Table 9 are based on 

measurements very near the atmospheric cutoff. Typically the random 

noise component of the intensities used in the calculation of these 

ratios are comparable to the mean values of the intensities themselves. 

This is to be expected in light of the statistical uncertainty predicted 

by eq, (79). For example, the measurement of the intensity polarized 

perpendicular to the solar meridianal plane may require one to offset 

a count rate due to "dark" count and scattered light of around 1000 

0 
counts/second while the signal count at 3000A might be around 70 counts/ 

second. If a one-second integrating time is used during the observation 

a statistical uncertainty of about 30% is expected according to eq. (79). 

The measurement of the intensity polarized parallel to the solar meridi

anal plane admits less scattered light to the photamultiplier; however, 

the signal is reduced commensurately, resulting in similar statistical 
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Table 9. Measured polarization ratios at 90° to the solar beam at 
2975A and 3000X. 

Date Time(MST) Air Mass R2975 R3000 

2-13-1979 3:38 P.M. 2.24-2.28 76% 49% 

5-12-1979 5:50 P.M. 3.88-3.98 53% 50% 

4-06-1980 5:09 P.M. 2.98-3.11 - 26% 

5-24-1980 7:46 A.M. 2.06-2.01 19% 34% 

5-24-1980 4:56 P.M. 2.19-2.26 50% 55% 

5-27-1980 5:07 P.M. 2.23-2.31 32% 35% 

5-28-1980 7:46 A.M. 2.00-2.05 21% 20% 

5-28-1980 5:08 P.M. 2.24-2.31 22% 26% 

5-29-1980 5:05 P.M. 2.27-2.30 25% 25% 

6-02-1980 7:38 A.M. 2.14-2.06 61% 58% 

6-03-1980 7:37 A.M. 2.20-2.11 57% 50% 

6-11-1980 7:20 A.M. 2.44-2.37 44% 48% 

6-13-1980 7:15 A.M. 2.56-2.48 36% 44% 

6-13-1980 7:28 A.M. 2.31-2.24 42% 25% 

6-16-198Q 7:26 A.M. 2.18-2.12 35% 43% 

6-19-1980 7:35 A.M. 2.18-2.15 22% 25% 

6-23-1980 7:42 A.M. 2.11-2.05 69% 55% 

6-24-1980 7:39 A.M. 2.15-2.10 46% 50% 

6-28-1980 5:18 P.M. 2.33-2.41 44% 39% 

6-30-1980 7:46 A.M. 2.10-2.06 90% 33% 

6-30-1980 7:37 A.M. 2.23-2.17 37% 49% 

7-02-1980 7:31 A.M. 2.34-2.27 15% 26% 

7-02-1980 7:41 A.M. 2.17-2.08 44% 36% 

7-08-1980 7:32 A.M. 2.34-2.28 65% 26% 

7-08-1980 7:20 A.M. 2.58-2.50 32% 22% 

8-02-1980 7:43 A.M. 2.33-2.29 50% 38% 

8-06-1980 7:45 A.M. 2.37-2.33 - 64% 

8-15-1980 7:52 A.M. 2.25-2.2Q 9% 29% 

8-15-1980 7:59 A.M. 2.19-2.13 -25% 21% 

8-17-1980 7:46 A.M. 2.40-2.36 -2% 14% 
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O 
uncertainty. The problem at 2975A is even worse since the amount of 

offset is the same but the signal is smaller than that at 3000A. 

Based on the calculations presented in Chapter 5, one would 

expect any stratospheric dust injected by Mount St. Helens to show up 

as a small in polarization ratios. However, the magnitude of 

this effect would be at best around a few percent. There are two 

problems which would prevent this small change from becoming apparent 

in measurements. The first is the problem associated with the statisti

cal variance in the measured densities which has already been discussed. 

Even a systematic change of this magnitude over a period of weeks would 

be impossible to detect in the presence of noise of the magnitude found 

in these polarization measurements. The second obstacle to the detection 

of stratospheric dust is that the sensitivity of the apparatus prevented 

data acquisition at combinations of wavelength and airmass which would 

most favor the observation of the stratosphere. That is, observations 

at 2975X with airmasses in the range of 2.2 would yield polarization 

ratios more indicative of the aerosol loading of the stratosphere. For 

O 
a wavelength and airmass combination of 2975A and 2.15, which is repre

sentative of much qf the data presented here, a little more than half of 

the total contribution to singly scattered photons reaching the surface 

propagating in a direction perpendicular to the incident solar beam, 

come from below 13 km [based on single scattering calculations in the 

unperturbed Elterman (1968) atmosphere with a total ozone of .320 atm-

cm]. Therefore, fluctuations in the polarization ratios presented in 

Table 9 are as likely to arise from changes in the lower atmosphere 

as in the upper. 
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O 
A plot of the polarization ratios at 2975A versus those at 

3000A gives an .822 correlation coefficient. This is encouraging since 

it indicates a presence of real signal, unless some systematic error 

intruded. 

Figure 36 is a histogram of polarization ratios at 3000X taken 

from Table 9. These ratios are predominantly distributed between 20% 

and 55% with extreme ratios being computed from very low signal data. 

This is nearly in line with what would be expected on the basis of the 

multiple scattering calculations of Chapter 5, albeit somewhat higher 

than one would be led to expect by those calculations. 

Changes in absolute intensity were not investigated since the 

instrument was not calibrated frequently and changes in atmospheric 

ozone were not monitored nearby. Changes in ozone and instrument drift 

would contribute to changes in measured intensity but not seriously 

affect polarization ratios. 
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CHAPTER 8 

CONCLUSION 

This investigation has been concerned with the effects of 

stratospheric aerosol on the intensity and polarization of ultraviolet 

radiation reaching the earth's surface. The aspect of this problem 

which was given particular emphasis is the special influence of aerosol 

in and above the stratospheric ozone layer. By virtue of their posi

tion, particles at these high altitudes can exert an influence on radia

tive transfer in the middle ultraviolet which is disproportionately 

large compared to the fraction of the atmospheric optical depth they 

represent. 

The primary and most direct effect of increased particulate 

loading of the atmosphere is a reduction in the total solar radiation 

reaching the earth's surface. In this work a different aspect of this 

problem has been examined, namely, the circumstances which allow 

increased dust to augment atmospheric transmission. The daily dosage 

of solar radiant energy in the biologically important middle ultraviolet 

can be increased by scattering from dust in the stratosphere. The 

mechanism for this increase, which occurs only at low sun angles, is 

scattering from dust particles located above the majority of highly 

absorptive ozone. Scattering provides shorter paths to the surface 

and consequently less attenuation than the slant path taken by the 

direct solar beam through the region of high ozone concentration. 

117 
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If atmospheric ozone never varied, high altitude particle 

loading could be monitored by monitoring the ultraviolet intensity of 

the near-zenith sky for low sun situations. However, ozone is highly 

variable and an increase (for example) in intensity could be produced 

either by an increase of dust scattering above the ozone median, a 

reduction in total ozone, or a lowering of the ozone (which results 

in increased molecular scattering above the ozone median). Knowledge 

of the polarization state can help distinguish between the cases 

involving more molecular or aerosol scattering. 

Discrimination between molecular scattering and scattering by 

dust is possible because of the difference of the polarization state 

of light scattered by a collection of molecules and a collection of 

suspended particles whose size is appreciable in comparison to the wave

length of the incident radiation. That is, light scattered by air 

molecules, Rayleigh scattering, directed perpendicular to incident 

unpolarized radiation is nearly completely linearly polarized, whereas 

light scattered from a collection of particles in this direction is 

almost unpolarized. 

In this study simplified single and multiple scattering radia

tion transfer models were used to investigate the importance of position 

and amount of aerosol. Finally, measurements of sky polarization were 

carried out in an attempt to measure the additional stratospheric 

aerosol injection by the eruption of Mount St. Helens. 

Results indicate that aerosol injected into the top 5Q millibars 

of the atmosphere is most effective at changing the polarization and 

intensity of the near-zenith sky in the wavelength regime below 30Q0&, 
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Aerosol in the lower stratosphere between the tropopause and 50 milli

bars tends to diminish the light reaching the surface because it atten

uates light scattered from higher altitudes. The polarization state of 

near-zenith intensity reflects the dust loading of the upper strato

sphere if sufficiently short wavelengths and sun angles are considered. 

In this situation multiply-scattered photons travel longer paths and 

experience more absorption than photons which are scattered once, and 

follow straight, near-vertical paths to the surface thereafter. Also, 

light undergoing forward scattering from a sphere preserves its initial 

polarization state. These effects, along with the highly forward scat

tering nature of large particles, tend to reduce the depolarizing 

influence of the scattering in the lower atmosphere. Therefore, the 

polarization of the near-zenith sky is much more characteristic of 

single scattering than the polarization of a conservative, homogeneous 

atmosphere of the same scattering optical depth. 

An increase in surface irradiance for low angles will occur only 

when dust is introduced above the region of the ozone maximum. Turbidity 

in the lower stratosphere tends to cancel the effect of shorter scatter

ing paths through the atmosphere with increased optical depth. Lamb 

(1970) points out that the height attained by volcanic dust layers 

apparently falls into three categories: a) dust top from 7 to 15 km, 

b) dust top from 20 to 27 km, and c) top from 45 to 60 km. The most 

dense and most persistent layers are those of category b. Lamb's (1970) 

Figure 4 depicts the heights of dust layers from several historic erup

tions. The eruptions of Krakatoa, 1883; Kamchatka, 1956; Helka, 1947; 

Vesuvius, 1631; and Agung, 1963 produced haze layers extending above the 
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altitude of the maximum ozone concentration. However, in nearly all 

these cases lower dust strata in the neighborhood of 20 km were observed 

as being more turbid and enduring than higher layers. These lower 

layers would probably dominate in a net reduction in solar insolation 

across the spectrum. 

The eruption of Mount St. Helens on May 18, 1980 injected dust 

to a maximum height of 24 km with the major portion of the aerosol 

increase being located in the 13 to 20 km region in the mid latitudes 

(Danielson, 1981; McCormick, 1980). This places the top of the highest 

dust layer under approximately two-fifths of the total atmospheric ozone, 

based on ozone distributions for May and June, 1980 taken by the Umkehr 

method at Boulder, Colorado (0DW, 1980) . This is not high enough to 

give light scattering from volcanic dust a significant advantage for 

being transmitted to the surface. 

The 1963 eruption of Agung on Bali resulted in sunset glow 

layers visible from England from November 1963 until January 1964 (Lamb, 

1970). Following this eruption, Twomey (1978) while observing the 

zenith sky near the ultraviolet cutoff noticed a dramatic increase in 

signal at short wavelengths. This increase could possibly have been 

caused by the increased aerosol from Agung at high altitude since there 

were many observations of increased stratospheric dust loading in the 

Northern hemisphere at this time (Meinel and Meinel, 1963, 1964; Volz, 

1964; Grams and Fiocco, 1967). However, this brightening could have 

been due primarily to the negative correlation between Agung's dust 

and ozone discussed by Grams and Fiocco (1967) . In either case 
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polarization measurements of the type discussed here would have helped 

eliminate this ambiguity. 

Deirmendjian (1969) reviewed the data available on three great 

volcanic eruptions: Krakatoa, 1883; Katmai, 1912; and Agung, 1963. He 

estimated the perturbation in the aerosol optical depth (A = 0.5 y) a 

few months after each event to be 0.55 for Krakatoa, 0.35 for Katmai, 

and 0.25 for Agung. These perturbations would certainly cause an appre

ciable degree of depolarization of the zenith sky. Its magnitude would, 

of course, depend on the altitude profile of the volcanic dust, the 

local ozone profile, and the physical nature and amount of added dust. 

The biological importance of increased ultraviolet insolation 

due to unbalanced stratospheric aerosol loading is difficult to assess. 

For at least two reasons it is probably unimportant as a source of 

increased incidence of skin cancer. First, the observed incidence of 

skin cancer is higher in low latitude locations (Harm, 1980) . An 

increase in atmospheric turbidity at any level will reduce the dosage 

of ultraviolet in all but possibly the mid-winter months when the 

ultraviolet dosage is orders of magnitude less than in the summer. The 

second reason which would tend to minimize the effect of increased 

volcanic dust high in the stratosphere is that volcanic dust in the 

lower stratosphere acts to attenuate light scattered downward at higher 

levels. 

Note should be taken, however, that scattering high in the atmo

sphere gives increasing favor to the downward penetration of short wave

length radiation, allowing highly energetic short wave photons to 

penetrate deeper into the atmosphere where they can participate in 
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photochemistry. The ground-based polarization measurements presented in 

this work suffered from a lack of sensitivity and noise problems. Some 

of these problems are intrinsic to the method, others can be somewhat 

alleviated. There is a fundamental measurement uncertainty involved in 

the statistical nature of photon counting which is limited by integrat

ing time and available signal. Precision in the measurements could 

possibly be improved by the following: a) the employment of a detector 

with a higher inherent quantum efficiency, b) perhaps tracking at 90° 

to the solar beam to allow longer integrating times. It would not be 

O 
necessary to scan the entire spectrum from 2900 to 3000A, as done in 

this work; an instrument looking at only one wavelength could employ a 

longer integrating time without having convolution problems introduced 

by long integrating time and wavelength scanning. "Dark" noise and 

stray light problems could b.e alleviated by the employment of a solar-

blind photomultiplier tube with high work function photocathode, an 

improvement which would help reduce stray light and the "dark" count 

due to thermionic emission. Another improvement would be the use of a 

double monochromator with holographic gratings which are reported to 

perform very well in situations in which stray light is a problem. 

In summation, the ground-based observations,improved as it 

could be, suffers from the effects of uncertainties concerning surface 

albedo and tropospheric aerosol content. 

Calculations indicate that satellite polarization measurements 

in the ultraviolet could be very useful in separating molecular from 

aerosol scattering in the tipper stratosphere. Cunnold, Gray, and 

Merritt (1973) have reviewed the evidence for the existence of an 
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aerosol layer in the 50 km altitude region of the stratosphere. They 

conclude that there is sufficient evidence to believe that such a 

layer exists "at least on isolated occasions at certain locations." 

They go on in this paper to examine the ambiguity which aerosol scatter

ing introduces into the measurement of ozone by the backscattered ultra

violet method. The addition of polarization measurement into the BUV 

method should be a very good way to assess the component of the back-

scattered intensity due to aerosols. 

Ozone tends to isolate the upper stratosphere from the atmo

sphere below the ozone maximum as far as radiative transfer in the 

ultraviolet is concerned. Light reflected to space is not severely 

depolarized by multiple scattering, ground reflections or tropospheric 

aerosol scattering. The reflected signal for an incident solar angle 

of 7Q° is about two orders of magnitude larger at 0.2975 y than the 

signal received at the ground from the same geometry; statistics con

sidered for the satellite-based instrument. In conclusion, satellite 

observation of stratospheric aerosol by this method appears to be 

promising. 
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