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ABSTRACT 

A new iterative technique to find both the real and imaginary index of refraction of 

atmospheric aerosols has been developed which utilizes polarized sky radiance measurements 

in the solar principal plane. The technique requires that the aerosol size distribution, 

Rayleigh optical depth, aerosol optical depth, surface albedo, and preferably the surface 

anisotropic characteristics be known from correlative measurements. The calculated optimal 

radiance ratio, which is the ratio of maximum sensitivity to the index being retrieved with 

minimum sensitivity to other parameters, is compared with the measured optimal radiance 

ratio. The retrieved index is found through iterative steps to minimize the difference between 

the measurement ratio and calculated ratio. The degree to which the uncertainties of the 

ensemble of parameters that affect retrieved index is assessed. 

Mie single scattering sensitivity simulations and radiative transfer simulations using 

a Gauss-Sidel routine are made to determine the sensitivity of polarized sky radiance to 

index, size distribution, surface albedo, and surface reflectance anisotropy. The results 

indicate that this inversion technique is viable, especially to retrieve the effective real index 

of refraction. While the retrieval of imaginary index did not work as consistently well as the 

retrieval of real index, the imaginary index retrieval yielded promising results with larger 

values of imaginary index (-0.020). This technique also offers new insight into the effect 

surface anisotropy has on sky radiance. 
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This chapter provides the groundwork for the thesis by citing some of the seminal 

works of investigators which pertain to retrieval of atmospheric aerosol refractive index and 

modeling surface characteristics. A comprehensive review of the literature, as it pertains to 

this work, is left for chapter III. The content of the remaining chapters in this work are 

summarized at the end of this chapter. 

The solar radiation incident on the atmosphere-surface system of the earth is affected 

by the atmosphere in myriad ways including absorption, elastic and inelastic scattering. The 

problem of radiative transfer though the earth's atmosphere has been presented to the public 

in the now ubiquitous phrase 'global warming.' The increasing concern about the observed 

decline in mean temperature of the northern hemisphere which began in the 1940's, followed 

by the more recent trend toward higher mean temperatures, has been accompanied by 

countless attempts to explain the factors which alter the basic climate of the earth. 

Clearly, one important dynamic in the global thermal equation is the effect that natural 

and anthropogenic aerosols have on the net solar flux of the incident energy. This relates 

specifically to volcanic output injected into the atmosphere and automobile or industrial 

emissions, which make cities like Los Angeles less than perfect places to live, or biomass 

burning of the Amazon basin and African regions, as a method of clear cutting for agriculture 

and development. All of the aerosols which are injected into the atmosphere affect the 
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radiant energy incident on the earth's surface. Past modeling of the effects of various types 

of aerosols has revealed that the characteristics of atmospheric aerosols as well as the surface 

reflectance have a significant impact on the radiant energy balance. Herman and Browning 

(1975) showed that the atmosphere and surface albedo are coupled in a complex way so that 

the total flux reflected from the earth is a function of the relative values of the earth surface 

albedo, atmospheric turbidity, and aerosol characteristics. Herman, Browning and Rabinoff 

(1976) carried the analysis further to model the change in earth-atmosphere albedo realized 

from the injection of specific aerosols into the stratosphere with the interesting result that the 

polar regions exhibit greater sensitivity to changes in aerosol loading. They also found that 

the magnitude and direction of change of albedo of the earth-atmospheric system due to 

atmospheric aerosols depends significantly on the quantity of atmospheric aerosols but also 

on the characteristics of the aerosols. This study and others like it demonstrate the need for 

accurate modeling of the radiative transfer of the earth-atmosphere system. 

One common method of numerically calculating the radiative transfer of the 

atmosphere is the Gauss-Sidel iteration method (Herman, 1963; and Herman and Browning, 

1965). Because this method is both accurate and efficient, it has been widely employed for 

radiative transfer calculations. Another feature of this approach is that the resultant 

polarization of the radiant sky light may be included in the calculation which enables a 

complete physically based solution to the polarized radiant energy of an idealized horizontally 

homogeneous atmosphere. For a given atmosphere, the flat Gauss-Sidel solution has been 

shown to yield accurate values of sky radiance to the 1 % level for solar-zenith and view 
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angles less then -750 (Herman and Browning, 1965). The angular range for which the 

method is accurate has recently been extended with the development of a spherical version 

of the scaler Gauss-Sidel code (Thome, 1990). 

Many investigators have made use of all manner of passive and active measurements 

to retrieve information about atmospheric aerosols which will be discussed in detail in 

chapter II. Attempts to retrieve the aerosol real and imaginary indices and the size 

distribution from passive measurements have included investigations of the solar aureole and 

sky radiance measurements. Following the lead of Box and Deepak (1979, 1981) of 

combining solar aureole and optical depth measurements, Nakajima et al (1983) derived a 

technique to retrieve the forward scattering part of the aerosol columnar phase function. 

They did not include surface albedo in their analysis because it is not important in the aureole 

region. More recently, Wang and Gordon (1993) have followed the work ofWendisch and 

von Hoyningen-Huene (1991) who used the shape variation of the radiance in the almucantar 

of the sun to estimate the real part of the aerosol refractive index. The ultimate goal of their 

work was to obtain the aerosol phase function. Wang and Gordon (1993) simulated the 

retrieval of the aerosol phase function over the ocean and took advantage of the inherent low 

ocean albedo, making the simplifying assumption of a flat Fresnel surface. Reagan et. al. 

(1982) used active measurements of a bistatic lidar to retrieve aerosol index and size 

distribution utilizing the polarization ratio sensitivity to real index and size. 

The reflectance characteristics of the earth's surface affect the radiation budget. The 

reflectance of a real surface is in general anisotropic, whereas much of the modeling of the 
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earth-atmosphere system assumes an isotropic surface reflectance (the Lambert model). 

Realistic surface effects have been modeled for decades to interpret top-of-the-atmosphere 

radiation measurements. Fitch (1981) found that the radiation emerging from the top of the 

atmosphere is significantly different for a real surface compared to a Lambert model, even 

with a very turbid atmosphere, due to the strong forward scattering peak of atmospheric 

aerosols. Raschke (I 971), using Monte Carlo calculations, and later Ahmad and Fraser 

(1982), using a Gauss-Sidel code, found that both the intensity as well as the degree of 

polarization of the upwelling diffuse radiation at the top of the atmosphere vary significantly 

when the rough ocean reflectance (using the Cox and Munk, 1954 model) was replaced by 

a Lambertian surface with an identical hemispheric albedo. Plass, Kattawar, and Guinn 

(1975) demonstrated that enough information is preserved in the top-of-the-atmosphere 

radiance so that observed changes in radiance are sufficient to determine the sea state from 

satellite measurements. While realistic surface effects complicate the global model for 

radiative transfer, the same effects offer the possibility for retrieval of information about the 

surface from top of the atmosphere radiation measurements. 

The Bidirectional Reflectance-Distribution Function (BRDF or BRF) describes the 

general function of anisotropic reflectance from a surface and, in general, contains 

information about the surface itself. The general expression for the reflected radiance 

L(8,cf», from a surface with BRF of R(80,8,cf» due to incident irradiance E on a surface 

commg In at an elevation angle of 80 and azimuth angle cf>o =0, IS 

L(8,cf> )=R(80,8,cf> )-E(80,cf>0=0)-cos80 where the BRF is a function of the elevation angle 8 and 
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azimuth angle~. The upcoming Earth Observing System (EOS) satellite instrument MISR 

(Multiangle Imaging SpectroRadiometer) is dedicated to multiangle measurements of the 

surface (Diner et. aI., 1989). A large body of research has been conducted around the study 

of surface BRF including measurements by instruments on ground, aircraft and satellite 

platforms. The BRF models considered in the current work are discussed in Section 2.3. 

The effect atmospheric aerosols have on surface reflectance measurements has been 

studied extensively by the satellite imaging community whose interest is in the surface 

reflectance. Teillet et al. (I 994) recently provided the scientific community with a sensitivity 

analysis of the surface reflectance retrieval to uncertainties in aerosol optical properties. 

They report on the permissible uncertainty in optical depth, Junge size distribution parameter, 

and imaginary index of refraction for which the surface reflectance can be measured with an 

uncertainty of 5%. No attempt was made to account for anisotropic surface reflectance of 

the target surface or adjacent surfaces with different albedo values. Their study was further 

limited by considering only one solar zenith angle (45°). Their results indicate that 

knowledge of the aerosol loading and aerosol characteristics is critically important to 

retrieving information about the surface from top-of-the-atmosphere observations. 

In the current work, a new method of recovering the real and imaginary index of 

refraction from polarization sensitive sky radiance measurements is proposed. Because 

instrument calibration uncertainty is often the limiting effect of radiance measurements, the 

inversion technique reduces the effect of instrument calibration by taking the ratio of sky 

brightness measurements. Throughout the work, the following assumptions and parameters 
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apply: the wavelength of all simulations is ;\.=0.50 flm; the solar-zenith angle is known 

precisely (i.e., the time and location of measurements is known precisely); the measurement 

geometry is known precisely; the size distribution of the atmospheric aerosols is accurately 

modeled by the Junge (1955) distribution; ozone absorption is not considered to be present 

in the model atmosphere; and the atmosphere, earth and top of the atmosphere boundary 

layer are all flat and infinite in horizontal dimensions. These assumptions have been widely 

employed in previous investigations and in some inversion work and they permit accurate 

retrieval within specific limits which are described in greater detail in the coming chapters. 

Chapter II reviews in greater detail the literature leading to the current work. It 

includes discussions of research on aerosols which motivated the choice of aerosol 

parameters assumed for the simulations; other research which has been carried out to invert 

measurements to obtain parametric information; the research on the surface characteristics 

as considered for this study; and the previous work which relates sky radiance measurements 

and surface characteristics. The methodology of the current work is described in chapter III, 

beginning with the assumptions made about the surface and the atmospheric conditions. The 

steps to the numeric inversion technique proposed in this work and a brief description of the 

Gauss-Sidel solution of a flat polarized atmosphere used for much of this work are also 

described in chapter m. Chapter IV describes the sensitivity results obtained from both Mie 

single scattering simulations and application of the Gauss-Sidel flat code to the various 

parameters under specific conditions. Chapter V details several retrieval examples, and 

Chapter VI contains concluding remarks and suggestions for future work. 
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CHAPTER II 

REVIEW OF THE LITERATURE 

This chapter sets the stage for this dissertation by describing the relevant literature. 

Section 2.1 discusses the research on aerosols which guided the selection of the size 

distribution, real index, and imaginary index parameters used for the simulations. The 

research on surface characteristics as considered in this study is reviewed in section 2.2. The 

previous work of relating sky radiance and surface albedo, both isotropic and anisotropic, 

are reviewed in the context ofthe current work in section 2.3. Finally, Section 2.4 discusses 

other research which has been carried out to invert measurements to obtain aerosol refractive 

index information. 

Section 2.1 Aerosols 

Atmospheric aerosol models have been developed over the last four decades which 

can be used to reconstruct, in a physically based way, the scattering phase function of the 

aerosol understudy, given that all of the parameters of the aerosol model are known. When 

equivalent spherical particle modeling does not yield acceptable results, non-spherical particle 

shapes should be included as has been done by some investigators. This exact approach to 

the problem requires immense computational resources and, therefore, is not reasonable to 

consider for large to global scale modeling research (Gerber and Hindman, 1982). Aerosol 

scattering by large sized particles at large angles (100°-140°) is effected by the particle shape 
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(Pollack and Cuzzi, 1980, Nakajima et aI., 1989). While Nakajima et al. (1989) found 

differences between aspherical and spherical particle scattering to be nearly maximum at an 

angle of 120°, they also found that the Mie spherical phase function followed the observed 

aspheric phase function, including the linear polarization ratio, remarkably well. The 

fundamental parameters necessary for most radiative transfer work on atmospheric aerosols 

are the size distribution, real index and imaginary index (or single scattering albedo). These 

parameters may be used directly in the Mie scattering model (Deirmendjian et ai, 1961) 

which assumes spherical particles. The current study recognizes this ubiquitous model as a 

workable, tractable approach that is capable of yielding theory in agreement with 

observations. 

By assuming the atmospheric particulates can be modeled as a polydisperse collection 

of spherical particles with a single 'effective' refractive index, the integral equation which 

relates the unit volume phase matrix element, Pij(e,A.), to the particle size distribution and 

refractive index may be written in the form (Deirmenjian, 1961) 

.. 
1 

P ,J.a,>..) • -- !om(r,>..,tn) If/(r,a,>..,tn) nCr) dr 
~ m(>") 0 I) 

(2.1) 

where i,j=1,2,3,4 is the incident and scattered Stoke's parameter component, respectively, 

n(r) is the particulate number density in the radius range r to r+dr (i.e., the size distribution 

function), m is the complex refractive index of the particles, A. is the wavelength of the 

incident illumination, e is the scattering angle, 'Pij(r,A.,e,m) is the ijth element of the single-
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particle scattering phase matrix, 0cxt(r,}..,m) the single-particle extinction cross section for a 

single particle, and Pcxt(}..) is the unit volume extinction coefficient defined by 

PeJA.) • f oJ.r,A.,m) nCr) dr 
o 

(2.2) 

For a single effective scattering event, the single scattering albedo, wo' which is wo=l-

absorption, is defined as 

(2.3) 

where 'I'ij(9) is the element of the phase matrix, the incident light is unpolarized, and the total 

incident energy and scattered energy are the sum of the first two Stokes parameters. 

The Stokes components for the scattered flux densities, FI> Fc> Fu, and Fv> are related 

to the incident flux densities through the phase function matrix elements by 

FI 
I 

P\l 0 0 0 F' I 

Fr Pm 0 P 22 0 0 F' r 
(2.4) 

Fu R2 0 0 P 33 P34 F' u 
Fy 0 0 - P34 P44 F' y 

where R is the distance from the point of scattering to the point of observation. The element 

PII characterizes scattering of the electric field component parallel (I) (incident and exiting) 

to the scattering plane, while P22 characterizes scattering with the electric field component 

perpendicular (r) to the scattering plane. The interested reader is referred to Chandrasekhar 

(1960), Liou (1980), and Deirmendjian (1969) for additional discussion and definitions 
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regarding scattering, scattering cross-sections and the Stokes parameters. 

Several aerosol types can be described by their origins and characteristics. This 

classification of aerosols has been considered by many investigators and several classes of 

aerosols stand out as in the extensive work of Hanel (1976) including continental, maritime, 

urban-industrial, and volcanic stratospheric. The composition, size distribution and single 

scattering albedo ofthe aerosols are considered in the next sub-sections to obtain an aerosol 

model to be considered in the retrieval scheme of the present work. The following three sub

sections describe some of the investigations and conclusions of each of the three independent 

aerosol quantities; size distribution in sub-section 2.1.1, real index in sub-section 2.1.2, and 

imaginary index in sub-section 2.1.3. 

Sub-section 2.1.1 Size Distribution 

In a summary on the physical characteristics of aerosols produced by Whitby (1978), 

he considered sulfate aerosols as measured over the continental United States and concluded, 

among other things, that the principal generation and removal processes involved with 

aerosols drive three log normal size modes in volume or mass, but not in number density. 

The often used Junge model (1955) for number density size distribution is a power law of the 

form dN/dLogDp=AD-v p where N is the number density, Dp is the aerosol particle diameter, 

A is a scaling constant, and v is the Junge parameter. Whitby (1978) acknowledges that the 

Junge distribution fits many typical atmospheric aerosol conditions, but cautions that when 

the size distribution is transformed to volume or mass, small deviations in the number density 
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result in significant volume or mass modes. A power distribution fit 20% of the atmospheric 

conditions observed by King et al. (1978), and 50% could be represented as a composite of 

a Junge distribution plus a log-normal type distribution of relatively monodispersed larger 

particles centered at a radius of about 0.5 J.lm. A two-slope power number distribution also 

fits, with small differences, the multi-mode volume distributions proposed by Whitby (1978). 

While the simple power function is not a comprehensive size distribution model that can fully 

represent the variety of cases encountered in continental aerosols, it is a reasonable 

approximation that has been used by many researchers, including the recent work by Teillet, 

Fedosejevs, Ahem, and Gauthier (1994). Values of the Junge exponent v range between 2 

and 4 for continental aerosols (McCartney, 1976), but under conditions of large particle 

injection from anthropogenic, eolian or volcanic sources, v is usually in the range between 

2 and 3, indicating an abundance of large particles. Although the Junge model has been 

shown to be too simple for many cases, it is used for the current work. Because the size 

distribution is assumed known in the retrieval of index, a more complete size distribution 

model could be used in the same inversion scheme, but would now only serve to complicate 

and distract from the essence of the current work. 

The range of aerosol sizes in a number density power distribution has a significant 

impact on the resulting phase function. In addition to determining v for the Junge size 

distribution, one must designate the maximum and minimum particle diameters. As has been 

used by other researchers (e.g., Reagan et aI, 1980), the minimum aerosol radius is assumed 

to be 0.02 J.lm and the maximum radius is 10 J.lm throughout this work unless otherwise 
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noted. 

In practice, the size distribution of small atmospheric aerosols (0.1 flm ::; r::; 4.0 flm) 

can be obtained by inverting visible and near IR spectral optical depth measurements (King 

et. al., 1978). The optical depth inversion for columnar size distribution does not depend on 

how the particles are spatially distributed in the column. Columnar size distribution nc(r), is 

the equivalent size distribution of all of the aerosols found in a column of air extending 

vertically through the entire atmosphere which models the desired optical properties. The 

expression which relates the columnar size distribution to the spectral optical depth, -r(A), 

given the Mie extinction cross-section coefficient Ocxlr,A,m) of the atmospheric aerosols, is 

't(A.). f aJ.r,A.,m) nj.r) dr (2.5) 
r .... 

where rmin and rmax are the minimum and maximum aerosol radius values which define the 

limits of the integral. If nc(r) is well approximated by a Junge (1955) distribution which 

extends over a fairly broad range of sizes, nc(r) can be determined from -r(A) data by simple 

curve fitting (Shaw, 1973). Following van de Hulst's analysis (1957), Yamamoto and Tanaka 

(1969) showed analytically that when the real index of refraction is close to 1.0 (i.e., not 

greater then 2), the direct solar extinction is insensitive to the real index, making the size 

inversion insensitive to index. The inversion yields an uncertainty in the retrieved number 

density which, for the present work, is manifest as the uncertainty in the Junge parameter v. 

An uncertainty of 8 v=±0.20 is assumed for all simulations of the current work, but it is 
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important to note that because the change in radiance resulting from a small change in the 

size parameter is a smooth function, it can be modeled as a piece-wise linear function. Thus, 

one can interpolate for accurate radiance differences. 

One way to obtain information about larger sized particles is from aureole 

measurements. Building on the work by Deirmendjian et al. (1961), Twitty (1975) showed 

that the aerosol size distribution oflarge particles (r> 1.0 11m) can be obtained from the 

bright region within a small angular zone around the sun (region within about a 20° scattering 

angle), known as the solar aureole. He demonstrated that the inverted distribution was 

insensitive to the real index of refraction of the aerosols, just as for the spectral optical depth 

inversion. The solar aureole region has been studied and further characterized by a host of 

investigators including Box and Deepak (1978), Box et al. (1977), and Trakhovsky and 

Oppenheim (1984a,b), who employed different methods of inverting for the size distribution 

oflarge particles. The complement of spectral optical depth and solar aureole measurements 

offers a possible means for retrieving the aerosol size distribution over a full range of particle 

sIzes. 

Sub-section 2.1.2 Real Index 

The real index of refraction of the aerosols n" has been shown to range from near that 

of water, nR-1.33, to nR-1.60 which is representative of soil derived aerosols. 

Anthropogenic aerosols composed of sulfates and acids also strongly influence the aerosol 

real index. Because sulfate and acidic aerosols attract water molecules more readily than 
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other natural aerosols, an increase in sulfate and acidic aerosols is manifest in a reduced 

effective real index resulting from added water condensation on such aerosols. 

The retrieval problem is to find an effective real and imaginary index of refraction 

which reproduces the character of the atmosphere, even when the atmosphere is comprised 

of many different aerosol particles with a wide range of real and imaginary indices. Actual 

atmospheric particulates are not all perfect spheres of single refractive index, and inferences 

of particle size and index made by analyzing radiation measurements subject to these 

assumptions must be regarded as effective aerosol parameters. However, if the determined 

aerosol parameters accurately characterize the optical properties of the ensemble of particles, 

than the approach is indeed useful for radiative transfer studies. 

The effective refractive index of atmospheric aerosols has been studied extensively; 

a good summary of the findings is given in Coulson (1988, p. 43). Urban aerosols, which 

often have relatively high concentrations of carbon similar in index to soot, have higher real 

indices of refraction (real index of carbon::: 1.94) and higher imaginary indices, hence, greater 

absorption (Bruce et. aI., 1991). Natural aerosols, which are typically eolian, are composed 

of many elements and compounds, usually with a large quantity of Quartz (Si02) and other 

crustal materials which have a dry real index::: 1.55 at 0.5 ,.UTI wavelength. The effect water 

vapor has on the effective index of hygroscopic aerosols depends greatly on the constituent 

material and size of the atmospheric aerosol, and on the atmospheric pressure and 

temperature. A functional relationship was developed by Hanel (1976) to describe the effect 

of humidity on the effective real and imaginary index for hygroscopic aerosols. The influence 
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in all cases is the intuitive result that greater concentrations of water cause the effective index 

to be closer to that of water. 

For the work presented here, simulations are included for a real index ranging from 

1.34 to 1.56, in 0.02 increments for a total of 12 index choices for each parameter set. Small 

amounts of carbon mixed with non-soot aerosols yields an effective real index value within 

this defined range. 

Sub-section 2.1.3 Imaginary Index 

The effective imaginary index has a significant effect (i.e., absorption) on the net 

radiative transfer, so careful attention must be given to the selection and assumed range of 

the aerosol imaginary index. In a relatively clean atmosphere, a conservative scattering (i.e., 

non-absorbing, Itj=O.OO) assumption is reasonable for first order calculations. However, this 

perfect scattering model quickly breaks down with larger optical depths and aerosol single 

scattering albedos less than -0.98. As with the real index, the effective aerosol imaginary 

index is a product of the constituent aerosol components. Eolian aerosols exhibit a small 

imaginary index (Itj $ 0.005, Arizona Road dust, Gerber and Hindman, 1982), while aerosols 

comprised largely of carbon typically have a very high imaginary index (0.2 $ nj $ 1.0, Bruce 

et aI., 1991). De Luisi and Herman (1977) investigated historical measurements from the 

Agung volcanic eruption in the early sixties by applying the diffuse-direct method and found 

the imaginary index of volcanic stratospheric aerosols to be in the range near 0.010. Gerber 

and Hindman (1982) reviewed the derived imaginary index components from a wide range 
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of investigations that dealt with a myriad of aerosol types. In determining this range for the 

current investigation, particular consideration was given to the works by De Luisi and 

Herman (1977) on volcanic aerosols absorption; Reagan et al (1977, 1980) from bistatic

mono static lidar; Lindberg and Laude (1974) laboratory analysis of New Mexico aerosols; 

and De Luisi et al. (1976) and King (1979) by the diffuse-direct method retrieval. The 

comprehensive cataloging of Hanel (1976) was also considered for the selection of imaginary 

index. 

The inversion from bistatic-monostatic lidar measurements of Reagan et al. (I 977, 

1980) found the imaginary component of the refractive index to be rather small (-0.005). 

Their findings were in agreement with correlative findings of those measurements, including 

that ofSpinhime et al. (1980), which yielded a maximum upper limit for the imaginary index 

of 0.015, regardless of the retrieved real index. In most cases, the retrieved imaginary index 

was significantly less than this upper limit. Lindberg and Laude (1974) also determined the 

imaginary index of aerosols collected 3 meters above the surface in the southwest United 

States and found 1\-0.008 to 0.011. De Luisi et al. (I976a,b) retrieved imaginary index 

values from diffuse-direct measurements and obtained values ranging from ni -0.009 to 0.016. 

King's (1979) diffuse-direct retrievals yielded somewhat larger values of imaginary index with 

values as large as 1\-0.03. This high retrieved index may be attributed to questionable data 

affected by filter leakage or near horizon ground reflections. The imaginary index values 

found by Hanel (1976) for dried marine aerosols (1\-0.024) and dried industrial aerosols 

(1\-0.03) are notably higher than those cited for in situ measurements of continental aerosols. 
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However, the imaginary index of refraction for water at 0.50 flm is negligibly small (=:: 10.9) 

so water mitigates the absorption of hygroscopic aerosols in the same way it reduces the real 

index of refraction. 

Eiden (1971) suggests the optimal information on the complex index of refraction for 

Mie particles can be obtained from measuring the degree of polarization, the ellipticity, and 

the position of the ellipse described by the electrical field vector of the polarized portion of 

the scattered light. His findings are specific to single scattering of aerosols and do not 

necessarily apply to measurements of sky radiance, the magnitude of which depends not only 

on the index and size distribution, but also on the optical depth, surface albedo, surface 

reflectance anisotropy, and source and viewing geometry. 

The work presented here is applicable to clear sky radiance values which are not 

necessarily dominated by one particular type of aerosol, but are representative of a substantial 

range of possible values. The range of imaginary index values assumed is from 0.00 to 

0.020. The current work could be extended to greater values of imaginary index, but the 

selected values (0.000 to 0.020) are both representative and realistic of what one might 

expect to find in clear sky measurements. 

Section 2.2 Surface Characteristics 

Many researchers in the remote sensmg community have investigated and 

characterized the Bidirectional Reflectance Distribution Function (BRDF or BRF) of 

surfaces. The Lambert model for surface reflectance has been used extensively in the 
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radiative transfer community as well as the surface remote sensing community because of its 

simplicity. The characteristic of the model is that the reflected radiance from the surface is 

isotropically reflected into the 21t steradian hemisphere above the surface. Other BRF 

models which have been constructed by investigators will also be discussed. The surface 

reflectance models include the seminal work of Cox and Munk (1954), White Sands Missile 

Range, New Mexico as characterized by Hart (1990), Hapke (1981 a, 1981 b, 1984, 1986), 

the modified-Hapke model of Ahmad and Deering (1992) and used by Cooley and Reagan 

(1993), the SAIL model for plant canopies of Verhoef (1984), and the empirical model of 

Walthall et al (1985). Finally, the hemispheric albedo of natural surfaces is discussed to 

define the range of albedos to be considered in the current study. 

If the general term for the upwelling radiance from the surface is L(8, <1», where 8 

is the elevation viewing angle and <I> is the azimuthal viewing angle, then the albedo, A, of 

the surface is given by 

111112 

f f L(6,4» cos6d6d4> 
A • _---.;.-11'-0 _______ _ 

111112 

E sun + f f L(6,,4> I) cos 6,.d6,.d4> of 

-110 

(2.6) 

where Esun is the irradiance on the surface from the sun and L(8s' <1>8) is the downwelling 

radiance incident on the surface from all diffuse sources including single and mUltiple 

scattered sky radiance, and other multiple scattered light (e.g., light reflected by the surface 
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and then scattered by the atmosphere back to the surface). The denominator of the above 

equation defines the total irradiance on the surface, Elotal,' For a Lambertian surface, for 

which L(a, <I> )=LA is constant, 

1111/2 

LAf f cos OdOdCP 
A • _-,;,;.,11...;..0 __ _ (2.7) 

E total E total 

In the most general case, the reflectance and, therefore, the upwelling radiance from a 

surface, is not only a function of the viewing angle, but is also a function of the source angle. 

The source is typically divided into two distinct components, the direct sun and the diffuse 

skylight. In all but very turbid atmospheres, the direct sunlight dominates the source term. 

The BRF of a surface is given by 

(2.8) 

where L(a,<I» is the upwelling radiance in the a elevation, <I> azimuth angular direction due 

to an incident irradiance on the surface ofE(8o,<I>o) at angle 80 , <1>0' The reflectance factor of 

a surface is defined as the upwelling radiance in the a, <I> angular direction divided by the 

upwelling radiance expected from a Lambertian reflector with albedo A=l.O. 

The hemispheric albedo, A (or simply albedo), of terrestrial surfaces has been 

measured by many investigators as the energy balance of the earth is greatly influenced by 

surface albedo. The albedo of the ocean is relatively small and does not change greatly over 
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the visible and near IR bands. Plass et al. (1975) calculated the albedo of the ocean surface 

as a function of wind speed and solar zenith angle and found a minimum albedo of A=0.052 

and a maximum of A=0.142. The albedos ofland surfaces vary with both wavelength and 

surface type much more than the ocean albedo. Martonchik et al. (1993) made 

measurements and computations to retrieve the albedo for a wide range of surface types in 

the visible and near IR wavelengths. In the visible, they found the albedo can range from 

near zero for a pine forest to A-0.6 for White Sands, New Mexico (Hart, 1990). Because 

of the strong vegetation reflectance in the near IR, the range of albedos in the near IR is 

generally higher with A-0.2 to A-0.7 for most surface types other than water. 

The seminal work of Cox and Munk (1954) marked a significant move toward 

modeling the anisotropic reflectance character of surfaces. They used sun glitter patterns 

photographed by aerial cameras to establish the statistics of sea wave slopes. The albedo of 

the surface of the ocean is typically between 0.05 and 0.1 depending on the wind speed and 

the presence of white caps or sea foam. 

Because of its simplicity in implementation, Monte Carlo simulations of the earth

atmosphere system have been performed for many years to aid in understanding the energy 

transfer of the biosphere. Raschke (1971) models the anisotropy of the surface along with 

a turbid atmosphere to obtain the radiation fields at the top of the atmosphere, and above and 

underneath a water surface, to explore the heating rates for the ocean layer. He and Plass 

et al. (1975) found the radiance at the top-of-the-atmosphere to be largely composed of 

directly transmitted radiation which depended greatly on which of the surface models was 
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assumed, either the Cox and Munk (1954) model or a Lambert model. 

The most extensive analytic approach in recent years for modeling the BRF is that 

developed by Hapke (1981a, 1981b, 1984, 1986) for a surface composed of closely spaced 

particles such as found in clay and soils. This class of surfaces represents a large portion of 

the non-water surfaces of the earth. He began with the radiative transfer equation and made 

appropriate simplifications for closely spaced particles, but preserved multiple scattering and 

mutual shadowing of the surface particles. Ahmad and Deering (1992) modified the Hapke 

model by adding two empirical fitting parameters to account for 1) diffuse irradiance effects 

and 2) a Fresnel term, based on the work of Cox and Munk (1954), to account for plate 

shaped particles. The model does not include polarization characteristics of the surface. This 

is a reasonable assumption for most diffuse type surfaces, including White Sands and clay 

playas under near zenith sun angle conditions. They used this modified-Hapke model to fit 

the BRF measurements taken with the PARABOLA instrument (Deering and Leone, 1986) 

for a variety of surfaces including dense prairie vegetation canopies, sparse desert scrub, 

plowed agricultural fields and an alkali flat or playa. That they were able to obtain good 

results for the visible and near IR bands by fitting the data to the model was due in no small 

measure to the large number of parameters included in the model. The resultant BRF curves 

presented by Ahmad and Deering ( 1992) (e.g., see their figures 1 a-d) belie their complicated 

derivation and large number of parameters. Cooley and Reagan (1993) compared the results 

of reflectance measurements from a playa in Death Valley California with the playa 

measurements of Ahmad and Deering (1992) and found the same, slowly varying reflectance 
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factors. 

Pinty et at. (1989) used the Hapke model to obtain a bare soil BRF which resulted 

in slowly varying BRF curves (e.g., see figure 5 ofPinty et al., 1989) . Schluessel et at. (1994) 

rejected the excessive number of parameters of the Hapke model as statistically insignificant, 

and proposed a three parameter model which yielded reflectance curves that are remarkably 

simple in form (see figure 6 of Schluessel et ai, 1994). The SAIL model for plant canopies 

ofVerhoef(1984) extends previous analytic works to model the BRF of plant canopies. The 

result is relatively simple reflectance factor curves (e.g., see figure 8 of Verhoef, 1984 at 

solar zenith angles less then or equal to 60°). A common theme to these examples, despite 

their diverse origins, is a trend of increasing reflectance factor with increasing view zenith 

angle, creating a bowl shaped reflectance curve. 

An empirical model of BRF was provided by Walthall et al. (1985) who fit their 

angular reflectance measurement data to a simple three term expression given by 

r • aO.} + bOycos(cily-ciI I) + c where r is the reflectance factor, 8v is the elevation view angle, 

<l>v is the azimuth view angle, <1>8 is the solar azimuth angle and a, b, and c are the three fitting 

coefficients. They were able to fit their data to this model with remarkably small RMS 

variability. As with the previous analytically derived models, this model exhibits the same 

bowl shape type angular reflectance pattern. White Sands Missile Range, New Mexico has 

been used extensively as a satellite imaging calibration site because of its high albedo and 

normally clear sky conditions. An empirical BRF function derived for White Sands by Hart 
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(1990) is given by 

BRF(8) • Rnontl [1.10 - 0.336 cos 8 + 0.289 cos 28] (2.9) 

where BRF is the reflectance factor, 8 is the viewing angle and ~orm is the measured nadir 

reflectance factor (:::0.445) for solar zenith angle 80=43°. 

Three non-Lambertian surface BRFs are considered for this study. They are chosen 

for their range of angular reflectance and not because they are representative of most realistic 

anisotropic surfaces. The first surface BRF is that of White Sands, New Mexico as 

characterized by Hart (1990) in equation (2.9). The second BRF function models the bowl 

shaped limb brightening effect without unnecessary complexity and yields upwelling radiance 

given by L(8",cP,,). 1.2 - cos 8/ . The upwelling radiance at the horizon is six times that at 

zenith for this model which is identified as the minus (-) Cosine model. This is a somewhat 

extreme case of examples found in the literature, but serves to identify the effect a non

Lambertian BRF has on sky radiance. The final BRF model used is similar but opposite to 

the minus Cosine model and is the plus (+) Cosine model. The plus cosine BRF defines 

upwelling radiance given by L(8",cP,,)· 1.0 + cos 8,,2 which, as a complement to the minus 

Cosine model, helps to identify the sky radiance dependance on surface BRF. It is important 

to point out that the same definition of albedo given in equation (2.6) is used for all BRF 

models. 
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Section 2.3 Inversion Techniques 

The aerosol complex refractive index, m, affects the effective aerosol scattering phase 

function Pij from equation (2.1). Because the effect of index is not mathematically separable, 

integral (2.1) cannot be analytically inverted for the index m. Whereas no analytic inversion 

for real or imaginary index exists for passive atmospheric measurements (e.g., sky radiance 

which contains information on Pij), investigators have used computational techniques to try 

and retrieve the effective refractive index of atmospheric aerosols. The aerosol phase 

function, Pij can not be isolated from other parameters including: optical depth, surface 

albedo, surface BRF, Rayleigh scattering, multiple scattering. This section describes the 

methods developed by other researchers to retrieve aerosol information from a variety of 

measurements. 

Only a few methods have been developed to retrieve imaginary index of refraction. 

The most widely used is known as the diffuse-direct method (Herman, Browning and De 

Luisi, 1975). This method either requires knowledge of the surface albedo or can retrieve 

the surface albedo given measurements at several different solar zenith angles. A limitation 

of this method as it has been implemented is the requirement of a hemispheric flux 

measurement, which is susceptible to errors both due to difficulty in making a sensor to 

accurately measure hemispheric flux and due to inhomogeneity near the horizon. 

Additionally, the effect of a non-Lambertian surface on the diffuse-direct method has not 

been investigated. Researchers have employed this approach, and it has been shown to 

provide results which are within reason (De Luisi et aI., 1976, King, 1979). The procedure 
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to obtain the imaginary index of atmospheric aerosols and surface albedo from diffuse-direct 

measurements is outlined by King and Herman (1979). The real index of refraction is 

assumed and the size distribution is assumed known by inversion of spectral optical depth 

measurements (King et ai, 1978). The calculated diffuse-direct ratio is compared to 

measured diffuse-direct ratio's for all solar zenith angles available. An error function relating 

the differences in the measured and modeled diffuse-direct ratio is minimized through 

iterative steps in the imaginary index and the albedo, A. The solution of the effective 

imaginary index and Lambertian surface albedo are those values which produce the minimum 

error function. 

The retrieval of ground albedo is a product of the diffuse-direct method of Herman, 

Browning and De Luisi (1975), King and Herman (1979) and King (1979). This assumes the 

albedo does not change with solar zenith angle which has been shown not to be the case for 

both water and many land surface types (e.g., see Plass et aI., 1975 and Martonchik et aI., 

1993). The sensitivity of the diffuse-direct method decreases with increasing solar zenith 

angle and increasing imaginary index of refraction (see figure 2 of Herman, Browning and 

De Luisi, 1975). As is evident from the results reported in King (1979), the ability of the 

diffuse-direct method to retrieve albedo is rather limited. The retrieved ground albedos for 

Tucson, Arizona obtained by King (1979) had a mean of ~=0.28, a standard deviation of 

a A=O.I, and a range from Arnn=0.12 to ~ol.~=0.47. 

Byrne (1978) and Reagan et al. (1980) investigated a procedure to infer the size 

distribution and both the real and the imaginary parts of the complex refractive index of 
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atmospheric aerosols from a combination ofbistatic-monostatic Iidar and solar radiometer 

measurements. In this method, as with the method presented here, an estimate of the 

columnar aerosol size distribution is first obtained by inversion of spectral optical depths 

obtained using a solar radiometer. Advantage is taken of the fact that the spectral optical 

depth inversion for size distribution, as noted earlier, is rather insensitive to values assumed 

for the aerosol real index. This greatly simplifies the retrieval of the real index. Following 

Eiden (1971), Byrne (1978) found that the polarization ratio, RIr(8) = Pll(8)/P22(8), is quite 

sensitive to the real component of index. The procedure used to find the index in Reagan et 

al. (1980) is to first estimate the refractive index from measurements of RIr(8) and S, the 

extinction to backscatter ratio, and compare the measurements with computations of the 

same functions made for various values of m with the constraint that the size distribution 

used for these calculations be that obtained by inverting the spectral optical depth, 't'().) data. 

This procedure is repeated using the same columnar size distribution but different values of 

the refractive index and compared for a best fit in a least mean square merit function. The 

merit function is constructed to minimize the difference between the measured and modeled 

values of polarization ratio and extinction to backscatter ratio. The index which yields the 

minimum difference is selected as retrieved index. The model is then checked against the size 

distribution obtained from the inversion of spectral optical depth for consistency. This 

general numeric approach to the inversion is adopted in the current work. Additionally, 

based on Reagan's and Eiden's findings, the polarization ratio Rll8) = PlI (8)/P2l8) is 

considered as a possible source of information in the current retrieval scheme. 
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The recent work ofWendisch and von Hoyningen-Huene (1991) extended the initial 

use of the solar aureole with the optical depth measurements to obtain the real part of the 

aerosol refractive index by using the shape of the variation of the aureole. Wang and Gordon 

(1993) suggest an iterative inversion to find the aerosol phase function and single scattering 

albedo which employs the same approach as Box and Deepak (1979,1981), Nakajima et al 

(1983) and Wendisch and von Hoyningen-Huene (1991). Wang and Gordon use an 

almucantar scan (radiance measurements in a horizontal plane through the Sun) with a 

Radiative Transfer Equation (R TE) routine and iterate on the R TE routine until a solution 

is found that matches the measurements to within some error criteria. Several important 

assumptions are necessary to practically implement this technique, including a negligibly 

small surface albedo (which is satisfied because they restrict their retrial to aerosols over the 

ocean), known atmospheric height structure (i.e., they assume separate Rayleigh and aerosol 

scattering layers), and error free sky radiance measurements. Even with such limiting 

assumptions, the simulations of Wang and Gordon (1993) show good retrievals only for 

scattering angles $80 +1&/2 where 80 is the Solar zenith angle. When the vertical aerosol 

structure is unknown, the retrieved phase function error becomes large. Also, if the radiance 

measurements are inexact, the retrieved single scattering albedo (and, correspondingly, the 

imaginary index) retrieval error is large, particularly at short wavelengths, because of the 

assumption that the Rayleigh and aerosol layers are separable. 

Holland, Thomas, and Pearce (1978) made Monte Carlo simulations of polarized sky 

light to investigate the sensitivity of skylight to the size distribution and real index of 
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refraction of atmospheric aerosols. Specifically, they show that the sensitivity, particularly 

at long wavelengths in the near IR, to photons which have been reflected by the surface and 

returned at an angle 900 to the solar direction can be used to constrain the index and size 

distribution. However, they stopped short of developing a formal inversion technique to 

retrieve the index and size distribution. As discussed in the earlier section on inversions, 

Wang and Gordon (1993) retrieved the aerosol from sky radiance measurements by limiting 

their retrieval to over the ocean where the albedo can be assumed to contribute negligibly to 

the total sky radiance. They make no attempt to quantity this limiting assumption. Kauffinan 

et aI. (I 994) follow the lead of Wang and Gordon (I993) and incorporate a Box and Deepak 

(1981) inversion for size distribution in their analysis. They conclude that the main errors in 

retrieving the single-scattering phase function from the large-angle radiances arise from the 

assumed value of the surface reflectance and from spatial non-homogeneity of the aerosol 

layer. Their error in the derived phase function, for a given uncertainty in the surface 

reflectance, depends on the ratio of molecular scattering to aerosol scattering. For small 

aerosol optical thicknesses, they conclude that the contribution to sky radiance from light 

reflected by the surface is large compared to the contribution to sky radiance from aerosol 

scattering. As with previous investigators, they assumed a Lambertian model for surface 

reflectance. 

Radiances at the top of a turbid atmosphere have been investigated to retrieve 

information about surface reflectance. Ahmad and Fraser (1982) used the Gauss-Sidel 

method to calculate the top of the atmosphere radiance from a rough ocean surface and 
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found that even for turbid atmospheric conditions, the degree of polarization was well 

preserved through the atmosphere. They also found that top-of-the-atmosphere radiances 

for a Lambertian surface and a zero albedo surface were greatly different than for the Cox 

and Munk (1954) surface model. A very recent work by Teillet et al. (1994) also employs 

the Gauss-Sidel solution to determine the sensitivity of surface reflectance to the Junge size 

distribution parameter, aerosol optical depth, and imaginary index of refraction. They found 

the Junge parameter only has to be known to within 10% of its true value for bright targets 

and hazy atmospheric conditions in order to retrieve the surface reflectance (assumed 

Lambertian) to within 5% of its true value for a down-looking measurement at the top of the 

atmosphere. Similarly, they found the imaginary index could vary by 30% for hazy 

conditions and the retrieved surface reflectance would still be within 5% of its true value. 

They found the effect of viewing off-nadir made the accuracy requirements on all three 

aerosol parameters more stringent in order to retrieve surface reflectance compared with 

nadir viewing, for almost all surface reflectance values. The alternative interest in surface 

anisotropy of Gerstl and Simmer (1986) demonstrated that the character of the anisotropic 

reflectance of the surface is preserved through moderately turbid atmospheres and can, 

therefore, be recovered if reasonably accurate atmosphere conditions are known. 

Understanding and quantifying this intuitive result under different atmospheric conditions is 

the source of a great deal of investigation in the satellite imaging community. The three 

examples of inversions noted above provided background for the development of the current 

retrieval of real and imaginary index of refraction from clear sky radiance measurements. 
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Sky radiance values are dependant upon many parameters that are not easily 

separable. For a relatively clear, optically thin atmosphere, single scattering by aerosol 

particles and single scattering by molecular particles dominate the sky radiance. This chapter 

will describe the approach taken to identifY and obtain a suitable inversion procedure to 

retrieve real and imaginary index from point measurements of clear sky radiance. The 

approach is to first examine the aerosol single scattering phase function for sensitivity (and 

insensitivity) to small changes in aerosol parameter values. The next step is to investigate 

the sensitivity of principle plane sky radiance to the host of parameters which affect the sky 

radiance, including the surface BRF. The principle plane is the planed defined by the zenith 

vector and the vector pointing to the sun from a point on the surface. Finally, a search 

routine is constructed to identify the optimum measurement ratio which is most sensitive to 

the desired parameter (i.e., real or imaginary index) and relatively insensitive to all other 

parameters. The assumptions which are employed in the inversion, and the form of the 

inversion, are discussed in section 3.1. Section 3.2 describes the algorithm used to find the 

optimally sensitive measurement ratio for retrieval of the real or imaginary index. The steps 

to retrieve real or imaginary index are given in Section 3.3. Section 3.4 discusses the choice 

ofinput parameters and the errors associated with each of them as well as with the radiance 

measurements. Finally, Section 3.5 describes the Gauss-Sidel iteration of the flat polarized 
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code employed to calculate sky radiance values under set conditions. 

Section 3.1 Assumptions and Form ofInversion 

The assumptions which are included for all the simulations and in the inversion are 

assumptions which have been used in much of the radiative transfer and remote sensing 

literature. It is because of some of the assumptions that this work is possible. Other 

assumptions are made for the convenience to the work, because without them, the essence 

of this work would be lost in a mire of data. Throughout this work the following 

assumptions and parameters apply: the wavelength of all simulations is A=0.50 Jlm and 

measurements are made at sea level (Rayleigh optical depth 't'=0.144); the solar-zenith angle 

is known precisely (Le., the time and location of measurements is known precisely); the 

viewing geometry is known precisely; the size distribution of the atmospheric aerosols is 

modeled by the Junge (1955) distribution with 2.0~v ~4.0 and with a minimum particle radius 

of 0.02 Jlm and maximum particle radius of10 Jlm; and Chappuis ozone band absorption, 

which has some effect at this wavelength, is assumed to be known and is therefore not 

considered further. The atmosphere is assumed to be horizontally homogeneous; the 

atmosphere, earth and top of the atmosphere boundary layer are treated as being flat and 

infinite in horizontal dimensions; and reflection from the surface is assumed to be 

depolarized so that the reflected parallel and perpendicular Stokes components L. and Lr are 

equal in magnitude and Lu and Lv are zero. Measurements in the aureole or within 200 of the 

sun are not considered, nor are phase angles greater than 1500 because, beyond this limit, the 
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plane-parallel code requirements for accurate modeling are exceeded. This work assumes 

that the ambient temperature, elevation, and pressure are known absolutely so that the 

Rayleigh optical depth can be determined accurately (McCartney, 1976). These assumptions 

have been widely employed in previous investigations and are valid and realistic for many 

clear sky surface-atmospheric conditions. 

The current method to retrieve index was formulated to reduce the effects of 

measurement and calibration errors. A ratio of radiance measurements is less sensitive than 

an absolute radiance measurement to calibration errors inherent in any measurement system. 

Correspondingly, an inversion for index which uses a ratio of measurements is less sensitive 

to calibration and measurement errors. The optimally sensitive measurement ratio is 

identified by a search program which finds the ratio measurement that is sensitive to the 

desired parameter (real or imaginary index) and insensitive to size distribution and all other 

parameters which affect the sky radiance. 

For any specified solar-zenith angle Elo, the measurement ratio is of the form 

Rx=Ma(Ela)/Mb(Elb) to indicate angles, Ela and Elb' and measurements of the ratio. Each 

measurement quantity, Ma and Mh, can be a polarized radiance measurement, II or 12 

corresponding to the actual radiances L, or L2, respectively, or both measurement quantities 

can be the measured polarization ratio, r=I/I2. Both numerator and denominator 

measurements are restricted to the solar principal plane because the principal plane offers the 

largest range of scattering angle measurements available, <I>rangc=Elo+1t. Wang and Gordon 

(1993) augmented their a1mucantar scan with principal plane sky radiance measurements in 
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the direction opposite the sun from the horizon to elevation angle 80 , 

The criterion for a best ratio measurement to retrieve the effective real index is when 

the measurement ratio R changes appreciably with a change in real index, and R is relatively 

insensitive to changes in size distribution, imaginary index and other sources of uncertainty. 

Similarly, the criterion for a best ratio measurement to retrieve the effective imaginary index 

is when the measurement ratio R is sensitive to changes in imaginary index, and R is 

relatively insensitive to changes in size distribution, real index and other model parameters. 

Section 3.2 Approach to Find Optimal Measurement Ratio 

The procedure to determine the optimal measurement ratio for the inversion of index 

includes the following steps. First, a Mie single scatter calculation is made for the domain 

of the parameters. For each of the three parameters, real index, imaginary index, and size 

distribution, a contour map is created for the first derivative of the two polarization radiance 

values. The map is formed from 

L J.P.6P)-L J.P) 
A%.100~--......:.:-

LJ.P) 
(3.1) 

where p represents the array of parameters that describe the aerosols and 6P represents the 

incremental change in the parameter array. These prove to be useful tools for identifying 

angular regions of particular interest. 

The sky radiance in the principle plane for a solar zenith angle 8
0 

and atmosphere-
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surface system is calculated using the Gauss-Sidel flat polarized code. The code calculates 

the polarized radiance of22 point directions that lie in the principle plane; ±So, ±ISo, ±2So, 

±3So, ±4So, ±SSo, ±6So, ±7So, ±80°, ±8So, ±88.9°. Using a spline fit, the parallel and 

perpendicular polarization radiances are interpolated from outside the solar aureole (angles 

greater than 20° degrees from the sun) to ISO degrees above the horizon in the direction away 

from the sun (positive angles). The range of solar-zenith angles 80 considered is from So to 

7S0 degrees, motivated by the aerosol single scattering results of Eiden (1971) and Reagan 

et al. (1980) which indicate that phase angles of up to IS0° degrees provide maximum 

sensitivity to real index and the least sensitivity to size distribution. 

Figure 3.1 is a sample plot of the polarized radiance in the principal plane resulting 

from one unit of incident solar irradiance at the top of an atmosphere with 80=70°, a Junge 

size parameter v=3, an aerosol optical depth of 1'=0.1, a Lambertian surface with albedo 

A=0.2, and aerosol index of refraction m=1.40-0.00Si. The resulting radiance for an 

incremental change in real index of A 1\=+0.02 to 1\=1.42 is also plotted to demonstrate the 

effect of a small change in index. Having the polarized sky radiance values at one degree 

increments from the spline fit provides the necessary data to search for an optimal 

measurement ratio for the desired parameter (real or imaginary index). For the set of 

assumed parameters, which include albedo, BRF, real refractive index, imaginary index, size 

distribution, optical depth, and solar zenith angle, a graph is created of the partial derivative 

of the radiance with respect to each parameter. This derivative or sensitivity graph is of the 

same form as equation (3.1), but P represent the larger set of parameters that describe the 
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full atmosphere and tJp represents the incremental change in the parameter array. As with 

the single scattering contour maps of parameter sensitivity, this form of graph provides 

insight into the retrieval of index or any other parameter. 

Let the measurement ratio Rx (p) represent the value of the measurement ratio for 

assumed atmospheric conditions given by P. The array of model parameters, P , includes 

all parameters which affect sky radiance including real and imaginary index. The subscript 

X is an abbreviation for Rx=Ma(8a)/Mb(8b) to indicate angles, 8a and 8b, and measurements 

of the ratio. This search routine calculates all possible sets of measurement ratios, Rx, within 

the principle plane array of data and finds the sensitivity of the desired parameter and the 

mean square error for all the other parameters in the set P. The 'signal,' S x.~.i of the desired 

parameter, ~, for measurement ratio Rx is given by 

[RX<P+tJP~) - RX<P)] 2 

RJ.'p)2 
(3.2) 

where tJp( is a small increment in the parameter ~. The mean square error or square of the 

'noise,' a x.~.i , for the measurement ratio X to the retrieved parameter ~ is given by 

(3.3) 

where tJP1 is the incremental change in parameter i which reflects the uncertainty of input 

parameter i, and OM is the uncertainty of the ratio measurement due to measurement errors. 
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The best measurement ratio ~t for a given array of parameters P is the measurement ratio 

Rx, that yields the best signal to noise ratio (SNR); i.e. sx.~j ICJx.~j is the largest of all 

measurement ratios Rx. A different optimal measurement ratio, RvPt, may exist for each value 

of real index so that several measurement ratios are required to optimally evaluate real index 

over the range of its possible values. A scan or polarized sky radiance supplies all the 

possible data needed for any measurement ratio. The assumed parameter errors 6Pt in the 

parameter array are the subject of section 3.4. 

The retrieval of imaginary or real index is obtained by comparing the calculated value 

of the ratio R op/
Q

/& from Gauss-Sidel simulations with the measured radiance ratio Roptm.QS . 

All of the radiance values in the current work are obtained from computer simulations. 

Hence, all sky radiance values in the current work are generated from Gauss-Sidel 

simulations. In general, the value of the measured ratio is not equal to the value of the 

computed ratio; iteration is performed on the parameter being retrieved until the computed 

ratio equals or nearly equals that of the measurement ratio. As with all iterative methods, a 

point of diminishing returns is reached where additional iterations are unwarranted. The 

current work accepts as the solution the parameter that yields a ratio in agreement with the 

measurement to within a specified small number, E. This is discussed in greater detail in the 

following section. 

The assessment of the uncertainty in the retrieval of real or imaginary index, based 

on the uncertainty in all the other parameters describing the atmosphere-surface system, is 
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done in the following way. The parameter uncertainty vector tlPf , applied to equation (3.3) 

to obtain the noise in the ratio measurement Rx, is again employed to find the error in the 

retrieved index parameter. The sensitivity of the measurement ratio can be found by writing 

an equation similar to (3.2) which, for the real index, is given by 

linr 
(3.4) 

-where tiP n is the change in real index given by Lll\. Equation (3.4) can be represented , 

graphically by plotting Rand 1\ on a Cartesian plane and approximating the relationship 

between Rand 1\ as a straight line with a slope given by (3.4). The uncertainty in 1\ resulting 

from the uncertainty in all other parameters describing the atmosphere, as found in (3.3), can 

be plotted on the Rand 1\ plane with a R= 0x.t.P. Figure 3.2 demonstrates how the error in 

On, is found resulting from a R= 0 x.t.P for two cases of different sensitivities. Case A has a 

greater sensitivity (slope) than case B, so the resulting error in real index On for case B is , 

larger than case A, as seen by the error bars in the figure. This method of error analysis 

assumes a linear relationship between Rand 1\ over the domain of ± ° n which is valid only , 

for a small region of real index. This same analysis can be applied to the retrieval of 

imaginary index. The calculation of the error in retrieved real and imaginary index resulting 

from all the other parameters describing the atmosphere-surface system is done for several 

examples in Chapter V. 
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Figure 3.2 - Sensitivity of Ratio measurement to 1\ with sample error bars. Two different 
sensitivities result in different slopes A and B. Root Mean Square error in 
Ratio R yields RMS error in nr• 

Section 3.3 Inversion Method 

Having established the optimum measurements Xopt which are most sensitive to the 

desired parameter ~ for the specified range of ~, relative to the uncertainty of all the other 

parameters in P, the inversion can then be made for the parameter ~. The inversion for the 

real refractive index is done with the following steps: 

1. Polarization sensitive measurements are made of the principal plane sky 

radiance (e.g., at small intervals from just outside the aureole to 150 above 

the horizon in the direction opposite the sun). 
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2. Determination or assumptions are made for all parameters (i.e., Junge 

parameter v, imaginary index 1\, surface albedo A, aerosol optical depth 't' A 

and Rayleigh optical depth 't'Ray) 

3. A set of guessed or starting real index values are selected from within the 

range of possible real index values. The set of guessed index values should 

contain values which are less then and greater than the expected real index. 

The number of guessed real index values is not critical to the retrieval but a 

sufficient sampling of the range of possible index values is desirable. The 

optimal measurement ratio's Rapt for the guessed real index values are 

subsequently evaluated with the measured data, so that the appropriate ratio 

measurement is made for each guessed index. 

4. For each guessed index (see Figure 3.3 for flow diagram): 

a) The partial derivative of the ratio Rapt with respect to the real index 

nr calculated from equation (3.4) is used to find the change of real 

index, on" required for the calculated ratio to equal the measurement 

ratio by 

aR 
6 n • (R calc _ R ",,/U).[--..!..]-t 

r opt opt .::> 
un r 

(3.5) 

b) Because Ropt is not linear with nr over the entire range of no the 

guessed index is changed a small amount toward the linearly 

extrapolated retrieval solution ofnr suggested from equation (3.5). 
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c) If the modified guessed index lies closer to another point in the index 

library, the closer sampled real index value and its partial derivative 

and measurement ratio R are used and the cycle is repeated at 4-a) . 

. In this way, optimal sensitivity is maintained during the convergence 

of the routine. 

d) The converged value of real index is defined as the real index for 

which 01\ is less then e, the radius of convergence. 

S. The starting set of guessed real index values yield a set of converged real 

index values. If all the initial guessed real index values converge to the same 

index, the solution is accepted as the solitary solution for real index. 

However, this is not true in general, so the distinct solutions are identified 

from the set of converged real index. The distinct set of solutions are those 

solutions which do not have the same measurement ratio Rap! as any other 

converged solution. This distinct set of real index solutions can result in 

significantly different converged real index values. The following test is 

applied to each distinct solution to real index (see Figure 3.4 for flow 

diagram): 

a) The distinct ratio measurements associated with all distinct real index 

solutions are applied to a sky radiance model of the solution under 

test. The consistency of solution k, yielding nk, is tested against 

solution j, or the ratio measurement for solution j, by 
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(3.5) 

where 0kj is the error associated with solution k from the 

measurement ratio of solution j, ~[~] is the result of ratio 

measurement j from the modeled sky radiance data set Lk of solution 

k, and ~[Lm1 is the result of ratio measurement j from measured sky 

radiance Lm. 

b) The best solution of the distinct solutions for real index is selected as 

the solution which has the minimum error, E (see figure 3.4), from the 

consistency tests for all possible ~ ratio measurements. The resulting 

solution to the real index is used for all subsequent calculations. 

6. The sensitivity analysis to determine the statistical uncertainty of all other 

atmospheric-surface parameters is done as described in the preceding section 

(3.2). The result is the uncertainty in the retrieval On resulting from OR as 
r 

expressed in equation (3.3). 

Implementation of the above described inversion technique takes significant 

computation time and requires a scan of polarized sky radiance measurements in the principal 

plane. A library of model atmosphere-surface sky radiances is needed to do step 5 of the 

inversion. 
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Figure 3.3 - Flow diagram for Step 4 oflndex Inversion 
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Figure 3.4 - Flow diagram for step 5 of index inversion. 
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The inversion for imaginary index is done in the same way as the real index retrieval. 

The two index components are retrieved in turn and repeated to check that the solution to 

imaginary index has not affected the convergent solution of real index and vice versa. The 

results of this inversion are discussed in chapter V. 

Section 3.4 Input Parameters and Errors 

As specified earlier, the choice of the aerosol size distribution used in the inversion 

is limited to the Junge size distribution which has a single shape parameter v. Based on 

previous investigations reported in the literature, the range of v selected for the current work 

varies from a minimum of2.0, representing the presence ofa relatively large number of large 

particles, to a maximum of 4.0, representing the presence of many small particles. A typical 

value for continental aerosols is v=3.0. The uncertainty 6Py = OV assumed for the size 

distribution can be evaluated in several ways. The Junge size distribution can be fit to an 

aerosol laden atmosphere using multispectral optical depth measurements from the near UV 

to the near IR (King et aI., 1978) with a typical uncertainty of 0 v -0.2 resulting from both 

how much 1'}. vs A. may deviate from a Junge model, due to the aerosol particles not being 

distributed in size according to the Junge model, and due to errors in 1'}.. Alternatively, one 

can estimate 0 v just from errors in 1'}. as determined by fitting log( 1'}.) vs log( A.) (Shaw et aI., 

1973). The current study assumes ov::::0.2, noting that the dependance of polarized sky 

radiance is assumed linear with v over a small range of 0 v, so simple scaling of v can be 

done without a loss of accuracy. 
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From the discussion in the previous chapter, the assumed range for the real index of 

atmospheric aerosols was set at nR=1.34 to 1.56 The computer library used for all computer 

simulations had a step resolution of 6P/1 = onR = 0.02, which is sufficient resolution based 
R 

on linearity analysis of the change in sky radiance with real index (see Chapter IV). The 

uncertainty of the real index is one of the products of the retrieval. The assumed imaginary 

index range, as discussed earlier in the literature review, was set at nlM - 0.000 to 0.020. The 

step resolution of 6P/11J1 = 01\ = 0.005 was used for the computer simulations. As with the 

real index, the uncertainty of the imaginary index is one of the results of the inversion. 

The errors associated with ratio of two radiance measurements of radiometers 

currently in use should be less then or equal to about 3%. Given that the decision to use 

ratios as input to the inversion is to mitigate measurement errors, a short demonstration of 

the reduction in errors is in order. If the measurement error is truly random, then from 

standard error analysis, the noise of the ratio measurement would be increased by a factor 

of .fi more than an individual radiance measurement. However, the most likely dominant 

noise in the radiometer measurements is not random, but is a systematic scaling error arising 

from inaccurate calibration. The variability of a scaling noise is reduced to zero for a ratio 

measurement when both numerator and denominator have the same scaling error; i.e. 

{ E:. N} I { E:. D} = N/D. However, if two different radiance scaling errors are present for the 

numerator and denominator, than the ratio does not eliminate the scaling error. Reagan et 

al. (1986) demonstrated that the calibration error of a solar radiometer can be reduced to an 

uncertainty perhaps as low as -0.1 %, although a more typical calibration uncertainty is -1 %. 
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The change in the error for a bias noise is a function of the ratio value itself as portrayed by 

the following simple example: If the measurements are Ma=100 units and Mb=50 units, and 

each has a bias of3 units (maximum of6% difference), the true ratio is R=2 or R=0.5, but 

the actual measured ratio is R=103/53=1.9434, a 2.83% error, or R=53/103=0.5145, a 

2.91% error. 

Aerosol optical depth 1: A is simulated for relatively clear conditions of 1: A=O.l 0 to 

hazy conditions of 1: A=0.30. The uncertainty assumed for the total optical depth {)P't = 01: 

is the same as the uncertainty in the aerosol optical depth (i.e., Rayleigh optical depth 

assumed known without error). The aerosol optical depth is a source of uncertainty for the 

sky radiance as the measurement of optical depth (with an optical solar radiometer) is subject 

to non-uniform aerosol masses crossing the path between the radiometer and the sun during 

the measurement. The calibration error (standard deviation over the mean) in the 520 nm 

channel for a recent calibration of three autotracking radiometers was found to be 0.6%. The 

resulting uncertainty in 01: is therefore 0.006/m = 0.003 where m is the air mass of the 

measurement nominally equal to 2. King et al. (1980) estimated the uncertainty in the total 

optical depth for their observations was typically 0.0020 or less. Thus, for stable 

atmospheric conditions and careful, precise measurements, the optical depth can be 

constrained to 01:-0.002. 

The surface albedo is simulated for low albedo conditions as found over vegetative 

canopies of A=0.2, to relatively high albedo conditions of A=O.4. The uncertainty in the 

albedo depends greatly on the ancillary sources of data available. If the albedo is retrieved 



56 

from the diffuse-direct method, than an uncertainty of ~PA = oA ::: 0.1, as found by King 

(1979), appears to be appropriate. An estimate of the albedo inferred from satellite images 

of the area in question, or from geographical resource maps, will yield uncertainties on the 

same order if not better. If additional remote sensing data of the surrounding surface are 

available, it may be possible to constrain the albedo uncertainty to perhaps as low as 

oA=0.02. This is a very optimistic assumption based on what one should be able to do with 

data similar to MISR (Diner et aI., 1989). The surface BRF is the most difficult factor to 

quantitatively constrain. Three non-Lambertian surface BRFs are considered for this study 

which were discussed in detail earlier in Chapter II. 

Section 3.5 The Gauss-Sidel Iteration: The Flat Polarized Code 

Following the work of Chandrasekhar (1960), the treatment of radiant energy 

transmitted through a medium has generally followed his formulation with the one notable 

exception being Monte Carlo simulations. The tremendous disadvantage to a Monte Carlo 

approach is the excessive amount oftime required to make even simple calculations. Far 

faster is the Gauss-Sidel iterative approach to solving the equation of radiative transfer as 

first applied to the problem by Herman (1963) and Herman and Browning (1965). There are 

several disadvantages to using a 'more' analytic computational technique including the 

restriction of a horizontally, homogeneous atmosphere. For most applications, this is more 

than compensated by the reduced time of computation. The accuracy of the Gauss-Sidel 

technique has been tested with the result that the Herman polarized flat code is accurate to 
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within ±O.007 of unit total relative intensity and ±1.0% of polarization radiance for radiance 

values more than 15° above the horizon. For additional information on the Gauss-Sidel 

method see Herman (1963) and Herman and Browning (1965). 

The simulations of sky radiance are all calculated to maintain the specified optical 

depth. When the slope of the size distribution is changed, the total columnar number density 

is scaled so that the total optical depth of the atmosphere is maintained. The optical depth 

at wavelength A, 't"(A), in Equation (2.5) does not change for changes size distribution or 

index. If the real index is changed, the scattering cross section, 0cxt(r,A,m), changes but the 

integral value 't"(A) remains unchanged. 
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This chapter presents the sensitivity results of the single scattering and radiative 

transfer code output for some of the parametric cases considered, including the real and 

imaginary index. The radiative transfer code was used to calculate the change in sky radiance 

to small changes in the Junge size distribution parameter, v, real index, 1\, imaginary index, 

nj, aerosol optical depth, l' A' surface albedo, A, and surface BRF. The single scattering 

results are compared with the full atmospheric model to assess the preservation of the 

sensitivity. First, a Mie single scatter calculation is made for the domain of the parameters. 

Contour maps of the numerically calculated derivative for each of the three descriptive 

aerosol parameters (real index, imaginary index, and size distribution) of the two polarization 

radiances, I( and Ir are given in section 4. I. From each contour map, regions of sensitivity 

are identified for possible exploitation in any retrieval scheme. Section 4.2 contains the 

graphs and discussion of the sensitivity of polarized atmospheric radiance and degree of 

polarization in the principal plane. 

Section 4. I Single Scatter Phase Function Sensitivity to Parameters 

Once limits are set for the aerosol particle size range, only three parameters influence 

the Mie phase function, namely, the size distribution shape (i.e., the value of v for the 

assumption of a Junge size distribution) and the real and imaginary indices. The contour 
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maps are designed to show the sensitivity to each of the three parameters across the range 

of scattering angles from 0° to 180°. The formulation of the contour map is done with 

equation (3.1). 

Figure 4.1 is a contour map of the change in radiance in the FI polarization (II) due 

to an increment in the Junge parameter, v, for a given value of v ranging from v =2.0 to 4.0. 

It is well known that for large particles (small v) the phase function has increased forward 

and back scattering. This characteristic is clear from the large negative values at small and 

large scattering angles, indicating the sharp decline in the scattered radiance in the forward 

and backward directions for increasing v, or decreasing effective particle size. The contour 

map indicates that the II radiance is most sensitive near the forward (8=0°) and backward 

(8=180°) scattering angles. It can also be seen that in the region between 8=50° and 140°, 

the phase function is relatively insensitive to changes in v for the considered range of v 

values (i.e., v=2 to 4). This contour map has a discontinuity near 85° scattering angle. 

Discontinuities result from either the contour mapping routine fitting the surface to the data 

or ringing from the Mie calculation of phase function which is particularly likely if there is 

no absorption as in this case. 

If the refractive index is changed to n=1.50-0.005i, the contour map of Figure 4.2 

results. The effect of increasing the imaginary index, or absorption, of the aerosols is to 

increase the sensitivity to the Junge parameter for large values of v near v =4 and to decrease 

the sensitivity to the Junge parameter for small values of v near v=2. Figure 4.3 is the 

equivalent contour map to Figure 4.2, except for an index of refraction of n=1.40-0.005i. 
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The change in the sensitivity from Figure 4.2 to Figure 4.3 is very small, indicating the size 

distribution dependance on the real index is rather weak, a result which is consistent with 

previous work (Twitty, 1975). Figures 4.4,4.5 and 4.6 are equivalent to Figures 4.1,4.2 and 

4.3, respectively, but the graphs are for the perpendicular polarization 12. These contour 

maps indicate that regardless of the index, there are always two phase angles for any given 

value of v which are insensitive to size distribution. These two phase angles are identified 

by the 0 line on the contour plot, which indicates that the two angles change gradually with 

v. When there is elastic scattering (i.e., imaginary index is zero), the scattering angle at 

which the phase function is insensitive to size distribution does not change much over the 

range of v. This is true for other real index values within the assumed parameter space 

ranging from 1.34 and 1.56. Also, the regions at which this occurs are nearly the same; i.e., 

at 9=30° and 9== 140°. As the imaginary index becomes larger, the scattering angles for zero 

sensitivity vary as can be seen from the change between Figures 4.4 and 4.5. For large values 

of imaginary index (approaching 0.02 for the range considered here), the angle of 

insensitivity to v is not well constrained. 

Based on the findings of Eiden (1971), the polarization ratio (1/12) is considered as 

a source of information on the size distribution. Figures 4.7 and 4.8 are contour maps of the 

sensitivity of the polarization ratio to changes in v, over the range of v =2 to v =4, for 

refractive indices ofn=I.50-0.0i and n=I.40-0.005i, respectively. Contrary to the behavior 

for the I, and 12 radiances, the polarization ratio does not change much for II v at small and 

large scattering angles, but it does change significantly for scattering angles in the 60° to 120° 
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range. These contour maps are consistent with the findings of Reagan et at. (1982). 

Increasing the imaginary index has the effect of slightly reducing the sensitivity to 

polarization ratio, while decreasing it has the opposite effect. Increasing imaginary index also 

tends to increase the sensitivity in the 60° to 120° range. 

The sensitivity of the real index over the assumed range of real indices is generally 

not large. Figure 4.9 is the contour map of the percent change in scattered radiance ofI\ for 

a Mie phase function with a Junge parameter v=4 and a zero imaginary index (elastic 

scattering) for a small increment in real index (dnR=O.Ol). Besides some ringing in the 

forward and backward directions, the only region of notable sensitivity is between 80° and 

140°. The addition of absorption in Figure 4.10, which is for an imaginary index of 0.005, 

increases the sensitivity in the 80° and 140° region and reduces the small and large angle 

ringing of Figure 4.9, but does not notably alter the sensitivity to real index. A change in the 

size distribution to v=2.0 as given in Figure 4.11 indicates the same sensitivity regions, but 

an overall decrease in the sensitivity to real index. The contour map of the perpendicular 

polarization, 12, yields slightly smaller sensitivities of 2% to 3% change for a real index 

increment of dnR=O.Ol, as shown in Figure 4.12. The polarization ratio is generally less 

sensitive to changes in index than 1\, but it follows the same pattern as 1\, decreasing in 

sensitivity with increasing real index. This can be seen in Figure 4.13 which indicates less 

sensitivity to real index in the polarization ratio than in 1\. Figure 4.14 is equivalent to Figure 

4.13, but for v=2.0 and greater absorption with 1\=0.010. The trend toward smaller 

sensitivity to real index applies to both decreasing v, and increasing imaginary index, to a 
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lesser degree. 

The effect of increasing imaginary index is much more predictable for all cases as it 

is an absorption term and, therefore, decreases the scattered radiant energy in all directions. 

The sensitivity contour maps for all cases are consistent in that they demonstrate an 

exponential absorption with increasing imaginary index, and are all more sensitive at the 

forward and backward scattering directions. In particular, a strong sensitivity is seen in both 

It and Ib and to a lesser extent in 1/12, at the large scattering angle region of e > 160°. This 

is consistent with other investigations. Figure 4.15 and Figure 4. 16 are representative curves. 

Figure 4.15 is the contour map of the percent change in parallel (It) radiance due to an 

increase in the imaginary index of LlI1j=O.OOI for a size distribution Junge parameter v=4 and 

real index nR=1.40. Figure 4.16 is a similar contour map of the perpendicular (12) radiance 

for a size distribution Junge parameter v=2 and real index nR=I.40. From other contour 

maps not shown here, the effect of increasing the real index is an overall increase in the 

amount of scattered radiance and a small reduction of the sensitivity to imaginary index. The 

effect of reducing the Junge parameter v is to heighten the sensitivity to imaginary index in 

the forward and backscatter directions, while reducing the sensitivity in the 30° to 150° 

region. In general, the parallel (It) radiance is more sensitive to imaginary index than the 

perpendicular (IJ radiance. The polarization ratio shows only small sensitivity to imaginary 

index for all considered indices and size distributions as seen in figure 4.17 for the case of 

v=4 and real index nR=1.40. 
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Section 4.2 Results of Full Atmosphere Sensitivity Analysis 

The sky radiance in the principle plane for a given solar zenith angle and atmosphere

surface system was calculated using the Gauss-Sidel flat polarized code. The output of the 

code gives 22 point directions that lie in the principle plane. Using a spline fit, the parallel 

and perpendicular polarization radiances are found outside the solar aureole, or angles 

greater than 20° degrees from the sun, to 15° degrees above the horizon in the direction away 

from the sun. The range of solar-zenith angles considered is from 5° to 75° degrees, 

motivated by the limitations of the flat atmosphere model and the aerosol single scattering 

results of Eiden (I 971) and Reagan et al (1980) which indicate that phase angles of up to 

150° degrees provide maximum sensitivity to real index and the least sensitivity to size 

distribution. Several example atmosphere-surface systems are considered which demonstrate 

the sensitivity of sky radiance to small changes in the model parameters. 

As with the single scattering phase function contour maps, the percent change in sky 

radiance resulting from a parametric change is calculated using equation (3. 1) and is plotted 

as a function of angle. Figure 4.18 shows the percent change in I, for angles outside the solar 

aureole to a maximum view angle of 75° (which is where spherical effects become 

significant). For all principal plane graphs, 8=0° is zenith, positive angles are angles in the 

principal plane away from the sun, and negative angles are angles toward the sun in the 

principal plane. This plot assumes zero surface albedo, refractive index ofn=1.50-0.020i, 

optical depth of 1:=0.3, Junge size distribution parameter v=4.0, and solar zenith angle of 

80=15°. The graph indicates that at small solar zenith angles, small parametric increases in v 
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and 1\ cause notable decreases in 11' Also, a small increase in albedo does not cause much 

change except near the horizon, as expected, and small changes in nR and l' A result in very 

small changes in 11' Figure 4.19 gives the polarization ratio for the same conditions as in 

Figure 4.18 with the interesting result that all of the parameters show little sensitivity near 

zenith and increased sensitivity near the horizon, in part because the increased airmass near 

the horizon magnifies any sensitivity, but the origin of this effect is not clear. 

When the albedo is greater than zero, the added effect of the surface albedo and the 

surface BRF complicate the analysis. Figure 4.20 plots the change in 12 sky radiance for 

80 =45°, v=3.0, 1'=0.3, A=O.4, and n=1.50-0.005i. This graph clearly demonstrates the 

significant sensitivity surface BRF has on sky radiance, a parameter which is largely ignored 

because of its added complexity. The White Sands and bowl shaped minus cosine (1.2-cos2
) 

BRF result in significant increases in 12 near the horizon, and the inverted bowl plus cosine 

(1 +cos~ BRF conversely results in a marked decrease in 12 near the horizon. It is interesting 

that all other atmospheric parameters except nj do not result in notable changes across the 

entire principal plane, and 1\ only serves to decrease the radiance without a strong angular 

dependance. The sensitivities of the polarization ratio for the same conditions as Figure 4.20 

are given in Figure 4.21. Overall, much smaller sensitivities result for the polarization ratio, 

but the trend ofincreased sensitivity to BRF near the horizon is generally preserved, although 

reversed in sign except for the White Sands BRF model. 

In order to reduce the effects of measurement errors, the sensitivity of the ratio of 

two radiance measurements is also considered. Figure 4.22 displays the parametric 
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sensitivities of the ratio ofll at an angle ofS=30° to 12 at angle S for a sun angle ofSo=60°. 

The figure has similar atmospheric conditions as the previous figure (4.21). The effect of the 

various surface BRF is mitigated as compared to Figure 4.21, but no isolated parameter is 

readily identified as highly sensitive to this particular measurement ratio. Figure 4.23 shows 

the parametric sensitivity of the ratio of the polarization ratio at S divided by the polarization 

ratio at the zenith for So=45° and similar atmospheric conditions as in Figures 4.21 and 4.22. 

The polarization ratio is not very sensitive to any parameter, has less angular variability than 

either Figure 4.21 or 4.22 and shows decreased relative sensitivity to BRF. Finally, Figure 

4.24 has similar parameters to Figure 4.19, but is a plot of the sensitivity of the ratio ofll at 

the zenith to 12 at S. The sensitivity to BRF is isolated even more than in Figure 4.20. 

The current investigation is concerned with upward looking measurements of 

downwelling radiance for the purpose of finding information about atmospheric aerosols. 

This is obviously less sensitive to the surface BRF than a down-looking measurement like the 

proposed MISR instrument. This technique of analysis could be applied to both the up 

looking and down looking measurements in the future. 

An investigation to explore size distribution influences beyond just changing the 

Junge size parameter v could also be done by breaking the distribution into a two slope 

model to study the effect on the sensitivity contour maps. However, the results show that 

in the region between 9=50° and 140°, there is little effect to size distribution suggesting that 

added detail in modeling the size distribution would not likely have identifiable influences in 

this scattering region. Capitalizing on the sky radiance sensitivity to the indices of 
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atmospheric aerosols is difficult because of the strong influence of other parameters. The 

results of identifying the most sensitive measurement and inverting for the real and imaginary 

index are discussed in the next chapter. 
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CHAPTER V 

RESULTS OF INVERSION 
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This chapter contains the results of simulated measurements applied to the inversion 

described in Chapter III. Section 5.1 describes the results of determining the optimally 

sensitive ratio measurement. Section 5.2 describes the results of inverting for real index and 

Section 5.3 describes the results of inverting for imaginary index. Section 5.4 is a summary 

discussion of the results obtained from the application of the inversion. For all of the results 

reported in this chapter, a Lambertian surface of albedo 0.2 is assumed for the radiance 

measurements, while the minus cosine BRF model is used as the perturbing model to assess 

the dependance of the retrieval to surface anisotropy. The White Sands BRF model and the 

plus cosine model were also considered, but neither yielded significantly different results. 

Section 5.1 Optimally Sensitive Ratio Measurement 

The success of the inversion depends on the ratio measurements which are used for 

the inversion. The optimal ratio measurement is identified for a specific set of parametric 

values, as described in Sect:on 3.2. The possible measurement ratios which are tested for 

optimum sensitivity to index, as described in section 3. 1, include ratios of parallel (1\) or 

perpendicular (12) polarized sky radiance at any angle, en, in the principal plane outside the 

aureole and 15° above the horizon in the numerator, to 1\ or 12 of any angle, ed' within the 

same angular limits in the denominator. Alternatively, the optimal measurement ratio may 
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consist of the polarization ratio (1/12) at any angle, en, in the numerator to the polarization 

ratio at any angle, ed, in the denominator, both angles again within the same angular limits. 

Tables 5.1 and 5.2 give the results of the search for an optimal measurement ratio which is 

most sensitive to real index for the range of real index values and several different solar 

zenith angles (SZA), eo with Junge size parameter, v=3.0, aerosol optical depth, 1'=0.1, 

surface albedo, A=0.2, and aerosol imaginary index of refraction I1j=0.01O. The atmosphere

surface parameters for the two tables are: aerosol optical depth of l' A=O.I, Junge parameter 

v=3.0, and imaginary index I1j=0.00. The Pn and Pd columns indicate the polarization 

measurement so that a 1 indicates parallel polarization, a 2 indicates perpendicular 

polarization. Tables 5.1 and 5.2 are typical for the inversion for real index. 

The optimal ratio measurement for sensitivity to imaginary index does not vary as 

much with the value of real index as the optimum ratio measurement to retrieve real index. 

Table 5.3 summarizes the results of the search for an optimal measurement ratio which is 

most sensitive to imaginary index for the range of real index values for several different solar 

zenith angles (SZA), eo. The optical depth, size distribution, and imaginary index are the 

same as in Tables 5.1 and 5.2. Of the 12 real index values in the range considered, the 

percent that utilize the cited ratio measurement to within ± 50 is given for each simulated 

imaginary index value in the column labeled l%nr.1 This makes the implementation of the 

retrieval simpler as fewer radiance measurements are required and it indicates that the most 
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1.340 2 70.0 2 75.0 2 70.0 2 75.0 

1.360 1 -39.0 1 -23.0 2 -48.0 1 -40.0 

1.380 2 64.0 2 75.0 2 61.0 1 75.0 

1.400 2 -39.0 1 -20.0 2 -48.0 1 -39.0 

1.420 1 -39.0 1 -21.0 2 -48.0 1 -38.0 

1.440 1 -39.0 1 -21.0 2 31.0 1 -38.0 

1.460 1 -39.0 1 -20.0 2 -48.0 1 -37.0 

1.480 1 -39.0 1 -20.0 2 -47.0 1 -18.0 

1.500 1 -39.0 1 -20.0 2 -47.0 1 -16.0 

1.520 1 -39.0 1 -19.0 2 -47.0 1 -15.0 

1.540 1 -39.0 1 -19.0 2 -47.0 1 -14.0 

sensitive ratio measurement, regardless of solar zenith angle, is the ratio of II for a single 

scattering phase angle of9::::40° to 12 for 8::::50°. 

Section 5.2 Retrieval of Aerosol Real Index 

To test the inversion, the Gauss-Sidel code is first used to calculate the polarized sky 

radiance for a set of given atmospheric conditions. This modeled radiance data can then be 

applied to the inversion code to test the ability to retrieve real index. Prior to the retrieval, 

the simulated data may also be degraded by selective scaling. Bias or off-set dark noise is 
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1.340 2 57.0 1 75.0 2 64.0 1 75.0 

1.360 1 57.0 1 75.0 2 -9.0 1 10.0 

1.380 2 6.0 1 15.0 2 -6.0 1 9.0 

1.400 1 6.0 1 14.0 2 -9.0 1 11.0 

1.420 1 6.0 1 14.0 2 -9.0 1 11.0 

1.440 1 6.0 1 14.0 1 -9.0 1 11.0 

1.460 1 6.0 1 14.0 1 -9.0 1 11.0 

1.480 2 18.0 1 31.0 1 -9.0 1 11.0 

1.500 2 18.0 1 31.0 1 -9.0 1 11.0 

1.520 2 18.0 1 31.0 1 -9.0 1 12.0 

1.540 2 18.0 1 32.0 1 -9.0 1 12.0 

not considered in the noise simulation as it can be accurately determined with zero radiance 

measurements (i.e., measurements with receiver covered) and then subtracted from the sky 

brightness measurements. Two separate evaluations of the accuracy of the inversion are 

necessary. The first is the ability of the inversion code to return the correct index of the 

simulated data, with and without measurement noise and with inaccurate ancillary parameter 

input. The second is the uncertainty of the retrieved real index resulting from the uncertainty 

of all of the other parameters which describe the surface-atmosphere system, following the 

explanation of Section 3.2. Sample inversions are described, followed by a summary of the 

results of the inversions for real index. 
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In order to illustrate the steps required to retrieve real index, an example of one 

specific retrieval is given. The model parameters which are used to calculate the sky radiance 

for the example are a solar zenith angle 8
0
=60°, Junge size parameter, v=3.0, aerosol optical 

depth, 1'=0.1, surface albedo, A=0.2, and aerosol index of refraction n=1.48-0.010i. All the 

parameters except the real index are assumed known from spectral optical depth 

measurements, ephemeris data, and ancillary information. 

Table 5.3 - Sample optimal ratio measurements for sensitivity to ~ 

0.000 2 40.0 1 55.0 15 100 

0.005 2 38.0 1 55.0 15 100 

0.010 2 39.0 1 55.0 15 67 

0.015 2 37.0 1 55.0 15 58 

0.020 2 38.0 1 57.0 15 50 

0.000 1 -6.0 2 9.0 45 58 

0.005 1 -6.0 2 10.0 45 58 

0.010 1 -6.0 2 11.0 45 58 

0.015 1 -6.0 2 10.0 45 42 

0.020 1 -13.0 2 -4.0 45 42 

0.000 1 -30.0 2 -20.0 70 50 

0.005 1 -30.0 2 -20.0 70 75 

0.010 1 -30.0 2 -20.0 70 75 

0.015 1 -30.0 2 -20.0 70 67 

0.020 1 -30.0 2 -20.0 70 58 
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The sensitivity library of sky radiance to real index has been calculated and the 

optimal measurement ratio identified as 1,(8=-39.0)/1,(8=-20.0). This ratio of the modeled 

atmosphere-surface system is equal to Rapt = 2.25575. The sensitivity of each parameter is 

manifest by the perturbation in the ratio value resulting from a small change in each 

parameter. If 1\ is changed by +0.02, the ratio changes by -1.4% to Rapt = 2.22365. A 

change in the Junge size parameter from 3.0 to 3.2 results in a change in the ratio of +0.38% 

to Rapt = 2.26432. If the imaginary index of refraction is increased by 0.002 to 0.012, the 

ratio measurement will change by -0.57% to Rapt = 2.2428 and an increase in the optical 

depth of 0.01 results in a change in the ratio of +2.24% to Rapt = 2.30622. A change in the 

surface albedo of +0.02 and a change from a Lambertian to minus cosine BRF alter the ratio 

by -3.66% and -0.33% respectively. This specific ratio Rapt is identified as having the best 

sensitivity to 1\ (from equation 3.2) relative to the sensitivities of the other parameters (from 

equation 3.3). This measurement ratio is comprised of near zenith angles and is therefore not 

as sensitive to surface albedo or BRF uncertainties. By contrast, the optimally sensitive ratio, 

RaPt' for retrieval of real index for the same atmosphere but with nr=I.34 is the ratio 

12(8=70.0)/12(8=75.0). These near horizon measurements are very sensitive to changes in 

albedo and BRF as well as real index. If 1\ is changed by +0.02, the ratio changes by -3.73% 

from Rapt = 0.846593 to Rapt = 0.814992. A change in the surface albedo of +0.02 and a 

change form a Lambertian to minus cosine BRF alter the ratio by -3.41 % and -3.22%, 

respectively. Uncertainties in size parameter, imaginary index, and optical depth do not alter 

the ratio Rapt by more than 2.8%. 
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The standard set of guessed real index values for all the retrievals (input to figure 3.3) 

is 1\= 1.34, 1.39,1.44,1.49 and 1.54. For the guessed index of 1\= 1.34, the iterative routine 

converges to 1\= 1.3 84 after 48 iterations with the radius of convergence e= 10-6 and a total 

run time under 15 seconds on a 486 PC. The guessed real indices of 1.39, 1.44, 1.49 and 

1.54 converge to 1.384,1.480, 1.480, and 1.480, after 41, 49, 53, and 50 iterations, 

respectfully. The two distinct real index values (1.384 and 1.480) are tested as in section 3.3 

step 5 for consistency. The consistency error for real index 1\= 1. 3 84 IS 

e(nr=1.384)=0.08645, and the consistency error for real index nr=1.480 IS 

e(I\=1.480)=0.001499. The inversion routine returns 1\=1.480. As illustrated in Figure 

(3.2), the uncertainty in the retrieval of real index due to the uncertainty in the parameters 

as stated above from equations (3.3) and (3.4) is a" =0.06123. 
r 

The inversion for real index is applied to a modeled sky radiance for an atmosphere 

with an aerosol optical depth of 't A=O.l, Junge parameter ,,=3.0, solar zenith angle 80 =60°, 

and the full range of imaginary index OJ (0.00 to 0.020), and the full range of real aerosol 

index, nr (1.34 to 1.54). Without measurement noise or incorrect imaginary index, the 

inversion program converged 100% of the time and found the correct real index for 98% of 

the 55 real and imaginary index pairs, yielding a standard deviation of the retrieval of a" = 
r 

0.0004. The average uncertainty in the retrieval ofreal index resulting from the assumed 

parameter uncertainty specified in section 3.4, for all 55 combinations ofreal and imaginary 

index, was a" = 0.0567 with a standard deviation for the 55 combinations of ali = 0.0062. 
r ~ 
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On average, the retrieval of real index as limited by the uncertainties in the parameters, will 

yield a resultant index which differs from the true index by 0.0567. If the input data is 

degraded by a relative scaling factor of a 1 % increase in I, compared to 12, the inversion 

program does not converge 9.1% of the time and, of those that converge, the real index 

values differ from the actual value by more than then 0.02 only 2.0% of the time. Of the 

cases which do converge, the standard deviation of the retrieved value from the true value 

of real index is On = 0.00103 and the average uncertainty in the retrieval of real index 
r 

resulting from the assumed parameter uncertainty is very close to the previous result with 

On = 0.0534 with a standard deviation 00 = 0.00566. A similar set of simulations for 
r ~ 

corrupted input data where 12 was increased by 1 % compared to I, resulted in the inversion 

routine converging 89.0% of the time with 8.2% of the converged values of real index being 

more that 0.02 from the correct value. The average error in the retrieval is On =0.00154 
r 

and the uncertainty in the retrieval of real index resulting from the assumed parameter 

uncertainty is approximately an = 0.0606 with a standard deviation for the convergent 
r 

combinations 00 = 0.00746. 
~r 

The results ofinverting for real index with different solar zenith angles and accurate 

measurement data and known imaginary index are summarized in Table 5.4. Because of the 

structure of the library of data available to the inversion program, if the real index converges 

to within 0.02 of its true value in the absence of measurement noise (Le., the value of the 
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model atmosphere from which the radiance values are generated), the real index of the 

simulated sky radiance is retrieved exactly. However, outside the window of 0.02, the 

resulting real index can vary by 0.05 or more but is typically within 0.04 of its true value. 

Table 5.4 -Real index inversion results for uncorrupted measurements and known 
imaginary index, 1'=0.1, v=3.0 

SZA % Conv. I % !> 10.021 lan, I 
5 100 89.1 0.00189 0.0469 0.00584 

15 100 94.5 0.00156 0.0604 0.00594 

30 100 98.2 0.00037 0.0594 0.00508 

45 100 96.4 0.00056 0.0669 0.00621 

60 100 98.2 0.00040 0.0567 0.00621 

70 100 98.2 0.00128 0.0488 0.00648 

If the data are degraded by a plus or minus 1 % scaling error, the resultant inversion 

does not always converge, and when it does converge, it is less likely to converge to within 

the 0.02 window around the true real index value. Table 5.5 summarizes the results of the 

inversion for a 1 % scaling error by giving the percent of real index values which converge, 

the average index error, On, of those that converge, and the percent that do not converge , 

to within 0.02 of the true value (this does not includes those that do not converge). The real 

index uncertainties derived from the parameter uncertainties, an and ojj ,are not given , ., 

because the values given in Table 5.4 are representative of the values derived for any retrieval 

of real index. Inversions of data which is corrupted by 3% scaling of II relative to 12 have 
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somewhat worse results. The percent of those simulations which converge does not change 

appreciably, but the percent of those which converge to within 0.02 of the true value is 

reduced to an average of -60%, the worst retrieval being at 80=700 with only 14% of the 

converged samples resulting in real index values within 0.02 of the true value. 

Table 5.5 -Real index inversion results for corrupted measurements and known 
imaginary index, "&'=0.1, v=3.0 

+1% error in I, + 1 % error in 12 
SZA 

% Conv. all, %~ % Conv. all, %~ 

10.021 10.021 

5 90.1 0.00331 70.0 98.2 0.00551 68.5 

15 94.5 0.00612 59.6 94.5 0.00880 55.8 

30 90.9 0.00371 86 94.5 0.00670 65.4 

45 83.6 0.00136 95.7 92.7 0.00549 76.5 

60 90.9 0.00103 98 89.1 0.00154 91.8 

70 94.5 0.00415 82.7 92.7 0.00593 76.5 

If the estimate of the imaginary index is incorrect, then the model atmosphere 

provides data which is consistently inaccurate. Because a ratio value is used in the inversion 

and not an absolute radiance measurement, the effect of an incorrect imaginary index is 

mitigated. Several tests of the inversion routine were run to study the effect of an incorrect 

imaginary index which is different then the true index of the model atmosphere. The results 

of the inversion for real index when the imaginary index is greater than and less then the 

modeled atmosphere by 0.005 are summarized in Table 5.6. 



Table 5.6 -Real index inversion results for corrupted measurements and biased 
imaginary index, 't'=0.1, v=3.0 

True I1j = Assumed I1j + 0.005 True I1j ~ Assumed I1j - 0.005 
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SZA 
%~ % Conv. an, %~ % Conv. an, 

10.021 \0.02\ 

5 100 0.00189 89.1 100 0.00189 89.1 

15 100 0.00156 94.5 100 0.00156 94.5 

30 100 0.00034 98.2 100 0.00038 98.2 

45 100 0.00056 96.4 100 0.00056 96.4 

60 100 0.00040 98.2 100 0.00040 98.2 

70 100 0.00128 98.2 100 0.00128 98.2 

The final set of simulations on the retrieval of real index with all aerosol optical depth 

of 't'=0.1 include the effect of corrupted measurement data and biased input of imaginary 

index. Many possible combinations of corrupted data and inaccurate imaginary index have 

been computed but only two sets of retrievals are reported here. The results of retrieving 

real index with an input error in II of + 1 % and a positive bias in the estimate of imaginary 

index of 0.005 are summarized in Table 5.7. The results of other retrievals of real index with 

similar noise and bias are similar to those reported here. 

Returning to the specific case of an aerosol index ofn=1.48-0.01Oi, the inversion 

routine returns the accurate value of real index even when the input measurement data is 

corrupted or the assumptions about imaginary index are not accurate. Table 5.8 summarizes 

the results of inverting measurements of the example atmosphere for real index for a range 

of solar zenith angles and a range of corrupted inputs. The NC signifies that the inversion 
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routine did not converge. For this particular case, the ability of the routine to find the true 

value ofindex does not have a strong dependance upon the sun angle but it does show that 

at a solar zenith angle of 45° is not likely to converge. 

Table 5.7 -Real index inversion results for corrupted measurements and biased 
imaginary index, 1'=0.1, v=3.0 

SZA 

5 

15 

30 

45 

60 

70 

SZA 

5 

15 

30 

45 

60 

70 

+ 1 % II> True 1\ = Assumed 1\ + 0.005 +1% I), True 1\ = Assumed 1\ - 0.005 

% Conv. I on, %~ 10.021 %Conv. on, %~ 10.021 

90.9 0.00331 70.0 90.9 0.00331 70.0 

94.5 0.00612 59.6 94.5 0.00612 59.6 

90.9 0.00371 86.0 90.9 0.00371 86.0 

83.6 0.00137 95.6 83.6 0.00137 95.6 

90.9 0.00103 98.0 90.9 0.00125 96.0 

94.5 0.00415 82.7 94.5 0.00415 82.7 

Table 5.8 -Real index inversion results for example conditions with corrupted 
measurements and biased imaginary index, 1'=0.1, v=3.0, n=1.480-0.010i 

+1 % I) +1% 12 +3% I) +3% 12 +1% I) & +1% 12 & 
~ + 0.005 n· + 0.005 

1.480 1.480 1.480 1.480 1.480 1.480 

1.338 1.509 1.388 1.480 1.508 1.508 

1.480 1.480 1.480 1.480 1.480 1.480 

1.375 NC NC NC NC NC 

1.480 1.480 1.480 1.480 1.480 1.480 

1.462 1.489 1.425 1.508 1.489 1.489 
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The results of inverting for real index with an increased aerosol optical depth of 

't=0.3, v=2.0, a variety of solar zenith angles, accurate measurement data and known 

imaginary index are summarized in Table 5.9. Table 5.10 summarizes the results of the 

inversion for a 1 % scaling error by giving the percent of real index values which converge, 

the average index error a n of those that converge, and the percent that do not converge , 

to within 0.02 of the true value (again, this does not include those that do not converge). As 

in Table 5.5, an and OJ; are not given. Simulations ofinverting sky radiance with 't=0.3 , -, 

and a 3% scaling on l relative to 12 indicates a definite improvement in the ability to retrieve 

the real index under greater solar zenith angles. The results of3% scaling of the input data 

are summarized in Table 5.11. 

Table 5.9 -Real index inversion results for uncorrupted measurements and known 
imaginary index, 't=0.3, v=2.0 

SZA % Conv. I % ~ 10.021 Ian, I 
5 100 94.5 0.00097 0.0425 0.00477 

15 100 92.7 0.00170 0.0391 0.00390 

30 100 87.3 0.00241 0.0182 0.00486 

45 100 94.5 0.00217 0.0351 0.00476 

60 100 96.4 0.00103 0.0279 0.00374 

70 100 94.5 0.00125 0.0182 0.00259 



Table 5.10 -Real index inversion results for corrupted measurements and known 
imaginary index, '&"=0.3, \1=2.0 

+1% error in 1\ +1% error in 12 
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SZA 
% Cony. an, %~ 10.021 % Cony. an, %~ 10.021 

5 92.7 0.00297 88.2 92.7 0.00264 84.3 

15 98.2 0.00159 94.4 94.5 0.00192 92.3 

30 89.1 0.00682 65.3 94.5 0.00528 59.6 

45 94.5 0.00592 67.3 100 0.00463 56.4 

60 100 0.00155 94.5 100 0.00151 94.5 

70 100 0.00131 94.5 100 0.00126 94.5 

Table 5.11 -Real index inversion results for corrupted measurements and known 
imaginary index, '&"=0.3, \1=2.0 

+3% error in 1\ +3% error in 12 
SZA 

% Cony. an, %~ 10.021 % Cony. an, %~ 10.021 

5 80.0 0.00694 13.6 94.5 0.00535 9.6 

15 98.2 0.00334 72.2 92.7 0.00266 78.4 

30 87.3 0.00673 70.8 87.3 0.00578 62.5 

45 78.2 0.00656 58.1 98.2 0.00693 44.4 

60 98.2 0.00264 88.9 98.2 0.00215 88.9 

70 100 0.00134 92.7 100 0.00166 90.1 
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If the estimate of the imaginary index is incorrect, then the model atmosphere 

provides data which is consistently biased from the measured data. The results of the 

inversion for real index when the imaginary index is greater than and less then the modeled 

atmosphere by 0.005 are summarized in Table 5.11. 

These tests of the inversion and others show that the effect of inverting for real index 

with greater optical depth, or different size distributions does not markedly change the 

success of the retrieval. The best results are obtained for large solar zenith angle because the 

large scattering angles can be measured. Table 5.11 demonstrates this effect, indicating that 

not only does the accuracy of the retrieval improve, as can be seen from the RMS error, an , , 

and the percent that converge within 0.02 of the model value, but also the ability of the 

routine to converge improves for greater solar zenith angles. 

Table 5.12 -Real index inversion results for uncorrupted measurements and biased 
imaginary index, 't=0.3, v=2.0 

True ~ = Assumed 1\ + 0.005 True nj = Assumed ~ - 0.005 
SZA 

% Conv. an, %~ 10.02 1 % Conv. an, %~ 10.021 

5 100 0.00097 94.5 100 0.00097 94.5 

15 100 0.00170 92.7 100 0.00170 92.7 

30 100 0.00241 87.3 100 0.00241 87.3 

45 100 0.00217 94.5 100 0.00217 94.5 

60 100 0.00103 96.4 100 0.00103 96.4 

70 100 0.00125 94.5 100 0.00125 94.5 
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Section 5.3 Retrieval of Aerosol Imaginary Index 

The inversion for imaginary index is applied to the same modeled sky radiance used 

for the discussion in Section 5.2 with aerosol optical depths of 't' A=O.I and 't' A=0.3, Junge 

parameter values of v=3.0 and v=2.0, solar zenith angle 80=60°, and the fun range of 

imaginary index 1\ (0.000 to 0.020), and the full range of real aerosol index 1\ (1.34 to 1.54). 

Like the retrieval of real index, without measurement noise or incorrect imaginary index, the 

inversion program always converged, but was much less likely to find the correct model 

atmosphere imaginary index for any real and imaginary index pair. For v=3.0 and 't' A=O.I, 

the inversion routine converged for an samples, but only 32.7% of the retrieved values were 

within 0.005 of the true value of real index and the RMS error ofthe retrieval of imaginary 

index was on, =0.00721. Comparatively, the average uncertainty in the retrieval of 

imaginary index resulting from the assumed parameter uncertainties as described in section 

3.4 for all 55 combinations was small with an = 0.00363 and 00 = 0.000160. If the input , ~ 

data is degraded by a relative scaling factor of a 1 % increase in I J compared to 12, the 

inversion program still converges 100% of the time, but retrieves an imaginary index value 

within 0.005 of the true value 54.5% of the time. Of the cases which do converge, the 

average uncertainty in the retrieval of imaginary index resulting from the assumed parameter 

uncertainty is very close to the previous results with an = 0.00365 with a standard , 

deviation 00., = 0.000158. A similar set of simulations for corrupted input data with 

increased 12 by 1% compared to II> always converged, but with only 43.6% of the converged 
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values of imaginary index being within 0.005 of the correct model atmosphere values. The 

average uncertainty in the retrieval of imaginary index resulting from the assumed parameter 

uncertainty is all = 0.00371 with a standard deviation for the convergent combinations of 
/ 

ao = 0.000161. 
./ 

The results of inverting for imaginary index with different solar zenith angles and with 

accurate measurement data and real index known are summarized in Table 5.12. Again, 

because of the structure of the library of data available to the inversion program, if the 

imaginary index converges to within 0.005 of its true value (i.e., the value of the model 

atmosphere from which the radiance values are generated), the true imaginary index usually 

results. However, outside the window of 0.005, the resulting imaginary index varies 

significantly. For the set of simulations considered, a uniformly random choice of imaginary 

index within the range 0.Osl1;sO.020 would yield a 40% retrieval of imaginary index within 

0.005 of the true value. After reviewing Table 5.12, one concludes that this inversion for 

imaginary index does not work well under the conditions specified. (i.e., 1"=0.1). 

If the data is degraded by a plus or minus 1 % scaling error, the resultant inversion 

should be less likely to converge and, when it does converge, it should be less likely to 

converge to within the 0.005 window around the true imaginary index value. Table 5.13 

summarizes the results of the inversion for a 1 % scaling error by giving the percent of real 

and imaginary index values which converge, the average index error all/ of those that 

converge, and the percent that do not converge to within 0.005 of the true value (as before, 
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this does not includes those that do not converge). The surprising result of Table 5.13 that 

the retrieved imaginary index is more likely to converge to a value closer to the true value 

in the presence of measurement noise suggests that this retrieval method does not work well 

with the conditions specified (i.e., a relatively small aerosol optical depth). Changing the size 

distribution did not have a noticeable effect on these results. With a greater aerosol optical 

depth of 1:=0.3, the results of inverting for imaginary index improved from those result 

obtained from 1:=0.1, as seen from Table 5.14. However, the retrieval of imaginary index 

even with larger optical depth conditions does not provide results comparable to the retrieval 

of real index. Moreover, the effect of errors on the retrieval does not degrade the retrieval 

results but improves the results as seen from Table 5.15, which gives the inversion results for 

a relative scaling factor of 1 % increase in II compared to 12, and visa versa. Unlike the real 

index retrieval, the imaginary index retrieval does not change noticeably with 80 , 

Table 5.13 -Imaginary index inversion results for uncorrupted measurements and 
known real index 1:=0.1 v=3 0 , , 

SZA % Converge %~ 10.0051 a a/l, a-/I, a., 
5 100 32.7 0.00701 0.00405 0.00058 

15 100 25.4 0.00667 0.00578 0.00216 

30 100 43.6 0.00690 0.00345 0.00013 

45 100 30.9 0.00639 0.00430 0.00017 

60 100 32.7 0.00721 0.00363 0.00052 

70 100 29.1 0.00650 0.00424 0.00018 
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The success of the retrieval of imaginary index does depend on the absolute value of 

the imaginary index of the model atmosphere. Table 5.16 reports on the results of the 

inversion by regions of imaginary index for 1'=0.l, v=3.0. The mean, 1\, and standard 

deviation, 0"1' for retrieved values of 1\ for 11 different values of real index from 1.34 to 

1.54 at every 0.02, at each solar zenith angle and imaginary index value (1\= 0.000, 0.005, 

0.010,0.015,0.020) are given in Table 5.16. Table 5.17 shows the similar results of the 

inversion for imaginary index by region of imaginary index under higher optical depth 

conditions of 1'=0.3. The retrieval of imaginary index improves with increasing imaginary 

index and increasing optical depth, but it is not as successful as the retrieval of real index 

reported in the previous section. The average retrieved value of 1\ for most sets of retrievals 

show a trend of following the model atmosphere imaginary index but with a large standard 

deviation. One interesting result is that the absolute value of the standard deviation shows 

a general trend of decreasing with increasing values of true (and retrieved) imaginary index, 

specifically 80 =45° and 70°. 

Section 5.4 Summary of Retrieval Results 

The results of the retrieval of real refractive index demonstrate that this method of 

using a library of sky radiance values and comparing a principal plane scan to the library of 

ratio measurements is viable. The retrieval of the effective real index of refraction of 

atmospheric aerosols works well for all of the simulations of large solar zenith angles. 

However, the retrieval of the effective imaginary index of refraction does not yield accurate 
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Table 5.14 -Imaginary index inversion results for corrupted measurements and known 
real index, 1'=0 1 v=3.0 . , 

+1% error in I, +1% error in 12 
SZA 

% Conv. On, %~ % Conv. On, %~ 

10.0051 10.0051 

5 100 0.00685 56.4 100 0.00752 45.5 

15 100 0.00675 60.0 100 0.00532 80.0 

30 100 0.00831 50.1 100 0.00695 58.2 

45 100 0.00578 69.1 100 0.00671 54.5 

60 100 0.00750 54.5 100 0.00704 43.6 

70 100 0.00629 58.2 100 0.00690 49.1 

Table 5.15 -Imaginary index inversion results for uncorrupted measurements and 
known real index 1'=0.3 v=2 0 , , 

SZA % Converge %~ 10.0051 an, an, 0-
a~, 

5 100 47.3 0.00581 0.00316 0.00022 

15 100 49.1 0.00558 0.00423 0.00034 

30 100 54.5 0.00532 0.00143 0.00008 

45 100 60.0 0.00549 0.00359 0.00024 

60 100 49.1 0.00614 0.00159 0.00010 

70 100 49.1 0.00569 0.00130 0.00008 
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Table 5.16 -Imaginary index inversion results for corrupted measurements and known 
real index, t=O 3 v=2.0 . , 

+1% error in II +1% error in 12 
SZA 

% Conv. an, %~ %Conv. an, %~ 

10.0051 10.0051 

5 100 0.00528 54.5 100 0.00624 60.0 

15 100 0.00480 63.6 100 0.00463 67.3 

30 100 0.00549 74.5 100 0.00596 65.5 

45 100 0.00582 70.9 100 0.00555 54.5 

60 100 0.00583 60.0 100 0.00543 52.7 

70 100 0.00517 58.2 100 0.00504 58.2 

Table 5.17 -Average retrieved imaginary index and standard deviation calculated from 
11 different real indexes for each of five values of imaginary index with uncorrupted 

data and known real index, t=O.l, v=3.0 

I 
e, ~-.-----.--I1j±---,-an, --'---

0.000 0.005 0.010 0.015 0.020 

5 0.00853 ± 0.00868 ± 0.00796 ± 0.0104 ± 0.0133 ± 
0.00963 0.00606 0.00562 0.00583 0.00838 

15 0.00958 ± 0.01129 ± 0.01398 ± 0.01261 ± 0.01437 ± 
0.01046 0.00696 0.00492 0.00415 0.00636 

30 0.00654 ± 0.00614 ± 0.00645 ± 0.01246 ± 0.01051 ± 
0.00783 0.00520 0.00551 0.00390 0.01111 

45 0.00912 ± 0.00113 ± 0.01324 ± 0.01239 ± 0.01489 ± 
0.00998 0.00602 0.00511 0.00464 0.00611 

60 0.00869 ± 0.00862 ± 0.01078 ± 0.01029 ± 0.01320 ± 
0.00945 0.00589 0.00571 0.00681 0.00880 

70 0.00977 ± 0.00975 ± 0.01272 ± 0.01273 ± 0.01491 ± 
0.01067 0.00573 0.00552 0.003945 0.00595 
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Table 5.18 -Average retrieved imaginary index and standard deviation calculated from 
11 different real indexes for each of five values of imaginary index with uncorrupted 

data and known real index, 1'=0.3, v=2.0 

Ie, 11----r-----,.-I1j ±--y-0n
l ---r----f 

0.000 0.005 0.010 0.015 0.020 

5 0.00683 ± 0.00777 ± 0.01240 ± 0.01206 ± 0.01428 ± 
0.00782 0.00474 0.00532 0.00459 0.00698 

15 0.00613 ± 0.00876 ± 0.01432 ± 0.01212 ± 0.01399 ± 
0.00695 0.00544 0.00478 0.00460 0.00679 

30 0.00485 ± 0.01038 ± 0.01230 ± 0.01146 ± 0.01438 ± 
0.00532 0.00604 0.00515 0.00503 0.00604 

45 0.00568 ± 0.00763 ± 0.00823 ± 0.01286 ± 0.01349 ± 
0.00634 0.00429 0.00501 0.00433 0.00775 

60 0.00604 ± 0.01008 ± 0.01306 ± 0.01025 ± 0.01401 ± 
0.00731 0.00576 0.00635 0.00584 0.00653 

70 0.004706 ± 0.01051 ± 0.01265 ± 0.00908 ± 0.01401 ± 
0.00523 0.00596 0.00540 0.00651 0.00636 

results but, with high values of imaginary index, the inversion provides viable information. 

The real index contour maps of chapter III, and specifically Figures 4.10 and 4.11, 

foreshadow the results of Tables 5.1 and 5.2, because the greatest sensitivity to real index 

is found in the 1\ component between -300 and -1600 for all values of real index. This 

connection between the single scattering phase function and the sensitivity analysis to find 

the optimal measurements for a parameter is complicated by the presence of many other 

model parameters. The optimal measurement for a real index of 1.38 at 80 =70°, shown in 

Table 5.1, indicates that the most sensitive measurement ratio to real index is in ratio of 12 
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with a single scattering phase angle of ti>=131 ° to 11 with a phase angle of ti>=145°, which 

corresponds to a very sensitive point and an insensitive point in a valley region, respectively, 

on the contour maps of Figures 4.11 and 4 .12. Yet the optimal measurement ratio for a real 

index of 1.36 is that of 12 with a single scattering phase angle of ti>=22° to 11 with a phase 

angle of ti>=30°, which does not correspond well with the contour maps. This apparent 

inconsistency results from the relatively strong sensitivity of the phase function to the other 

model parameters considered in the inversion. The recommendation of Reagan et at. (1982), 

following Eiden's (1966) suggestion that polarization ratio is sensitive to real index, were also 

utilized. However, it was found that by adding an additional degree of freedom, that the 

ratio need not be of the same phase angle, provided a superior sensitivity and ultimately, 

" . supenor inversIon. 

The imaginary index has the greatest effect on the phase function in the backscatter 

region as can be clearly seen from the contour map of Figures 4.15 and 4.16. The sensitivity 

to the imaginary index is also heightened in the aureole region near ti>= 10°, but this sensitivity 

tappers off with increasing absorption, while the backscatter region remains very sensitive 

even for larger values of imaginary index. Because the inversion technique used here 

employed a ratio measurement (for reasons discussed earlier), the lack of features in the 

angular sensitivity to imaginary index outside the aureole and backscatter region is a 

hinderance. The optimal ratio measurement for 1\, for most of the parameter sets considered, 

is the ratio of 11 with a scattering phase angle near ti>=40°, to 12 with a phase angle of 

ti>=50°. As with the real index, this represents a sensitive radiance over a relatively 
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insensitive radiance, as can be seen from Figures 4.15 and 4.16. Unfortunately, the 

measurement geometry does not permit the backscattered phase angle to be measured. As 

anticipated by Reagan (1982) and Eiden (1966), the optimally sensitive measurement to 

recover imaginary index, when large scattering angles are available, is the polarization ratio. 

For 80=70° and the full assumed range of imaginary index, the optimal measurement ratio 

found by the sensitivity routine is the polarization ratio r, at a single scattering phase angle 

of 41=80° to rat 41= 145°. 

The imaginary index inversion technique presented here yields somewhat poorer yet 

similar values of uncertainty as that ofthe diffuse-direct method. On one measurement day 

for a wavelength of .6708 Ilm, King (1979) retrieved an imaginary index of 0.0074 with a 

standard deviation of 0.0051. This high standard deviation is similar to those found in the 

current work. AIl of the rest of the individual samples King reported resulted in imaginary 

index values greater than 0.020 with most greater than 0.030, and, therefore, out of range 

for comparison. The result of all of his samples yielded a standard deviation in the mean of 

an, = 27% of nl . King and Herman (1979) did not use theoretical computations to 

investigate the effect of random errors in the measurements. 

The ability of this inversion technique to retrieve both real and imaginary index from 

a single scan of polarized principal plane sky radiance measurements is limited by the retrieval 

of imaginary index. Even when the imaginary index is not known, the real index can still be 

recovered reliably. The real index retrieval provides a relatively simple and inexpensive way 

to recover the effective real index of refraction without in situ measurements. 
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CHAPTER VI 

CONCLUSIONS 

A new technique to retrieve both real and imaginary index of refraction of 

atmospheric aerosols has been proposed and tested. This technique uses polarized sky 

radiance measurements in the solar principal plane and a library of model sky radiance values 

resulting from the range of expected model parameters. The retrieval of real index worked 

well resulting in accurate retrievals even in the presence of measurement noise or inaccurate 

estimates ofimaginary index yielding on,.:5 0.01 and a parameter uncertainty an :5 0.03 for , 

large sun angles. The imaginary index retrieval did not work as well yielding oni :5 0.007 and 

a parameter uncertainty an, :5 0.006 with or without the modest measurement noise assumed 

or inaccurate ancillary parameter data. 

The inversion requires knowledge of the aerosol size distribution, Rayleigh optical 

depth, aerosol optical depth, surface albedo, and if available, surface BRF. The input to the 

inversion routine is a ratio of two sky radiance measurements selected from a sensitivity 

analysis included as part of the sky radiance library. As discussed in chapter III, the 

identification of the optimal radiance measurement ratio can be tailored to the capabilities of 

the measurement instruments available and any ancillary data. Because of the accuracy of 

the real index retrieval, implementing this inversion technique for real index with the diffuse-

direct method to retrieve imaginary index should yield accurate values for both the real and 
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imaginary index. Because the retrieval of real index is not sensitive to the imaginary index 

as demonstrated by Tables 5.6 and 5.11, the real index could be retrieved first using the 

current method followed by the diffuse-direct method to retrieve imaginary index. 

The use of contour maps to express the sensitivity of particle scattering to modeling 

parameters was demonstrated and proved to be of value because it foretold the optimal 

regions to measure to invert for real index. As the sensitivity to imaginary index is greatest 

in the backscatter region as seen from the contour maps of Figures 4.15 and 4.16, as well as 

from Reagan et al.( 1982), this approach should be extended with the spherical Gauss-Sidel 

radiative transfer code (Thome, 1990) to determine if measurements of sky radiance in the 

direction opposite the sun near dawn or dusk are sufficiently sensitive to retrieve imaginary 

index. Based on the sensitivity of near horizon sky radiance to surface BRF, this proposed 

future work must include realistic surface anisotropy. 

This work demonstrated that surface BRF has a dramatic effect on sky radiance, 

particularly near the horizon. The limb brightening of many natural surfaces as characterized 

in the minus cosine BRF model used in this work affects sky radiance in several ways which 

differ from the Lambert model of surface reflectance. Radiant energy reflected from the 

surface is more likely scattered into a large angle from zenith. This increases the average 

airmass a photon must pass thought to escape the earth-atmosphere system and, increases 

the likelihood that a particle scatted by an atmospheric aerosol will be scattered in a 

downward direction due to the large forward scattering probability of aerosols. The net 

effect is larger amounts radiant energy incident on the surface from angles near the horizon 
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than with a Lambertian surface. Conversely, less radiant energy is reflected at and near 

zenith resulting in less radiant energy reflected from the earth-atmosphere system, even when 

scattered by atmospheric aerosols, which is a less likely event due to the smaller airmass at 

zenith. The resultant change in sky radiance is seen from Figure 4.19, where the minus 

cosine BRF model results in a - 5% increase in sky radiance near the horizon, decreasing to 

a -2% increase at zenith. Antithetically, the plus cosine model decreases the sky radiance a 

maximum of -4% near the horizon to -2% at zenith. 

One area of future work which is suggested by the sensitivity to surface anisotropy 

IS correcting radiation measurements and simulations for the surface anisotropy. 

Alternatively, the sky radiance can be a source of surface albedo and surface anisotropic 

reflectance, particularly when aircraft or satellite measurements are not available and the 

effective surface characteristics are desired. 

This work has concentrated on up looking measurements of downwelling radiance 

to find information about atmospheric aerosols. The down-looking measurement of 

upwelling radiance is much more sensitive to BRF affects but still very sensitive to 

atmospheric aerosols. This analysis could be turned around to analysis the upwelling 

radiance in the future for analysis of satellite sensing instruments such as the proposed 

instrument MISR. 

The radiance ratio technique can also be used to check the size distribution assumed 

or solved from the cited inversion technique. Just as an optimally sensitive measurement 

ratio can be found for real and imaginary index, an optimally sensitive measurement ratio can 
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be determined for size distribution, optical depth, or surface characteristics. No additional 

measurements are needed beyond the principal plane scan, and the added computer resources 

are small, to check the assumed atmospheric-surface parameters against the optimal 

measurement ratio for each parameter. 
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