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ABSTRACT 

Solax radiometers, which axe used for remote sensing of atmospheric aerosols and 

absorbing gases, have traditionally been calibrated by the Langley method. Tempo

rally variable conditions, however, can significantly bias the zero-airmass intercepts 

obtained by this method. In this dissertation, a number of new signal processing tech

niques are developed to better characterize aerosol variability and use it to obtain 

improved intercepts under a broad range of conditions. The techniques include (1) an 

extension of Forgan's method, using correlation between optical depths at different 

wavelengths to model temporal variations; (2) spectral/fractal analysis and filtering 

to identify systematic atmospheric variations and distinguish them from noise; and 

(3) error correction using correlation between results from different data sets. These 

techniques, along with some preliminary adjustments and an algorithm for estimating 

ozone content, are incorporated into an iterative processing scheme that both cali

brates the instrument and provides improved estimates of each optically significant 

atmospheric constituent. Finally, the chciracterization of aerosol variability is fur

ther enhanced by analyzing data taken with a customized radiometer that measures 

diffuse skylight as well as direct sunlight. 
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CHAPTER 1 

Introduction 

1.1 Solar radiation and atmospheric optics 

The study of the eaxth's atmosphere, and in particulair its properties with respect 

to transmission of electromagnetic radiation, is an axea whose importance has become 

much more recogmzed in recent years, not only by the scientific conamunity but by 

the public at large and by government policymakers. The phrases "global warming" 

and "greenhouse effect" have become part of the public consciousness, even if they 

are usually misunderstood, sometimes exaggerated, and often disbelieved. Of course, 

some of the confusion is a result of the scientific illiteracy which prevails among Amer

icans. Undoubtably, though, another factor contributing to the misunderstanding of 

global climate change is the relatively high level of uncertainty in the quantitative 

predictions [1]. 

The ultimate purpose of the research described in this dissertation is to reduce 

this uncertainty, specifically by developing techniques that will lead to more accurate 

chajacterization of one of the least understood atmospheric components, namely the 

atmospheric aerosol. In order that the reader will gain some appreciation of where 
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this work fits into the "big picture," some basic physics is reviewed in this section, 

relating to electromagnetic (paxticulaxly solar and terrestrial thermcd) radiation and 

its interaction with matter (particularly the eaxth ajid its atmosphere). 

1.1.1 Radiometric and optical quantities used in the dissertation 

Because of the interdisciplinary nature of remote sensing and global change stud

ies, there is a great deal of inconsistency in the literature with regard to names of, 

definitions of, and symbols for, the various physical quantities involved. There is not 

even agreement on which quantities best describe the physical phenomena. Let us 

here define some radiometric quantities and establish symbology conventions to be 

used throughout the rest of the dissertation. 

All electromagnetic waves transmit energy from one point in space to another. 

The time rate at which they do so is usually referred to in this context as flux rather 

than power, measured in watts (W) and represented by the symbol $. A more 

useful quantity is flux density, the total amount of flux crossing (or emerging from or 

incident on) a hypothetical surface, of unit area normedly. Flux density is measured 

in W/m^, suggesting correctly that it is equivalent to the magnitude of the Poynting 

vector of classical electromagnetic theory, given by 

S  =  E x H  ( 1 . 1 )  
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where E is the wave's electric field in V/m and H is its magnetic field in A/m. 

Flux density can generally be symbolized as F, but two special cases have alternate 

symbols. The flux density radiated by a surface is known as emittance and may be 

represented by M, while the flux density incident on a surface is called irradiance 

and often denoted as E. 

To more generally describe a field of radiation, we need a quantity which accounts 

for the angular distribution of flux as well as its density. This quantity is called 

radiance {L) or brightness (B) and has dimensions of W/m^-sr. Radiance is the 

amount of flux per unit axea crossing a surface normally, from a given direction, per 

unit solid angle. Symbolically, this quantity is described by 

^ cose dAd^[9,(f>) 

where 9 and <i> describe a direction in the usual spherical coordinates (0 is polar angle, 

d is azimuth angle), dA is a differential element of area (equal to dx dy in rectangular 

coordinates), and dQ is a differential element of solid angle (equal to s'm9ddd(f> in 

spherical coordinates). The extra factor of cos^ extracts that component of the 

radiation which is normal to the surface. 

The above "derivative" is to be interpreted in the sense that any continuous "point 

function" (such eis L) can be considered the derivative of some "set function" (such 

as $) [2]. In strict mathematical language, $ is a differential 4-form, a functional 
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whose domain is the collection of all compact sets in the 4-dimensional space 

where L is the corresponding function which defines this functional. To put it in 

terms more familiar to most engineers, L is similar to a density function, such as a 

power spectral density or a probabihty density. It describes in differential form how 

a quantity (flux in this case) is distributed, but ajiy physical measurement of that 

quantity implicitly involves integration over a finite region of its domain. 

The irradiance incident on a surface from an extended source caxi be found by 

integrating L over the solid angle subtended by the source as seen from the receiver. 

The resulting E can then be integrated over the receiver area to find total flux. 

(Equivalently, one can find total flux by integrating L over the area of the source ajid 

over the solid angle subtended by the receiver cis seen from the source.) A source with 

L constant for all directions is known as a Lambertian source. Note that although 

the solid angle of a hemisphere is 27r steradians, the irradiance on a surface from 

a hemispheric Lambertian source (such as the sky) of radiance L does not satisfy 

E = 2irL. This can be seen by performing the integration in spherical coordinates: 

E (1.3) 

IT 

(1,4) 

(1.5) 
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r 1 1 ^=2 
2-kL --cos20 

L 4 6=0 
(1.6) 

- 1] (1.7) 

IRL.  (1.8) 

A related radiometric quajitity, which we will not use other than conceptually, is 

intensity (/), which describes the flux per solid angle emitted by a source which is 

smaJl enough, from the observer's point of view, to be considered a point source. The 

units of intensity are W/sr. 

Each quantity defined in this section {^,F^M,E,L,B,I) really refers to aji 

amount of radiation integrated across some range of wavelengths or frequencies. Thus 

all these quantities are set functions whose domain is the set of intervals in R"^. The 

underlying point functions which are these quantities' derivatives with respect to 

wavelength (A) or frequency {u) axe denoted with a A or subscript on the symbols, 

and called the spectral or monochromatic forms of these quantities. In practice, spec

tral quantities are approximated by quasi-monochromatic measurements taken over a 

narrow bandwidth. In this dissertation, we will only work with wavelengths, never fre

quencies, of radiation, and we will reserve the use of A subscripts for truly monochro

matic quantities. The wavelength dependence of quasi-monochromatic quantities will 

instead by represented by A arguments (in parentheses). 
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1.1.2 The global radiation balance 

Planck's blackbody radiation law [3] states that all objects whose temperature 

exceeds absolute zero emit electromagnetic radiation, with a spectral radiance given 

where A is wavelength, T is absolute temperature, h is Planck's constant, c is the 

speed of light, and K is Boltzmann's constant. It can be derived from (1.9) that the 

wavelength at which a blackbody emits its maximum radiation (per unit wavelength) 

is inversely proportional to T, and that its total radiance 

is proportional to T^. 

Virtually all of the energy that enters the earth/atmosphere system comes in 

the form of electromagnetic radiation from the sun. Figure 1.1, adapted from [3], 

shows the approximate spectrum of sunlight incident on the eaxth. The top curve 

is the spectral irradiance at the top of the atmosphere, with the earth at its mean 

distance {Rq) from the sun. Recall that E\ in this case equals Lx integrated over 

the solid angle subtended by the sun, approximately 6.8 x 10~® steradians. The 

shape of this curve roughly agrees with the Planck function Bx{T) for T = 6000 K, 

the effective temperature of the sun's photosphere. The bottom curve shows what 

by 

X ^ ^ e f ^ c / K X T  _ 1) (1.9) 

(1.10) 
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Figure 1.1: Approximate solar spectral irradiaxice. 

typically reaches the surface of the earth in the absence of clouds, and the middle 

curve will be explained a few pages from now. 

Figure 1.2, also taken from [3], is the approximate spectrum of radiation emitted 

to space by the earth and its atmosphere. Note that the horizontal axis is labeled 

with wavenumber k, which relates to wavelength and frequency by 

k = 1/A 

= i//c 

(1 .11)  

(1.12) 
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where c is the speed of light. Also shown axe Planck curves for a number of tempera

tures, which suggest that the earth emits as a blackbody between 275 K and 300 K. 

The regions of reduced radiance axe due to absorption by the indicated atmospheric 

gases, to be discussed later in this section. Under conditions of thermodynamic equi-

libriimi, the total flux leaving the earth must equal the total flux received by the 

earth, i.e., 

^(emitted) _ ^(received) 

or, expanding both sides, 

f f[ [f cos 6 dO, dA dX = f ff cosO dAdX. (1-14) 
Jo JJ{AITRD JJ{2T) JO JJ(2NRL) 

On the left side of (1.14), the double integration over area is over a sphere of radius 

i2e, just outside the atmosphere, and the double integration over solid angle is over 

a downward looking hemisphere, to get the contribution from all parts of the earth. 

On the right side, the double integration over area includes only the half of earth 

which is illuminated. On both sides, the cosine factor extracts the component of the 

radiation which is entering or leaving the sphere normally. If < $(rec"ved)^ 

the net flux absorbed by the eaxth will cause its temperature to increase, and thus 

^(enutted) increase, until (1.13) is satisfied. 

The difference between the top and bottom curves in Figure 1.1, and between the 

emitted curve and a blackbody curve in Figure 1.2, is due to atmospheric attenuation, 

or extinction. Extinction in the clear air occurs primairily from four physical processes: 
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1. Rayleigh scattering by "air molecules" (nitrogen, oxygen, etc.); 

2. Absorption by gases such jis ozone and water vapor; 

3. Scattering by aerosol paxticles; 

4. Absorption by aerosol particles. 

These processes will be discussed in the next several paragraphs. 

Scattering occurs when an object changes the direction of a wave (or photon) of 

radiation without absorbing any of it. In particular, Rayleigh scattering refers to scat

tering by particles of effective radius r <C A. At the optical wavelengths with which 

we are concerned, it is primeirily individual molecules that can be well-chaxacterized 

as Rayleigh scatterers, although the very smallest aerosol paxticles (so-called Aitken 

condensation nuclei) may also fall in this category [4]. Rayleigh scattering arises 

from oscillation of an induced electric dipole in the scatterer. The most important 

aspects of Rayleigh scattering for our purposes are its dependence on barometric pres

sure, temperature,^ and wavelength. A fortunate resiilt of these dependencies is that 

for any given A, Rayleigh scattering is completely determinable from local weather 

conditions. (See Section 2.3.) Another consequence of the strong A-dependence (ap

proximately A"', but see Chapter 3 for more details) is that Rayleigh scattering is 

'The scattering chaxacteristics on a unit volume basis depend on temperature, but when we talk 
about optical depth, this dependence cancels out with density. 
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the domineint extinction process at short optical wavelengths, and spectral charac

teristics must be discerned quite accurately at those wavelengths if large errors are 

to be avoided. (See Section 2.6.) Incidentally, the strong A-dependence, together 

with the spectral distribution of sunlight (Figure 1.1), accounts for the blueness of 

the daytime sky and the redness of a setting sun [3, 4]. 

Absorption by gases is a quantum effect, the result of the discrete allowable shifts 

in molecular energy level that are unique to a given chemical species. Gaseous absorp

tion is represented in Figure 1.1 by the area between the bottom and middle curves. 

It also accounts for most of the extinction seen in Figure 1.2. The true absorption 

spectra are vastly more detailed than can be shown on such coarse plots. The most 

significant absorbing gases in the region of solar radiation are ozone (O3) and water 

vapor (H2O), with lesser contributions from nitrogen dioxide (NO2), molecular and 

atomic oxygen (O2 and 0), and caxbon dioxide (CO2). In the region of terrestrial 

emission, the principzd absorbers are carbon dioxide, water vapor, and ozone, and 

lesser ones include methane (CH4), nitrous oxide (N2O), and certain chlorofluorocar-

bons (CFC's). The fact that these gases absorb outgoing radiation and return some 

of it back to earth by reradiating isotropically at other wavelengths is referred to as 

the "greenhouse effect." 

Discussions of global climate change in the popular press usually focus on the 

role of CO2 as a greenhouse gas. Clearly, from Figures 1.1 and 1.2, absorption by 
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CO2 plays a major role in the extinction of terrestrial infraxed radiation, while it 

is virtually transparent to solar wavelengths. Thus, when human activities (such 

as burning of fossil fuels and destruction of rainforests) increase the atmosphere's 

concentration of CO2, is reduced; hence, the earth's average temperature 

rises until equilibrium is re-established. 

The above explanation is over-simplistic because CO2 is not the only radiatively 

significant substance whose concentration is affected by human activities. Certainly 

methane, nitrous oxide, and the CFC's axe also anthropogenically affected greenhouse 

gases, albeit with smaller impacts than CO2. And ozone plays a complex role in the 

radiation budget, since it absorbs significantly in both bands, and because human ac

tivity may simultaneously increase its concentration in the troposphere and decrease 

its concentration in the stratosphere. 

A bigger uncertainty is the effect of water. In vapor form, H2O absorbs at many 

wavelengths in the solar and terrestrial spectra, making it perhaps the most impor

tant greenhouse gas of aJl. Furthermore, appropriate conditions maJce water vapor 

condense into liquid droplets and/or ice crystals, which profoundly affect optical ra

diative transfer in the familiar form of clouds and precipitation. The water cycle's 

sensitivity to anthropogenic effects, its coupling to other atmospheric constituents, 

its temperature dependence, and the role of clouds as a positive or negative feedback 

mechanism, have been subjects of extensive study by many researchers in recent years 
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[5, 6]. It is, however, beyond the scope of this dissertation, in which we primarily 

deal with the other very uncertain agent of atmospheric extinction: aerosols. 

1.1.3 Aerosols and their role in radiative transfer 

The word "aerosols" refers to all the various particles of solid and liquid matter 

which axe suspended in the atmosphere. Because of their small size, aerosols play 

a role in radiative transfer mainly at optical wavelengths [4], where they reduce the 

amount of sunlight reaching the earth through scattering and, to a lesser extent, 

absorption. They are, however, quite transparent to the earth's emitted infrared 

radiation, with the exception of a small amount of absorption in the so-called "atmo

spheric window" at wavelengths around 10 /^m. The two processes of scattering and 

absorption are usually treated together by writing the aerosols' index of refraction as 

a complex number. The imaginary part n,- is usually much smaller than the real part 

Tir, but this is not true for certain types of aerosols, particularly the highly absorbing 

carbon-based particles in smoke [7, 8, 9, 10, 11]. 

It is believed that the net effect of aerosols on the global radiative balance is a 

cooling one [12], due to both the extinction of incoming solar radiation (a reverse 

greenhouse effect) and to the role aerosols play in the formation of clouds. Many of 

the human activities that increase greenhouse gas concentrations also increase aerosol 

concentrations, which suggests a mitigating effect on global warming. But the size 



26 

of this effect, if it indeed exists, is undetermined, as is its geographic and temporal 

variation [7, 13]. 

Aerosols are produced from many sources, including [7, 14]: 

• Soil particles removed from the earth's crust by wind 

• Condensation of atmospheric gases such cis SO2 into liquid or solid particles 

• Volcanic ash (very prominent after major eruptions such as El Chichon or 

Pinatubo [15, 16]) 

• Sea salt released by evaporation 

• Soot from burning of biomass and fossil fuels 

They axe also removed from the atmosphere by various means, the most common 

being washout by rain [14]. As a consequence of the physics of the processes by 

which aerosols are created and destroyed, the most common size range for suspended 

particles is 0.01 to 1.0 fim. While liquid droplets axe likely to be nearly spherical, the 

shapes of solid particles may be extremely irregular, so these "sizes" can be regarded 

as effective radii. 

Because aerosol particles are typically too large, relative to optical wavelengths, 

to be treated as Rayleigh scatterers, the more general theory of Mie scattering must 

be invoked to calculate the scattering and absorption properties of aerosols. Partial 

derivations of Mie theory can be found in [3, 17], the most complete of these being 
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the one in [17]. For a single spherical particle of radius r and complex refractive 

index n, Mie theory tells us its extinction cross-section CTCXH which is the area of a 

disk which would block as much flux as the particle removes from a beam of incident 

light. The ratio of (Text to the particle's physical cross-sectional area {irr^) is known 

as the extinction efficiency Qext- Mie theory also gives the angular distribution of 

the scattered radiation, known as the phase function P\{cosd), or in order to fully 

describe not just intensity but also polarization, a 4 x 4 phase matrix that relates the 

four Stokes parameters of the incident and scattered light [3, 4, 18]. 

Any volume of real air will contain particles of many different sizes, shapes, chem

ical compositions, and refractive indices, all in motion, with complex interactions and 

multiple scatterings among them. Obviously, calculation of aerosol optical properties 

by direct application of Mie theory is hopeless. Instead, optical properties must be 

inferred from indirect measurements. These optical properties can in turn be ma

nipulated to give estimates of aerosol physical parameters such as size distribution 

ajid effective refractive index. We now describe the optical quantities that can be 

indirectly measured for a volume of aerosols; the next section will maJce it clear how 

to find them. 

Let Fa(^, <t>) be the spectral flux density, or irradiance, passing through some point 

in the atmosphere in the direction specified by the angles 6 and 4>. As this beam of 

radiation traverses a path of differential length ds, its irradiance changes according 
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to the Equation of Radiative Transfer [3], 

dFx{6,(t>) = + OahsTrBxiT) + Qscat«/A(0, (1-15) 

where B \ { T )  is the Plajick function defined in (1.9) and represents thermal emission 

by the air itself, and J\{6, <t>) is the amount of radiation scattered into the (0,0) 

direction from all other directions. The factor of tt in the thermal emission term 

arises from the integration of the normal component of the Planck function over a 

full hemisphere of directions (c/. Equations 1.3-1.8). The coefficients of the three 

terms are, respectively, the extinction coefficient, the absorption coefficient, and the 

scattering coefficient; they are related by the equation 

Q^ext — O'abs "f" ^scat- (^*1®) 

Each of these coefficients represents a total cross-sectional area, per unit volume, 

for the process indicated in the subscript. Being an axea per volume, each a has 

dimensions of m~^ If a region had a constant density of p scatterers per unit volume, 

and each scatterer were identical with cross-section cTcxt, we would have aext = /'O'ext = 

pTT^Qcxt- In a real dispersion, this product must be summed or integrated over all 

possible radii eind refractive indices to get an effective oc^xt-

Integrating the extinction coefficient through a vertical column of atmosphere 

gives the dimensionless quantity known as optical depth or optical thickness. A partial 
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optical depth can be defined for any altitude ZQ: 

T p{ X , Z o ) = f  Qext(A, 2) (/z. (1.17) 
J z o  

Throughout this work we taJce ZQ to be ground level and deal with the total columnar 

optical depth: 

T(A) = /" a^^t{X,z)dz. (1.18) 
^0 

Optical depth, like the other quantities discussed in the last few paragraphs, can be 

broken up to reflect the three sources of attenuation, namely, Rayleigh scattering 

(r/j), gaseous absorption (r^), and aerosol scattering and absorption (ra), so that 

t(A) = Tfl(A)+T5(A) + ra(A) (1.19) 

in which 

T3 (A) = [ aa.hs{X,z)dz (1.20) 
Jo 

and 

Tfl(A) +Ta(A) = / ascat(A,z)dz. (1.21) 
Jo 

1.2 Solar radiometry 

A solar spectral radiometer, also referred to as a spectral sunphotometer, is an 

instrument that measures the irradiance of direct sunlight at a variety of wavelengths. 

(For convenience, the "spectral" qualifier will often be omitted hereafter, with the 

understanding that all measurements depend on wavelength.) The sun's output does 
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not change appreciably on the time scales with which we are concerned, so it can be 

considered a constant source (see Section 2.9). Thus, a solar radiometer operating 

at the eajth's surface indirectly measures the atmospheric attenuation at each of its 

wavelengths. 

The flux density seen by a ground-based solar radiometer can be found as a so

lution to the Equation of Radiative Transfer (1.15). Temperatures of eaxth's atmo

sphere rajige between 180 and 300 K (with the exception of the upper thermosphere, 

which caji get as hot as 2000 K but is too thin to have any noticeable effect on ra

diation sensed at the surface [3]). At such temperatures the thermal radiation peaks 

at wavelengths of 10 microns and longer, ajid is completely negligible in the optical 

regime. Hence, we can ignore the B term in (1.15). Furthermore, the J term (scat

tering from other directions) is negligible as long as we do not take measurements 

through thin clouds or extremely dirty air. Previous studies [19, 20, 21, 22] have 

indicated that for optical depths less than 0.5 and solar zenith angles less than 80°, 

the ratio of diffuse to direct light coming from within the solid angle subtended by 

the sun is smaller than 0.1%, although further calculation may be required for larger 

fields of view (Sections 2.4 and 9.1). 

Rearranging factors, we are left with the very simple differential equation 

dFx[e,4>) 

Fx{e,ci>) 
= —a^yiids. (^•22) 
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This equation can be solved by direct integration. Let us maJce the substitution 

dz = cos 6 ds (1.23) 

where 9 is the solar zenith angle, since optical depth is defined in terms of a vertical 

path. This substitution is only accurate for a horizontaily homogeneous atmosphere 

over a flat planet. The assumption of horizontal homogeneity is obeyed well enough in 

our application, but the spherical geometry of eaxth creates a significant discrepancy 

from this relationship for 9 > 60°. For now, we will continue the derivation using 

(1.23) and introduce a correction factor at the end. 

We now have 

^^77^ = ~^«xt(A,z)sec6<iz (1.24) 
•rA(f, 

which can be integrated from z = 0 to z = oo to give 

lni^A(^, <?i) — C* = —r(A)sec^ (1-25) 

where C is some constant. The boundary condition that rp(A,oo) = 0 {i.e., there is 

no attenuation at the top of the atmosphere) leads to 

C = ln [t) (1.26) 

where Fq^\{6, 4>) is the solar irradiance at the top of the atmosphere at the mean 

earth-sun distance ilo, and Rj is the eaxth-sun distance on day j (the day on which 

measurements axe being made). Let us now account for the spherical geometry of 
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the eaxth and replace the sec9 factor in (1.25) by m(0), a quantity known as airmass 

which expressess the true optical path length as a multiple of the path length that 

would be traversed if the sun were at its zenith point. Various methods have been 

developed to calculate m(0), taking into account not only spherical geometry but 

also refraction by the various layers of the atmosphere [23]. Our processing program 

uses Kasten's empiricai formula [24], which approximates airmass as 

m ( 6 )  = [cos0 + 0.15(93.885 (1.27) 

with 6 in degrees, and then makes a correction for refraction [20]. Making this change 

and substituting (1.26) into (1.25), we get 

lni^A(^, ?^) = In — m(^)r(A) (1.28) 

F\{0,(i>) = Fo,A(0,<?i) exp [-m(5)r(A)] (1.29) 

which is often referred to as Beer's law or the Bouguer-Lambert law [19, 20]. 

Assuming that the radiometer is a linear system and has constant gain, we can 

rewrite (1.29) in terms of radiometer output voltage: 

yo(A.) exp[-m(f)T(A.-,0] (1-30) 

= exp[-m(f)T-(A.-,f)] (1.31) 

l n V ( A i , < )  =  \ n V Q j { X i ) - m { t )T{ X i , t ) .  (1.32) 

We have made some notational changes in these equations, which will be retained 

throughout the sequel. Wavelength will henceforth be an argxmient rather than a 
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subscript; this change is more than notational, in the sense that F is a "spectral 

density"-type function but V is a physical measurement, implicitly integrated over 

some fixed narrow band of wavelengths. Furthermore, the discrete nature of those 

measurements is emphasized by making wavelength an indexed variable A,-. Depen

dence of F and m on the angles 6 and <i> has been replaced by a time dependence, 

since the only direction of interest now is that from which direct sunlight comes, and 

its coordinates axe completely determined from the time and one's position on the 

earth.^ We will explicitly show f as an argtmient of most time-dependent quantities 

from now on. Finally, for convenience, the squared-distance factor has been absorbed 

into Vq, giving a non-normalized zero-atmosphere pseudo-measurement for each 

day j. 

When Vo(A,) is known, instantaneous optical depths can be found from 

The process of determining Vo(A,) for each wavelength is referred to as "calibrating" 

the radiometer. Much of the work in this dissertation was motivated by a desire to 

improve upon the traditional method of calibration, which is described in Section 

1.2.2. First though, we briefly describe the type of instrument which gathered ail the 

data in this dissertation. 

^Airmass Jilso exhibits a very slight dependence on atmospheric temperature, which will be 
discussed in Section 2.3. 
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1.2.1 The University of Arizona 10-channel autotracking radiometer 

The Atmospheric Remote Sensing Laboratory (ARSL) of the Electrical and Com

puter Engineering Department at the University of Arizona has been involved in 

solar radiometry since 1970. A variety of radiometers have been built and operated 

by this laboratory, the current model being an automated sun-tracking 10-channel 

instnmient. Between 1992 and 1998, the ARSL has manufactured approximately 20 

of these instruments, providing them to remote sensing research groups at various 

institutions, including the National Aeronautics and Space Administration (NASA), 

the National Oceanic ajid Atmospheric Administration (NOAA), the Optical Sci

ences Department here at the University of Arizona, the United States Department 

of Agriculture (USDA), and a number of other universities. Some instruments, of 

course, have been retained by ARSL as platforms on which to experiment with new 

techniques such as those described in this dissertation. ARSL has also operated the 

instruments in support of various field projects, notably the Lidar In-Space Technol

ogy Experiment (LITE) shuttle mission in 1994 [25, 26, 27] and the second North 

Atleintic Regional Aerosol Characterisation Experiment (ACE-2) in 1997 [28]. 

The design of the automated sun-tracking radiometer, also called an "autotracker" 

for short, is detciiled in [21, 29]. We only mention here some of its pertinent design 

features which make it well-suited for the type of work undertaken herein. The 

nominal center wavelengths of the 10 standard channels are listed in Table 1.1. Each 
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Channel Wavelength Optical Measurable 
number (nm) region absorbing gases 

1 380 UV NO2 
2 400 near-UV NO2 
3 440 violet O3, NO2 
4 520 green O3, NO2 
5 610 reddish-orange O3 
6 670 red O3 
7 780 near-IR O3 
8 870 IR O3 
9 940 IR H2O 

10 1030 IR none 

Table 1.1: Center wavelengths of standaxd radiometer channels. 

of these "channels" consists of a telescope tube (containing no optical components, 

but simply a geometric configuration to limit the field-of-view), an optical interference 

filter to pass only the desired wavelength of radiation with a passband about 10 nm 

wide, and a silicon photodiode detector with an operational amplifier (op amp) built 

onto it, configured as a transimpedance amplifier to convert the diode current to a 

voltage. The signals from the 10 channels are all multiplexed onto one analog line 

which feeds into a 16-bit analog-to-digital (A/D) converter. The digitized readings 

from the A/D are stored in a 32-kilobyte nonvolatile RAM, which is large enough 

to contain data from 1310 measurement intervals. (The data set from each interval 

includes not only the 10 channel readings but also the time and the temperature of 

the photodetectors.) 
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The process of collecting data is controlled by a microprocessor, which allows 

measurements to be taken at precisely timed intervals, the length of which are pro

grammed by the user, between a minimum of 10 seconds and a maximum of 15 

minutes. At each preset time, the radiometer aligns itself on the sun and then mea

sures all 10 of the channels virtually simultaneously, which in this context means 

within about 100 milliseconds. The aligimient of the instrument with the sun is also 

done through the microprocessor, using a 4-quadrant photodetector and a pair of 

stepper motors. A narrow shaft of sunlight shining through a pinhole falls upon the 

quadrant detector, which is read through the same multiplexer and A/D converter 

as the other detectors. Control pulses are sent to the two stepper motors to move 

them until equal readings are obtained from all four quadrants. 

The features mentioned above allow the radiometer to operate unattended for 

hours at a time. Their attractiveness, however, stems not only from convenience of 

operation, but also from the fact that many uncertainties associated with earlier, 

manually operated sunphotometers have been eliminated. The same precisely calcu

lated airmasses can be applied to every channel. The same part of each filter and 

detector is illuminated for every measurement. Regular time intervals allow the kind 

of spectral analysis we undertake in Chapter 5. In short, the techniques described in 

this dissertation are only made effective by having an automated instrument such as 

the one just described. 
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FinaJly, it should be explained that because of the 16-bit digitization of mea

surements, the "voltages" to which we refer throughout the dissertation (i.e., the 

radiometer outputs) are not truly voltages but digital counts. Their numerical values 

hold no actual significance but axe merely proportional to the incident flux or irradi-

ance. The largest measurable value is 2^® — 1, or 65,535, although Vo(A,) may be set 

higher than that for some i, since the instruments axe never actually operated at the 

top of the atmosphere. 

1.2.2 The Langley method of calibration 

Traditionally, calibration of solar radiometers has been done by the "Langley plot" 

method [19]. Data axe recorded during a cloudless period of 2 to 3 hours in the early 

morning or the late afternoon. The time period is selected such that sunlight is 

measured through a considerable range of airmasses, for example 1.5 < m{t) < 6.5. 

The logarithms of the measurements axe then graphed as a function of m{t). These 

points should be colinear, according to (1.32), if T(A) remains constant over time and 

there is no error in the measurements. The negative slope of a linear fit to the data 

points provides an estimate of the average optical depth r(A) during the period of 

measurement. The point at which the line intercepts the vertical axis represents the 

logarithm of the zero-airmass reading. 

Graphically, the instantaneous optical depths r(A,-,i) on a Langley plot can be 

visualized as the slopes of line segments drawn from the intercept to each data point. 
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In the data-processing program used at the University of Arizona, the statistically 

best line to fit to the data points is determined by the method of [30], which mini

mizes the total squaxed deviation of the r(A,-, t) from a constant value, rather than 

minimizing total squared deviation of In V(A,-, t) from linearity. The advantage of this 

fitting method is that all data points exert equal influence on the estimate, whereas 

the other method weights the data at large airmasses too heavily. 

If temporal variations of the apparent T(A,-, t) are due to zero-mean white measure

ment noise, they should average out in the line-fitting procedure, and the calculated 

V^j(A) will still be valid. Systematic variations, however, reflecting actual atmo

spheric changes during the measurement period, can yield inaccurate zero-airmass 

intercepts. In fact, a particular form of systematic variation (r(A,-,f) inversely pro

portional to m(i)) can even produce a Langley plot that appears straight but pro

duces an arbitrary intercept and the illusion of constant optical depth [31]. A number 

of other slowly varying temporal patterns in r(A,-,i) can also cause quite erroneous 

intercepts [32], 

To minimize these inaccuracies, calibration measurements are preferably made at 

clean, high-altitude sites. At a site such as Mount Lemmon, Arizona, the instrument 

sits above the highest elevation reached by the atmospheric mixing layer on all but the 

hottest summer days. Thus the diurnal rise and fall of urban pollution from Tucson 

does not appear as a temporal variation in r because it never enters the optical path 
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above Mt. Lemmon. Furthermore, the cleaner air at high altitudes means a less 

steep slope to the Langley plot, so that errors do not have as large an effect on the 

estimated V^j(A). 

Logistically, however, it is not feasible to make all calibration runs on mountain-

tops. Furthermore, even intercepts resulting from high-aititude Langley plots do not 

agree with each other perfectly. Sometimes they do not even agree within the sta

tistical uncertainty of the straight-line fit. The approach that has traditionally been 

used to reconcile these disparities is to simply average the intercepts from a number 

of days of Langley plots, particularly using days that appear to be "good" for cal

ibration, where "good" is defined somewhat subjectively. Some of the criteria that 

have been examined [33] to estimate the quality of a data set are as follows: 

• Langley plots should visually appear relatively straight 

• Total optical depth at the longest wavelength (1030 nm) should be < 0.003 

• Statistical uncertainties of optical depths found by straight-line fits should be 

< 0.001 for all wavelengths 

• Estimated V^j(A) should not be further than 2 standard deviations away from 

the mean of the Voj(A) estimates from all days 

• Absolute values of "residual" optical depths at 870 nm should not exceed 0.002, 

nor exhibit any visually discernible deterministic trend 
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Analysis of the results of this method of calibration caji be found in [33, 34]. It is 

important to recognize, as demonstrated in these references, that the "uncertainty" 

in VQ (standard deviation of the data from the straight-line fit) calculated in the 

Langley procedure does not provide a reliable indication of the actual error in VQ. 

1.3 Goals of this research 

The goals of this research fall into three general categories: improved calibration 

of multichannel solar radiometers, more accurate retrieval of aerosol optical depths 

and related properties, and better characterization of the temporal variations of at

mospheric aerosols. 

We aim to improve the calibration process in three ways: reducing the amount of 

subjectivity involved, broadening the class of days which are useful for calibration, 

axid reducing the variation between intercept estimates from different days, thus 

increasing the level of confidence in those estimates. Accomplishing these calibration 

goals gets us most of the way toward meeting the retrieval goals as well, by simply 

substituting a better VQ into (1.33). In the area of variability chaxacterization, some 

of this is done as an intermediate step in the new calibration process, but further 

techniques for such characterization will be discussed, with mention made of their 

potential usefulness in large-scale atmospheric monitoring programs. 
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Another goal of this dissertation is to gather in a single document a description of 

all the data processing steps involved in solar radiometry as practiced in the ARSL. 

1.4 Overview of techniques discussed here 

This dissertation presents a number of new signal processing techniques, and in

corporates them together with older techniques into an overall scheme for both caJi-

bration of solar radiometers and retrieval of optical depths. A characteristic shared by 

most of these techniques is that they taJce advantage of correlations present between 

the various observable quantities. 

Before the main new techniques axe introduced, a number of preliminary adjust

ments that should always be made are discussed in Chapter 2. These adjustments 

correct small predictable inaccuracies which have routinely been neglected in the past. 

This chapter also catalogs some remaining small sources of error, the corrections for 

which have still not been implemented, but are being planned for future work. Then, 

in Chapter 3 a slight detour is made, to explain a recently implemented suboptimal 

processing scheme which can be utilized in situations where regular processing may 

not be doable. 

Chapter 4 describes the central new technique, an extension of Forgan's calibration 

method [35], which exploits correlations between optical depth variations at different 

wavelengths. This method can be considered an alternative to the Langley plot. 
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applicable under more general atmospheric conditions. Next, Chapter 5 discusses the 

removal of measurement noise using various types of digital filters, including some 

derived through analysis of the spectral and/or fractal characteristics of the optical 

depth variations. In Chapter 6, any apparently erroneous results are corrected by 

exploiting correlations between intercept estimates found from different data sets. 

Everything discussed to this point is then assembled into an overall processing 

scheme in Chapter 7, with results presented from real data. Chapter 8 inserts an old 

technique into the scheme, namely King and Byrne's algorithm [36] for retrieval of 

ozone optical depth, and the modified scheme is applied to another set of real data. 

Chapter 9 presents a technique whose potential is not yet fully realized—the use 

of diffuse light measurements to model aerosol optical depth variations. The final 

chapter not only brings together the conclusions of this research, but also defines 

some directions for future investigations in this area. It serves as a blueprint for the 

author's upcoming post-doctoral work. Besides refinements, extensions, and further 

applications of the other chapters' techniques, special mention is made of an impor

tant additional type of processing to be done—inversion of the integral equations 

that relate spectral optical depths to aerosol size distributions. 



43 

CHAPTER 2 

Preliminary corrections 

In this chapter some simple adjustments will be discussed, corrections that should 

be made to the data prior to its being processed by the main techniques. The 

adjustments are intended to correct for rather small inaccuracies present in the data, 

which have customarily been ignored in the past. Nevertheless, as improvements 

in data processing techniques allow ever-increasing accuracy in their results, some 

factors that were once down in the noise may begin to become important. Some of 

these corrections have been implemented with original software I have written; others 

with older software which had fallen into disuse and which I have updated, modified, 

and incorporated into the overall processing scheme. Still other corrections have not 

yet been implemented, but axe identified here in an attempt to account for all sources 

of error and describe the most complete processing scheme. Hopefully it will be clear 

to the reader which category each correction falls into. 
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2.1 Offset measurement and correction 

A common source of nonlineaxity in electronic instrumentation is offset voltage 

of detectors and amplifiers. In the case of photodetectors one often speaks of "dark 

current," which refers to the small amount of current that the device generates with 

no light incident on it. In our instrument, the output of each photodiode is converted 

from a current to a voltage by an op amp in the transimpedance configuration. This 

voltage passes through a CMOS analog multiplexer, a voltage-follower/buffer ampli

fier, a coaxial cable, several connectors, and a single-pole RC lowpass filter on its way 

to the A/D converter. (In the case of the 380 nm channel, it passes through an addi

tional single-pole RC filter prior to multiplexing.) In addition to the photodetector's 

dark current times the DC transimpedance gain of all this circuitry, the two ampli

fiers and the multiplexer can potentially add a small voltage (positive or negative) 

to any signal passing through them, independent of the signal's magnitude. Finally, 

the A/D converter itself may have some internal offset (as well as other nonlinearities 

in its least significant bits). The net effect of all this is that, neglecting noise, every 

reading taken by the radiometer consists of the "true" reading (proportional to inci

dent irradiance) plus a constant (positive or negative) number of bits corresponding 

to a voltage we call the offset voltage, Kff, for that channel. 
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If ein offset is present during caiibration, its effect on the retrieved zero-airmass 

intercept is not obvious. Because of the logarithmic nature of Langley plots, a con

stant offset of n A/D counts added to each measurement does not necessarily add n 

counts to the retrieved VQ. In fact, as will be shown presently, a positive offset can 

lead to either a positive or a negative bias on VQ. (So caji a negative offset.) 

The following is not intended to be a formal proof, but an analytical, semi-heuristic 

justification of the fact that no simple relationship exists between offset voltage and 

the bias it creates in the VQ retrieved from a Langley plot. Let us consider only 

the simple case in which optical depth remains truly constant throughout the mea

surement period, and no noise is present. Throughout this section, discrete-time 

dependence of quantities will be denoted by a subscript n rather than an argument 

t. Also for simplicity of notation, since the derivation is equally valid for any wave

length and any day, we will suppress the A and j notations and simply write VQ for 

the distance-adjusted "true" zero-airmass voltage {i.e., with Vog subtracted). Then 

we can write Beer's law as 

where Vofr is the offset voltage. Using the "weighted fit" formula of [30], the estimated 

K = -h Kff (2.1) 

intercept VQ is found by 

In K, = i W E /"n 1" (Voe-™" + Kj) - S.i Y, I'" l" (Kie-""" + Kff) (2.2) 
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where and, in the notation of [30], N is the number of data points and 

N 
Sr> = Z m: p = -l,-2 

n=l 

A = NS.2-SI,. 

The error in the retrieved log-intercept is 
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Let us now establish that A is always positive. 

A = NS-2-Sii 
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(2.12) 
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N / •, N N \ 

n=l n = l k = l  J  
(2.13) 

. »£ (  (2.15) 

(2.14) 

N 
= E (/'n - (2.16) 

where FI = S-I/N is the mean of all the /i„. Recall now that all the FI^ satisfy 0 < 

fin < I and axe equally spaced samples of a function which is reasonably approximated 

by the cosine of the solax zenith angle. Within the intervcil 0° < 9 < 90°, the first and 

second derivatives of f{9) = cos 6 are both negative; for this reason p. is smaller than 

the median of the Hn. Hence the quantity (/i„ — Ji) in (2.16) is positive for a larger 

number of n than it is negative. Moreover, if (2.16) is viewed as a weighted sum of 

the (/i„ — p.), the largest weights are associated with the largest positive values of 

this quantity, and the smallest weights are associated with its most negative values, 

leading to the conclusion that A > 0. 

Returning now to Equation 2.10, we can say that the error in Inl^ has the same 

sign as eA. Let us define 

rmn (2.17) 

SO that a quantity to indicate the sign of the bias can be written as 

N N 

CA = -N UNTN + S-I TN (2.18) 
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N N N N 

— ~ ̂  X] "t" Xrf ^ (2.19) 
fc=l n=l fc=l n=l 

N N ' N N ' 

= E E 7/^n + ^ E E (2.20) 
fc=l n=l k=l n=l 

Both terms on the right side of (2.20) axe r times a double sum of values of 

however, the first term is a weighted sum, in which the weighting factors are the 

slightly varying f„/r, while in the second term the f„/r are pulled out and their 

sum, which does not necessarily equal N, is multiplied by the unweighted sum of 

the fin- Note that if Vofi = 0, then = r Vn, so the two terms become equal in 

magnitude and the bias reduces to zero as expected. For Kff ^ 0, which term has 

larger magnitude depends on how f„/r varies with n, or equivalently, with m„. 

Rather thcin continuing analytically, at this point we present a numerical example. 

In Table 2.1 we show, for two values of r, the variation of f„ with airmass and 

with Vof[. The smaller value of r is realistic for the 1030 nm channel on a fairly 

clean day, and the larger value is a typical optical depth at 380 nm. When the 

relative differences between these and the true r are plotted in the form shown in 

Figure 2.1, it becomes apparent that for a given offset, different optical depths can 

lead to considerably different forms of variation in F„/T, in particular to forms that 

may be increasing or may be decreasing. For some of these forms, the first term in 

(2.20) may be larger than the second, while the opposite may be true for other forms. 

Further complicating matters is the fact that the true r may itself vary with time. 
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r = 0.05: 

Kff f 

K, m = 2 m = 3.5 m = 5 m = 6.5 
-0.002 0.05111 0.05068 0.05051 0.05043 
-0.001 0.05055 0.05034 0.05026 0.05021 

0 0.05000 0.05000 0.05000 0.05000 
0.001 0.04945 0.04966 0.04974 0.04979 
0.002 0.04890 0.04932 0.04949 0.04957 

r = 0.5: 

Voff T 
m = 2 m = 3.5 m = 5 m = 6.5 

-0.002 0.50273 0.50331 0.50493 0.50815 
-0.001 0.50136 0.50165 0.50245 0.50402 

0 0.50000 0.50000 0.50000 0.50000 
0.001 0.49864 0.49836 0.49758 0.49608 
0.002 0.49729 0.49673 0.49519 0.49226 

Table 2.1: Variation of f with airmass and relative offset for two values of r. 

Thus no simple, general statement can be made relating VOR and the bias on Vb, or 

even relating their signs. 

For this reason, if one wishes to avoid biasing the intercept estimation, it is neces-

sajy to measure Voa axid subtract it from the raw measurements prior to processing. 

Unlike all the other signals measured by the radiometer, K,ff may be either positive or 

negative; hence, the A/D converter must be switched from its normal unipolar mode 

to bipolar mode. This means that its full scale (zero to 2^® counts) covers the range 

-4.5V to -f4.5V instead of the usual OV to -I-4.5V. Mode selection for this particular 

A/D converter is accomplished by switching a single digital input line high or low. 

The circuit board had already been laid out to connect this line to an addressable 

location latched off the data bus. Only recently, however, has the EPROM program 
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T — T 
Vo« < 0 
T large 

r 

K f r < 0  
T small 

m 

Voff > 0 
T small 

Kff > 0 
T large 

Figure 2.1; Possible forms of variation with airmass of relative discrepancy between 
f and T. 

which runs the radiometer been modified (by this author) to allow this mode of 

operation. (It should be mentioned that this modification entailed more than just 

writing a single control bit. For one thing, certain unipolar measurements must still 

be made while the radiometer is in offset measurement mode, requiring some new 

software flags and some dummy conversions to make sure the correct mode is used 

in all cases. Also additional control-menu structure had to be designed.) 

To actually make the measurements, one covers the front face of the radiometer 

head with an opaque material such as cardboard, and connects a "dummy quadrant 

detector" in place of the real one. This box contains a set of four matched current 

sources (simple current mirrors with potentiometers for fine adjustment, as shown in 
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Figure 2.2) to simulate the output of the quadrant detector when it is aligned on the 

sun. Use of the dummy box tricks the radiometer into "thinking" it is tracking the 

sun so that measurements can be taken indoors. 

After taking a reasonable number of measurements (say, one every 10 seconds 

for about 10 minutes), the data are downloaded just as with reaJ solar readings, 

and converted to the normal datafile format. Next, rather than processing the data 

normally, one merely finds the mean reading for each chaimel. To determine the 

actual offset, subtract 2^® (= 32768) from this mean, and multiply by 2 to correct for 

the size difference between unipolar bits and bipolar bits. Another program written 

by the author can be used to modify all ordinary data files that are subsequently 

taken, by subtracting the specified offsets from all readings contained in the file. 

To conclude this section, Table 2.2 shows the offsets, in unipolar-size bits, deter

mined for two recent radiometers, and the standard deviations of the readings that 

were averaged to find K,ff. (Notice that the standcird deviation may exceed the mean, 

since the readings are bipolar.) The last line of these columns is the number of dark 

measurements that were averaged. Also shown is the difference between the best 

estimates of Vq as determined with and without first making offset correction. The 

following observations can be made: 



+15V 
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Figure 2.2: Dummy quadrant detector. All transistors are 2N2907's. 
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A 
(nm) 

Rad. #13 Rad. #18 A 
(nm) AVo AVb 
380 28 ± 43 -77 40 ± 9 112 
400 -44 ± 48 27 27 ± 29 104 
440 2 ± 69 0 19 ± 31 -4 
520 94 ± 20 74 40 ± 28 -31 
610 103 ± 27 91 16 ± 31 -14 
670 1 ± 22 1 12 ± 29 -11 
780 111 ± 24 108 7 ± 29 -7 
870 -5 ± 18 -5 15 ± 29 -15 
940 96 ± 15 — -13 ± 28 — 

1030 91 ± 21 90 -34 ± 31 33 
No. of pts. 73 179 

Table 2.2: Offset voltages (in unipolar bits) and their effects on zero-airmass inter
cepts for two recent radiometers. 

1. Although considerable variation may exist between Kff deternained for different 

channels, the standard deviation of data points that went into the determination 

is very similar for most channels. 

2. In a pattern that will be seen again later, the channels at the shortest wave

lengths display the worst performance. 

3. Positive K,ff's have produced positive AVo 's in some cases, and negative A V q's 

in others. Negative K>ff's have produced positive and zero AV^j's. 

4. Identical 14ff's of 40 for the 380 nm ajid 520 nm channels of #18 have produced 

AVo's of -f 112 and -31 respectively. 
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2.2 Detector temperature sensitivity 

The radiometer head is designed to keep the photodetectors at a constant elevated 

temperature of approximately 44° C (see [21] for details of the temperature controller 

design). Nevertheless, temperatures have sometimes been observed to fluctuate as 

much as ±2® C during a run. Additionally, siimmer air temperatures in Tucson 

can approach or occasionally even exceed this level (44° C is 111.2° F), in which 

case the detector temperature is beyond the circuit's control, as there is no cooling 

mechanism. According to the manufacturer's specification [37], the responsivity of the 

photodetectors could have significant temperature sensitivity at our shortest (380 nm) 

and two longest (940 nm and 1030 nm) wavelengths. Experimental characterizations 

done in our laboratory by running two radiometers side-by-side, one with the heater 

on and the other with the heater off, indicate that only the 1030 nm channel typically 

exhibits any noticeable temperature dependence. 

The radiometer circuitry and software have been designed to record detector tem

perature at every measurement interval, giving the opportunity to correct the mea

surements for temperature dependency. However, these corrections have not actually 

been made in the past. Rather, the person doing the processing typically just ex

amines the recorded temperatures to see whether they remained fairly stable, and 

either accepts or rejects the data based on that observation. A future version of data 

processing software will routinely make this correction, but this work fell outside the 
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scope of this dissertation. It should thus be borne in mind during the remainder 

of the dissertation that some apparent optical depth variations at 1030 nm (see, for 

instance. Section 4.3) may be attributable to detector temperature variations, paxtic-

ularly when those variations are only weakly correlated with the variations at other 

wavelengths. 

2.3 Time-vairying air temperature and barometric pressure 

The steindard processing program ATTEN reads from its input file a single baro

metric pressure (station pressure in inches of mercury) and a single air temperature 

(in degrees Celsius) for the time period in which data were taken. The pressure 

is used in computing Rayleigh optical depth, which is directly proportional to it, 

according to [4, 38] 

where nair is the refractive index of air, 7 is the depolarization factor, is the 

number density of air (in molecules per cm^) at standard temperature and pressure 

(STP), Nc is the columnar density of air at the actual conditions (in molecules per 

cm^), and P is pressure at the eaxth's surface, with the 0 subscript indicating STP. 

Temperature is used in computing how much a beam of sunlight is refracted by 

the eaxth's atmosphere, in order to correct for this effect in the solar zenith angle and 

thus the airmass (see Section 2.5). Some optical properties of Rayleigh scattering 

SA-'ATz 
(2.21) 
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also depend on temperature. However, these dependencies cancel out when Qscat is 

integrated against density through a vertical column; therefore, T does not appear 

in (2.21). 

While any changes in barometric pressure during a measurement period are almost 

certain to be minuscule, temperature caji undergo large vaxiations. For instance, a 

morning run in Tucson, beginning 30 or 40 minutes after sunrise and lasting 2 to 3 

hours, can see temperature increases of 10° C to 15° C. When the user must enter 

a temperature for such a data set, what has usually been done is to enter sort of 

a weighted average of the recorded temperatures, with the early morning or late 

afternoon mecisurements weighted most heavily, since any refractive effects axe most 

prevalent at large sun angles. 

In addition to the inaccuracy of treating time-varying weather conditions as con

stant, another issue relating to the temperature and pressure is the inconvenience of 

relying on an external source for these measurements. Typically, at some time after 

the data has been downloaded but before it is processed, archived hourly temperature 

and pressure readings must be consulted, either by accessing a computer database or 

by calling the local office of the National Weather Service. 

This situation is scheduled to be improved soon, by the incorporation of weather 

instruments into the radiometer's data acquisition system. Temperature and pressure 

will be recorded at each measurement time, right along with the other data. The 
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processing prograjn will use these measurements to compute TH and the refractive 

correction separately for each data point. The implementation of this plan is being 

undertaJcen as a senior capstone project by an undergraduate student working in 

ARSL. 

2.4 Diffuse light contribution 

The design analysis of the lO-channel autotracking solaj* radiometer [21], as well 

earlier theoretical studies such as [20] and [22], estimated the contribution of diffuse 

light to the radiometer signal. This consists of photons that have been scattered one 

or more times in the atmosphere but still reach the photodetector from directions 

within the radiometer's field of view. The previous studies have concluded that the 

contribution of diffuse light is negligible within the range of airmasses and optical 

depths in which the instrument is normally operated. However, to achieve the in

creased accuracy for which we are striving in the present work, various factors which 

had previously been negligible may no longer be so, and should be accounted for 

when feasible. 

Theoretical estimates of diffuse light can be made based on initial estimates of 

optical depth, using radiative transfer programs such as MODTRAN [39] or the one 

discussed in [18, 40]. It is questionable, however, whether the complexity of such 

calculations is justified by the small increase in accuracy they provide, when we limit 
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the range of airmasses to m < 6.5. It was estimated in 1992 that each calculation 

of the difFuse-to-direct ratio required about 15 minutes of CPU time on a SPARC-II 

[22]. 

It is proposed that the practice of ignoring diffuse light be retained in the standard 

processing procedures, unless it is demonstrated that the cimount of computing time 

required for diffuse light calculations drops dramatically. On certain custom-built 

radiometers, however, a channel has been added to directly measure diffuse light 

from the solar aureole [41]. In this case, the measurements may obviate the need 

for radiative transfer calculations. Utilization of these measurements is discussed in 

Chapter 9. 

2.5 Airmass calculation techniques 

2.5.1 Solar ephemeris calculations 

In order to precisely calculate the sun's position in the sky, and thus the airmass, 

one must know the radiometer's exact latitude and longitude, the exact time of mea

surement, and the solar ephemeris data. Latitude eind longitude are easily found 

with a GPS (Global Positioning System) receiver, or simply as well-known site infor

mation if the instrument is always operated at the same locations. Time is logged 

with each measurement from a clock in the radiometer, which is frequently checked 

against radio station WWV broadcast from the National Institute of Standards and 
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Technology in Boulder, Colorado, to keep it accurate to within one second. Solar 

ephemeris, however, must be either calculated or manually entered for the date on 

which measurements were tciken. 

For our purposes, "solar ephemeris" refers collectively to the sun's right ziscension, 

its declination, and its distance from the earth. Right ascension has the form of a 

time between 0 and 24 hours and is related to the apparent eeist-west phase of the 

sun, and how early it rises and sets on a given day. Declination has the form of an 

angle between ±23.5° and relates to how fax north or south the sun appears to rise 

and set. The earth-sun distance is not used in airmass calculation, but is needed 

because of the distance-squared energy dispersion seen in Equations 1.28-1.30. 

Early versions of program ATTEN calculated these quantities from the date, using 

Chebyshev polynomials whose coeflBcients were published in [42] every year. After 

1992, however, these coeflScients were no longer published. Instead, the program 

prompted the user to enter the right ascension and declination for both the date of 

the measurements and the following day, and the earth-sun distance for the following 

day. These five pieces of information can be found in tabular form in [42]. 

Recently, some routines have been developed to again calculate solar ephemeris 

from the date, with only a single parameter for each year required as input. The 

incorporation of these routines into our program has greatly sped up the processing 

of data and relieved the tedium (and potential for human error) of entering the 
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Channel no. 
Vo(tab.eph.) — Vo(calc.eph.^ 

Channel no. 1 2 3 4 5 6 7 8 10 

3/3/97 PM 3 2 2 I 1 1 1 1 1 
3/10/97 AM -8 -6 -4 0 0 2 3 3 3 
3/13/97 AM -17 -12 -10 -4 -2 0 1 1 1 
3/18/97 AM -29 -23 -20 -9 -8 -5 -5 -3 -3 
3/19/97 PM 13 9 7 3 2 1 0 0 0 
3/21/97 AM -7 -5 -6 -3 -3 -2 -2 -2 -2 
3/27/97 AM -8 -6 -5 -2 -2 -2 -1 -1 -1 

Table 2.3: Difference, in A/D counts, between VQ found by calculated and tabulated 
solar ephemeris data. 

numbers manually. However, using the two versions of ATTEN on the same data 

gives slightly different results. As a preliminary test, seven days of data taken with 

Radiometer #13 either in Tucson or atop Mt. Lemmon have been processed both 

with the old program (requiring manual data entry) and the new one. Comparison of 

the results appeaxs in Table 2.3. The agreement is quite good for most wavelengths 

on most days, but in the worst cases the disagreement is not really negligible relative 

to some of the other small corrections discussed in this chapter. Further research is 

necessary to determine how the discrepancy arises, why it affects some data more 

thaji others, and whether the routines or the almanac should be considered more 

accurate. 

A additional improvement in this area, albeit one for which it is questionable 

whether the added computational complexity would be justified by the small in

crease in accuracy, would be calculation of earth-sun distance at a higher temporal 
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resolution. Rather than a single measure of this distance for the entire day, a num

ber could be caJculated to account for the slight variation from that measure for 

each individual measurement time. This could be found by interpolation between 

the distances for two consecutive days. Then a slight correction could be made to 

the measurements before computing an intercept for the day. The larger adjustment, 

from the nomineil distance for the day to the mean distance, would still be done after 

finding Vq, as it is now. 

As to whether the adjustment proposed in the last paragraph even amounts to 

a detectable change [i.e., greater than one bit), consider a numerical example. On 

April 4, 1997 (a day on which the earth was very neax its annual mean distance from 

the sun), the geocentric distance tabulated in [42] was 1.0001638 AU (astronomical 

units). On April 5, 1997 the distance was 1.0004561 AU. A radiometer channel with 

Vo = 50000 would have the following K)"j's on those two days: 

K)'Apr4 = 50000(1.0001638)^=50016.38 (2.22) 

K)'Apr5 = 50000(1.0004561)^=50045.62 (2.23) 

for a difference of about 29 A/D counts, or more than one count per hour. So any 

adjustment made, although tiny, would still be measurable. 
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2.5.2 Airmasses for different atmospheric constituents 

Even wiien the sun's position in the sky is known exactly, there is still another 

uncertainty remaining in the determination of airmass, namely the vertical distribu

tion of the various atmospheric constituents. Kasten's airmass formula of [24] is quite 

accurate for uniformly mixed gases, and thus for the Rayleigh component of optical 

depth. Aerosols, however, are more highly concentrated near the ground, and ozone 

peaks at an altitude of about 22 kilometers. These vertical distributions make the 

effective optical path length different than in the imiformly mixed case. Thomason 

et al [23] have shown how to compute airmass for these distributions, and indicated 

conditions under which it is necessary to use separate airmasses to avoid large error. 

Program ATTEN computes m by Kasten's method and uses it for all constituents. 

This has been deemed sufficiently accurate for solar zenith angles less than 80° and 

most clear sky conditions in the absence of recent Pinatubo-scale volcanic activity 

(which greatly increases stratospheric aerosol concentrations). However, the defini

tion of "sufficiently accurate" is changing in the light of the techniques discussed in 

this dissertation, and it may be necessary to revisit the issue of separate calculations 

of ttir, rua, and nig using the methods described in [20, 23]. 
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2.6 Filter profile at shortest wavelengths 

Rayleigh scattering coefficients, and thus opticaJ depths, vary as approximately 

the inverse fourth power of wavelength.^ One result of this is that at our instrument's 

shortest wavelengths, Rayleigh scattering is the primary component of optical depth. 

Thus, a small relative error in TR for these channels (especially 380 nm and to a lesser 

extent 400 nm) can create a rather large absolute error in Ta- Another result is that 

slightly inaccurate determination of these channels' center wavelengths can produce 

significant error in optical depths, which are computed only at the center wavelengths 

under an assumption of quasi-monochromaticity. For instance, a function which 

varies as A"'' is 11.1% greater at A = 375 nm than at A = 385 nm. 

Optical scans of the filters do not reveal perfectly flat spectra in their passbajids, 

but a curve which must be numerically integrated to find its centroid. Even if the 

scan and the integration are done accurately, the steepness of the curve in the 

neighborhood of A = 380 nm can lead to a significant bias between the centroid of 

the filter response and that of the actual spectrum of light incident on the detector. 

No simple method has been developed to combat this effect, which is believed to 

contribute to the fact that the 380 nm channel usually has more uncertainty in its 

calibration thaxi most of the other channels do. A computationally more intensive 

^Formally the A""* dependence is exact; however, another factor in the formula is the refractive 
index of air, which exhibits a slight (non-power-law) dependence on A. This relation is discussed 
further in Chapter 3. 
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solution would be to find tr at the shortest wavelengths by numerical integration 

across the filter passband instead of by the current method. More simply, one could 

adjust the center wavelength slightly from what the filter scan says, according to 

a model of the incident light's spectrum, in order to estimate the centroid of the 

filtered light's spectrum. Yet another alternative would be to adjust the wavelength 

in response to feedback from the Forgan plots (to be discussed in Chapter 4), by 

an amount that increases apparent correlation between optical depths at different 

wavelengths. This will be an area of future investigation after most of the error 

sources that affect all channels have been dealt with. 

2.7 Nominal estimates of ozone and nitrogen dioxide 

During the first few passes through the algorithms described in the following chap

ters, the problem of having unknown amounts of absorbing gases was bypassed, in 

order to concentrate on aerosols alone. Of the radiometer's ten standard wavelengths, 

only one, namely 940 nm (channel 9), coincides with a strong absorption band, that 

of water vapor. As water vapor is one of the most highly variable of aJl atmospheric 

constituents, this channel has customarily been excluded from normal cahbration 

efforts, a custom which is retained for the present. 

Relatively weak continuum absorption occurs at several other standard wave

lengths. Most notably, channels 3 through 8, at nominal wavelengths of 440, 520, 
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610, 670, 780, and 870 nm, all fall within the so-called Chappuis absorption band 

of ozone. Only at 610 nm, however, does the ozone optical depth (roj) exceed 0.02, 

and this channel was edso excluded from the first few iterations of processing. At the 

other wavelengths, both TQ^ and tnoj (due to nitrogen dioxide absorption) are small 

enough that the data could be initially processed using constant estimates of these 

quantities, based on seasonal and latitudinal averages to be described presently. 

The ozone optical depth can be described by 

= r7Q:(A) = T}NLa{X) (2.24) 

where TJ is the columnar amount of ozone in imits of atmosphere-centimeters (atm-

cm), A(A) is the ozone absorption coefficient in atm~^cm~^, (T(A) is the absorp

tion cross-section in cm^ per molecule, and NL is Loschmidt's number, 2.687 x 10^® 

molecules per atm-cm^ at STP. King and Byrne's paper [36] in which they described 

the ozone retrieval method that we implement in Chapter 8 also contained results of 

that method, and a sinusoidal estimate of the seasonal variation of T) for Tucson; 

Tj = 0.2553 -I- 0.0426 sin(27rz - 0.402) (2.25) 

where 

day of year 

" 365.24 • 

This function peaks on April 25. A later paper by the same authors [43] estimates 

r) = 0.275 -I- 0.045 sin(27ra; — 0.72) (2.26) 
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which peaJcs on May 13. The data set on which this dissertation's techniques were 

first tested was from the spring, with a mean day-of-the-year number of 113.67. This 

gave 77 = 0.2979 using (2.25) and 77 = 0.3175 using (2.26). Since great accuracy 

was not required in these nominal estimates, a value of t; = 0.3 was used in the 

calculations. Data from other parts of the year should use an r/ appropriate for that 

season. A minuscule improvement could be achieved by determining a separate 77 for 

each day processed. 

Absorption cross-sections for ozone were tabulated by Ackerman [44] back in 1971 

for 117 nm < A < 730 nm. For X > 730 nm King's documentation for his ozone 

retrieval software recommends an estimate computed from 

(7(A) = 6.4 X 10-22e21-9244(O.72-A) ^2.27) 

with A given in microns. 

For nitrogen dioxide, the same type of computation is done, with the columnar 

amount very roughly estimated from the recent Stratospheric Aerosol and Gas Ex

periment (SAGE) satellite [45] as 

2 X lO^^molecules/cm^ 
T] = — 7.4432 X 10 atm-cm. (2.28) 

Absorption coefficients have been averaged from several tabulaj sources [46, 47, 48], 

the most complete of which is [48]. The resulting optical depths, for ozone as well as 

for NO2, are tabulated for all the instrument's wavelengths in Table 2.4. 
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Channel Wavelength T-Oa TNO2 
number (nm) 

1 380 0 0.001121 
2 400 0 0.001121 
3 440 0.00101 0.000927 
4 520 0.01435 0.000278 
5 610 0.03660 0 
6 670 0.01386 0 
7 780 0.00138 0 
8 870 0.00019 0 

10 1030 0 0 

Table 2.4: Opticai depths due to gaseous absorption at the wavelengths being pro
cessed. Seasonal estimates of ozone axe for the set of springtime days used as test 
data in later chapters. 

2.8 Long-term changes in instrument characteristics 

After the optical interference filters have been scaimed, and the complete instru

ment has been calibrated, ARSL is usually not very involved in what happens to a 

sunphotometer after delivery to a customer. The calibration runs have presumably 

been made during a short period of time, so the instrument's chaxacteristics are as

sumed to be constant. But the customer will likely use the radiometer for years to 

come, and it is not immune from the ravages of time. Specifically, the components 

most subject to deterioration are the interference filters. Through a process called 

"crazing," the filters' passbands and transmittances can change significantly. This of 

course manifests itself as a change in the signal levels measured by the instrument, 

and ultimately in the zero-airmass intercepts. 
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Figure 2.3 illustrates what can happen to the VQ estimates as the instrument gets 

older. These data are from Radiometer #5, which was built in 1993 and kept by 

ARSL as a reference standard instrument. It was used during the LITE mission in 

1994 [25, 26, 27], and modified to add two extra channels in 1997 [41]. But it has 

retained its original filters through that whole time. The plots track the change in 

retrieved VQ'S from October 1993 to June 1996 for the two channels that deteriorated 

the most during that period. Each point represents the average of the VQ'S from a 

cluster of at least 4, but not more than 13, closely spaced days. In the early clusters, a 

distinction is indicated between the average from all recorded data sets, and from only 

those that appeared to be very "good" for Langley calibration. Such a distinction 

appears rather moot for the later periods, when the filters had become so unstable. 

In this extreme example, channel 5 had its VQ drop by about 27% in a year and a 

half. Of the channels not depicted in the figure, a couple of them showed statistically 

significant increases in VQ rather than declines, and some remained relatively stable, 

so no general statement can be made about the form of the filter deterioration. 

ARSL has been able to continue operating Radiometer #5 because most of the 

data runs we maJce are calibrations, or most recently with this particular instrument, 

measurements of difFuse-to-direct ratio (see Chapter 9), for which VQ is unimportant. 

If it were necessary, however, to use the instrument for optical depth monitoring in a 

non-calibration setting, use of out-of-date intercepts could yield grossly wrong results. 
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To avoid such occurrences, filters should be re-scanned or replaced every few yeaxs at 

least, and recalibrations done perhaps once or twice a yeax. When it is impossible or 

uneconomical to do this in close enough proximity to the taking of data for optical 

depth monitoring, an alternative is to model the change in VQ by some mathematical 

function of time. The simplest such model is linear interpolation between calibration 

runs done before and after the date. This was done both in the processing of LITE 

data, and in the use of Radiometer ^5 as a reference instrument for the transfer 

calibration (see Chapter 3) of other radiometers. 

2.9 Long-term variation of the solar constant 

A basic premise on which all of solar radiometry is built is that the sun is a consteint 

source of radiant energy. Certainly over the lifespan of a remote sensing instrument, a 

scientist, or a civilization, one need not be concerned with the inevitable depletion of 

the sun's hydrogen over the next several tens of gigayears, and its predicted implosion! 

However, the sun does vary slightly on meaningful time scales, notably with the 

famous 11-yeax cycle of sunspot activity. As mentioned in [49], the fluctuations in 

intensity can perhaps reach several percent for ultraviolet wavelengths. If a solar 

radiometer is used for an appreciable length of time after its most recent calibration, 

a correction should be made for these fluctuations, if an independent estimate of 

them is available. 
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CHAPTER 3 

Transfer calibration 

The subject of this chapter is somewhat isolated from the rest of the dissertation. 

The techniques described in the other chapters are intended to be integrated into 

cin optimal procedure for calibrating a multi-channel solax radiometer (while also 

providing a wealth of information about various atmospheric constituents). The 

technique described in this chapter, on the other hand, is a suboptimal calibration 

method, but one that is useful for "quick and dirty" calibrations, particularly when 

days with a clear sky in the early morning or late afternoon are few and far between. 

Furthermore, it is closely related to the technique to be discussed in Chapter 4, and 

so serves as a prelude to that material. 

The idea of this method, which we refer to as transfer calibration, is to use a 

previously calibrated instrument, denoted as Radiometer A, to accurately determine 

optical depths, then trajisfer them to the instrument to be calibrated, denoted as 

Radiometer B. For each data point n = the known intercepts Vo^a are 
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substituted into (1.33) to get axi optical depth T { n ) .  The T(n) and the actual mea

surements from Radiometer B axe then used to form the quantity 

= I4(n) exp [Tn(n) r(n)]. (3.1) 

The average of the over all n  can then be taken as the zero-airmass intercept 

for Radiometer B that will make its retrieved optical depths match the known ones 

most closely. 

There are, however, a few subtle details to be addressed to make transfer calibra

tion work properly. For one thing, the center wavelengths for corresponding channels 

may not be identical from one instrument to the other. To handle this situation, the 

program adjusts the optical depths found by A to fit the wavelength of B if they 

differ by at least 0.1 nm but not more than 5 nm. (Transfer calibration is not done if 

they differ by more than 5 nm.) The Rayleigh and non-Rayleigh optical depths are 

adjusted separately, since TR has a known dependence on barometric pressure and 

wavelength. 

Equation 2.21 indicates an exact inverse fourth power dependence of r/j on A; how

ever, Hair also vaxics with wavelength, and rather elaborate rational-function approx

imations have been devised to describe this variation [50]. Our standard processing 

program uses a very old (1953) formula due to Edlen [51]: 

, /"..ooo 2949810 25540 \ = 
+ 146 - A-= + 41-A-O " 
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For the slight adjustments needed in order to perform transfer caJibration, however, 

it suffices to use Leckner's approximation for the A-dependence of t/? [52]: 

The non-Rayleigh optical depths are adjusted by simply interpolating or 

extrapolating on a log-log scale. Aerosol optical depth is often modeled as varying 

according to some inverse power of A, at least as a first approximation [53]. Such a re

lationship appears linear when both axes are plotted logarithmically, with a negative 

slope. The continuum absorption spectra of ozone and nitrogen dioxide do not follow 

such a pattern, but the fact that they are smooth continua ajad we are interpolating 

over only a short distance allows us to include them in the power-law approximation 

as well. 

For channel 1, the local slope of the logry^/j vs. log A curve is estimated by 

and then T B I I ) is either interpolated or extrapolated (depending on whether Ab(1) is 

greater than or less than Aa(1)) along the line with this slope which passes through 

T^(l). For channels i with i = 2,... ,8, extrapolation is never necessary, because u is 

estimated from (A>I(i),r^(i)) and either (A^(I — 1), R^(Z — 1)) or (A^(Z-|-1), R^(Z -|-1)), 

whichever pair of points brackets Xsii)- The exception to this is that for i = 8, 

channel 10 is used instead of channel 9 for the longer wavelength, because channel 9 

T R ( X )  CX A (3.3) 

_ logrB(2) - logrB(l) 

logAfl(2)-logAB(l)' 
(3.4) 
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(940 nm) exhibits such strong non-continuum absorption by water vapor. Finally, 

for chaimel 10, v is estimated from channels 8 and 10 and either interpolated or 

extrapolated depending on whether AFL(lO) > Aa(10) or Ab(10) < Aa(10). Channel 9 

cannot be calibrated by the transfer method unless Ab(9) = A4(9) exactly (not to 

mention the fact that ein instrument for which channel 9 has already been calibrated 

may be hard to come by, since it is not normally done by ARSL). 

Along with adjusting for slight discrepancies in A, one must also adjust for slight 

discrepancies in time, or more pertinently, airmass. If the measurement times for the 

two instruments differ by less than 7.2 seconds, the airmass at Radiometer B's time 

measurement is linearly interpolated from the airmasses at Radiometer A's time for 

the current measurement and the adjacent one (next or previous, whichever brackets 

B's time). If the measurement times differ by more than 7.2 seconds but no more 

than 15 seconds, that data point is not used in the CcJibration. If the difference is 

greater than 15 seconds, the program assumes that one of the instruments missed a 

point, and skips that point in the other instrument's record, attempting to get the 

two data records realigned. Obviously, this scheme may fail if the data collection 

interval is every 10 seconds, so transfer calibration runs should normally use longer 

intervals such as 30 seconds or 1 minute. 

Some of the preliminary corrections discussed in the previous chapter are still 

good things to do to the data prior to transfer calibration. As corrections for offset 
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and time-varying air temperature ajid pressure become integrated into the standard 

processing procedure, they should also be included in the transfer calibration pro

cedure. Also, improvements in solar ephemeris calculations and characterization of 

filter passbands at the shortest wavelengths are obviously just as important in trans

fer calibration as in standard processing. Diffuse light correction, on the other hand, 

should not be necessary, as any errors caused by diffuse light should have the same 

effect on both instruments. This is also true for any detector temperature effects; if 

past experience is to be trusted, the detectors on both instruments are likely to have 

nearly the same temperature sensitivities. Finally, ozone and NO2 estimates are not 

used in transfer calibration, although a very slight improvement could perhaps be 

seen in the adjustment of optical depths for different wavelengths if they were. 

The transfer method was successfully used to help calibrate Radiometers #2 

and #12 in the spring of 1996 after their owners had returned them to the At

mospheric Remote Sensing Laboratory for repair and refurbishment. The ARSL 

possessed at the same time two relatively well-cailibrated radiometers, #5 and ^1. 

Radiometer ^^12 was operated four times in April 1996. Unfortunately, none of those 

days proved to be very useful for Langley calibration. On April 10, a mechanical 

problem caused the instrument to stop tracking the sun too early. On the other 

days, atmospheric conditions were too dirty and/or variable to produce very good 

Langley plots, thanks in part to an abundance of forest fires in the mountain ranges 
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surrounding Tucson. The worst of these days, April 30, produced ridiculous results 

when Langley calibration was attempted. However, trajisfer calibrations from #5 

and #7, which were running alongside #12, provided more VQ estimates to sup

plement the questionable Langley estimates, so that reasonable confidence could be 

placed in the results, some of which are presented in Table 3.1. Note for instance 

that the data set from April 10, which was too short to make a useful Langley plot, 

was fine as a source of transfer calibration from both reference instruments. Even 

the extremely "bad" day, April 30, gave quite reasonable K)'s when used for transfer 

calibration from #12. The weights in Table 3.1 were chosen to reflect the apparent 

quality of each data set, based on statistics of the fit and the criteria mentioned in 

Section 1.2.2. 

Likewise, in Jime 1996, Radiometer #2 needed calibration, but the skies over 

Tucson did not cooperate well, as most days in that usually clear month were partly 

cloudy that year. We managed to collect data five times from June 18 to June 25, 

only one of which was an excellent Langley day. Again, these mixed results were 

supplemented with transfer results from #5 and #7, and some of the results are 

shown in Table 3.2. Notice that again an abbreviated run (6/19/96 AM) was useful 

for transfer calibration. There were, however, some slightly less successful results 

as well. The sets of intercepts transferred from a given reference instrument for the 

most part agreed among themselves quite well, but showed considerable discrepancy 



Calibration Quality for 380 nm 441 nm 611 nm 870 nm 
Date method Langley Vo weight Vo weight K, weight Vo weight 

4/12/96 Langley poor 59590 0.5 61793 0.5 59072 0.5 54967 0.5 
4/22/96 Langley OK 56762 1 59801 1 57200 1 53411 1 
4/30/96 Langley very hazy 41524 0 49906 0 52384 0 51768 0 
4/10/96 xfer ^5 lost track 59824 1 61142 1 57688 1 53945 1 
4/12/96 xfer ^5 poor 60092 1 60969 1 58171 1 53687 1 
4/22/96 xfer ^5 OK 61552 1 61709 1 59252 1 54074 1 
4/10/96 xfer ^7 lost track 57346 1 60264 1 57234 1 53647 1 
4/12/96 xfer ^7 poor 55632 1 60186 1 57089 1 53522 1 
4/22/96 xfer ^7 OK 56385 1 60876 0.75 58309 0.5 53847 0.75 
4/30/96 xfer ^^7 very hazy 56518 1 60710 1 57307 1 53764 1 

Weighted 
average 58107 60768 57829 53808 

Table 3.1: Zero-airmass intercepts found for radiometer ^^12 from April 1996 data by the Langley 
and transfer methods. All data sets came from afternoon runs. 



Calibration Quality for 380 nm 439 nm 609 nm 866 nm 
Date method Langley Vo weight Vo weight M, weight Vo weight 

6/18/96 AM Langley pretty good 55746 0.75 65239 0.75 64208 1 60688 1 
6/19/96 PM Langley pretty good 50493 1 59775 1 61012 0.75 57895 0.75 
6/22/96 PM Langley excellent 55359 2 64557 2 63851 2 59660 2 
6/23/96 PM Langley poor 59478 0.5 68515 0.5 66990 0.5 61965 0.5 
6/25/96 PM Langley poor 58988 0.5 67821 0.5 66332 0.5 61220 0.5 
6/18/96 AM xfer ^5 pretty good 56817 0.75 67290 0.75 64535 1 60745 1.25 
6/19/96 PM xfer ^5 pretty good 57567 1 66791 1 64453 0.75 60650 0.75 
6/22/96 PM xfer #5 excellent 57428 1 66762 1 65031 1 60763 1.25 
6/23/96 PM xfer #5 poor 57153 1 66642 1 65540 1 60629 1.25 
6/25/96 PM xfer ^5 poor 57053 1 66623 1 66170 1 60531 1.25 
6/18/96 AM xfer #7 pretty good 49842 65695 0.75 64257 1 60240 1 
6/19/96 AM xfer #7 m < 2 54955 1 65238 1 65179 1 59966 1 
6/19/96 PM xfer ^7 pretty good 54047 1 64724 1 62155 0.75 58628 0.75 
6/22/96 PM xfer #7 excellent 54462 1 64991 1 64380 1 59947 1 
6/23/96 PM xfer ^7 poor 54744 1 64966 1 64394 1 58950 1 
6/25/96 PM xfer ^7 poor 53608 1 64995 1 64231 1 59691 1 

Weighted 
average 55578 65407 64459 60099 

Table 3.2: Zero-airmass intercepts found for radiometer ^2 from June 1996 data by the Langley 
and transfer methods. 
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between the two instruments, particularly at the shorter wavelengths. Also there were 

some anomalous outlying results, such as the transfer from #7 at 380 nm on 6/18/96 

AM, and at 609 nm on 6/19/96 PM. Nevertheless, the method gives reasonable results 

for situations in which more optimaJ kinds of calibration cannot be accomplished. 

The calibration techniques to be described in the remaining chapters may have 

proved useful on some of these data sets, but had not yet been developed to a level 

where we felt comfortable using them to get deliverable calibration results. 
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CHAPTER 4 

Modeling optical depths by correlating between wavelengths 

4.1 Forgan's general method of calibration 

Forgan [35] has developed a technique for calibrating multi-channel solar radiome

ters which uses the supposedly well-calibrated nature of one channel (at the "reference 

wavelength") to derive the calibration at a second wavelength. Conceptually this is 

similar to the transfer calibration described in the previous chapter, but it represents 

an improvement since both channels axe part of a single radiometer. 

The assumption inherent in Forgan's method is that the relative size distribution 

of aerosol particles remains fixed, even as their overall concentration varies with 

time. It is a generalization not only of the Langley method, but also of the "modified 

Langley" method of Soufflet et al [54] and of the combined direct-solar/circumsolar 

method of Tanaka et al [55]. 

The "size distribution" referred to in the preceding paragraph is a columnar 

amount, i.e. the number of particles per unit area in an entire vertical column of 

the atmosphere (iVc), per unit interval of radius (r). This is yet another point func

tion which must be integrated over some finite range of radii to get an actual measure 
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of how many paxticles have radii in that range. Since aerosol sizes range over several 

orders of magnitude, their distribution is usually expressed on a logaxithmic radius 

scale, as dNcld{\xir) rather than dNc/dr. Under Forgan's assumption one can express 

the size distribution as the product of a function of time only and a function of radius 

only, i.e. 

dNc{ r , t )  
= Aimr). (4.1) 

5(lnr) 

It will now be shown that this implies an aerosol optical depth which is also separable, 

into the product of a function of time only and a function of wavelength only. 

From (1.18), one can write 

= / occxtiK z,t)dz 
Jo 

= r 
Jo 

= r Jo 

53 o"«t(A, r,n) 
,{Part(2,<)} 

dz 

53 'rr^Qext(A,r,n) 
L{Part(z.t)} 

dz 

(4.2) 

(4.3) 

(4.4) 

where Qext is the extinction efficiency, found from Mie theory, for a particle of radius 

r and complex refractive index n = + jn,-, at wavelength A. The summation in 

(4.3) and (4.4) is taken over all particles at height between z and z + dz., at time t. 

Such a summation would be difficult to work with directly, so instead let us express 

it in terms of the number of particles at a given radius and refractive index: 

J
TOO TOO roo rO 

7rr2(3ext(A, r,n) 
0 JQ •/—oo 

d ^ N { r ^ n , z . , t )  

dr dur dui 
drii dn-r dr dz. (4.5) 
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This is still too complicated to be practical, so we make the simplification of assuming 

an effective refractive index for the entire volume of air: 

T a {X, t )  =  7rr^(gext(A, r, n) dr dz. (4.6) 

Such a simplification does not lead to large errors if the aerosols are fairly uniformly 

mixed and do not include many highly absorbing smoke particles [10,11]. It has been 

shown both analytically [56] and in simulations [57] that the relationship between size 

distribution and spectral optical depth is rather insensitive to variations in refractive 

index, at least within the range 1.33 <nr < 1.54 and ln,| < 0.03. 

Changing variables and reversing the order of integration, we get 

7-a(A,f) =  f  f  7rr^Qext(A, r, n) d { \ n r )  
Jo Jo a In r dr 

= f f 7rr^(^ext( A, r, n) tf(ln r) dz (4.8) 
Jo J—oo £/lnr 

= / / 7rr^(9=xt(A,r,n) ^^^p^^(/zcf(lnr) (4.9) 
J—ooJO (/In r 

= [ 7rr^(3ext(A,r,n) ^^^^(f(lnr). (4.10) 
J—oo (7 In r 

Under Forgan's assumption this becomes 

r„(A,f) = / 7rr2<5cxt(A,r,n)A(i)/(r)<f(lnr) (4.11) 
J  —CO 

=  i r A { t )  I  r^<3ext(A,r,n)/(r)<f(lnr) (4.12) 
J—OO 

so that at a given wavelength A, the ratio of the aerosol optical depths at two times 

and <2 does not depend on A, viz. 

T a i K h )  A { t i )  
T a { X , t 2 )  A(<2)' 

(4.13) 
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Likewise, at a given time t, the ratio of the aerosol optical depths at two wavelengths 

A," and A,-, does not depend on t, viz. 

is a constant of proportionality for the two wavelengths, provided that n  is constant 

over time and wavelength. 

Note that an alternative assumption one could make is that the optical depths 

TaiXilt) and Ta{Xi',t) axe related by a constant additive shifting term rather than 

a constant multiplicative scaling factor. Such a condition would stem from a more 

complicated relationship in the size distribution. It appeairs from Figure 7 of [54] that 

this is the assumption that underlies the "modified Langley" method, even though 

that method is purported to be equivalent to a special case of the Forgan method. 

Forgan's assumption, while not always obeyed in reaJity, is often a reasonable 

approximation, at least for A's on the same order of magnitude. It is not intended 

to apply over the entire electromagnetic spectrum, just over the optical region. The 

assumption is more general than the one inherent in Langley analysis. The Forgan 

technique models optical depth variations as being proportional to the variations at 

some other wavelength. The Langley technique, in which these variations are modeled 

as being nonexistent, becomes just a special case. 

T-a(A.-.,0 
(4.14) 

where 

(4.15) 
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The method is similar to the Langley plot method, involving extrapolation of a 

line through a plot of measured data. Now, however, the Rayleigh and gaseous optical 

depths {TH and TG) are absorbed into the plot's ordinate, and the aerosol optical depth 

(To) at the reference wavelength is absorbed into the abscissa. Beginning with the 

Langley plot equation for the mecisurements at wavelength A,-

lnK(Ai,f) = lnVoj(A,)-m(OT(A.-,f), (4.16) 

the optical depth is broken up into its three components: 

In F(A,-, 0 = In K,j(A.) - m a i t ) T a { X i ,  t )  -  t )  -  t ) .  (4.17) 

In this equation, and through the remainder of this section, a separate airmass has 

been written for each of the three components. Justification for this was provided in 

Section 2.5. In practice, a single value is presently employed for all three airmasses; 

however, accuracy of the results may improve if separate values are used for ma(Oi 

and rng{t), as discussed in Section 2.5. 

The Rayleigh optical depth can be treated as constant for the duration of any 

normal calibration run, or can be found separately for each data point if the instru

ment additions discussed in Section 2.3 have been implemented. In either case, TH is 

easily calculated from the wavelength and barometric pressure. The gaseous absorp

tion optical depth may be time-varying, but if those wavelengths which exhibit very 

strong water vapor absorption are avoided, the temporal variations of Tg are much 

slower and smaller than those of r^. In this case Tg can also be treated as a constant. 
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estimated from seasonaJ typical vaiues by the method described in Section 2.7, or 

determined from a previous iteration's application of the algorithm of Chapter 8. We 

take the terms involving Rayleigh scattering and gaseous absorption to the left side 

of the equation to obtain 

In V(A,- , f )  +  0  V^V(A,)  -  m^{t)Ta{Xi, t )  (4 .18)  

ajid rewrite the remaining aerosol optical depth on the right side using (4.14), yielding 

In V(A.-,^)+mfl(^)rfl(A,-,f)+m5(0'rj(A,-,f) = In Ko"j(A,)-'J',-.,.[ma(OT-a(A,-, i)] (4.19) 

where A,, is the reference wavelength. This now ha5 the form 

y{ t )  =  B  -  Ax{ t )  (4.20) 

where 

x{ t )  = ma(i)Ta(A{.,0 (4.21) 

y{ t )  = ln\^(A,-,<) + mR(i)rfl(A.-,0 + mj(O7>('^M0 (4.22) 

A =  (4.23) 

B = ln7o"(A.) (4.24) 

and we plot data points of y(<) as a function of x(f). A straight line is fit to the data 

points using the same algorithm [30] as is used in Langley plots, giving a slope of 

and an intercept of In V^j(A,). This entire development is illustrated graphically 

in Figure 4.1. 
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m a ( t ) T a ( X i . , t }  

Figure 4.1: Graphical development of Forgan plot from Langley plot. 
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A typical LaJigley plot, for our instrument's 380 nm channel, is seen in Figure 4.2, 

along with a Forgan plot for the same data using the same instrument's 400 nm chan

nel as the reference. The intercepts, which represent the same quantity (In VJj*(380)) 

in both plots, are indeed very similar (note the different scales of the two plots). The 

fact that Figure 4.2a deviates considerably from linearity is evidence of temporally 

variable optical depths; in Figure 4.2b, however, most of this variability has been ac

counted for in the model. The improved linearity of the plot increases our confidence 

in the resulting intercept. 

4.2 Adapting Forgan's method for use without a true reference channel 

The success of Forgan's method depends on the existence of a stable reference 

channel whose optical depth variation serves as a good model for that at the wave

length being calibrated. However, we are trying to simultaneously calibrate all the 

channels of our radiometer, and do not have an a priori well-calibrated reference. 

An earlier attempt [58] was made to iterate the Forgan technique, using as the ref

erence at each iteration that channel which appeared to be best-calibrated, i.e. the 

one which exhibited the smallest standard deviation among the intercepts found for 

it from various days. However, this method failed because the criterion used was a 

poor indicator of the channel's suitability as a reference from which to calibrate other 

channels, and because the choice of reference was forced to change in each iteration. 
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(a) Langley plot for 380 nm channel 
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(b) Forgan plot for 380 nm with 400 nm as reference 

11.0 

§ 10.9 
CO 
a 

10.8 • -

o 
00 
CO 

^ 10.7--

e 
+ 10.6 •• 

10.4 
0.5 0.3 0.4 0.1 0 

m(t)T,{400. t) 

Figure 4.2: Comparison of Lzingley plot ajid Forgan plot for 380 nm channel on 
April 7, 1995. (a) Langley plot; (b) Forgan plot using 400 nm channel as the reference. 
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The observed results after ten iterations were that the intercepts for each channel 

were monotonicaJly decreasing from their original Langley plot estimates, with no 

indication of their being neax convergence. 

A more enlightened adaptation of Forgan's method is to use every channel i* as 

a potential reference for every other channel i, and taJce a weighted average of the 

results. The weights are assigned as a monotonically nondecreasing function of 

the apparent correlation coefficient (which theoretically could vary between —1 

and +1) between the residual optical depths at wavelengths A^. and A,-. "Residual 

optical depth" means the zero-mean signal obtained by subtracting the mean from 

the instantaneous optical depth data r(A,', t). Again changing the time variable from 

a continuous f to a discrete n, this can be expressed mathematically as 

N 
^ ' ̂ i:es(At« , ̂ )'''rcs(At, n) 

(4.25) 

with 

n'=l 
(4.26) 

The monotonically nondecreasing function we have chosen is 

2^i*,i ~ 1 if Pi*,i >2/3 
(4.27) 

0 else 

which maps the interval 2/3 < p < 1 to the interval 1/3 < /z < 1. 
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This approach acknowledges that some pairs of channels exhibit more similarity 

than others, and that there may not exist a single channel that can adequately serve 

as a reference for all others. This is especially important if changes occur in the 

aerosol size distribution that do not obey (4.1), as the ra(A,) will not all be affected 

equally. 

High correlation between the apparent optical depths at two wavelengths does not 

guarantee that those optical depths are the correct ones at A,.; that is, there could 

still be a bias in the resulting intercept estimate. However, it is likely that any biases 

present in the results from various "pseudo-references" will partially cancel each other 

out when those results are averaged. Rigorous testing of this hypothesis will require 

extensive processing of data sets simulated from (4.12), with a variety of forms for 

A{t) and /(r). 

Clearly Equation 4.27 is only one of many possible ways in which the fi weights 

could be assigned. Not only was the functional form chosen rather arbitrarily, but 

also there are characteristics other than that could also properly be used in 

determining the For instance, as noted by Forgan (as well as by common sense 

when one considers the nature of continuous functions), the closer A,-, is to A,-, the 

better suited it is to serve as a reference chaimel for the latter. This suggests letting 

the absolute difference in wavelengths influence the weights, in such a way that a 

larger |A,- — A,--1 tends to maJce /z,.,,- smaller. Forgan also states that some sources 
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of error will be minimized if A,-. > 760 nm, primaxily because aerosol scattering is 

the principai constituent of total optical depth in that region, except in the HjO 

absorption bajid. This is corroborated by the experience of those who process data 

in ARSL; the longer wavelength channels of the radiometer do consistently exhibit 

the most stable ajid precise calibration residts. 

Nevertheless, we have stuck with (4.27) to define the n weights, paxtly to maintain 

consistency in this part of the processing while some of the techniques of the next 

few chapters were being tried in different ways. More than that, however, I feel it 

is important to retain a variety of potential reference channels and average them, 

rather than give overly preferential consideration to just the adjacent channels and 

those with the longest wavelengths, in order to increase the chances of canceling 

out estimator biases as mentioned a couple of paragraphs ago. It should always 

be remembered that Forgan-type calibration without a previously calibrated true 

reference channel is sort of like the "blind leading the blind." Following the advice of 

a single blind guide may lead you in the wrong direction, but following an average of 

the pieces of advice given by seuera/blind guides—each of whom may know something 

about the destination—should put you in better shape than doing nothing. 

As the true intercepts become known with more confidence for some channels, 

they can be used diagnostically, particularly if there is one well-calibrated channel 

at short, medium, and long wavelengths. Applying each of them, one at a time, to 
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Forgan plots for the other channels, then comparing the results, can indicate size 

distribution changes that do not obey (4.1). 

A variation on the technique described in this section is alluded to briefly in [35]. 

The calibration of the reference chcinnel itself (or in our case, each pseudo-reference 

chajinel) could be updated iteratively, by finding the Vo(A,-.) that minimizes the 

variation of the derived Vo(A,) over a group of days. This option is awfully close to 

the iterative scheme that was unsuccessfully attempted in [58], and so has not been 

explicitly pursued. Conceptually, however, it is almost exactly what will be done 

when the techniques of this and the next two chapters are embedded into a larger 

iterative scheme (Chapter 7). 

The aerosol optical depths which axe used in creating Forgan plots, and whose 

residuals' correlations determine the weights, should be those obtained by filter

ing the original optical depths to remove an estimate of whatever noise is present. 

This increases the likelihood that the correlations on which the whole scheme de

pends are between true atmospheric variations rather than white measurement noise 

processes. Chapter 5 discusses techniques to accomplish this. 

4.3 Results from sample data set 

Table 4.1 gives, for each wavelength, the VQ found from the morning of April 22, 

1995, using each other wavelength as a reference. The T(i(At.,0 which are used as 



K,(380) K,(400) K,(440) K,(520) Vb(670) K,(780) Vb{870) K,(1030) 
Ref = 380 — 70722 59979 57533 49594 55778 55464 50694 
Ref = 400 56601 — 60197 57705 49700 55945 55585 50761 
Ref = 440 56051 70369 — 57282 49430 55566 55294 50571 
Ref = 520 55500 69786 59115 — 49150 55191 54987 50369 
Ref = 670 54774 69012 58392 56277 — 54671 54578 50099 
Ref = 780 54849 69119 58481 56353 48816 — 54627 50129 
Ref = 870 55189 69444 58811 56618 49003 54986 — 50266 
Ref = 1030: 56978 71261 60612 58091 50012 56318 55917 — 

Mean 55706 69959 59370 57123 49386 55494 55207 50413 
Weighted mean 55770 70000 59419 57138 49297 55381 55219 50548 

Langley 54493 68758 58116 56001 48600 54389 54386 49977 

Table 4.1: Zero-airmass intercepts found from Forgan plots for April 22, 1995. Intercepts from the 
corresponding Langley plots are given for comparison. Units are A/D output counts. 

crn,(380) (Tvb (400) aKo(440) (TK„(520) ^Ko(670) <^v^o(780) c^Vo(870) crvo(1030) 
Ref = 380 — .00027 .00022 .00025 .00023 .00033 .00029 .00043 
Ref = 400 .00027 — .00026 .00028 .00028 .00035 .00032 .00046 
Ref = 440 .00025 .00030 — .00022 .00020 .00030 .00026 .00041 
Ref = 520 .00031 .00034 .00025 — .00016 .00026 .00023 .00041 
Ref = 670 .00039 .00042 .00031 .00023 — .00028 .00022 .00038 
Ref = 780 .00043 .00042 .00036 .00027 .00021 — .00024 .00044 
Ref = 870 .00041 .00044 .00034 .00026 .00017 .00026 — .00042 

Ref = 1030: .00082 .00074 .00071 .00059 .00042 .00062 .00049 — 

Langley .00040 .00038 .00037 .00035 .00023 .00029 .00023 .00023 

Table 4.2: Uncertainties in the zero-airmass intercepts shown in Table 4.1, given as a fraction of Vb in 
each case. 



94 

models in this case axe those found by smoothing the Langley plot residuals with a 6'*^ 

order Daubechies wavelet filter, as will be discussed in the following chapter. Their 

meajis (both straight and weighted by the /i,-,,) axe included, as are the Vq's from 

Langley plots for comparison. At every wavelength the Langley method seems to 

have underestimated Vo, which would be consistent with a morning on which aerosol 

concentrations increased over time. 

Let us continue with this Seime data set, and present more of the numerical results 

relating to the statistics of the Forgan plot technique. Table 4.2 lists the uncertain

ties (standard deviations of instajitaneous fits) associated with the Vq estimates in 

Table 4.1, and Table 4.3 shows the deviations of the estimated from linearity, 

as compared with the deviations of r(A,) on a Langley plot from linearity. Table 4.4 

shows for  each pair  of  wavelengths  i  and i '  the  product  of  'P,- . , , -  and ' J ,which 

should equal unity in every case if all assumptions held and all line-fittings were per

fect. Finally, Tables 4.5 and 4.6 show the correlations that were found between 

pairs of chaimels using (4.25), and the corresponding weighting factors found 

from (4.27). 

Some observations about the statistics in Tables 4.2 to 4.6 are the following: 

1. The imcertainties in the intercepts of Forgan plots (Table 4.2) are comparable 

to the uncertainties in the intercepts of Langley plots. 



<^*S'(i«,670) O"l'(i»,780) O"4'(i»,870) 
i '  = 380 — .02906 .02163 .02906 .03335 .04123 .04410 .07974 

•
 

11 o
 

o
 

.02199 — .02422 .03135 .03809 .04054 .04627 .08296 
i '  =  440 .02261 .03373 — .02693 .03047 .03809 .04072 .08126 
i '  = 520 .03140 .04365 .02821 — .02823 .03625 .04103 .08629 
z* = 670 .04464 .06095 .04052 .03661 — .04352 .04332 .09282 o

 
00 11 « .05159 .06061 .04554 .04047 .03879 — .04854 .10087 

i *  =  870 .04422 .05874 .04034 .03638 .02898 .03954 — .09023 
z* = 1030 : .06176 .07094 .05819 .05527 .04801 .05800 .05684 — 

Langley .00044 .00051 .00071 .00111 .00150 .00280 .00301 .00494 

Table 4.3: Relative uncertainties in the $ ratios found from the Forgan plots of the data from 
April 22, 1995, given as a fraction of in each case. The last line is relative uncertainty of the 
analogous quantity, r, on the corresponding Langley plot. 

i  = 380 i  = 400 «
»

»
. 

II O
 

i  =  520 1 = 670 i = 780 II oo
 

o
 

i  =  1030 
i* = 380 — -0.13 -0.13 -0.59 -0.82 -2.73 -1.74 -7.27 

« II o
 

o
 

-0.13 — -0.17 1 P
 

-1.19 -2.28 -2.12 -8.63 
i '  =  440 -0.13 -0.17 — -0.19 -0.41 -1.75 -0.98 -6.97 
i '  =  520 -0.59 -0.71 -0.19 — -0.11 -1.02 -0.58 -6.83 
i* = 670 -0.82 -1.19 -0.41 -0.11 — -0.92 -1-0.04 -6.23 o

 
00 II • -2.73 -2.28 -1.75 -1.02 -0.92 — -1.08 -8.51 

i '  = 870 -1.74 -2.12 -0.98 -0.58 -fO.04 -1.08 — -6.51 
i '  =  1030: -7.27 -8.63 -6.97 -6.83 -6.23 -8.51 -6.51 — 

Table 4.4: Percentage by which the product of each pair of theoretical reciprocals and 
from the Forgan plots of April 22, 1995, differ from unity. 



Pi',•am Pi*,AOQ P i 'MQ />I*,520 Pi*,670 Pi*,780 Pi*,870 PI •,1030 
i *  = 380 1 0.9885 0.9886 0.9738 0.8196 0.7667 0.9473 0.8387 
i '  400 0.9885 1 0.9902 0.9805 0.8197 0.8187 0.9487 0.8282 
i *  440 0.9886 0.9902 1 0.9824 0.8374 0.7982 0.9540 0-8292 
i '  520 0.9738 0.9805 0.9824 1 0.8589 0.8289 0.9478 0.7831 
i '  = 670 0.8196 0.8197 0.8374 0.8589 1 0.7339 0.8493 0.5317 
i '  780 0.7667 0.8187 0.7982 0.8289 0.7339 1 0.7840 0.5052 
i '  = 870 0.9473 0.9487 0.9540 0.9478 0.8493 0.7840 1 0.7685 

i '  1030 0.8387 0.8282 0.8292 0.7831 0.5317 0.5052 0.7685 1 

Table 4,5: Correlation coefficients found from (4.25) between residual optical depth records at 
different wavelengths on April 22, 1995. 

/^«*,380 P-i*,AOO Pi*,440 Pi*,520 Pi*,670 Pi*,780 Pi*,870 Pi*,\030 

i' — 380 — 0.9770 0.9773 0.9477 0.6392 0.5334 0.8946 0.6774 
i' 
= 400 0.9770 — 0.9805 0.9610 0.6393 0.6374 0.8974 0.6563 

i' = 440 0.9773 0.9805 — 0.9648 0.6749 0.5964 0.9081 0.6585 
i* = 520 0.9477 0.9610 0.9648 — 0.7177 0.6578 0.8955 0.5661 
i' — 670 0.6392 0.6393 0.6749 0.7177 — 0.4679 0.6986 0 
i' = 780 0.5334 0.6374 0.5964 0.6578 0.4679 — 0.5680 0 
i* = 870 0.8946 0.8974 0.9081 0.8955 0.6986 0.5680 — 0.5369 
i' = 1030 0.6774 0.6563 0.6585 0.5661 0 0 0.5369 — 

Table 4.6: Weighting factors between channels for April 22, 1995, determined from correlations in 
Table 4.5 using (4.27). 
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2. The uncertainties in the slopes of Forgan plots (Table 4.3) are much larger 

than the uncertainties in the slopes of Langley plots. It is not at all clear why 

this would be the case, unless there is an error in the way this quantity was 

calculated. 

3. Tables 4.4, 4.5, and 4.6 axe all symmetric about their diagonals, due to the 

definition of their entries. 

4. In every table, the errors and uncertainties tend to be smaller and the correla

tions larger neax the diagonal, since A,- and A,-, are close to each other. 

5. The effect of the nonlineaxity in Equation 4.27 is seen in Table 4.6, where two 

pairs of channels have been assigned weights of zero because their correlations 

in Table 4.5 were less than 2/3. 

6. Several indicators consistently suggest that the 1030 nm channel was poorer in 

quality than the others on this day. Witness its larger uncertainties in Tables 4.2 

and 4.3, its large errors in Table 4.4, and its smaller correlations in Table 4.5. 

This may be partially attributable to the detector's temperature sensitivity (see 

Section 2.2). 
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CHAPTER 5 

Spectral analysis and filtering of optical depths 

As mentioned at the end of the previous chapter, the effectiveness of the Forgan 

method is enhanced if measurement noise caji be removed from the data prior to its 

application. It is clear that the optimum choice of a filtering scheme for this purpose 

depends on the spectral chaiacteristics of the noise, as well as of the signal {i.e., the 

true atmospheric variations). We expect low-frequency variations in the radiometer 

measurements to be primarily signal, and high-frequency content to be mostly noise, 

so some sort of lowpass filter is required. Under the Langley-plot assumption of 

constant optical depth, all temporal variations are considered noise to be removed, 

so the filter implicitly used in that case is an extreme one that only passes the DC 

component. A more generalized view of the situation is that both the noise and the 

underlying signal have random variations, but can be distinguished by their spectral 

densities. 

Our processing program allows one to choose either (1) a windowed FIR (finite 

impulse response) approximation of aji ideal lowpaiss filter, (2) a simple windowed 

MA (moving average) lowpass filter, or (3) a wavelet-based processing scheme which 
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estimates spectrai parameters of the signal and noise, and applies a theoretically 

optimal filter in the wavelet domain. In each case the data which will be run through 

the filters are the residual optical depths, which were called TVes(0 in the previous 

chapter, but will here be denoted r(t) for simplicity, or r(n) in the discrete-time case. 

The reader may wonder why the author bothered to implement the FIR and MA 

filters, if the wavelet-based scheme is optimal. Part of the answer is that when the 

author was a neophyte in the use of wavelets, he believed that they could only be used 

if the length of the data record was a power of 2. Thus the suboptimal filters would 

be needed for data sets of arbitrary length. As it turns out, this was a fortuitous 

stroke of ignorance, for it will be seen that the theoretical optimality of wavelets is not 

always met in reality, and the FIR and MA filters have merit of their own. Moreover, 

having many different filter types available allows one to make comparisons between 

them and test their relative merits. We now discuss our implementation of each of 

these three options. 

5.1 Finite impulse response filtering 

The window method of FIR filter design, as outlined in [59], was followed in 

obtaining approximations to an ideal lowpass filter. The method will be briefly 

reviewed here. A discrete-time ideal lowpass filter has a frequency response whose 
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magnitude is 
F 

1, loll < CJc 
l^idealCe^*^)! = (5.1) 

0, fjJc < I'^l ^ T 

where Wc is its cutoff frequency. Recall that tt represents the highest discernible 

frequency in a discrete-time signal, equal to half the sampling frequency according 

to the Nyquist criterion [59]. Incorporation of a linear phase factor, which will lead 

to a causal filter, gives a frequency response 

g-ia;Af/2^ j^| < 
(5.2) 

0, Wc < |w| < TT 

where 0 < n < M is the interval to which the filter's impulse response will be limited. 

The inverse Fourier transform of (5.2) gives the impulse response 

L , s _ sin[u;c(n-Af/2)] 

- M/2) 

for —CO < n < oo, a shape known as a "sine function." Simply truncating k { T i )  

to get a finite causal impulse response amounts to multiplying it by a rectangular 

fimction, hence this action would "smear" the frequency response by convolving the 

ideal with a sine function. Some such distortion is unavoidable when the 

response is truncated, since a system cannot have both a finite impulse response 

and a bajid-limited frequency response [60]. However, the truncation can be done 

by multiplication with a window function iw(n) that fcills off more gradually than a 

rectangular function in the time domain, while its Fourier transform W{e''^) features 

smaller sidelobes than a sine function in the frequency domain. 
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Our program allows the user to select one of four well-known window functions 

[59|: 

1. The "Banning" (or von Hann) window 

0.5 — O.5cos(27rn/Af), 0 < n < M 

0, otherwise 

2. The Hamming window 

r 

0.54 — 0.46 cos(27rn/M), 0 < n < M 

0, otherwise 

w{n)  =  

w{n)  =  < 

(5.4) 

(5.5) 

3. The Blackman window 

0.42 — 0.5cos(27rn/Af) -f- 0.08cos(4rn/Af), 0  <n  <  M 
to(n) = 'I (5.6) 

0, otherwise 

4. The Welch window 

«^(n) = ^ (5.7) 

0, otherwise 

The FIR filter's impulse response is calculated as the product of the chosen w{n)  and 

the ideal impulse response given in (5.3). Since the filter should have a DC gain of 

unity, the impulse response must next be normalized: 

h{n )  = , 0 < n < M. (5.8) 

n'=0 



102 

This is convolved with the residual optical depths r(n) to obtain an estimate of the 

"true" noise-free residuals: 

Both time domain and frequency domain equations are shown to emphasize the rela

tionship between what happens in both domains, and to point out that convolutions 

are never directly performed in the implementation. Rather, h{n) is first foimd 

by multiplication in the time domain, and then Fast Fourier Transforms (FFT's) 

are taken of both h{n) and r(n). Their product is found in the frequency domain 

(Eq. 5.10), and an inverse FFT is performed on the residt to get f(n). This ap

proach is known to be more computationally efficient than direct convolution for 

most realistic data lengths [60, 61]. 

In the FORTRAN program which implements the filters, the first thing the FIR 

filter setup routine does is zero-pad the data record r(n) from its natural length 

^data up to a length N that is a power of 2. This is necessary if FFT's are to be 

employed efficiently. The user is then told how long a filter may be implemented 

without wrap-around distortion from the circular convolution, and given the option 

of further zero-padding out to twice the current record length, up to a maximmn 

allowable length of 4096. Next the user is asked to specify the cutoff frequency of the 

ideal lowpass filter to be approximated. This may be provided either as a fraction 

x{n )  = r(n)  •  A(n) (5.9) 

(5.10) 
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of TT (as a real number between 0 and 1), or as the number of frequency samples to 

be retained in the filter passband (an integer between 10 and N — 10). Any other 

response provokes a message from the program requesting that the user enter a valid 

number. If a cutoff is entered that would result in fewer than 10 (resp., more than 

N — 10) frequency components in the passband, the user is warned and the program 

instead implements a filter with exactly 10 (resp., N — 10) frequency components in 

the passband. 

Next the user selects which of the four window shapes is to be used, ajid the 

number N/^ of frequency samples that should be contained in the "main lobe" of 

I.e., at frequencies below the first null. The minimum that can be entered 

for Nj^ is 5, and the maximum is either 50 or half the number of frequency samples 

in the passband of -ffideai(e-'^), whichever is smaller. Again, the program will request 

a new number if the first one entered is outside of the acceptable range. The program 

calculates the required window length, and thus the filter length, M + 1, according 

to the following formulae: 

Harming: M  =  

Hamming: M  =  

Blackman: M  =  

Welch: M = 

4iV 

2Nj^  
' 4iV 

2Nf^  
'  6 N  

2Nf^  
3 N  

2Nf^  
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and then increments M  by one if it is an odd number. By making M  always even, 

this guarantees that h{n) will have a sample at n = M/2, which corresponds to zero-

lag when the result is time-shifted back to non-causality. If the resulting M is too 

long to be applied without wrap-around distortion, the whole setup process must be 

repeated either with more zero-padding of the data, or with filter requirements that 

w i l l  p r o d u c e  a  s m a l l e r  M .  

Now with h{n )  completely determined, the zero-padded data record r(n) is mod

ified to prevent high-frequency distortion near the endpoints. Specifically, M of the 

zeroes which were previously inserted axe now changed to duplicates of the actual 

data in a mirror-image fashion. That is, the next M/2 time slots after the actual 

data are filled according to; 

''(A'data + n) = r(iVdata + 1 - n), H = 1,..., Af/2, (5.11) 

and the last M / 2  "negative time" slots (wrapped aroimd, modulo N )  are filled ac

cording to: 

r(A^-I-1 -  n) =  r(n) ,  n  =  1, . . . ,  M/2.  (5.12)  

It will be seen in Section 5.3 that this amounts to half-sample symmetric data exten

sion about the points n = 0.5 ajid n = A'data + 0.5. 

Finally the filter response is computed by (5.8) and applied to the data using 

FFT's and (5.10), with appropriate time shifts to counteract the causality factor and 
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get the indices lined up properly, and an output file of smoothed optical depths is 

generated. 

Figure 5.1 presents x(<) plots that have all been obtained from a single set of 

residuals r(<), using FIR filters that use each of the four window shapes in approx

imating an ideal lowpass characteristic. In each case, the cutoff frequency is 0.047r 

and Nj^ = 10, while iV^ata = 1024 for this data set. It is evident that the window 

shape does have a visually noticeable effect on the results. The Blackman window in 

particular produces results that differ markedly from the others. Some examples will 

be seen later (in Chapter 9) that compare results with different cutoff frequencies, 

and with different values of Nj^. The point is that with three different selectable 

parameters in this clciss of filters, it is difficult to know which filter is the "right" one 

to use for a given data set, i.e. the one whose output provides the best representation 

of the true atmospheric variations. This question, of course, leads to the concept of 

Wiener filtering [62], in which a filter is devised that optimally separates the desired 

signal from the unwanted noise, based on the estimated power spectra of the two. 

This is essentially what will be done in Section 5.3, but with the variation of doing 

spectral estimation in the wavelet domain rather than the Fourier domain. Before 

getting there, though, we explain in the next section the second option that has been 

implemented in our filtering program. 
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4/24/95 AM, 380 nm, Manning FIR 0.04pl, 10 fs 
0.02 

0.01 

•0.01 

•0.02 

3 5 6 7 2 1 4 aiimass 

4/24/95 AM, 380 nm, Hamming RR 0.04pi, 10 fs 
0.02 

0.01 

tr 

•0.01 

•0.02 

6 7 2 ^ airman ^ 5 1 

4/24/95 /VM, 380 nm, Blackman FIR 0.04pi, 10 fs 
0.02 

0.01 

•0.01 

•0.02 

5 6 7 2 3 1 4 

4/24/95 AM, 380 nm, Welch RR 0.04pl, 10 fs 
0.02 

0.01 

•0.01 

•0.02 

7 5 6 2 3 4 1 

Figure 5.1: Residual optical depths at 380 run on April 24, 1995, filtered with four 
different FIR filters. Each filter has the same cutoff frequency, but a different window 
shape. 
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5.2 Moving average filtering 

For this application, the windowed FIR approach is probably more complicated 

thaji necessary. That is, although any useful filter for removing measurement noise 

must be generally lowpass in character, there is no evidence suggesting that all fre

quency components below a certain cutoff are meaningful atmospheric variations, 

and all components above that cutoff eire noise. So the second kind of filter that we 

have implemented casts aside the challenging goal of trying to approximate an ideal 

lowpass filter, and instead allows a more gradual frequency response. Specifically, 

a weighted moving average (MA) filter is implemented with the weights assigned 

according to one of the four window fimctions defined in the previous section. The 

data record is convolved with an impulse response h{n) = w{n). Thus the filter's 

frequency response has one of the shapes depicted in Figure 7.30 of [59], which has 

not been reproduced here. 

Just as in the FIR case, the MA setup routine first zero-pads the data until N  

is a power of 2, and tells the user how long a filter may be implemented without 

wrap-around. The user may then double N if desired, up to a maximum of 4096. 

Next, he or she is prompted for either the frequency at which the first null occurs in 

the frequency response (given as a fraction of tt), or the length M + 1 of the impulse 

response, which must be odd. The minimum allowable M -fl is 7, and the maximum 

is either N — ATdataj or iV/8, whichever is smaller. If the user enters anything other 
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than an odd integer in this range or a real nvunber between 0 and 1 (non-inclusive), 

the program agciin gives an error message and requests a new number. The user is 

then prompted for which window shape to use—one of the four defined above or a 

simple rectangular window. 

If the null frequency U >o was entered, the progrzim calculates M ,  and if M  was 

entered, it calculates a;o, according to one of the following formulae: 

2 
Rectangular: M  =  —J wq = 2/M 

Hanning: M = J^—J WQ = 4/M 

Hamming: M = I — I cjq = 41M 
IUJQI 

Blackman: M = — wq = 6/M 
LwoJ 

Welch: M=| —I u;o = 3/M 
Lct'o-I Lct'o-

As in the FIR ca^e, if the formula makes M odd, it is incremented by one to make 

it even. Also as in the FIR case, if the resulting M is too long, the setup must 

be repeated with more zero-padding or a shorter filter. When all is well, h{n) is 

normalized to provide unity gain at DC, and applied to the data using FFT's and 

(5.10) to produce the output file of smoothed optical depths. 

A graphical comparison of the x(<) that result from applying various MA filters 

to the same r{t) has not been provided at this point, since this was already done for 

the FIR filters, and there is not much new insight to be gained from another such set 
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of plots. Moreover, plenty of results of MA filtering will be reported in later sections 

of the dissertation. 

5.3 Wavelet-based analysis and filtering 

It is well known that many natural phenomena exhibit fractal, or statistically 

scale-invaxiant, chaxacteristics [63]. Classic examples of fractal geometric patterns 

in nature include coastlines of continents and islands, vascular structures in plants 

and animals, shapes of clouds, and terrains of mountainous axeas. These examples 

all have topological dimension of 2 or 3; our main interest is in one-dimensional 

processes. Specifically, many one-dimensional temporal or spatiaJ series generated by 

natural processes have power spectra of the form 

2 

5xH ~ (5.13) 
\U) 

with 7 typically between -1 and 3, and are known as 1// processes. A surprising 

abundance of such processes are listed in [64], including not only such expected 

examples as electronic device noise in transistors, and meteorological statistics; but 

aJso such things a^ wobble in the eaxth's axis, electroencephalogram variations of 

the human brain under certain stimuli; and even less-natural processes like the Dow 

Jones Industrial Average (see also [65]), and amplitude and frequency variations 

of music from various cultures. Some interesting applications to geophysical and 

meteorological phenomena are discussed in [66, 67, 68], 
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A possible mathematical explanation for the empirically observed ubiquity of 1// 

processes in nature, particularly for 0 < 7 < 2, is that they arise from systems with a 

countably infinite number of poles exponentially distributed along the negative real 

axis of the 5-plane, with zeroes between them [64]. Note that the range —1 < 7 < 1 

represents fractional Gaussian noises, with 7 = 0 corresponding to stationary white 

noise, and the range 1 < 7 < 3 represents fractional Brownian motions (see also [69]), 

with 7 = 2 corresponding to a Wiener process. 

In light of these examples, it seems reasonable to expect that temporal variations 

of atmospheric optical depth can aJso be well modeled as having a 1 //-type power 

spectrum. Assimiing this to be the case, we develop in this section a procedure for 

optimally estimating true aerosol variations while filtering out measurement noise. 

In recent years, wavelet transforms have received much attention as a tool for 

analyzing fractal processes. Since a wavelet transform usually corresponds to a mul-

tiresolution signal analysis, it is well-suited to statistically scale-invariant (fractal) 

processes in much the same way that Fourier transforms ase well-suited to statis

tically time-invaxiant (stationary) processes. The next several pages offer a brief 

tutorial on the piost important concepts of wavelet theory as it will be applied to the 

noise-filtering problem. This will be followed by a description of the actual signal pro

cessing algorithm and our implementation of it. The section closes with some results 

of the processing and discussion thereof. For more thorough explanations of wavelets 
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and their relation to miiltiresolution analysis, subband coding, ajid quadrature mirror 

filter (QMF) banks, the reader is referred to [64, 70, 71, 72, 73]. 

A wavelet transform of a one-dimensional signal x{ t )  is a projection of that signal 

onto a set of functions which are all dilations and translations of a single 

prototype function sometimes called the "mother wavelet," whose spectrum is 

generally bandpass in nature. This can be expressed eis 

yV{x{ t ) }=  j  x{ t ) i l ) ' ^ { t )  d t  (5.14) 
J —OO 

where 

(~T^) " 

In general W{-a;(<)} can be a continuously-defined function of ^ and i/, but in the 

situations of interest to us, fi and u can be restricted to values on a discrete lattice 

fi = 2"'" (5.16) 

i/ = 2-'"n (5.17) 

for m,n  E  Z .  In this case we will write V'^(^) rather than The mother wavelet 

must be chosen such that the countably infinite set {-0^(0 : m, n G Z} forms a 

bas i s  for /-^(R), the space of all square-integrable functioQS defined on R. If x{t) is 

projected onto this basis, the resulting coefficients : m,n 6 Z} comprise the 

wavelet transform of x{t). Furthermore, for every m, the detail function 

£>(m,i)= ^  (5.18)  
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can be thought of as the difference between lowpass approximations of x ( t )  at reso

lutions m ajid m — 1. 

Discrete-time signals of finite duration (such as a set of solax radiometer mea

surements), require only a finite number of to completely chaxacterize them, say, 

M resolution scales (also referred to as subbands) with N{m) coefficients in the m'^ 

subband. This leads to the discrete wavelet transform (DWT), which computes 

by iteratively applying digital highpass and lowpass filters which form a QMF pair to 

x(^), to its lowpass approximation, to that approximation's lowpass approximation, 

and so on, with the filter outputs downsampled by 2 after each iteration. Vetterli 

and Herley [72] have noted that the DWT can be interpreted as a "constant-^ filter

ing with a set of octave-baxid filters, followed by sampling at the respective Nyquist 

frequencies." 

Wornell [64] has shown that if ^>(0 is chosen such that •" m,n € Z} forms 

an orthonormal basis for (R), then the DWT of a 1 // signal acts as a Karhunen-

Loeve-type expansion, in the sense that the xJJ* are nearly uncorrelated. Furthermore, 

if r{t) = x(t)+w{t), where x{t) is a Gaussian 1/f signal^ and w(t) is stationary white 

Gaussian noise, then each wavelet coefficient can be modeled as an independent 

Gaussian random variable with variance of the form 

+ ^2 (5.19) 

^Lacking evidence to the contrary, we will assume that the signals we process eire Gaussian-
distributed. If they are not, then Wornell's spectral estimation algorithm is not necessMily maximum 
likelihood. 



113 

where 0 = 2"^. The first term on the right side of (5.19) is due to the signal, and 

the second term due to noise. A method is developed in [64] for finding majcimimi 

likelihood estimates of /3, cr^, and given only the wavelet coefficients' sample 

variances 

»2 ^ ^ 
N ( m )  

E (C)' (5.20) 
- iV(m)„fx 

for each subbajid m, using an iterative estimate-maximize (EM) algorithm [74]. The 

"Estimate" stage of the EM algorithm consists of calculating estimates of the noise 

and  s igna l  pa r t s  o f  t he  wave le t  coe f f i c i en t  va r i ances  a t  each  sca l e  m:  

5;;(0W) = A„(Qii) + 

s'Ce'") = A„(em) + 

(5.21) 

(5.22) 

where is the estimate in the iteration of the paxameter set 

0  = (A^^O• 

The functions Am, and are given by: 

A„(0M) = 

(5.23) 

imam {pin) 

(piny 

BS(0") = 

B^(0W) = 

1 2 

(5.24) 

(5.25) 

(5.26) 

The "Maximize" stage of the EM algorithm uses the variance estimates to find new 

parameter estimates. First, is found as the unique positive real root of the 
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polynomial 

M 
m = E C„Ar(m)SJ(0l1);3" (5.27) 

771=1 

where 

C„ = -5-i . (5.28) 

mN{m) ^2 N{Tn) 
m=l m=l 

Then the other two parameters can be found as 

f; iV(m)S^(0l'I) 

j; (5.29) 

E Ar(m) 
m=l 

M 
x; JV(m)SS(0"') 

"aT 
AfCm) 

m=l 

The derivation of these equations, and proof that they produce the maximum likeli

hood estimate of 0, can be found in Appendix C of [64]. Also included is a proof of 

the existence and uniqueness of a positive real root of p(/?). 

The estimated set 0 of spectral parameters can be used to implement a Wiener-

type optimal smoothing filter in the wavelet domain. Multiplying each by the 

factor 

= ^^0- + Tj (5.31) 

and then performing the inverse wavelet transform produces the optimal estimate of 

x(i). The entire estimation process is illustrated in block diagram form in Figure 5.2. 
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Figure 5.2: Block diagram of the wavelet-based spectral estimation and optimum filtering procedure. 
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Wornell's algorithin requires a DWT that is iavertible and corresponds to an or-

thonormai basis. Such a DWT can be implemented with QMF's that have either 

linear phase or compact support (finite impulse response), but not both, except in 

the case of the Haar basis [70, 72]. This simple basis, however, does not have sufficient 

regulaxity (smoothness in the wavelet and its derivatives) to meet the requirements 

of Wornell's theorem. Although lineax phcise is a desirable property, we opted for 

compact support, because of the simplicity and inherent stability of finite impulse 

response QMF's. This choice was reinforced by the fact that all the examples in 

[64] utilized wavelets with compact support, particularly Daubechies wavelets of or

der 2 or higher.^ These orthonormal wavelets are well-documented [70] and easily 

implementable [61]. Thus we have written our processing program to use Daubechies 

wavelets, with orders from 2 to 10 selectable. 

Our first version of this wavelet-based processing utilized the routines in [61], 

which required the data length N^.t. to exactly equal a power of 2, as a result of the 

downsampling performed after each of the M passes through the QMF pair. This 

is, of course, an undesirable restriction, and various schemes exist to take DWT's of 

arbitrary-length signals [75]. While many of these schemes axe non-expansive (i.e., 

the number of wavelet coefficients exactly equals iVjata), expansion is not a pencilty 

in this application, as wavelet coefficients axe not being stored long-term. Indeed, it 

^The length of the corresponding QMF's impulse responses for Daubechies wavelets is twice 
their order; the Daubechies basis of order 1 is the Haar basis. The regularity of Daubechies wavelets 
increases by about half a derivative with each increment of order. 
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may even be desirable, since the o-^ used in the spectral estimation algorithm axe 

then computed across more samples. 

Any DWT implementation (indeed, any discrete-time convolution) must assume 

some sort of signal extension, whether by periodization, zero-padding, symmetry, or 

some other method, in order to process data points near the ends of the record. In this 

application, we expect the signal (the optical depths) to behave similarly outside of 

the measurement period as inside, so we employ symmetric extension, thus avoiding 

introduction of eirtificial high-frequency content or wrap-around effects. Brislawn 

[75] heis developed a scheme that uses various t3T)es of symmetric extension to take a 

non-expansive invertible DWT of a signal of any length. Although Brislawn's scheme 

applies to linear-phase biorthogonal wavelets rather than orthogonal ones, some of 

the same concepts are utilized here. 

The data record is first extended to approximately twice its natural length using 

the appropriate mirroring scheme from Table 5.1. Using terminology from [75], half-

sample symmetry (HSS) means that the end points of the data are repeated, and 

whole-sample symmetry (WSS) means that they are not. A third scheme, which we 

denote as X/WSS, first extrapolates one point at both ends of the data, then extends 

it using WSS. By these choices, the fundamental period of the extended signal will 

be a multiple of 4. This symmetric signal is then replicated periodically, repeatedly 
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TVdata mod 4 Scheme Period 
0 HSS 2iVdata 
1 WSS 2iVdata-2 
2 HSS 2^data 
3 X/WSS 2iVdata + 2 

Table 5.1: Symmetric extension (mirroring) schemes. 

doubling the data length until it is divisible by 2^, where M = riog2-^datal — 1 is 

the number of downsamplings required. 

Artificially periodizing the signal may at first seem like a serious distortion; ac

tually, though, it is only a tool for estimating the low-frequency components of the 

signal within its duration. Because the length of the QMF pair's impulse responses 

remains fixed, even as the length of its inputs halves with every iteration, the ex

tended data may actually contribute more to wavelet coefficients at coarse resolutions 

than the original data points do. However, these points are all just duplications of the 

original data, with the same statistics, so no distortion occurs within 1 < n < A^data-

The ideas in the preceding several paragraphs are illustrated in Figure 5.3 and 

Table 5.2. The table shows the effects of mirroring and periodization on several (un-

realistically short) data lengths, eind the figure depicts these effects followed by the 

three steps of filtering ("L" for lowpass, "H" for highpass) and downsampling for 

Miata = 14. The coefficients {-si,... ,37} in Figure 5.3 axe the lowest frequency sub-

bajid (denoted s for smooth) and are not affected by the filtering operation described 

in this chapter. 
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14—:—-28 
Mirror Replicate 
(HSS) 

28 
•  •  • ,  r^&} 

• . r l }  
LLL 

{ - 5 1 , . . . ,  3 7 }  { - r 2 , . . . , r 2 }  

Figure 5.3: Effect on signal length of DWT steps for iVjata = 14. 

Mirroring Fundamental How many Overall # of coefFs. 
-̂ data M scheme period more 2's period in lowest 

required subband 
8 2 HSS 16 = 2^ 0 16 4 
9 3 WSS 16 = 2" 0 16 2 

10 3 HSS 20 = 22 X 5 1 40 5 
11 3 X/WSS 24 = 2^ x 3 0 24 3 
12 3 HSS 24 = 2^ x 3 0 24 3 
13 3 WSS 24 = 2^ x 3 0 24 3 
14 3 HSS 28 = 22 x 7 1 56 7 
15 3 X/WSS 32 = 2^ 0 32 4 
16 3 HSS 32 = 2® 0 32 4 
17 4 WSS C

O
 

to
 

II to
 

Cn
 

0 32 2 

Table 5.2: Effect of signal extension for various data lengths. 
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In our earlier paper [76], the optical depths which we processed were those found 

by Langley analysis. In the present work we instead filter the (residual) optical depths 

found by substituting the latest best estimate of VQ J{X) into (1.33). The difference 

is apparent in Figures 5.4 and 5.5. 

Figure 5.4a shows a set of residual optical depths obtained by Langley analysis 

from measurements made in Tucson at A = 870 nm. Likewise, Figure 5.5a shows 

residuals derived from the same measurements by supplying a better estimate of 

V^j(870 nm). (The source of this estimate will be discussed in Chapter 7.) The other 

parts of both figures are the results from applying a 31-tap Hajming-windowed MA 

filter, and two different wavelet-based filters, to these residual signals. Since the data 

are plotted against airmass, and this was a morning run, time runs (nonlinearly) from 

right to left in these plots. 

It is evident from both figures that there is temporal correlation in these signals, 

i.e. they are not just white noise as assumed in Langley analysis. Particularly the 

"hump" around m = 2 appears on every plot. The oscillatory nature of the signal at 

smaller airmasses is also apparent in the filtered signals although not discernible in 

the original. The long-term trend of the optical depth, however—namely, its gradual 

increase over time (decrease with airmass)—is obscured in Figure 5.4. This is because 

the line-fitting algorithm in [30] will always choose the intercept that produces the 

minimum variation in r. 
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(a) Unflltered residuals at 870 nm, April 22,1995 
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(b) Filtered with 31-tap Hanning moving average filter 
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Figure 5.4; Residual optical depths from Lzmgley plot at 870 nm on April 22, 1995. 
(a) Before smoothing; (b) smoothed with Hanning window moving average filter 
of length 31; (c) smoothed with filter based on 6"^ order Daubechies wavelets; (d) 
smoothed with filter based on lO"* order Daubechies wavelets. 

(c) RItered using 6th order Daubechies wavelets 

(d) RItered using 10th order Daubechies wavelets 
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(a) Unfiltered residuals at 870 nm, April 22,1995 
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(b) Filtered with 31-tap Manning moving average filter 
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Figure 5.5: Same as Figure 5.4 but with residual optical depths found by supply
ing v^-j. 
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It is clciimed in [64] that the effectiveness of the smoothing algorithm is largely 

independent of the specific choice of wavelet basis, as long as it is orthonormal. 

We indeed see virtually identical results in parts (c) and (d) of Figures 5.4 and 5.5, 

although some more pronounced differences will arise later in Chapter 7. The simpler 

lowpass filter used in paxt (b) of the figures tends to suppress the larger excursions 

of the signal, and is suboptimal at extracting the signal from the noise if the signal's 

spectrum obeys the 1// assumption. Obviously, many other filters could be used, 

and their relative optimality depends on what the signal's true spectrum is. 

An observation that may be made is that there appears to be a larger amount of 

noise at small airmasses thaji at large airmasses. This is not a unique occurrence, 

but one that has been observed in several such plots. This characteristic calls into 

question the assumption that w{t) is stationary. It is possible, for instance, that there 

is a noise component which is stationary in the domain of raw meaisurements K(A,-, t) 

but appears divided by m{t) when optical depths are exajnined. Further research in 

this area may improve the analysis and the model. 

Although the parameters and are not presently used for anything other 

than smoothing, they eire retained for each data set processed, as they may prove 

useful in some future processing step. Quantities derived from these parameters, 

which are also recorded, include 
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6*"^ order Daubechies 10 order Daubechies 
A Number of Number of 

(nm) iterations 7 iterations 7 
380 393 1.656 45.4 dB 411 1.560 44.1 dB 
400 494 1.699 41.9 dB 497 1.650 41.0 dB 
440 510 1.709 42.1 dB 506 1.713 42.2 dB 
520 481 1.405 33.4 dB 604 1.416 33.4 dB 
670 930 1.416 32.3 dB 959 1.478 33.3 dB 
780 994 1.235 27.7 dB 1078 1.258 28.2 dB 
870 2604 1.584 29.9 dB 2872 1.608 30.4 dB 

1030 1847 1.214 24.9 dB 2056 1.194 24.5 dB 

Table 5.3: Some results of the spectral estimation algorithm for the data of April 22, 
1995. 

7 = (5-32) 

H = (7 —l)/2 (self-similarity parameter) (5.33) 

D = (5 —7)/2 (fractal dimension) (5.34) 

a s  well as the ratio which is a measure of SNR (signal-to-noise ratio). 

In Table 5.3 we tabulate the spectal exponent 7 and the cr^/crlj ratio that were 

found for each wavelength on April 22, 1995, using both the 6**^ order and lO'^ order 

Daubechies wavelets. Also shown are the number of iterations required for the EM 

algorithm to converge. Convergence is here defined as being reached when /3, 

and all change by less than one part in for three consecutive iterations, or 

alternatively when becomes so smaJl relative to cr^ that the filter factor (5.31) is 

greater than 0.99 for all m € {-2,3,..., M}. In the latter case, very little filtering is 

performed. 
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Note that the similaxity which was seen between paits (c) ajid (d) of Figure 5.5 

also manifests itself in Table 5.3. This is also typical of the other data sets we have 

processed, as is the general range of the numbers in Table 5.3. Of the 61 signals on 

which this dissertation's techniques were initially tested, 56 have 1 < 7 < 3, placing 

them in the class of fractional Brownian motions. The fractal model breaks down for 

those signals with 7 outside of tius range, since their graphs would have £) < 1 or 

D >2. The observed range of has been 24 dB to 54 dB, with the exception 

of one anomalous signal (670 nm on April 25, 1995) which registered 117.8 dB in the 

6^^ order case and em astounding 137.8 dB in the lO'^ order case. The number of 

iterations was usually between a few hundred and about 10,000, although occasionally 

considerably more were required {t.g. 150,000). 
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CHAPTER 6 

Error correction using intercept estimates from 

other data sets 

As was illustrated in Table 4.1, the Forgan plot intercepts computed using various 

pseudo-reference channels typically agree with each other quite well on any given day. 

This is especially true when the plots are generated from filtered optical depths, due 

to the removal of uncorrelated noise. However, for reasons that cajinot always be 

identified, significant discrepancy still exists between intercepts found from different 

days. In this chapter, a technique is introduced to deal with this phenomenon. 

It has often been observed that the day-to-day variations of the retrieved Vo(A) 

are similar at all wavelengths [34]. (Throughout this chapter we will be dealing 

with intercept estimates normalized to the mean earth-sun distance, hence there is 

no * superscript on Vb(A), although there may be a j subscript to indicate the estimate 

from the data of day j.) Thus, although plots of intercept vs. wavelength should be 

identical on every day, a reasonable first requirement is that they at least have similar 

shapes on every day. This amounts to a check on the validity of intercept estimates. 
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and a way to correct erroneous results that may arise from certain channels behaving 

anomalously on certain days. 

The plot of Vo(A) us. A for some day j '  can be approximated by either a scaled 

version or a shifted version of the plot from a different day j. Physically these scaling 

or shifting effects could represent variation in the gain or the offset voltage of the 

radiometer's electronics, deterioration of the optical filters, dust on the front face of 

the radiometer, or even actual solar variation. More likely, though, either effect may 

arise from certain forms of temporal optical depth variations biasing the intercept 

estimates [32, 34]. 

Whatever the cause of the observed day-to-day variations, we wish to choose scal

ing/shifting factors that minimize the mean-square error between the overall curves 

of intercept vs. wavelength for the two days. In the case of scaling, we approximate 

Voj-(A) as Aj'jVoj{X) ajid choose the dimensionless factor Aj-j to minimize 

where Nx is the number of wavelengths common to both days. By setting 

(6.1)  

(6.2) 

we find that 

(6.3) 
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In the case of shifting, we approximate Voj.(A) as V o j { X )  +  B j . j .  The error is 

given by 

c(®). - -L V 1 ^ / iv(y-&(A,)+Bi.j\ F (6.4) 

ajid we again set 

to get 

-

—=2_IL = 0 
SBi; 

VOJW 

i=l 

I 

(6.5) 

(6.6) 
VoA^i) J / [^^K,V(A.) 

which has the dimensions of a voltage. 

The same two kinds of approximation can be done with curves of intercept vs. 

day for different wavelengths. We can approximate Voj(A,-.) by C',-,,K)j(A,) or by 

Voj(A,) + In the former case we minimize 

2 

-

2 ^days 

N, days 

K).i(A..)-C,..,yo.,(A,) 

K..i(A,.) 
(6.7) 

where iV^ays is the number of days that include both wavelengths, and find that 

Ci'^i — 

•^d, 
VoA^i) 

V o j i K . )  

and in the latter case we minimize 

rK 
viAk) 

k K,l(A,-.) 
(6.8) 

f fVi.,(Ac)-[Voj(A,) + A..il 

N^y. k I l-'o.ilAi.) 
(6.9) 

to get 
rA^, •^days 

(6.10) 
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Approximation sciieme "A" (denoting the four schemes by the names of their 

scaling/shifting factors for convenience) yields, for each day, a set of intercept-rs.-

wavelength curves, one derived from each other day of the group. A weighted average 

is taJcen of the curves in each such set, producing a single "partially corrected^ curve 

for each day: 
^days 

(«•") 

i=i 

Assignment of weights aj to each day can be done many ways, and perhaps the 

choice of how to assign them is somewhat subjective; we have chosen to make them 

proportional to the sum of all the fi weights that were assigned to pairs of wavelengths 

on day j in the earlier processing. Recall that /z,-.,,- is a nonlinear monotonic function 

of the correlation coefficient between residual optical depths at wavelengths A,-, and 

A,-. Thus, the aj calculated in this fashion should be a general indication of how 

well day j obeys the initial assumption of correlated optical depths. (In an iterated 

scheme such as the one described in Chapter 7, what is actually used for a is the 

average of the a described in this paragraph and the a from the previous iteration.) 

Approximation scheme B produces a different partially corrected curve, Vo[f-(^)> 

for each day, using the same a weights in the weighted average, but with the quantity 

in squaxe brackets in (6.11) replaced by [Voj(A,) + Bj-.j]. 
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A similar thing is done for approximation schemes C and D, except that the roles 

of days and wavelengths are interchainged. The partially corrected curve of intercepts 

vs. day for wavelength A,-., using scheme C, is given by 

^—jr, V,' (6.12) 

Eft 
t=i 

and likewise for scheme D, but with the squaxe-bracketed quantity replaced by 

[VojiXi] + A-.,.]. 

Deciding how to assign /? weights to wavelengths was not as straightforward as 

assigning a weights to days. The formula we chose is rather complicated, and by no 

means the only valid choice, but it seems reaisonable and gives results that axe not 

coimter-intuitive. From each day of data, three figures of merit are calculated for each 

wavelength. The first is the sum of the reciproccils of the standard deviations 

(given as fractions of the mean) of the instantaneous found from all the Forgan 

plots for which the wavelength served as either i' or i. (The instantaneous ^ can 

be thought of as the negative slope of a line from the computed best-fit log-intercept 

to each individual data point.) The second (/3f'°^^) is the same thing computed for 

"instantaneous log-intercepts" instead of for instantaneous 'I',*,,-. (The instantaneous 

log-intercept can be thought of as the intercept found by extending a line whose 

negative slope is the best-fit 'P leftward from each data point.) The third figure 

(y?,-''^) is the total of the fj. weights between the wavelength in question and all other 
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wavelengths. While computing each of the three figures of merit, checks eire made to 

identify chaanels that were exceptionally bad on certain days. Namely, if the average 

of the standcird deviations of either the applicable or log-intercepts exceed 10% 

of the mean of those quantities, that wavelength is eliminated from further processing. 

It is also eliminated if ail of its /z's are zero. 

Each day's set of y5,-*^'s is then individually normalized, as is each day's set of 

and of This is done so that each day's data has equal influence on the 

determination of We then tcike the average: 

1 •'^^days 
ft = 3^ E + 01%)] (6-13) 

This finally is the set of weights used in (6.12). 

After performing the appropriate weighted-averaging step, there still remains, for 

each of the four error-correction schemes, a different set of intercepts associated with 

each day of data. Figure 6.1 shows the curves of intercept us. day for each wavelength, 

both before and after correction by scheme C; the corresponding curves for the other 

schemes are very similar. (Note that certain wavelengths on certain days were either 

absent or removed from consideration by the mechanism described in Chapter 4. Also 

note that the horizontal axis of these plots is completely arbitrary; the days can be 

nimibered in any sequence, and their equal spacing on the plot does not imply equal 

spacing in time.) 
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Figure 6.1: Day-to-day variation of intercept estimates for different wavelengths 
Before correction; (b) after correction by method C. 
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Clearly, the sets of intercepts in Figure 6.1b agree better in the form of their 

variations than the original sets in Figure 6.1a do, but some variations still exist. 

Thus as the final step, we choose, for each wavelength individually, which one of the 

four correction schemes (five, actually, counting the option of doing no correction) 

produces the least variation between the different days' intercept estimates, ajid find 

the mean of those estimates. This produces the final (for this iteration) best set of 

calibration intercepts. 
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CHAPTER 7 

Overall processing scheme 

In [76] the processing techniques of Chapters 4, 5, and 6 were combined into an 

iterative scheme as depicted in Figure 7.1. The idea was to use the "Langley plot" 

and "Beer's law" blocks as nearly-inverse transformations, to move back and forth 

between the domain of radiometer measurements (actual or reconstructed), on the 

left side of Figure 7.1, and the domain of intercepts and optical depths, on the right 

side of the figure. In the first half of each iteration, the optical depths are modified 

by filtering them as described in Chapter 5. In the second half, the intercepts axe 

replaced by those found by the methods of Chapters 4 and 6. 

The scheme represented in Figure 7.1 has flaws. In particular, any large determin

istic trends detected in the optical depths get distorted by the "Beer's law/Langley 

plot" cascade in the middle of the diagram, since the Langley plot will always min

imize optical depth variations. Also, the fact that the original measurements get 

discaxded after the first iteration, replaced with reconstructed pseudo-measurements, 

suggests that the algorithm may have difficulty recovering if the first iteration leads 
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Figure 7.1: Previous radiometer calibration scheme. 
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the intercepts in the wrong direction (which could well happen if there are significant 

nonstationary trends in the data). 

An improved plan is depicted in Figure 7.2. Instead of going back and forth 

between the two domains and trying to construct refined estimates of what the ra

diometer measurements "should have" been, we continue to process the actual mea

surements each iteration, only refining our estimates of the zero-airmass intercepts 

(and the day-weighting factors). The optical depths found from Langley plots are not 

used after the first iteration; rather, the optical depths that get smoothed (optimally 

or sub-optimally) are those found by sustituting the latest best estimate of Vo(A) into 

(1.33). Those smoothed optical depths are fed directly into Forgan plots without get

ting distorted by going through a "Beer's law/Langley plot" cascade. Figure 7.2 also 

includes more detail than Figure 7.1 concerning the various steps of averaging and 

where the weights come from. 

7.1 Results from initial set of test data 

For initial testing, the processing scheme of Figure 7.2 was applied to a group 

of eight data sets from April 1995, all taken with the same instrument (Radiome

ter #12). The data sets axe described in Table 7.1. Included were four morning runs 

and four afternoons, with subjective Langley-plot day-quality assessments ranging 

from "good" to "poor," and the initial a/s assigned accordingly. The first three days 



Radiometer 
measurements Intercepts 

Supplied intercepts 
(first iteration) 

Supplied intercepts 
(subsequent iterations) 

Optical 
depths 

Cfilibration 
intercepts 

Intercepts Statistics 

Langley 
plots 

Forgan 
plots 

Smoothing 

Average 
over days 

Assign 
H weights 

Assign 
a's 2md ^'s 

Compute 
correlations 

Find optical 
depths 

Weighted 
average 

over days 

Choose 
set with 
smzdlest 
spread 

Weighted 
average over 

reference 
wavelengths 

Correct by 
scaling and 

shifting other 
data sets 
(4 ways) 

Figure 7.2: New radiometer calibration scheme. 
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Date Measurement Total time No. of Airmass Initial 
intervaJ (hrs:mins) data points range 

4/6/95 PM 1 min 2:08 128 1.73 < m < 6.37 1.00 
4/7/95 PM 1 min 2:08 128 1.73 < m < 6.42 1.00 
4/10/95 PM 1 min 2:08 128 1.73 < m < 6.42 0.50 
4/21/95 AM 1 min 2:08 128 1.72 < m < 6.46 0.25 
4/22/95 AM 10 sec 2:51 1024 1.34 < m < 4.66 1.00 
4/23/95 PM 1 min 2:08 128 1.72 < m < 6.37 1.00 
4/24/95 AM 10 sec 2:51 1024 1.43 <m < 6.48 0.75 
4/25/95 AM 10 sec 2:51 1024 1.40 < m < 5.90 0.75 

•^able 7.!- Set of data record-s to which the processing scheme of Figure 7.2 has been 
applied. 

do not contain data for the 870 nm channel because its gain had been set too high, 

causing it to saturate. 

The reader may wonder why all the data lengths A'jata ajce powers of 2, after so 

much trouble was taJcen in Section 5.3 to incorporate extension schemes for arbitrary 

data lengths. The aaswer is that the data sets were truncated to these lengths before 

the mirroring scheme had been developed, when the author naively believed that 

wavelet transforms could only be performed if Ndata. was a power of 2. After the more 

enlightened routines were written, it was decided to continue testing with the same 

data sets for consistency. An unfortunate implication of the data truncation is that 

the airmass ranges retained are not 2 < m < 6.5, which we like to use consistently; 

rather, the lower airmass limit depends on how much data had to be kept to get an 

appropriate length. An advantage, however, is that the wavelet transform routines 

still run faster and use less memory if iVdata is a power of 2. Functionality of the 
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processing scheme with data sets of arbitrary lengths will be demonstrated in the 

next chapter. 

Some of the intermediate results have already been shown for some of these data 

sets (Figures 4.2, 5.5, and 6.1; Tables 4.1 fF. and 5.3). Figure 7.3 shows how the best 

estimate of Vo(A) evolves as the overall processing scheme is iterated, for three of 

the A's. The five curves on each plot correspond to five different smoothing filters 

applied to the optical depths; all other steps of the process axe identical. Three of 

the filters are DWT-based, using Daubechies bases of orders 2, 6, and 10. The other 

two are windowed MA filters, with Blackman eind Hanning windows, of length 31 for 

the 1024-point signals, and 11 for the 128-point signals. It should be mentioned that 

the spectral estimation results of Table 5.3, which were computed in iteration ^1, do 

not change drastically in these subsequent iterations. 

Of the eight wavelengths being processed, 870 nm and 1030 nm (Figure 7.3a and 

7.3b respectively) are the wavelengths which exhibit the closest agreement between 

results from the three DWT-based filters. However, while the 1030 nm results also 

exhibit closer agreement between DWT and MA filters than any other channel, the 

870 nm results have the largest discrepancy. The pattern in Figure 7.3c, for 440 nm, 

is representative of most of the other wavelengths. In every case, both of the MA 

curves have converged within ten iterations to the extent that they are changing less 

than one A/D count (approximately 0.002 %) per iteration. The DWT curves, on 
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Figvire 7.3: Evolution of best estimates of zero-airmass intercepts (in A/D counts) 
at (a) 870 nm, (b) 1030 nm, eind (c) 440 nm, through 10 iterations of the scheme of 
Figure 7.2. 
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the other heind, axe still decreasing substantially, and in most cases moving toward 

the MA results. 

Of the three DWT filters, the 6'^ order Daubechies seems to be moving tow£u*d 

convergence in the most well-behaved fashion. Thus we continued to iterate the 

scheme with this kind of filtering for 20 more iterations to see whether it would 

converge axid strengthen our confidence in the validity of the 1// cissumption emd 

the wavelet approach. The ciurves continue to flatten out smoothly; the amount by 

which Vo changes from iteration ^^10 to iteration #30 ranges from 37 A/D counts 

(for the 1030 nm channel) to 98 A/D counts (for the 400 nm channel). By the 30'^ 

iteration, no channel has VQ changing by more than 1.5 A/D counts per iteration. 

The fact that the MA fUters lead to faster convergence thcin the DWT filters is 

not too surprising, since the wavelet filters preserve more high-frequency details of 

the signals. Intuitively, it makes sense that it may taJce more iterations to reach 

a Vo estimate that causes the optical depths from different days and at different 

wavelengths to agree in these details, as opposed to just agreeing at low frequencies. 

Despite the slower convergence, we stiU believe the DWT-derived VQ'S to be the 

more accurate ones, because they exhibit significantly smaller standard deviations 

(at the final averaging-across-days step of each iteration) than do the MA-derived 

results. Table 7.2 tabulates these standard deviations, as percentages of the means, 

at the end of iteration #10. (For the most part, these standard deviations do not 
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A Daubechies 
(nm) 2°^ order 6'^ order 10"^ order Blackmail Hanning Langley 
380 0.101 % 0.095 % 0.094 % 0.659 % 0.688 % 3.691 % 
400 0.064 % 0.039 % 0.039 % 0.548 % 0.572 % 3.019 % 
440 0.080 % 0.062 % 0.063 % 0.732 % 0.762 % 2.906 % 
520 0.184 % 0.169 % 0.168 % 0.502 % 0.532 % 1.806 % 
670 0.236 % 0.226 % 0.226 % 0.352 % 0.333 % 0.898 % 
780 0.204 % 0.193 % 0.192 % 0.299 % 0.311 % 1.103 % 
870 0.228 % 0.214 % 0.212 % 0.117 % 0.135 % 1.333 % 

1030 0.201 % 0.186 % 0.184 % 0.799 % 0.835 % 1.966 % 

Table 7.2: Standaxd deviations, given as percentages, of VQ estimates at the end of 
the 10"^ iteration of the scheme of Figure 7.2. 

vary significantly after iteration ^4, nor does the choice of which correction scheme is 

used.) Note that the one wavelength at which the MA filters give smaller deviations 

than the DWT (namely 870 nm) is aJso the one which displayed the largest discrep

ancy between MA and DWT results (see Figure 7.3a), suggesting that perhaps for 

this channel the MA filters are closer to optimum than is the DWT. For comparison, 

Table 7.2 also includes the standard deviations of the VQ'S originally obtained by 

Langley analysis, which axe much larger. 

Figure 7.4 shows how the ay weights (defined in Chapter 6) evolve through these 

30 iterations. Presumably this evolution would proceed faster if we allowed each aj 

to chajige to its newly calculated value in each iteration, instead of to the average 

of that calculated vaiue and the previous value. It is noteworthy that a day which 

was initially considered rather poor for Lajigley Ceilibration by the subjective criteria 
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Figure 7.4: Evolution of day-weighting factors aj through 30 iterations of the scheme 
of Figure 7.2. The jump visible on some curves around the 20'^ iteration is the result 
of ma.niia.lly altering some weights in an attempt to accelerate convergence. 
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described in [33], such as April 21, can become one of the most heavily weighted days 

by the criteria of this new method. 

7.2 Statistical measures of optical depth variability 

It was reported in [32] that the relative error in the VQ estimated from a Langley 

p l o t  i s  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  a b s o l u t e  m a g n i t u d e  o f  t h e  c h a n g e  i n  r ( A ,  t )  

during the measurement period, that is to 

AT = max{T( X , i ) }  — min{r(A,t)}. (7.1) 

The proportionality was claimed to be relatively independent of the exact form of 

variation in T(A, t). This statement was an empirical result of some simulation studies, 

in which axtificial optical depth records with deterministic and monotonic temporal 

variations were processed by the standard Langley-plot procedure (using the line-

fitting algorithm of [30]). Later, more thorough sets of simulations [34] showed a 

more complicated relationship existed, including not only an appreciable dependence 

on the shape of the r variations, but also on the airmass range during which those 

variations took place. 

Testing the relationships reported in [32] and [34] with real, rather than simulated, 

data has been difficult since the variations in r are only really known if Vq is known, 

but finding Vo is what you're trying to do in the first place. Moreover, real data do 

not consist of optical depths that follow nice clean functional forms as they did in 
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the simulations, but rather contain complicated deterministic variations along with 

random noise. The fact that r may vary non-monotonically, even when filtered (as 

seen in Figure 5.5), makes the Ar defined in (7.1) fairly meaningless as a predictor 

of intercept bias. It is of interest, however, to examine various other statistics of the 

r(A, t) found by supplying a good estimate of Vq to a nimiber of data sets, and look 

for relationships between those statistics zind any bias in the VQ estimates. 

The data sets which were examined this way are the 8 days which have been used 

throughout this chapter, plus an additional data set taken with the same instrument 

around the same time, but whose quality was too poor to be used for calibration. 

The analysis was done at one wavelength only; the one that Weis chosen was 520 nm 

(channel 4), because after 10 iterations of the calibration scheme it showed the best 

agreement between VQ estimates from the 5 different filter types tested (56751 ± 35 

A/D counts) so there was a great deal of confidence in this intercept. 

Table 7.3 shows statistical moments of various orders for the r(520, t )  obtained by 

su p p l y i n g  V o ( 5 2 0 )  =  5 6 7 5 1  t o  a l l  t h e s e  d a t a  s e t s ,  b o t h  b e f o r e  a j i d  a f t e r  t h o s e  r ( 5 2 0 ,  t )  

have been smoothed with 6'^ order Daubechies filtering. It aiso shows the quality 

estimate a of each day, at the zeroth and tenth iterations. 

Table 7.4 is a continuation of Table 7.3 and includes fractal measures for these 

same data sets, again determined by 6'^ order Daubechies processing. The final two 

columns are the percent errors, relative to 56751, of the intercepts estimated from 



Initial Standard Adjusted 
Date quality q(10) deviation Skewness sign of Kurtosis 

estimate Raw 7 Filtered R Raw 7 Filtered R skewness Raw 7 Filtered T 
4/6/95 1 0.400 0.00189 0.00176 -0.140 -0.099 — 0.466 0.764 
4/7/95 1 0.907 0.00704 0.00693 2.899 2.854 + 9.339 9.065 
4/10/95 0.5 0.535 0.00233 0.00232 -0.050 -0.049 — -0.574 -0.579 
4/21/95 0.25 0.891 0.00712 0.00678 0.337 0.182 — -0.581 -1.026 
4/22/95 1 0.718 0.00281 0.00254 0.341 0.118 — -0.745 -1.173 
4/23/95 1 0.859 0.00268 0.00256 -0.707 -0.740 — -0.750 -0.834 
4/24/95 0.75 0.914 0.00549 0.00540 0.562 0.536 — -0.314 -0.391 
4/25/95 0.75 0.569 0.00276 0.00261 -0.155 -0.115 + -1.139 -1.388 
4/26/95 0 — 0.20070 0.20067 3.302 3.301 — 12.573 12.566 

Table 7.3: Moments of r variation for 520 nm channel 

Error in Error in Vo 
Date 13 7 D H Langley Vo from correction 

scheme B 
4/6/95 3.347 1.743 1.629 0.371 34.4 dB +0.729 % -0.038 % 
APLDB 2.861 1.517 1.742 0.258 38.7 dB +0.288 % -0.019 % 

4/101% 2.428 1.280 1.860 0.140 47.0 dB + 1.509 % +0.007 % 
4/21/95 6.300 2.655 1.172 0.828 43.8 dB +0.614 % -0.271 % 
I/221% 2.646 1.404 1.798 0.202 33.4 dB -1.259 % -0.124 % 
4/23/95 2.834 1.503 1.749 0.251 24.4 dB +2.068 % +0.346 % 
4/24/95 3.434 1.780 1.610 0.390 50.5 dB -2.313 % -0.032 % 
4/25/95 3.487 1.802 1.599 0.401 39.5 dB +0.237 % +0.132 % 
4/26/95 3.889 1.960 1.520 0.480 72.5 dB +11.510 % — 

Table 7.4: Fractal measures of r variation for 520 nm channel 
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each day's initial Langley plot, and from each day's estimate just prior to the final 

averaging over days in the 10'^ iteration of Figure 7.2. Note that the error correction 

for this channel in this iteration Weis done by scheme B (optimally shifted VQ VS. A 

curves from other days) because it had the smallest spread of the four schemes. 

The formulae used for the higher-order moments in Table 7.3 are as follows: 

(7.2) 

uresis  (^_i) ( ;v-2)( iV-3)S^ ''r  K 

3(iV-l)' 
(W-2)(W-3) 

where N is the number of data points, f is their mean, and cXr is their standard 

deviation. The skewness, a third-order moment, is theoretically a meeisure of how 

asymmetric the tails of a distribution axe, with the sign indicating which way it 

is skewed from the mean. The kurtosis, a fourth-order moment, is theoretically a 

measure of how peaked a distribution is, relative to a Gaussian. It is stated in [61], 

though, that one should be quite skeptical in interpreting these moments' significance 

unless their values are many times greater than yJlb/N and respectively. 

With A^'s between 128 and 1024, these conditions are only met for a couple of the 

tabulated data sets. Also shown in Table 7.3 is the sign of the skewness multiplied 

by —1 for morning data runs and by -f-l for afternoon runs, to accoimt for the fact 

that time and airmass run in opposite directions in the morning. 
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The fractal measures ^ (wavelet coefficient exponent), 7 (spectral exponent), D 

(fractal dimension), and H (self-similarity parameter) are all mutually dependent, 

determined from Equations 5.32-5.34. For convenience, all four parameters are listed 

in Table 7.4. Also provided is the SNR-type quantity discussed in Section 5.3, 

Some of the results in Tables 7.3 and 7.4 axe as expected. The day which was too 

variable to use for any kind of Ccilibration has a cr^ approximately 30 to 200 times 

larger than the same quantity for the other days. It aJso has very large values for the 

higher-order moments, but one of the "good" days, 4/7/95, surprisingly has values for 

these moments that are nearly as high. The better agreement between VQ estimates 

from the new scheme than from Langley plots is seen again. Unfortunately, however, 

no obvious pattern emerges that would serve as a simple indicator of the error in an 

initial VQ estimate, in terms of easily examined statistics. 

It is intended that these sorts of statistics will be compiled for many more data 

sets, those that are used for calibration as well as those that are considered too 

poor in quality for that purpose. Other statistics can perhaps be included, such 

as the multiple fractal dimensions [77, 78] and measxires of intermittency and non-

stationarity [66, 67] that are becoming more common tools for analyzing geophysical 

data. If significant and consistent patterns emerge, those will serve as another feed

back mechanism by which calibration estimates can be adjusted. A neural network 
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approach would seem to be well-suited for this problem, perhaps with training data 

provided by simulations. 
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CHAPTER 8 

Retrieval of columnar ozone amounts 

As mentioned in Section 2.7, several of our instmment's wavelengths exhibit ab

sorption by ozone. In the initial testing of this dissertation's signal processing tech

niques, we either ignored the effect of ozone absorption, avoided it by omitting the 

wavelength at which it peaJcs, or modeled it by the seasonai/latitudinai average de

scribed in Section 2.7. Now that those techniques have been validated to some extent, 

the next step is to incorporate an ozone retrieval method into the processing scheme. 

The method we employ is not a new one, having been developed by King and 

Byrne here at the University of Arizona over twenty years ago [36]. The software 

implementation of this method had, however, fallen into disuse, and was not com

patible with the data format in current use, or with modem FORTRAN compilers. 

This chapter briefly describes the retrieval method as developed by King and Byrne, 

then discusses how the implementation of the method heis been adapted to fit into 

our overall processing scheme. 

A more recently developed ozone retrieval method is that of [79], namely solving 

a matrix equation subject to a second-derivative smoothing constraint. This is the 
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same approach that is usually taken in inverting integral equations like (4.10) to 

find aerosol size distribution from a set of Ta(A,) [57, 80]. The method of [79] makes 

fewer assumptions about the A-dependence of thaxi [36], and so can give reasonable 

results under conditions such those that prevail following a major volcanic eruption 

[15, 16]. For more usual conditions, however, it is admitted in [79] that King and 

Byrne's method gives more accurate results. 

8.1 Method 

The premise behind the ozone retrieval method is that for most aerosol size dis

tributions, the corresponding spectral variation in ra(A), on a logarithmic scale, can 

be modeled fairly well by a quadratic function in log A: 

within the range of A over which measurements are made. This is certainly valid 

when the aerosols exhibit a Junge size distribution [81]: 

log fa( A) = Co + ai log A -I- a2(log A)^ (8.1) 

(8.2) 

which leads to spectral optical depths of the form predicted by Angstrom [53]: 

r„(A) = ^A-''*+2 (8.3) 
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where c and 0 axe both constants (i.e., independent of A) whose relationship can be 

determined from (4.6). In this case, taking a logarithm of both sides of (8.3) gives 

log ro(A) = log iS - {u' - 2) log A (8.4) 

so a linear fit is sufficient. It has been shown [82] that other size distributions, in

cluding the log-normal distributions that are often found, do not lead to TQ VS. A 

curves that differ enormously from straight lines on a log-log scale. Thus, introduc

tion of just one additional coefficient (02) to account for some curvature provides a 

reasonable fit for almost all realistic aerosol conditions. 

Let us rearrange (1.19) to express aerosol optical depth in terms of the atmo

sphere's total columnar ozone content -q: 

= t(A) - Tfi{ X )  - Tg{ X )  (8.5) 

= t(A) - T R { X )  -  T]a{ X )  (8.6) 

where a(A) is the ozone absorption coefficient. The Rayleigh optical depth TR is of 

course completely determined from A and barometric pressure, and the total r has 

been estimated from the radiometer data at discrete wavelengths A,-, i = 1,..., A^a-

This equation ignores the contribution of nitrogen dioxide, which should not introduce 

much error since tjnoj is much smaller than either TR or tqj. Nevertheless, a future 

implementation may incrementally improve its accuracy by including the effect of 

NO2. 
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Now if the total optical depths r(A,) have been estimated with uncertainties <r,-, 

the maximum likelihood estimates of Xa and can be found by minimizing the 

chi-square statistic associated with (8.1): 

^.2 _ -^[logTa(A.)-logfa(A.)p 
X - 32 

t=l 

^ {Iog[r(A, ) - TNIXI) - 77a(Ai)] - [cq + AI log A,- + aaClog A, )^]}^ ox 
= 2^ 32 

«=1 "I 

where the are the uncertainties in log T(A,) and can be derived from the a,- according 

to 

(T; = <7; 
r(A.) - T R { \ i )  -  T j a { X i )  

from [36]. 

Setting the partial derivatives of with respect to cq, oi, 02, and 77 to zero gives 

four nonlinear equations in four unknowns. However, for a given value of T}, the 

equations for dy^jda^^ dx^jdax, and dx^ld(i2 are linear in ao,ai, and 02- It was 

also shown in [36] that within the range 0 < r/ < r/maxi where is the amount of 

ozone that would force Ta to go to zero in Equation 8.6, x^ attains at most a single 

maximum and a single minimum. Thus if 17 is stepped through this range, at each 

step a set of a,- can be found by solving the three linear equations, and values found 

for x^ and for dx^ldrj. The value of 77 that causes dx^/dt] to vanish is then the 

maximum likelihood estimate of columnar ozone amount. 
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8.2 Implementation and incorporation into processing scheme 

Even though FORTRAN programs were written in the 1970's, by students in the 

ARSL, to implement the above ozone retrieval procedure, that software had not been 

regularly used in the last several years. In fact, it was no longer to be found on the 

haxd drives of any of the computers in ARSL. When it cajne time to begin working 

on ozone retrieval, the author obtained a printout of the programs from Dr. Kurt 

Thome in the Optical Sciences Department and proceeded to type it all into the 

computer for recompilation. It then became apparent that many changes would be 

necessary to make this software functional, useful, and understandable. 

First of all, having been written around the time that FORTRAN 77 came into ex

istence, the code utilized many old-fashioned constructs that were either incompatible 

with a modem FORTRAN compiler or inefficient in comparison to more modern con

structs. Such hard-to-follow anachronisms as "arithmetic-if" statements and tangled 

webs of "go to" statements were prevalent throughout the program. Thus the first 

type of revision that was done as the code was being entered was to replace these 

constructs with well-structured code using the kinds of features offered in modern 

versions of FORTRAN. In conjunction with this, such cosmetic embellishments were 

made as standardized code layout, indentation that reflects program structure, ajid 

enhanced comments purged of archaic references to "cards." One may wonder if the 
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time wouldn't have been better spent just translating the program to a more mod

ern lajiguage altogether, such as C or C-I-+. However, FORTRAN was retained for 

compatibility with the standard processing program ATTEN, into which the ozone 

routines will hopefully be incorporated in the neax future. 

After the code was entered and revised to the point where it could be successfully 

compiled, the only major fimctional changes that were subsequently made dealt with 

the form in which input data are presented and outputs are reported. The new version 

gets its inputs from a file that can be generated by the latest edition of ATTEN, and 

it writes its results to a file which is readable by program WWT4—the program 

that implements the optical depth smoothing filters (Chapter 5) and the Forgan plot 

routines (Chapter 4). It even writes a flag that tells WWT4 if the retrieval method 

failed, so that WWT4 will revert to using the nominal ro, values (Section 2.7).^ 

As suggested by all this, the place where the ozone program fits into the processing 

scheme of Figure 7.2 is between the "Find optical depths" block, which is an execution 

of program ATTEN with intercepts supplied, and the "Smoothing" block, which is 

the first part of an execution of WWT4. 

^This is not the only situation in which WWT4 uses nominal tq, rather than retrieved values. 
In fact, WWT4 always prompts the user to choose the source of tq,, with "retrieved" being the 
default choice when the 670 nm channel is being processed, aad "nominal" the default when it is 
not. 
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One aspect of the software implementation that should be mentioned, since it is 

unspecified in [36], is the method by which the desired root of dx^I's foimd. Al

though this was part of the original program, rather than a product of my own recent 

research, I report on it here because it seems to be a non-standard algorithm, which 

does not appear, for instance, in [61], and for a sufficiently well-behaved function, it 

finds a close approximation of the root without iterating. As the routine increments 

T} through discrete values rjjt, when it finds a pair of points which bracket the desired 

root, i . e .  

DX^ DY^ 
^ ^ <0, (8.10) 

D7] 
>0 and 

N=VK 

it fits a quadratic function to the last three points 

d t ]  

DX^ 
V k - i ,  : i  =  0 , 1 , 2  

r } = r j k - t  1  DR] 

and simply finds the root by the quadratic formula. 

8.3 Application in calibrating instrument used in ACE-2 

As mentioned elsewhere, in the summer of 1997 a solar radiometer and a mi-

cropulse lidar were operated by ARSL personnel (including this author) on the is

land of Tenerife, in the Canary Islands off the Atlantic coast of Africa, as part of the 

ACEi-2 field experiment. The radiometer that was taken on this trip was re-calibrated 

through a series of data sets collected before, during, and after the experiment, so 

that accurate optical depths could be determined over Tenerife. A weighted average 
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of Vo's from 24 Langley plots in all was computed for most of the channels. Two 

channels, however, had only 17 or 18 vaJid data runs because their optical filters 

were chajiged just prior to shipment to the Canaxies. With so many calibration runs 

recorded, there was a fairly high level of confidence in the VQ'S determined by the 

traditional method, and consequently in the optical depths reported in [28]. This 

confidence, along with the geographical separation between data locations, made 

these data sets an appropriate test case on which to try the new iterative calibration 

scheme with ozone retrieval incorporated. 

The processing was begun with all 17 data sets that were collected after all the 

channels had been configured properly. These included two high-altitude runs made 

at the Izana Meteorological Observatory on Tenerife, seven runs made at the lidar 

site in Las Galletas^ on the south shore of the island, and eight runs made in Tucson 

after the instrument was shipped back. The Las Galletas data sets were chosen out 

of the 30 sets that were gathered there in all during the 6-week experiment, as the 

ones that covered a wide enough range of airmasses without significant cloud cover 

to make them eligible as calibration runs. Still, these were only given one-tenth the 

weight of some of the other data sets in the initial averaging, because of the relatively 

turbid and vciriable conditions along the oceanside. 

^The site was actually in the neighboring town of Costa del Silencio, but it has been identified 
as Las Galletas in all literature produced to this point. 
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The scheme of Figure 7.2 was initiated on these 17 data sets, using S'^^-order 

Daubechies wavelets in the filtering step, and the initial estimates of Vq ajid aj from 

the averaging of the Langley results. Three of the Las Galletas data sets immediately 

proved to be unsuitable for this kind of processing, as the lack of correlation between 

their optical depths caused weights to go to zero, crashing the processing program. 

Two other data sets were discarded after the second iteration because several of their 

channels were either not converging well in the spectral analysis step, or converging 

to unrealistic values of 0 and 7, and little correlation was being seen in their results. 

The remaining 12 data sets were processed through 5 iterations of of the processing 

scheme. In the first two iterations, channel 5, which is near the peak of the Chappuis 

absorption band (610 nm), was not processed, and only nominal ozone amounts were 

used in finding tqj for the other wavelengths. From the third iteration onward, all 

channels were processed except the water vapor channel (940 nm), and the ozone 

retrieval program executed prior to WWT4 in every instance. 

Table 8.1 shows the columnar ozone amounts and uncertainties, as defined in [36], 

that resulted from this processing, and how they evolved through iterations 2 to 5. 

The fact that the AT/'S from one iteration to the next are shrinking significantly with 

each iteration suggests that as far as ozone retrieval is concerned, the algorithm is 

already nearly converged. From iteration 4 to iteration 0, no day has its estimated 

ozone content change by more than 0.31%. 



Date Location KB76 
(361 

KB80 
[43] (iteration 2) 

A 
V  

(iteration 3) 
V  

(iteration 4) 

A 
V  

(iteration 5) 
6/20/97 PM Izaiia 279.4 310.8 204.3 9.6 193.2 ± 9.1 189.4 i 9.2 189.4 ± 9.0 
7/6/97 AM Las Galletas 269.0 302.0 213.6 ± 51.4 204.0 i 52.6 199.5 i 51.6 199.8 ± 51.4 
7/10/97 AM Las Galletas 266.2 299.5 212.2 i 57.5 202.0 ± 57.8 198.3 i 57.1 198.9 i 57.2 
7/15/97 AM Las Galletas 262.6 296.2 219.5 ± 89.2 209.7 ± 90.6 205.9 ± 90.9 206.5 90.6 
10/6/97 PM Tucson 214.8 238.7 261.7 ± 15.3 253.3 ± 15.1 250.1 d: 15.2 250.6 ± 15.4 
10/10/97 AM Tucson 214.0 237.0 229.2 ± 10.4 222.8 ± 10.0 220.5 db 10.1 221.1 ± 10.2 
10/10/97 PM Tucson 214.0 237.0 293.2 ± 25.5 285.1 26.4 282.4 i 26.8 283,0 ± 26.9 
10/13/97 PM 1\icson 213.5 235.8 269.2 i 7.8 262.1 ± 7.6 259.8 i 7.7 260.3 ± 7.8 
10/15/97 PM Tucson 213.2 235.0 248.0 i 8.3 242.2 ± 8.1 239.8 8.2 240.2 i 8.3 
10/16/97 PM 'lucson 213.1 234.7 259.2 i 11.4 251.1 ± 11.4 248.2 11.1 248.9 ± 11.1 
10/17/97 PM Tucson 213.0 234.4 274.3 5.9 263.3 6.0 259.1 6.0 259.7 ± 5.9 
10/18/97 AM Tucson 212.9 234.0 275.1 ± 5.7 271.2 ± 5.0 268.3 ± 5.0 268.2 ± 5.1 

Table 8.1: Estimates of columnar ozone ajnounts, in m atiu-cm, found by the methods described in the text. 
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Less encouraging is the significant disagreement between the observed ozone con

tents and those predicted by the sinusoidal models of [36] and [43], which are shown 

for comparison. The Tenerife data all give much lower 17 than either model predicts, 

while all but one of the Tucson data sets produce 17 greater than the predictions. In 

fact, the results at first glance seem to be nearly 180° out of phase with the expected 

annual cycle, since the models peak in April or May. Consider, however, the following 

caveats: 

1. The models were devised specifically for Tucson, and it is well-known that ozone 

is not globally homogeneous. In particular it varies naturally with latitude [83] 

(Tenerife is about 4° further south than Tucson), and anthropogenically with 

proximity to sources of chlorofluorocarbons. 

2. The models were devised from data gathered in the 1970's. The global amount 

of stratospheric ozone has declined since then due to industrial emissions, al

though the average amount by which it has declined in areas that are far re

moved from the Antarctic "ozone hole" region is believed to be only a few 

percent [84, 85]. 

3. At the same time, tropospheric ozone—a major component of urban smog— 

has certainly increased in the Tucson axea as a result of its poorly managed 

population growth and proliferation of motor vehicles. 
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These factors taken together make it seem reasonable that Tucson could have signif-

icajitly more ozone content than the 20-year old model predicts, while a location like 

Tenerife, with few local pollution sources but downwind of European CFC's, could 

have seen a decline in rj during that time period. This calls into question the contin

ued use of (2.25) or (2.26) to get nominal ozone content, and an effort to determine 

a new model may be in order. 

Tables 8.2 and 8.3 illustrate the other results of processing these data sets. Ta

ble 8.2 shows—numerically this time rather than graphically—the evolution of the 

Vo estimates as the processing scheme is iterated. Just as in Table 7.2, the standard 

deviation of each VQ is much smaller for the new scheme than for Langley calibration. 

It is also interesting to notice that some channels appeajed to have nearly converged 

prior to commencing ozone retrieval in iteration 3, and then jumped to a different 

range of VQ'S with the introduction of the new information. 

Table 8.3 is included to illustrate two things: (1) the wavelet-based processing 

does indeed work with arbitrary data lengths (shown in the third column), and (2) 

the criteria for determining a day's quality for calibration with the new scheme are 

much different than the criteria used in Langley calibration, as evidenced by the 

drastic changes in day-quality weights aj from iteration 0 to iteration 5. 



A 
(nm) 

Iteration A 
(nm) 0 1 2 3 4 5 
380 52875.7 ± 2263.5 52954.8 52958.2 53038.0 53043.2 53069.7 ± 144.3 
440 65232.0 ± 2388.7 65555.1 65656.6 65668.9 65776.6 65823.9 ± 106.7 
400 21993.0 i 833.6 21942.7 21952.4 21980.9 21988.6 21999.3 i 58.9 
520 55303.7 ± 1751.8 55174.6 55187.8 55220.5 55249.9 55270.7 ± 132.3 
610 57400.9 ± 1694.6 — — 57271.9 57262.9 57290.4 ± 181.9 
670 49451.1 ± 1179.4 49472.3 49472.2 49487.0 49497.8 49513.3 ± 168.4 
780 55037.8 i 1112.7 55032.9 55068.5 55110.0 55138.9 55152.3 ± 190.1 
870 61573.2 ± 1042.4 61504.2 61492.1 61492.7 61503.9 61513.3 ± 131.1 
1030 56364.9 i 1401.1 56388.3 56385.6 56388.8 56392.8 56406.4 ± 293.6 

Table 8.2: Evolution of zero-airmass intercepts during the iterative calibration described in this section. 



Date Location A^data Mirrored Replicated aj after Oj after 
to length to period iteration 0 iteration 5 

6/20/97 PM Izana 102 204 (HSS) 3264 0.9 0.028 
7/6/97 AM Las Galletas 76 152 (HSS) 1216 0.1 0.953 
7/10/97 AM Las Galletas 65 128 (WSS) 128 0.1 0.679 
7/15/97 AM Las Galletas 65 128 (WSS) 128 0.1 0.916 
10/6/97 PM Tucson 57 112 (WSS) 224 0.4 0.571 

10/10/97 AM Tucson 110 220 (HSS) 3520 0.8 0.890 
10/10/97 PM Tucson 110 220 (HSS) 3520 0.4 0.972 
10/13/97 PM Tucson 111 224 (X/WSS) 448 1.0 0.643 
10/15/97 PM Tucson 113 224 (WSS) 448 1.0 0.717 
10/16/97 PM Tucson 113 224 (WSS) 448 0.6 0.637 
10/17/97 PM Tucson 113 224 (WSS) 448 1.0 0.777 
10/18/97 AM Tucson 114 228 (HSS) 3648 1.0 0.296 

Table 8.3; Data lengths and aj weights for the data sets processed in this section. 
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CHAPTER 9 

Modeling aerosol variability by diffuse light measurements 

9.1 Theory and instrumentation 

In Section 2.4, it was mentioned that some customized versions of ARSL's solar 

radiometer model include a channel to measure diffuse light from the solax aureole. 

Specifically, the optical design of this channel admits light emerging from an annular 

ring-shaped region of the sky, extending from 2° to 5° away from the center of the 

Sim. This field of view was chosen such that even with considerable imprecision in the 

alignment of the telescope, it would still completely block all light coming directly 

from the sun, which has a radius of about 0.27° as viewed from the earth's surface. 

At the same time, the field of view is laxge enough to admit sufficient skylight for a 

decent signal-to-noise ratio. The optical passbajid is nominally identical to that of 

channel 6 of ARSL's standard sunphotometer, namely a center wavelength of 670 nm 

with a bandwidth of 10 nm. This optical design is described in detail in [41]. 

The purpose of the diffuse channel is twofold. First, its estimate of diffuse radiance 

can be used as a slight correction factor to be applied to the ten direct solar channels, 
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to remove the contribution of diffuse light to their readings. Let us define the diffuse-

to-direct ratio as 

(9.1) 

where V^(A, is the reading that the radiometer would make of diffuse light at 

wavelength A and time t. Gao [22] has plotted resiilts of radiative transfer sim

ulations, using [40], that quantify the dependence of DD on wavelength, airmass, 

optical depth, and field of view for various types of aerosol size distributions. Thus 

if the size distribution can be at least estimated, a single diffuse channel can provide 

diffuse light correction factors for all of the instrument's readings. As mentioned 

in Section 2.4, though, any such corrections would be very small for airmasses less 

than 6.5, except in extremely turbid conditions. We have thus not yet employed the 

diffuse measurements for this purpose. 

The second use of diffuse measurements is one that is very closely related to the 

techniques of Chapters 4 and 5. As discussed in [22, 35, 41], DD at a particular 

center wavelength A,; is theoretically proportional to the aerosol optical depth at the 

same wavelength, as well as to the airmass: 

DD{XD, t )  = M{ t )Ta ( X D , t )WA FF P\{cos6)dCl. (9.2) 

Here rVa is the single scattering albedo of the aerosol dispersion, which represents the 

fraction of an incident light beam which will be scattered once, and is defined in 
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terms of the scattering and extinction coefficients (see Section 1.1.3): 

A Q^scat 
(9.3) WA = 

Oext 

Also in (9.2), AQ is the solid angle of the diffuse channel's field of view, and Px{cos 6) 

is the aerosol's phase function at the center wavelength. Pa (cos 0) was mentioned in 

Section 1.1.3 as a product of Mie scattering calculations for a single particle, but here 

it refers to the analogous quajitity for an entire aerosol dispersion. If we define an 

average phase function over the field of view. 

For any given instrument, Afi is a constant. For any given aerosol type, P\ and 

Wa can be approximated as constants during the course of a measurement period. 

(This is a somewhat milder form of the condition we assumed in Chapter 4.) In this 

case, DD is simply proportional to airmass and to aerosol optical depth. If Tq does 

not vary during the measurement period (the Langley plot assumption), a graph of 

DD vs. m should be a straight line intercepting the origin, with its slope determined 

by instrumental and atmospheric constants. Furthermore, if Ta does vary, a graph 

of DDfm vs. m should provide a model for those variations. This kind of modeling 

was dealt with in [35] as another aspect of that paper's "general method." In fact, 

Afi 
(9.4) 

then (9.2) can be rewritten as 

DD{Xd , t )  =  m{ t )Ta{ \d , t ) v sa  P \A^ .  (9.5) 



167 

[35] cited a number of advantages to using aureole measurements as an aerosol model 

instead of a previously calibrated direct solar channel. This was also the concept 

behind [55]. 

The prototjqje radiometer that was equipped with the aureole channel at Aj = 

670 run (Radiometer #5) had only minimal testing reported in [41], consisting of a 

single data set collected on the afternoon of Jime 2, 1997, shown (and misidentified 

in the caption) in Figure 5.4 of that thesis. The large excursions of that DD plot, 

coupled with the infrared Langley plot depicted in Figure 5.3 on the same page, 

indicate extended periods of cloudiness during that data nm. These clouds make it 

impossible to discern any background trend in DD of the form suggested by (9.5). 

After a period of disuse, Radiometer ^5 has been operated again during the early 

months of 1998. The results are presented and analyzed in the next two sections. 

9.2 Results of aureole measurements from several days 

Radiometer #5 was operated 8 times in February and March of 1998, usually with 

another radiometer running alongside it. Most of those days included some periods 

of cirrus intrusion into the solax aureole, and in a few ca^es, into the path of direct 

sunlight as well. This was somewhat imfortunate from the standpoint of wanting to 

examine purely aerosol effects on diffuse light measurements. However, it provided 

an opportunity for some interesting analysis of cloud effects as well as aerosol effects. 



168 

A number of these data sets are plotted in Figures 9.1-9.3. Figure 9.1 shows the 

one data set out of this group which was seemingly cloud-free, from the morning 

of March 4, 1998, both on a linear airmass scale and on a linear time scale that 

is nevertheless labeled with airmasses. Note that time eind airmass rim in opposite 

directions because solar angle decreases with time in the morning. Figure 9.2a shows 

the plot of DD vs. m for the afternoon of March 1, during which a great deal of cirrus 

appeared in mid-run. Figure 9.3a represents a run which at the time appeared to be 

cirrus-free, from the morning of February 24. Clouds did come up in late morning, 

but did not block the direct sunlight until about 10:10 AM, whereas the data in the 

figure ended when an airmass of 2 wcis reached at 9:34 AM. In Figures 9.2 and 9.3, 

we have omitted data points for which DD exceeded its typical range of values by a 

factor of more than 2 or 3, since such outliers must correspond to isolated episodes 

of very thick cirrus or other clouds, or some other blockage of the direct sunlight. 

Equation 9.5 predicts that DD is a linear function of m in the strictest sense (i.e., 

directly proportional to m), but these figures all show it to be an afBne function in 

practice. That is, after removal of outlying data points, the remfiining data tend 

to a line which intercepts the m = 0 axis at a non-zero value. As mentioned in 

the conclusion of [41], such non-zero biases in the apparent DD stem largely from 

leakage of direct light into the diffuse channel. Despite the fact that the telescope's 

obscuring disk has a diameter more than 7 times that of the sun's image, leaJcage 
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(a) Diffuse-to îrect ratio (DD) vs. airmass 
1.6 

(b) DIffuse-to-dlrect ratio (DO) on a linear time scale 
1.6 
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1.4 

CO o o CO 
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Figure 9.1: Diffuse-to-direct ratio {DD) for morning of March 4, 1998. (a) Horizontal 
scale linear in adrmass; (b) horizontal scale linear in time, but labeled by airmasses; 
each tick meirk indicates an interval of 10 minutes. 
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(a) Oiffuse-to-direct ratio (DD) vs. airmass 
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(b) Residuals of 00 with respect to trendline 
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Figure 9.2: (a) DD vs. airmass for afternoon of Marcii 1, 1998; (b) residuals with 
respect to floorline. 
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(a) Oiffuse-to-direct ratio (DD) vs. alrmass 
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(c) Residuals of OD with respect to trendline 
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Figure 9.3; (a) DD vs. airmass for morning of February 24, 1998; (b) residuals with 
respect to floorline; (c) residuals with respect to trendline. 
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may still occur due to diffraction effects ajound roughly machined edges. Any such 

leakage must have a flux proportional to regardless of m{t) or ra(Ad,^), so it 

shows up in DD as a constant. 

To quantify this leakage effect, a line was fitted to each data set using the "Trend-

line" feature (a simple least-squaxes fit) of Microsoft Excel©, in which these plots 

were generated, and extrapolated to the zero-airmass axis. In most cases, a more 

meaningful line was that which appeared to follow the bottom of the data points, 

thus estimating the backgroxmd DD due to aerosols rather than clouds. Such a line 

was generated by visual estimation with trial and error on the slope and intercept in 

each case. This line was dubbed the "floorline" in reference to the aforementioned 

trendline. Both lines are shown in Figures 9.2a and 9.3a, although only the trendline 

is shown in Figure 9.1 because the floorline appeared unnecessary in the absence 

of clouds. The slopes and intercepts of both lines are listed in Table 9.1 for all 8 

data sets. The similarity of the intercepts of all the floorlines (except February 23, 

which was too cloudy and unstable to facilitate good line-fitting) lends credence to 

the hypothesis of a constant instrumental bias due to leakage of direct sunlight. 

In order to better assess the purported relationship between diffuse light and 

aerosol optical depth, two plots of "residuals" have been generated from each data set, 

with respect to the trendline cind to the floorline. These were created by subtracting 

off the bias (intercept) of the appropriate line, then dividing the results by the product 
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Date Trendline Floorline Date 
Intercept Slope Intercept Slope 

2/23/98 AM 
2/24/98 AM 
2/28/98 AM 
2/28/98 PM 
3/1/98 PM 
3/3/98 PM 
3/4/98 AM 
3/4/98 PM 

1.1662 0.0870 
1.3011 0.0327 
1.2001 0.0644 
1.2210 0.0553 
1.3334 0.0846 
1.0914 0.0840 
1.1309 0.0719 
1.0803 0.0926 

1.03 0.096 
1.085 0.075 
1.09 0.082 
1.08 0.083 
1.09 0.085 
1.083 0.081 
1.11 0.072 
1.094 0.078 

Table 9.1: Slopes and intercepts of DD vs. m plots from late winter of 1998. 

of airmass and the appropriate line's slope. In the absence of time-varying aerosols 

or other corrupting factors, both residual plots would identically equal unity. Due 

to the linear relationship in (9.5), all variation in the residuals should theoretically 

represent a direct multiplicative correction factor to the aerosol optical depth. This 

assumes horizontal homogeneity within the radiometer's field of view, an assumption 

which is badly violated when clouds enter the picture. 

Figure 9.2b shows the residuals with respect to the floorline for March 1, which 

had a very obvious cloudy period (aithough not so overcast as to make the instru

ment stop tracking the sun). In such an extreme case, the diffuse channel provides 

a clear indication of cloud presence, which may be useful for data screening when 

operating a radiometer unattended for long periods of time. There exist, of course, 

other autonomous cloud-screening procedures, for instance that of [86], but aureole 

measurements could augment such procedures and increase their probability of cor

rect detection. In particular, the diffuse channel gives advance warning that clouds 
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are about to start affecting the direct sunlight, since they must first increase the 

diffuse light readings. 

The more subtle case of Figure 9.3 illustrates the potential ambiguity between 

clouds and optically thick aerosols, however. As stated eaxlier, clouds did not block 

the sun until at least 30 minutes after the data run ended, which makes it seem 

unlikely that the large increase in DD for m < 2.5 is due to clouds in the field of 

view. On the other hand, such a sharp increase in seems equally unlikely. Because 

of this ambiguity, we have included the residual plots from both the floorline and the 

trendline in the figure (parts b and c respectively). It may be that the visible cirrus 

is accompanied by a larger region of so-called "subvisible cirrus" or by hygroscopic 

particles that will soon become cloud droplets [14]. All this suggests that the diffuse 

channel is an extremely sensitive detector of ajiy kind of deviation from clear sky 

that happens within its field of view. 

9.3 Comparison of diffuse-to-direct ratios with aerosol optical depths ob

tained from direct mesisurements 

For the cloudless data set of Figure 9.1, we go beyond merely showing the residual 

DD plot, and take the next step of comparing it with the aerosol optical depths that 

were determined from direct solax measurements at the same wavelength. Figure 9.4a 

is the residual with respect to trendline of Figure 9.1a, and Figure 9.4b is from 
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(a) Residuals of DD with respect to trendline 
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(b) Aerosol optical depth at 670 nm from direct (l̂ ^ngley) 
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Figure 9.4: (a) Residuals with respect to trendline for the DD plot of Figure 9.1; (b) 
aerosol optical depths retrieved from direct solar measurements at 670 nm during the 
same data run. 
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the sajne data nin's readings at 670 nm (channel 6 of the radiometer). These were 

calculated by the Langley plot method, which was reasonable since March 4 appeared 

to be a good Langley day, then subtracting off the Rayleigh optical depth and the 

nominal ozone optical depth. Since 670 nm is away from the peaJc of the Chappuis 

band, it was deemed sufficient to just use the nominal seasonal T03 rather than goin?^ 

through all the ozone retrieval processing of Chapter 8. 

Just as in Chapter 5, it may be difficult to see any correlation between the raw 

data sets of parts (a) and (b) of Figure 9.4, so the data were passed through various 

types of filters to examine them further. First the 6'^^ order Daubechies wavelet 

filtering scheme described in Section 5.3 was tried, but the results, seen in Figure 9.5, 

were discouraging. The filtered Ta in (b) showed a cleax deterministic trend, but 

part (a) appears to almost be just a compressed version of Figure 9.4a with no noise 

removed. This occurred because the DD data for March 4 happened to be one of 

those anomalous signals for which the fractal model breaks down because the 1// 

part of its spectrum appears to be much smaller than the white part. The spectral 

exponent /? of this signal was estimated to be only 0.2645, corresponding to a 7 of 

— 1.919 and a fractal dimension of 3.459. 

Undaunted, we proceeded to process the same two data sets with various FIR 

lowpass filters to look for more correlated results. Figure 9.6 shows the results of 

an FIR filter with cutoff frequency 0.37r and a Hanning window with 5 frequency 
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(a) Residuals of OD filtered with 6th order Daubechles 
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Figure 9.5: The data sets of Figure 9.4 processed by the wavelet smoothing scheme 
using 6'^ order Daubechies wavelets. 
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(a) Residuals of DD filtered with Hanning RR with cutoff=0.3pi 
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(b) A00670 (from Langley) filtered with Hanning RR with cutoff=0.3pi 
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Figure 9.6; The data sets of Figure 9.4 filtered by an FIR lowpass filter with cutoff 
frequency O.STT and a Hanning window with. 5 frequency components in the main lobe 
o f  W { f ) .  
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components in the main lobe of W^(/). Some similarities now begin to appeair in the 

overall shapes of the two curves, and in features like the dip at m = 2.3, the peaJc 

axound m % 3.4, and the general downward trend from that point to m = 4.6. These 

features eire brought into shcirper focus in Figure 9.7, which resulted from application 

of the same tj^e of filter but with the cutoff frequency reduced to O.IJT. 

IncidentcJly, two of the other filters that were tried were an FIR filter that was 

identical to that used in Figure 9.6 but with 15 frequency components in the main 

lobe of W'{f). and a Hanning windowed MA filter with 9 samples included in the 

averaging. Both of these filters gave nearly identical results as Figure 9.6, suggesting 

that (1) the spectral width of W{f) does not have much impact on the FIR filter 

performance for this type of data, and (2) the use of the simpler MA filters is indeed 

a VfJid alternative to FIR approximations of ideal filters in some cases. 

Additionally, estimates from three other sources were processed by some of the 

same filters, to demonstrate the usefulness of comparing Ta with DD as an indicator 

of how well VQ was chosen in (1.33), at least at one wavelength. Two of these sources 

consisted of reprocessing the direct solcir measurements taicen by the instrument, 

supplying a Vo{670) that weis either 2% lower or 2% higher than the Langley plot 

intercept. The third source was a second, well-calibrated radiometer (#15) which 

took data concurrently with #5, processed by supplying the best estimate of VQ for 

that instrument. 
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(a) Residuals of DD filtered with Hanning RR with cutoffsQ.lpi 
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Figure 9.7: The data sets of Figure 9.4 filtered by an FIR lowpass filter with cutoff 
frequency 0.1 TT and a Hanning window with 5 frequency components in the main lobe 
o f  W { f ) .  
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These three estimates of ra(670), passed through the same filter as was used in 

Figure 9.7, are depicted in Figure 9.8. Had either part (a) or (b) shown better 

agreement with the similarly filtered DD plot (Figure 9.7a) than Figure 9.7b did, 

that would have been a strong indication that the Langley plot estimate of Vo from 

this data run needed to be adjusted in the appropriate direction. As it turned out, 

though, both of the altered VQ'S gave plots whose deterministic trends were rather 

inconsistent with those of DD. Note also the big difference in the overall magnitude 

of the retrieved TaS between Figures 9.8a and 9.8b. Finally, Figure 9.8c provides 

one more check on the validity of the Langley VQ for this day, and of the entire 

approach described in this section. A second, independent measure of Ta—one that 

is believed to be quite accurate—appears in Figure 9.8c to match Figure 9.7b quite 

well, at least in its shape, and to match Figure 9.7a no better and no worse than 

Figure 9.7b does. There is a shift in the overall level between the two, suggesting 

that a transfer calibration (Chapter 3) would probably generate a slightly larger Vo 

for Radiometer ^^5. 

One can easily imagine several ways to add a feedback step based on diffuse light 

measurements to the calibration scheme of Figure 7.2, for radiometers that have a 

diffuse channel available. The feedback mechanism could be, for instance, to compute 

the correlation between the DD plot and the TQ plot that results from each estimate of 

Vo after the "error correction" step, and weight those estimates accordingly. Another 
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(a) A00670 (from low VO) filtered with Manning FIR with cutoff=0.1pl 
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(b) AOD670 (from high VO) filtered with Manning RR with 
cutoff=0.1pi 
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(c) AOD670 (from Radiometer #15) filtered with Manning FIR with 
cutoff=0.1pi 
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Figure 9.8: Aerosol optical depths found at 670 nm by (a) supplying a VQ that was 
2% below Langley estimate; (b) supplying a VQ that was 2% above Langley estimate; 
(c) supplying the best estimate to data from a second radiometer (#15). 
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alternative, indeed the one that first suggested the use of diffuse measurements, is 

to use the temporal variations in DD as a reference channel for Forgan plots of the 

direct measurements. 

An obvious shortcoming in the use of diffuse measurements, at least in the context 

of ARSL's type of radiometer, is that they are only taken at a single wavelength.^ 

Although [22] provides theoretical extrapolations of DD from one wavelength to oth

ers, these relationships must be tested if DD is to be used with confidence as a model 

for Ta variations across the visible spectrum and beyond. This is not an issue for 

some other types of radiometers that measure diffuse light at all of the instrument's 

wavelengths [87], but the trade-off is that such instruments do not measure all their 

chajinels virtually simultaneously as ours does, and they introduce a good deal of 

mechanical complexity. 

Another potential problem in relying on diffuse light measurements as a model of 

aerosol variability is the ambiguity between thin clouds and thick aerosols, as was 

seen in the previous section. Criteria must be established to screen out all data points 

that may be affected by clouds, or more generally by large spatial inhomogeneities 

within the diffuse channel's field of view. Toward this end, a study has been proposed 

to find the typical time lag between the event of clouds entering the aureole region 

and the event of those same clouds blocking the direct sunlight. Obviously much 

^It has been proposed that any future radiometers built by ARSL with a diffuse channel should 
change its wavelength from 670 nm to either 780 or 870 nm, where both the Rayleigh and ozone 
components of optical depth are much smaller. 
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more data needs to be gathered and analyzed, but the preliminary results in this 

chapter indicate that with proper screening, diffuse measurements can be a powerful 

tool to characterize aerosols. 
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CHAPTER 10 

Conclusions and directions for future investigation 

Much progress has been made on meeting the goals set forward at the beginning 

of this dissertation. The subjective judgment of a data set's "quality" for calibra

tion purposes has been replaced by objectively determined weighting factors. Of 

course, some subjectivity remains in the design of the algorithms that determine 

those weights. The class of days which axe useful for calibration has definitely been 

broadened, including more than just those days that would be considered "good" in 

the traditional sense. This is evidenced by days such as April 7, 1995, whose variable 

Langley plot (Figure 4.2) became a very straight Forgan plot, and April 21, 1995, 

which was judged "poor" for Langley analysis but became a heavily weighted day 

(Figure 7.4). And our confidence in the results of calibration has increased, not only 

on theoretical grounds, but also because those results exhibit much less day-to-day 

variation than the ones obtained from Langley analysis (Table 7.2). 

This success is partly due to the fact that the data processing techniques discussed 

here complement each other quite well. Spectral estimation and smoothing not only 
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chajacterize aerosol variability, but also improve the effectiveness of the Forgan tech

nique. Wavelengths and/or days which are not well-behaved for calibration purposes 

are pointed out by several consistent indicators. And when that happens, the effect of 

these erroneous channels is minimized by replacing their results with approximations 

found from other data (Chapter 6). 

Nevertheless, many of the techniques can be further refined. Indeed, during the 

next yeax, I will be working as a post-doctoral reseaxcher, doing exactly that—refining 

and extending these techniques, implementing them with more user-friendly pro

grams, automating them to whatever extent possible, and applying them to a large 

amount of data, both real and simulated. Some of these areas of proposed investiga

tion are described here. 

For some of the "preliminary corrections" of Chapter 2, most of the improvement 

to be made is just a matter of implementing them in a way that is easy to use, and 

incorporating those implementations into the standard processing procedure. For 

instance, offset and detector temperature sensitivity are easy enough to measure, but 

in order to then use them, one must nm two separate programs to make the two 

adjustments to the raw data. Such adjustments should be made as an automatic 

part of the process of downloading data from the instrument, so that the adjustment 

is transparent to the user. Likewise, nominal ozone estimates should be calculated 
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automatically from the date, although the results reported in Chapter 8 suggest that 

perhaps the model used for this calculation should be updated. 

The areas of Chapter 2 that could be improved by further study^ as opposed to 

just implementation, are the estimation of diffuse light contribution to the signal, 

based on aureole measurements for radiometers so equipped; comparison of airmciss 

calculations using different solar ephemeris routines and different vertical profiles for 

the various atmospheric constituents; and analysis of the effect of erroneous cen

ter wavelengths and discrepancies from monochromaticity for the channels with the 

shortest wavelengths, and how to detect and correct these effects. 

There are maay directions that can be explored as possible improvements to the 

Forgan plot technique of Chapter 4. One area that requires further study is the 

method by which weights are assigned between pairs of channels. It is currently based 

entirely on the axnount of correlation between their apparent optical depths, and the 

weights are calculated by an arbitrarily chosen function of the correlation coefficient. 

As seen in Tables 4.2 through 4.5, there are a multitude of possible indicators of 

the quality of a channel as a reference model. As already mentioned, having two 

or three channels that are considered well-calibrated will provide great diagnostic 

capabilities for the technique of Chapter 4. It will also be extremely informative to 

run the technique on simulated data of known temporal variation. Rather than having 

simple deterministic functional forms in the optical depth domain, as hcis always been 
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the case in past simulations, these data sets will be generated by assigning simple 

functional forms to the temporal variations in the size distribution domain, and 

applying (4.10) to get optical depths. 

As suggested by Table 4.4, a constraint could be imposed on the 'J',-,,- found from 

Forgan plots that they be consistent with each other. An interesting problem would 

be to find the smallest overall amount of adjustment that would be required to make 

the complete set of consistent, i.e. 

=1 (10.1) 

for any positive integer k and any sequence of chosen from among the 

channel numbers. The set of thus adjusted would then be used in the modeling 

of optical depth vaxiations. Another generalization of the Forgan technique would 

be to not even assume to be constant, but allow this ratio to vary over time 

according to some model. 

The filtering operations of Chapter 5 have been seen to effectively reduce the 

amount of uncorrelated noise in the measurements. Although a number of different 

filter types have been tried, it remains to be seen how to determine the optimum filter 

for any given data set. If wavelet-based filters axe used, a large amount of statistical 

information becomes available about the signal's spectral and fractal characteristics. 

This information has not yet been used except in the filtering, but it is expected to 

be useful for data classification and modeling. In fact, this is one of the techniques 
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which may see application beyond calibration of instnmients and processing of the 

data taken with them, namely as a method of synthesizing optical depths outside 

of those time periods when they were axrtually measured. Such a synthesis could 

perhaps be used to fill in tempored and geographic gaps of projects like AERONET, 

which is NASA's global network of solar radiometers [88]. 

The error-correction methods of Chapter 6 involve another step of weighted aver

aging, so agciin more anailysis should be done to see if the right statistical measures 

are being used in the complicated formulae by which the weights are computed. 

The ozone retrieval method of Chapter 8 works well, but has a shortcoming in that 

it only computes a single ozone value for the entire day. Given that a mziin theme of 

this dissertation has been temporal variation of optical depths, it would make sense 

to adlow ozone to be time-varying as well. In fact, this could even be extended to 

nitrogen dioxide, which contributes very little optical depth but is known to exhibit 

a strong diurnal vairiation. One can envision a data processing scheme in which every 

component of optical depth is time-varying, and each of them is distinguished at least 

partly by the form of its temporal variation. 

Clearly an area whose potential we have just bajely begun to tap is the use of 

aureole measurements as described in Chapter 9. Decent correlation has been seen 
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between difFuse-to-direct ratios and optical depths under certain conditions. Measure

ments must be taken on many days under different kinds of atmospheric conditions 

to develop this into a reliable method of characterizing aerosols. 

Beyond the techniques discussed so fax, the next major step will be to find aerosol 

size distributions, which axe a more directly useful result than optical depth for many 

applications. For instance, if the size distribution and refractive index of a volume 

of aerosol is known, one can use Mie theory to calculate scattering and extinction 

coefficients (or equivalently, phase functions and single scattering albedo) in every 

direction, not just the direction of direct sunlight. This is what is needed for radiative 

transfer calculations and ultimately for things like global climate models. 

Because of the importance of the subject mentioned in the preceding paragraph, 

it is appropriate to here elaborate on it a little. Recall that aerosol optical depth is 

related to size distribution by Equation 4.10, repeated here with the time dependence 

suppressed for convenience; 

This is a Fredholm integral equation of the first kind [80] and does not represent a 

one-to-one mapping between functions in the two domains. Infinitely many different 

size distribution fimctions dNc{r)/dln.r can produce the same spectral variation of 

optical depths ra(A), at least at any finite set of wavelengths A,. The process of 

(10.2) 
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finding at least one solution, given a set of measured •ra(A,), is called inverting the 

integral equation. 

Because of the non-uniqueness of solutions of (10.2), side constraints must be im

posed on an inversion problem to find the most physically plausible solution. The 

inversion program of [57] imposes a constraint that minimizes the solution's second 

derivative. Thus from among all possible solutions, that size distribution is chosen 

which varies most smoothly with Inr. Work has already begun on re-implementing 

and updating this program, similarly to what was done with the ozone retrieval soft

ware in Chapter 8. The intention is to make the program do an inversion for each 

measurement interval in a data set individually, producing a time-varying size distri

bution function. Possibly the same kinds of temporal characterization and smoothing 

that is now done on curves of Ta(A,-,f) for each wavelength A,- can then also be done 

on curves of dNc{r,t)ld\D.r for any radius r. 

Finally, the one remaining piece of data that has been omitted throughout this 

work, but which must be processed to complete the solar radiometry picture, is 

data from the 940 nm chajanel, in the water vapor absorption band. Techniques for 

retrieving water vapor amounts from these measurements already exist [89, 90], and 

should be incorporated into a scheme that allows all ten channels of the radiometer 

to processed together. Since water vapor optical depth is itself a highly time-varying 

quantity, it is expected that the performajice of these retrieval techniques will be 
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enhanced by the improved temporal characterization we now have for aerosol optical 

depth. 

In closing, this dissertation has presented a thorough catalog of the rather subtle is

sues involved in the seemingly straightforward problem of processing solar radiometer 

data, and has introduced a process by which these issues are dealt with. Most of the 

techniques that comprise that process exploit correlations between various quantities 

of interest, and between those quantities and certain models. Discovery of additional 

correlations or improved models will enhance these techniques, further improving the 

accuracy with which aerosols and absorbing gases can be characterized, and reducing 

the uncertainty in understanding the workings of the earth's atmosphere. 
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