
An experimental study of atmospheric
turbidity using radiometric techniques

Item Type text; Dissertation-Reproduction (electronic)

Authors Shaw, Glenn E.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:20:14

Link to Item http://hdl.handle.net/10150/565227

http://hdl.handle.net/10150/565227


AN EXPERIMENTAL STUDY OF ATMOSPHERIC TURBIDITY 

USING RADIOMETRIC TECHNIQUES

by-

Glenn Edmond Shaw

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF ELECTRICAL ENGINEERING

In Partial Fulfillment of the Requirements 
For the Degree of

DOCTOR OF PHILOSOPHY

In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9 7 1



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my 
direction by Glenn Edmond Shaw

entitled An Experimental Study of Atmospheric Turbidity Using

Radiometric Techniques

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy

issertation Direc

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:*

/&. / 07/ 
/z , 19/ /

/■Z / y? ?/

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy' of the dissertation is evidence of satisfactory 
performance at the final examination.



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and 
is deposited in the University Library to be made available to bor
rowers under rules of the Library.

Brief'quotations from this dissertation are allowable without 
special permission, provided; that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author.



ACKNOWLEDGMENTS

The author is pleased to take this opportunity to express 

his gratitude to the individuals and agencies who have aided in this 

research. Thanks are due to Dr. J. A. Reagan for encouraging and over

seeing this study. . The author also acknowledges the many helpful 

suggestions which were given by Dr. B . Herman of the Institute of 

Atmospheric Physics.

The efforts of Mrs. F. Long in typing this manuscript are 

* appreciated as well as the many hours of data reduction which were 

performed by Mr. S. Baker. .

The work reported here was supported by the Atmospheric Sci

ences Section9 National Science Foundation, Grant GA-4015 and 

GA-16764. This aid is gratefully acknowledged.

Finally, the author wishes to express his appreciation to his 

family for the support and for the many words of encouragement which 

they have always given. The author owes an especially large debt of

gratitude to his wife, Gladys, for the steadfast encouragement and
■ ' ■ ■ ■  \ many personal sacrifices which she has contributed toward his educa

tional career.



TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS . . . ... . . . . . . . . . .  . . . . . . . vii

LIST OF TABLES . . . .  . . . . . . . . . . . . . . . . . . . . . x

ABSTRACT . .    . . . . . . . . . . . . . . . . . . . .  xi

CHAPTER

1 INTRODUCTION ... .............   . . . . . . . . . . . .  1

1.1 The Problem  .........    1

2 REVIEW OF ATMOSPHERIC AEROSOL INVESTIGATIONS . . . . . .  5

2.1 General Summary of Atmospheric Aerosols . . . . . .  5
2.2 Discussion of Specific Experimental Techniques

1 *''O-f""©pb'ihO'al-P"reb#m g  —. 8

2.2.1 Twilight Studies . . . . .  ................ 8
2.2.2 Active Source Remote Probing Experiments . . 10
2.2.3 Optical Attenuation Experiments ............ 13

. 3 THEORY OF THE PASSAGE OF DIRECT SOLAR RADIATION
THROUGH THE ATMOSPHERE  ........  . . . . . .  15

3.1 Introduction . . . . . . . . . . . . . . . . . . . .  15

3.1.1 Units . . . . . . . . . . . . . . . . . . . .  15

3.2 Preliminary Definitions of Radiant Quantities . . .  16
3.3 The Solution for the Direct Solar Radiation . . . .  19

3.3.1 Factors Which Contribute to Optical Dept . . 21

3.4 Aerosol and Molecular Scattering ...................  23

3.4.1 Mie Scattering  ...........    24
3.4.2 Molecular Scattering . . . . .  ............ 28

3.5 Gaseous Absorption in the Atmosphere .     . 29

3.5.1 Absorption by Water Vapor and Oxygen ; . . . 32
. iv



V
• TABLE OF CONTENTS— Continued

pter ' Page

3.6 The Sun as a Source of Radiant Energy 35

3.6.1 Detailed Description of the Wavelength
Dependent Topside Solar Flux . . .  ........ 38

3.7 Atmospheric Mass  ........ 40

4 DESIGN OF THE SOLAR RADIOMETER SYSTEM . . . . . . . . . .  47

4.1 Basic Instrumental Design......... . 47

4.1.1 Discussion of a Block Diagram of the
Radiometer System .. . . . . . . . . . . .  . 48

4.1.2 Exploratory Design Calculations . . . . . . .  50

4.2 Description of the Experimental System . . . . . . .  52

4.2.1 Solar Tracking . . . . . . . . . . . . . . .  54
41.2 .̂2... Opines, . . . . . . . . . . . . . . . . . . . 57
4.2.3 Photodetector  ............   62
4.2.4 Control Circuitry . . . . . . . . . . . . . .  64
4.2.5 Detection Electronics 69

4.3 Evaluation and Calibration of the Solar Radiometer . 72

5 DATA ANALYSIS STRATAGEMS.......................   78

5.1 Reduction of Data for Optical Depth Determinations . 79

5.1.1 Calculation of Solar Position » .  ........  81
5.1.2 Calculation of Atmospheric Mass . . . . . .  . 83
5.1.3 Computer Reduction Routine.  .......  87

5.2 Discussion of the Inversion Problem............ . . 88

5.2.1 General Mathematical Formulation...... 88
5.2.2 Development of Equations Used for

Inverting the Experimental Data  .......... 90
5.2.3 Inversion Techniques for Noise-Degraded

D a t a .........     95

5.3 Computer Routines for Implementation of Inversions . 98



vi

TABLE OF CONTENTS— Continued

Chapter Page

6 PRESENTATION OF EXPERIMENTAL RESULTS . . . .  .........  105

6.1 General:Discussion of the Accumulated Data „ . . . . 105

6.1.1 Tabulation of Optical Depths
and Zero-Airmass Intercepts . . . , . . , . . 106

6.1.2 Discussion of Error Terms for Inferred 
Zero-Airmass Voltage Intercepts .. . . . . .  . 115

6.1.3 Calibration Techniques . . . . . . . . . . .  122
6.1.4 Temporal Variations in Atmospheric

Extinction . . . . . . . . .    . . .  125

6.2 . Application of Extinction Measurements to the
Reduction of Lidar Data  ........ 128

6.2.1 Monostatic Lidar Data Reduction  .......... 128
. 6.2.2 Optical Depth Reduction of Bistatic

Lidar D a t a .............   131

6.3 Dependence of Atmospheric Extinction Upon Wavelength 133

6.3.1 Presentation of the Experimentally Determined 
Wavelength Dependence for Atmospheric Extinc
tion by Aerosols...............   136

6.3.2 Results from Inverting the Wavelength
Dependent Extinction Data .  .........   141

6.3.3 Wavelength Dependence for Extinction by
Cirrus Clouds . .   . . . . . . . . .  151

6.4 Summary and Conclusions   . . . . . . . .  152

6.4.1 Application for Atmospheric Extinction Data
for Air Pollution Studies . . . . . . . . . .  154

6.4.2 Applications for Extinction Data in Agricul
ture and Hydrology ........ . . . . . . . . .  155

6.4.3 Recommendations . . . . . . . . . . . . . . .  157.

APPENDIX A: DESCRIPTION OF COMPUTER ROUTINE FOR DETERMINING
OPTICAL DEPTH AND ZERO AIRMASS INTERCEPTS '........ 159

APPENDIX B: INFORMATION CONTENT OF WAVELENGTH-DEPENDENT
EXTINCTION COEFFICIENTS ...........   162

LIST OF REFERENCES 164



LIST OF ILLUSTRATIONS

Figure Page

2.1 Illustration of Twilight Radiometry Method for Optically 
Determining the Heigh^Distribution of Atmospheric
Aerosol Particles . . . . . .  . . . .  . . . .  . . . . * . 9

2.2 Basic Geometry of a Bistatic Scattering Experiment . . .  11

3.1 Illustration of Scattering Geometry Used in the
Derivation of the Mie Scattering Functions.........   . 25

3.2 The Major Absorption Features in the Atmosphere over
the Wavelength Range 0.2 to 4.0 Microns..........  30

3.3 Seasonal Variation of the Atmospheric Amount of Ozone
in Millimeters for Different Latitudes 36

"3.'4 'Major Absorption Features of Ozone and Oxygen as a
Function of Wavelength. Each Set of Absorption Bands
Has Its Scale Marked, Decadic Coefficient in cm~l
Referred to 0°C and 1000 mb Pressure . . , .  ......... 37

3.5 Solar Mean Intensity (Averaged Over the Solar Disk) as a
Function of Wavelength From 0.2 to 2.0 Microns . . . . .  42

3.6 Illustration of a Ray Traversing the Atmosphere for 
Illustrating the Derivation of Expression for
Atmospheric Mass ... . . . . . . .  . . . . . . . . . .  . 44

4.1 Block Diagram for the Passage of Direct Solar Radiation
Through the Atmosphere and the Radiometer System . . . .  49

4.2 Flow Chart for Exploratory Design Calculations for Solar
Radiometer System.........     . 51

4.3 Calculated Radiometer Output Voltage as a Function of
Wavelength and Solar Apparent Zenith Angle .......... , 53

4.4 Illustration of an Equatorial Mounting Configuration for
Automatically Tracking the Solar Disk . . . . . . . . . .  56

4.5 Schematic Illustration for the Optical Train of the
Solar Filter Radiometer    . 59

vii



viii

LIST OF ILLUSTRATIONS— Continued 

Figure Page

4.6 Top Curve - Illustration of Photodetector Relative 
Response with Wavelength; Bottom Curve - Intensity 
Profile of Direct Solar Radiation at Top of the
Atmosphere and at Ground Level . . . . .  ............ 63

4.7 Shutter Control Circuitry for Direct Solar Radiometer . . 67

4.8 Simplified Schematic Diagram of Filter-Wheel
Controlling Circuitry........... . .     . 68

4.9 Controlling Circuitry for Gain Control Logic and
Filter Coding  ...........     70

4.10 Schematic Diagram of Detection Electronics . . . . . . .  71

4.11 Output Voltage Versus Photodetector Input Current for
Detection Electronics ........ . . . . . . . . . . . .  73

4.12 Angular Response of Multiple Wavelength Solar Radiometer
for Two Orthogonal Directions .  .........    75

4.13 Photograph of Radiometer Control System...........  76

4.14 Photograph of Filter-Wheel Radiometer . . . . . . . . . .  76

5.1 Celestial Spherical Triangle . . . . . . . . . . . . . .  82

5.2 Solar Zenith Angle Versus Time (in hours) from Solar
Noon for Several Dates . ........ . . . . . . . . . . .  84

5.3 Calculated Atmospheric Mass Versus Zenith Angles
for Several Scale Heights. Dotted Line Represents 
RozenbergTs [1966] Expression   . . . . . . . . .  85

5.4 Junge Particle Size Distribution Versus Particle Radius
for Various Values of the Adjustable Parameter Nu . . . .  92

5.5 Q(X)y Mie Extinction Efficiency Factor Versus
X = 2mr/A for Spherical Particles with M = 1.54 + j0 . . 100;

5.6 Examples of Inversions for Aerosol Size Distributions 
from Wavelength-Dependent Extinction Data Taken to a 
Measurement Accuracy of 1%. Dotted Line Represents 
"Actual11 Size Distributions, Solid Line Results from
the Twomey Inversion Scheme . . . . . . . . . . . . . . .  103



ix

LIST OF ILLUSTRATIONS— Continued

Figure , Page

6 0 1 Radiometer Voltage, V, Atmospheric Mass, m. Solar
Azimuth, <j), and Solar Zenith Angle, z, versus
Solar Time. Calculated for October 14, 1970, ........ 107

6.2 Langley Plot for May 13, 1970 A M ...........    .' . 108

6.3 Langley Plot for December 12, 1970 . . .  ..........   . 109

6.4 Langley Plot for December 12, 1970 . . . . . . . . . . .  110 ’

6.5 Langley Plot for May 15, 1970 A M ................. . Ill

6 . 6  Top Plot ~ Modeled Langley Plot Resulting from a Linearly
Drifting Optical Depth with Time; Bottom Plot - Optical
Depth Plotted as a Function of Time for the Langley
Plot Illustrated  .........    120

6.7 Illustration of Optical Depth as a Function of Time for
Blowing Dust "Episode" of May 15, 1970.  .........  126

6 . 8  Calculated Aerosol Extinction Coefficient Plotted as a.
Function of Wavelength for a Junge Size Distribution . . 134

6.9 Calculated Aerosol Extinction Coefficient Plotted as a 
Function of Wavelength for Five Combinations of Lower
and Upper Radius Cutoffs....................     . 135

6.10 Experimentally Measured Optical Depth Plotted Against 
Wavelength for Morning and Afternoon of September 23, •
1970.  ...........      138

6.11 Examples of Optical Depth as a Function of Wavelength
for Several Observation Dates.............     139

6.12 Examples of Optical Depth Versus Wavelength for Several
Observation Periods During the Summer of 1970...... ....  140

6.13 Aerosol Size Spectrum Plotted as a Function of Aerosol
Particle Radius from Inversions of Selected Observation 
Periods, Group A .. . .  .............................  147

6.14 Aerosol Size Spectrum,Plotted as a Function of Aerosol
Particle Radius from Inversions of Selected Observation 
Periods, Group B . .  ...............................  148

6.15 Examples of Vertical Optical Depth of Cirrus Clouds as a
Function of Wavelength ..........    153



LIST OF TABLES

Table Page

3.1 The Major Water Vapor Absorption B a n d s ............  33

3.2 Ephemeris for the Earth's Orbit About the S u n .......... 39

3.3 Solar Spectral Irradiance at Selected Wavelengths . . . .  41

4.1 Interference Filters Used in the Filter-Wheel
Radiometer.........     . . , 61

4.2 List of Sequential Functions the Control System
Chassis Performs . . . . . . . . . . . .  .............  65

6.1 Mean Optical Depths and Variances for 40 Days Above
Tucson, Arizona at Filter-Radiometer Wavelengths . . . .  113

'6.2.. Contributors to "E r r o r - in De t er mln: in g Optical Depth
From a Langley Plot .  ...................   116

6/3 Summary of Standard-Lamp Calibration of Solar Radiometer,
November 27, 1970 . . . . . . . . . . . . . . . . . . . .  124

6.4 Listing of Dominant Eigenvalues for the Matrix C^C
for Various Combinations of Observational Wavelengths . . 142

x



ABSTRACT

An optical method to infer properties of the atmospheric aero

sol particles is presented. The experimental work involves measuring 

the direct component of the solar intensity at prescribed discrete 

wavelengths. From these monochromatic intensity measurements, which are 

made over varying solar zenith angles9 the optical depth is obtained by 

a computerized curve-fitting method. The extinction coefficient from 

the atmospheric aerosols is subsequently obtained by subtracting the 

known molecular scattering term and the estimated ozone absorption term.

A description of the filter-wheel solar radiometer which was 

constructed for the experimental portion of the study is described. The 

instrument automatically acquires solar irradiance information at eight 

individual wavelengths which span the region from the near UV through 

the visible and into the near IR. Theory for the passage of direct 

solar radiation through the atmosphere is given9 and relations between 

physical properties of the aerosol particles and the optical attenuation 

are derived. Analysis stratagems for the experimental data are treated, 

and detail of an inversion technique is described which utilizes the 

wavelength-dependent extinction data to infer information about the size 

distribution and mass concentration of the atmospheric aerosols.

Data which were obtained in an arid urban location over a ten- 

month period is summarized for each of the eight filter wavelengths, and 

averages and variances for the parameters are summarized. Correction



methods employing a standard irradiance source to. eliminate errors 

arising from time variations in atmospheric transmissivity are de- . 

scribed. Statistics on the diurnal and seasonal variation for the aero

sol extinction are given.

Results of inverting the optical depth information to determine 

the aerosol size distribution are presented. It is found that, in
L

general, the inferred distribution for the atmospheric aerosols is con

sistent with that found by investigators that employ direct sizing 

techniques. . .

A method is described by which the optical depth at 0.69 micron 

is used to aid in the interpretation of signals obtained from a laser 

radar system. Applications for the optical depth information in agri

cultural and hydrological studies are described, and the feasibility of 

establishing a network of monitoring stations to aid in air pollution 

studies is considered. Suggestions for possible improvements in the 

experimental system are given.



CHAPTER 1

INTRODUCTION

1.1 The Problem 

The composition and distribution of particulate material in 

the atmosphere forms a subject of interest in several fields of science 

and technology; however5 attempts to infer properties of the atmospheric 

particulates, or aerosols, suffer from certain limitations. For 

instance, interaction between the measuring device and the desired 

parameter is a common problem, and experiments which themselves generate 

noise give readings degraded with some uncertainty.

In view of the fact that measurements of atmospheric contam

inants are inherently different from highly controlled laboratory exper

iments, a number of techniques have evolved by which particles in the 

atmosphere can be studied. Most experimental methods fall into two 

major categories, direct sampling and indirect probing.

Direct sampling involves sampling a parcel of air and performing 

analysis on the collected sample. Airborne sampling experiments are 

plagued with calibration and contamination problems whereas ground-based 

sampling systems have only limited accessibility.

Indirect probing, on the other hand, is used to infer proper

ties of the atmosphere by observing the effect of the atmosphere on some . 

natural, or man-made, radiation field. Of particular interest are radi

ation fields with wavelengths falling into the "optical" region in that

1



the particulates residing in the atmosphere are "of the order of size" 

of the wavelength of visible or near visible light.

This dissertation is a study which employs experimental measure

ments of ground level solar intensity as a function of the (independent) 

parameters, solar zenith angle and wavelength, to obtain the optical 

depth of the atmosphere. The experimental portion of this work is two

fold in purpose. First, one of the inferred properties of the atmosphere, 

the optical depth, is derived experimentally and this information is em

ployed as a "calibration constant" to aid reductions of data which are 

obtained by a light radar system. Secondly, the optical depth informa

tion is also used to infer properties of the atmospheric aersols.

Physical properties of atmospheric aerosols, such as their size 

distribution, can be inferred to some extent by mathematically inverting 

an optical depth versus wavelength vector. In this regard, computer . 

simulations of solar radiation passing through model atmospheres con

taining aerosol particles were performed. After adding random noise 

perturbation terms (which represent measurement errors) to the simu

lated optical depths, the inversion schemes were then used to predict 

the size distribution of the aerosol particles. In this way, capabil

ity of the inversion scheme to correctly predict the solution vector 

was tested.

The organization of this dissertation proceeds as follows:

Chapter 2 presents a review of some fundamental knowledge of particu

lates in the atmosphere as well as some relevant experimental tech

niques which have been developed fro remote probing of the atmosphere.
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The review is not intended to be exhaustive, but experimental methods 

that typify remote optical probing experiments are described.

Chapter 3 develops the theoretical structure upon which the 

interpretations of the experimental measurements are based. Basic ele

ments of radiative transfer and scattering theory are sketched, and . 

fundamental equations are given. A description of the gaseous absorbers 

and aerosol scattering parameters is presented. Chapter 3 therefore 

develops the fundamental quantities which are needed to discuss the mod

ification of optical energy as it passes through the atmosphere.

The fourth chapter is concerned with the experimental portion of 

the work. Instrumental design details are outlined, and the entire 

experimental system is described in detail. A computer analysis was 

done prior to hardware construction in order to insure that the design 

was sufficient to cover all eventualities which would be encountered ■ 

during the experiment; results from this analysis are also included. 

Calibration and performance of the instrument and typical experimental 

data are presented. \

Chapter 5 describes the analyses and applications of the experi

mental data. It is desirable to determine as many parameters about 

atmospheric aerosols as possible from the experimental data. However, 

there are only a finite number of independent inferences that can be 

justified from any observational set of measurements. . The particulars 

of several reduction schemes of varying degrees of sophistication are des

cribed, and the limitations and capabilities of each are discussed.



' . ■ ' ■ 4
The results of applying the.various reduction schemes to the 

experimental and computer-simulated data are presented in Chapter 6. The 

information content of the experimental data is discussed and typical 

optical depth and turbidity data are presented for a wide range of con

ditions. Results of inversions to determine the size distribution of 

the atmospheric aerosols are discussed. Diurnal and seasonal variations 

of the atmospheric optical depth are investigated.

. Finally, recommendations for possible improvements in both the 

experimental technique and the attendant theoretical analyses are-pre^ 

sented. A modified system is described which could be employed on a wide 

scale to give useful information for atmospheric aerosol and pollution 

studies.



CHAPTER 2

REVIEW OF ATMOSPHERIC AEROSOL INVESTIGATIONS

2.1 General Summary of Atmospheric Aerosols 

This section is meant to be a review of the major developments 

which have given rise to much of the present knowledge' of particulate 

material in the atmosphere. In particular, optical techniques which have 

been used to determine properties of the atmosphere are emphasized.

Existence of a layer of high altitude particulate material was 

first qualitatively deduced and reported by Gruner and Rleinert [1927]. 

The existence of this layer was substantiated by direct sampling equip

ment which was carried aloft by balloon flights [Junge and Manson, 1961]. 

It was found that the dust content of the lower troposphere was relative

ly large and decreased with increasing altitude. However, a relative max

imum in the mixing ratio was found to occur at an elevation of some 20 

kilometers. Later, the direct sampling programs were extended by flying 

equipment aboard high altitude U-2 aircraft;these flights indicated that 

the high altitude maximum in dust mixing ratio, often called the Junge 

layer, is evidently a global feature. Recent data* however, indicate 

that the layer may not be a permanent feature of the atmosphere. Chem

ical analysis of the collected high altitude particles showed that they 

were composed predominantly of sulphates of ammonia». It was speculated 

[Friend et al., 1961] that these compounds were formed by the oxida

tion of gaseous sulphur compounds that entered through mixing processes.

5



In March 1963 the eruption of Mount Agung (Island of Bali, 8°S, 

115°E) evidently put large amounts of contaminants into the strato

spheric region. Evidence of this dust layer was soon noticed by solar 

and astronomical observatories throughout the world, . This layer is de

scribed in an early report by Volz [1965] and by Dyer and Hicks [1965]; 

a more recent summary and compilation of the optical effects caused by 

the eruption is given by Volz [1970]. Hogg [1963] gives an account of 

optical effects from the eruption as observed from Mount Strumlo5 Aus

tralia. Definite changes in extinction measurements were also observed 

at the observatory in Cerro Tololo* Chile [Moreno> Sanduleak, and Stock, 

1965]. A decrease in solar flux was detected at Byrd station at the 

South Pole, evidently from the eruption [Flowers and Viebrock, 1965]. 

Meinel and Meinel at the Steward Observatory in Tucson observed the dust 

layer’s effect in producing bright and spectacular sunsets, and from 

simple observations, estimated the height of the layer to be 17.8 km 

[Meinel and Meinel, 1964]. Analyses of photometric data obtained at 

Kitt Peak National Observatory in Arizona before and after the eruption 

of Mount Agung showed definite changes. In summary, the eruption of the 

volcano showed that definite changes in the aerosol component of the 

atmosphere, particularly at the high altitudes, can occur globally from 

natural phenomena.

A"comprehensive study was made of the distribution of atmospher

ic particulates by Volz and Goody [1962] who employed analyses of 

twilight intensity experiments. These workers found that the relative 

"peaking" in dust contamination at an altitude of about 20 kilometers



evidently is a permanent feature of the atmosphere, although the mor

phology apparently varies and may be slightly seasonably dependent.

Tliis work was performed prior to the eruption of Agung and indicates 

that the volcanic eruption evidently enhanced a pre-existing layer.

Information on the size and height distribution of atmospheric 

aerosols has been obtained by a number of workers. Diffuse radiation 

was monitored with a rocket-borne photometer by Dossier [1963]. Pho

tometry of the solar aureole, the bright region which surrounds the 

solar disk, was performed by Evans [1948] from a ground-based observa

tory and by Newkirk and Eddy [1964] with a balloon-lifted radiometer. 

Rosen [1968] employed a balloon-borne photoelectric particle counter to 

infer altitude dependent data about atmospheric particulates.

Since 1960, a number of investigators have exploited the scat

tering and absorption of light from man-made sources of radiation to . 

yield atmospheric structure. Notable among these investigations are 

studies employing searchlight [Elterman, 1966; Rozenberg, 1960] and opt

ical radars powered by Q-switched lasers [Fiocco and Smullin, 1963; 

Ligda, 1964; and Collis, 1966].

Much of the work in remote optical probing has been directed 

toward determining the aerosol size distribution. Analysis done by 

Junge and Manson [1961] on material brought back from high altitude 

flights provided important information concerning size distributions. 

Other experimental investigations have been suggested or performed us

ing optical probing to infer parameters in the aerosol size distribution
■ i

[Bullrich, 1964; Fenn, 1964; Reagan, Herman and Spiegel, 1970].
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2o2 Discussion of Specific Experimental 
Techniques of Optical Probing

There are a variety of methods which may be employed, at least 

in principle, to study atmospheric phenomena by remote optical probing.

All of these techniques are based upon the fact that light is scattered 

and absorbed by aerosols in the atmosphere. Specific experiments which 

have yielded information concerning the properties of atmospheric aero

sols and their distribution are discussed in the section that follows,

2.2.1 Twilight Studies

During the period of twilight, the region of the atmosphere above 

the ray which grazes the earthTs surface is illuminated by solar radia

tion, As one observes in a fixed direction, for instance the local 

zenith, the grazing twilight ray intersects the direction of observation 

at progressingly higher altitudes as twilight progresses toward night.

The very low grazing rays suffer great attenuation in passing through the 

low reaches of the atmosphere and so do not contribute much light into 

the cone of observation. On the other hand, the very high rays do not 

scatter much light into the observation cone because of the tenuity of 

the atmosphere. Thus, the sky glow in a given direction emanates from 

scattering in a relatively narrow layer. Figure 2.1 shows schematically 

the twilight geometry.

Interpretation of twilight intensity measurements to infer struc

ture in the atmosphere becomes difficult in practice due to a number of 

extenuating circumstances. For instance, the question of multiply scat

tered radiation becomes relevant in the optically deep regions encountered 

in twilight studies. The theory of radiative transfer through optically



9

Zenith

Relative ^  
Scattering 
Contribution

Scattering volume

Observer

Sunset point

Solar rays

Tangent ray

Fig. 2.1 Illustration of Twilight Radiometry Method for Optically
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deep layers is still in developmental stages? and analysis of twilight 

data usually is made under several assumptions, Even though exact . 

techniques cannot be performed, rough features of atmospheric structure 

may be delineated from twilight studies. The work of Volz and Goody 

[1962] presents an excellent example of twilight probing. These workers 

were able to study the changing structure of the high altitude aerosol 

distribution by making relatively simple measurements from the ground.

2.2,2 Active Source Remote Probing Experiments,

Several workers have employed horizontal attentuation of light 

over known paths and at various wavelengths to infer properties of the 

atmospheric aerosols near the ground level. In one such study [Yamamoto 

ahd Tanaka, T9B9] atiia £ hema tic a 1 inversion was performed which gave the 

size distribution of aerosols from the wavelength dependency of the 

absorption coefficient.

Searchlights have been employed to direct high intensity beams 

of light into the atmosphere. By observing the scattered light which 

emanates from a common volume formed by the intersection of the search

light beam and an observation cone [Elterman, 1968], one can determine 

parameters of the atmospheric particulates. Figure 2.2 shows the basic 

geometry of a bistatic searchlight experiment.

It is possible to scan along the searchlight beam and thereby 

obtain scattered energy from progressively higher altitudes. Informa

tion from searchlight experiments has the important advantage that a 

relatively small volume may be isolated for observing. This is in
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Fig. 2.2 Basic Geometry of a Bistatic Scattering Experiment
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contrast to twilight analyses where radiant energy is received from a 

large scattering volume whose dimensions are of the order of atmospheric 

scale heights.

The fairly recent development of the high power pulsed laser 

has provided an instrument which has made the optical equivalent•of . 

radar a reality» Systems which employ short laser pulses for ranging 

are called LIDAR systems (an acronym for Light Detection and Ranging).

In the simplest configuration a laser directs a pulse of light energy 

into the atmosphere where it is backscattered and returned to an optical 

receiver which employs a photomultiplier tube. The returned signal is 

displayed on an oscilloscope trace in a manner analogous to a radio fre

quency A-scope display. It becomes possible to identify particulate 

structure in the atmosphere as a function of height with such systems, 

and they have been successfully employed by a number of workers in vari

ous atmospheric investigations [Fiocco and Grams, 19.64; Barrett and 

Ben-Dov, 1967; Reagan, 1968a].

Lidar has recently been extended to the bistatic mode where the 

transmitter and receiver are separated along a baseline in a manner sim

ilar to bistatic searchlight experiments [Reagan, 1968b]. The advan

tage of such a system over the monostatic geometry is due mainly to the 

extra degree of. freedom which results from allowing the scattering 

angle, at a given altitude, to be varied. The angular dependence of the 

scattered radiation is a strong function of the physical nature and 

distribution of atmospheric aerosols, and thus one may use a bistatic 

arrangement to infer these parameters. A description of bistatic lidar
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along with reduction schemes for inferring size distributions of particu

lates is described by Reagan, Herman and Spiegel [1970] and by Reagan and 

Herman [1970]„

2.2.3 Optical Attenuation Experiments

Radiation passing through the earthf s atmosphere is modified by 

atmospheric scattering and to a lesser extent by absorption by gases and 

aerosols. Most attenuation of incoming radiation by the atmosphere occurs 

by scattering by molecules and particulates in the troposphere. Molecu

lar scattering is important in the.blue, whereas scattering by atmospheric 

aerosols becomes dominant at the redder wavelengths. Attenuation of 

radiation by atmospheric aerosols is highly related to the physical pro

perties of ̂ h e ’aeros'dTs and'therefore offers a possibility as a method of 

studying them. One of the major purposes of this study is to obtain 

wavelength dependent optical attenuation coefficients and to employ these

coefficients, insofar as possible, to determine certain physical proper

ties of the particulates.
The experimental portion of this dissertation involves finding

the attenuation, or optical depth,as a function of wavelength.

The optical depth is then used to supply an important calibra

tion constant for the mathematical reduction of data which is obtained 

with a ladar installation. Backsca11ering and attenuation coefficients 

are related through the form of a scattering function which, in turn, 

depends upon the physical parameters and size distribution of atmospher

ic aerosols. Received radiant energy from a lidar system is both
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backscattered and attenuated while passing through the atmosphere„ 

Therefore, reducing the acquired data involves making assumptions about 

the ratio of the attenuation coefficient to the backscattering coeffici

ent which, in turn, is dependent upon the size distribution and the 

physical parameters of the aerosols. A knowledge of the total optical 

depth of the atmosphere then results in a normalization constant which 

allows the ratio between the extinction coefficient and backscattering 

coefficient to be evaluated from the returned lidar traces. The tech

nique of employing optical depth measurements in the manner just . 

described is further described and expanded in a later section.



CHAPTER 3

THEORY OF THE PASSAGE OF DIRECT SOLAR RADIATION THROUGH THE ATMOSPHERE

3.1 Introduction 

The experimental portion of this work involves making measur- 

ments of the direct solar radiation from a ground-based station at a 

number of discrete wavelengths. Eventually the experimental data will 

be used to determine information about atmospheric aerosol particles. 

Before discussing the data, however, it is desirable to develop some 

theoretical background concerning the passage of solar radiation through . 

the atmosphere. This chapter discusses the pertinent parameters required 

to-describe 'the-^passage of Tadiant energy through a scattering and ab

sorbing atmosphere. The discussion is not meant to be a thorough develop

ment of radiative transfer, but the necessary mathematical development 

to describe and interpret the experimental work is presented.

3.1.1 Units

There have been many units used to describe the various parame

ters which occur in radiative studies. In fact, few scientific dis

ciplines possess such a bewildering array of confusing terms and units. 

Many measures of radiant intensity or of scattering cross-sections, for 

example, are in use and occasionally it is not clear which one of the 

several possible definitions of such parameters is being used,

The radiant parameters which are employed in this dissertation, 

insofar as possible, will employ the MKS system of units. Occasionally,

15
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hybrid combinations will be used in order to avoid the use of unwieldy . 

numbers or unusual and unfamiliar terms» An example of such usage is 

the. expression of distances through the atmosphere in kilometers and the 

wavelength of light in microns. Whenever numerical evaluations are per

formed, the units will be written in to avoid confusion.

3.3 Preliminary Definitions of Radiant Quantities 

The aerosol particles in the atmosphere scatter and absorb the 

direct solar radiation. Before writing equations which describe the 

dilution of solar radiation by the atmosphere, it is relevant to discuss 

some basic definitions and to present some basic equations which occur 

in radiative transfer problems. After the equations are defined, 

the approximate solution for the transfer of the direct solar radia

tion through the atmosphere is considered.

The first quantity of interest in radiation transfer is the 

radiant intensity. Following the discussion given by Chandrasekhar . 

[1957], radiant intensity is defined by

1(A) = ----—  , t - time, (3.1)
dA dm dt dX

where dE(X) represents the energy which flows through a cone of in

finitesimal solid angle dm, and through an infinitesimal area dA lo

cated normal to the cone dm, and within the wavelength interval X to 

X + dX. Integration over wavelength is indicated by placing a bar over 

the quantity, thus I refers to intensity which has been integrated over 

all radiant wavelengths.
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Since the experimental work in this dissertation is directed 

toward measuring the direct solar radiation9 it is convenient to work 

with radiant flux, defined as

F(A) = I(go, X) cos (0) do) , (3.2)
wsun

where 0 is the angle between the cone dw and the normal to the oriented 

area dA. Thus, if the entrance aperture of an optical instrument is 

pointed directly at the sun, the solar flux, to a high degree of approx

imation, is simply the solar mean intensity multiplied by the solid angle 

of the solar disk (in steradians).

Attenuation suffered by radiation in passing through a medium may 

be described in terms of an extinction coefficient. The extinction 

coefficient is defined by the relation . '

dl(A) = - k(X) 1(A) p <is , (3.3)

where k(A) is the mass extinction coefficient, p the mass density of the

medium arid ds the differential path length. The quantity dl represents

the decrease in intensity which occurs in path length ds. Dimensions
2of the extinction coefficient as defined above are meters per kilogram. 

Alternately, one may describe the decrease in intensity in terms of a

volume extinction coefficient, g, defined by 0(A) = p k(A). The dimen-
-1 -1sions of 0 are L and the coefficient is often expressed in kilometers

in atmospheric work.
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Direct solar radiation is diluted, or attenuated, by a combina

tion of scattering and absorption by the atmosphere„ The scattering 

attenuation coefficient is described in terms of properties of aerosol

particles and molecules in a later section.

The medium through which radiation passes can in itself emit 

radiation. Emitted radiation can occur, for instance, as a result of 

stimulation by a radiation field, or the medium may radiate as a result 

of some excitation mechanism such as thermal excitation or mechanical 

motion of charged particles. Of more direct concern for the problem at 

hand is the emission of radiation into some direction from a scattering 

process. In the earth? s atmosphere both the air molecules and.the at

mospheric aerosol particles scatter radiation.

The emission of radiation by a media is described in terms of an 

emission coefficient, j(A), which is defined as

dE(A) = j (A) dM do) dA dt , (3.4)

where dE(A) is the contribution of emitted energy from mass element dM 

which enters into differential solid angle dw and is contained within the 

wavelength interval dA.

One may write a continuity, or flow equation for radiation as it 

traverses a medium; the result is known as the equation of transfer and 

is written as.

I iL + iLc 9t 3s 1(A) = g(A){S(A) - 1(A)} , (3.5)

where S(A) represents the source function which is defined as the ratio 

of the emission coefficient to the mass extinction coefficient, or
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S = k = p J  (3-6)

If temporal changes in the radiation field occur over times that are 

long with respect to time taken for radiation to pass through the medium, 

then the time independent equation of transfer can be employed» It is 

written as

^5™- = e(X)(S(X) - 1(A)) . ' (3.7)

Equation (3.7) is a detailed balance and simply is a statement of 

the fact that a change in intensity in distance ds is due to the dif

ference between a source term, 3(A) • S(A) and a "sink11 term 3(A) ® 1(A) .

3.3 The Solution for the Direct Solar Radiation 

The approximate solution to the equation of transfer for the di

rect solar radiation is treated in this section. Emphasis is placed upon 

obtaining a solution which will allow the experimentally determined data 

to be interpreted. Perhaps it should be mentioned here that the complete 

solution to the equation of transfer for a scattering atmosphere contain

ing aerosols is exceedingly complex and must be performed using numerical 

techniques via computer [Herman, 1965]. The problem arises because of 

the presence of the source function in Eq. (3.7). If one neglects this 

term, the equation of transfer can be immediately integrated to yield

1(A) = I (X) e"f P(X,s)ds ■ , (3.8)o s

where the integral in the exponent is a path integral taken along the 

incoming solar ray path. Neglecting the source function essentially



. means that, the diffuse radiation in the angular region near the sun is 

ignored. It is shown later that this approximation is well met in the 

earth’s atmosphere provided the solar elevation angle is not. too

small. The approximate solution, Eq, (3,8), is often written in terms

of the optical depth in the vertical direction. To obtain this expres

sion consider the atmosphere to be approximated as a plane-parallel layer 

in such a layer the differential length ds is related to a differential

height increment dh by the expression

ds = dh sec (z) , (3.9)

where z is the solar zenith angle, or the acute angle measured along the

vertical great circle from the zenith toward the center of the solar

-doLsk.

Employing Eq. (3.9) into Eq. (3.8) one obtains an expression for 

the transmissivity of the direct solar radiation through the atmosphere 

as

1<x) , . e-T(1) sec (z) (3.10)■ io(»

where
'

t(A) = | 3(h, A)dh (3.11)
h=o

defines the optical depth for the atmosphere. The optical depth is a 

function of wavelength. A, and is understood to refer to the verti

cal direction. That is to say, that the optical depth is the attenu

ation factor for a ray referred to zero zenith angle. The term sec (z)
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represents a measure of the relative mass (m(z)) through which the solar 

ray passes and is measured in units of the atmospheric mass traversed 

by a solar ray entering from the zenith. The expression obviously be

comes invalid for the region z -> tt/2 radians; this is because the plane 

parallel approximation fails for low elevation angles. A more exact 

treatment for atmospheric mass is described in a later section,

3.3.1 Factors Which Contribute to Optical Depth

The optical depth of the atmosphere results from a combination 

of terms due to scattering and absorption by molecules and atmospheric 

aerosol particles. Scattering by molecules follows the familiar Ray

leigh scattering law which is characterized by a X  ̂dependency upon 

/wavelength. Thus, molecular scattering is important in the blue region, 

but becomes less significant in the red regions. The strong molecular 

scattering in the blue results in the "blue sky", diffuse radiation.

This radiation obviously is scattered from the direct beam and re

appears in the form of diffuse radiation. For the problem at hand, 

molecular scattering is an important contributor to the attenuation of 

solar radiation; fortunately it can be calculated accurately and so 

its effects can be removed from the experimental data.

Molecular absorption by particular gaseous species in.the atmos

phere can contribute to the optical depth; this is generally not impor

tant in the visible region, but becomes a very important contributor in the 

UV and IR regions. There are, however, some slight absorption effects due



22

to ozone and water vapor in the visible region. These are discussed in 

a later section.

Finally9 atmospheric aerosols scatter light strongly; and may 

also absorb radiation depending upon the chemical composition of the 

particles. The detailed description of scattering by aerosols is treated 

in another section» It should be mentioned, however, that this component 

of the optical depth is of greatest significance for the problem which is 

treated in this dissertation„ All major components which contribute to the 

optical depth are enumerated here to point out that there are several 

distinct attenuating mechanisms. Eventually, the effects due to gaseous 

absorption and molecular scattering will be removed from the data in order 

to obtain the optical attenuation caused by the aerosol particles alone.

The various components which contribute to the optical depth can 

be expressed as ,

t = tr  + tm  + tg , (3.12)

where the total optical depth is expressed as the sum of terms due to 

molecular, or Rayleigh, scattering, tr . Aerosol particle extinction, 

and gaseous absorption,

Optical depth resulting from molecular scattering and gaseous 

absorption remains fairly constant at any given location. However, the 

term due to the atmospheric aerosol particles is highly variable from 

day to day. A number of indices have been employed which allow the 

degradation of visibility to be specified. One rather common index, 

the atmospheric turbidity, is defined as



This coefficient represents a convenient index to describe the state of 

the atmospheric contamination. As the atmosphere becomes more contami

nated with aerosol particles, the turbidity coefficient, X(A), becomes 

larger. The turbidity coefficient, for each filter wavelength, is 

evaluated from the experimental work which is described later.

3.4 Aerosol and Molecular Scattering

ScatbeTin^g -of 'rad:ia:tion as Tt passes through the atmosphere is an

exceedingly complex phenomenon to describe in exactness. As in many phys

ical problems, the theoretical treatment involves making a number of

simplifying assumptions which are always subject to later critical in

spection. In atmospheric scattering work one normally makes the assump

tion that a scattering aerosol particle is spherical and has a known 

index of refraction. It is assumed that any volume element contains a 

great number of spherical particles with essentially a continuous dis

tribution in size spectra. It is further assumed that the particles are 

nwell mixed11, and randomly distributed so no net coherency effects occur. 

With the above assumptions, one may treat the atmospheric scattering by 

considering the scattering from a single spherical particle with radius 

r. Net contributions, then, are obtained by summing the single particle 

effects over the size distribution of the aerosol particles.
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■3.4.1 Mie Scattering

The general problem of a wave being scattered from a spherical 

scatterer with known index of refraction and radius was first developed 

by Mie [1908]. A thorough treatment of Mie scattering theory is given 

in van de Hulst [1957] and another basic development is presented by 

Stratton [1941]. Results from the theory show that the scattered com

ponent depends in a complicated way upon the particle circumference to 

wavelength ratio and the index of refraction»

The problem is basically formulated as a boundary value problem 

in electromagnetic field theory. Incident radiation is considered to 

be a plane electromagnetic wave and the scattered radiation generally 

contains electric field components within and perpendicular to the 

scattering plane. The results from solving the wave equations subject 

to the appropriate boundary conditions are expressed by

1 M CO  ̂
1 ■of4

I ao i
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f
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, o

si _ Eir_

where the subscript "s11 refers to scattered. radiation and nin to the 

incident radiation. The subscripts "1" and "r" refer to the parallel 

and perpendicular component of electric field with respect to the 

scattering plane. Figure 3.1 illustrates the scattering geometry.
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The scattering terms and are given by

CO
S1 (X)m,e) = I ^ 1} {an(X,m) ir(y) + b̂ (X.,m) r^Cy) 

n^l

S2(.X,m,e) = I {^(X,m) ^(y) + a^(X,m) ^(p)
11=1

(3.15)

2where X = — —  and y = cos (6) . The terms tt and t are functions of cos A n n
(8), where 0 is the scattering angle. Terms and a^ are determined

from the boundary conditions and are expressed as combinations of spher

ical Bessel functions of the first and second kind [van de Hulst, 1957], 

In formulating the Mie scattering theory for atmospheric work, 

'one must consider the net effects due to all the particle sizes which 

occur in the atmosphere. One method by which this may be accomplished 

is to consider a scattering angular cross section, a(0), given by 

[Penndorf, 1962]

X2.
c6(X,m, 6) = {ix(X,m,8) + l2(X,m,0)} (3.16)

where and are the Mie Intensity functions defined as

i^(X,m,0) = | |2

i2(X,m,6) = | S2 |2 (3.17)

The scattering cross section defined by Eq. (3,16) is angularly 

dependent and represents physically the flux which flows through a unit 

solid angle which emanates from the scattering particle in units of the
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incident energy. Hence, the radiant.power which crosses a differential 

area, dA, which is located at a distance d from the scattering sphere 

is obtained by multiplying by the product of incident flux and dif

ferential solid angle dw which dA subtends. The dimension of the scat

tering cross section as defined in Eq. (3.16) is area per steradian.

The total scattering cross section, hereafter referred to as the 

scattering cross section, is obtained by integrating over all solid 

angles to get

a(X,m) = OQ (8,m,X)dw . (3.18)
4tt

So far in the development reference has been to a single particle; in 

order to in c 1 ude ̂ a&l p ar» t! eTe<s wi thin - a volume, one integrates the "per 

particle" cross section over the size distribution. Mathematically this 

is expressed as.

8 ( X̂ m) =
r■ max

a(X,m) ip(r) dr (3.19)

rmin
-1where 8(1,m) is the Mie extinction coefficient with dimension L

In Eq. (3.19) ijj(r) is the size distribution function for the 

atmospheric aerosols, or the number of particles per unit volume 

within a size increment ranging from r to r + dr. Equation (3.19) is an 

important result because it relates the atmospheric aerosol size dis

tribution to the Mie extinction coefficient. It is basically through 

Eq. (3.19) that inferences are made concerning the properties of the. 

atmospheric aerosols in this study.
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3,4.2 Molecular Scattering

When the scattering centers are much smaller than the wavelength 

of the light which illuminates them (X -> o),the Mie equations yield the 

classic Rayleigh, or molecular, scattering functions [Penndorf, 1957] . 

This limiting case of the Mie Theory is relevant for scattering by 

molecules in the atmosphere where the cross section for Rayleigh scat

tering can be expressed as

M l  i a  + - 2e)> (3.20)

where 6 = depolarization factor which Guckert and Basu [1953] list as 

0.035 for air. The term y|- yields the depolarization attributable

to anistropy of the atmospheric molecule. The index of refraction for 

air at 15°C and 1013 mb pressure is given by Edlen [1953] as

(m„ - 1) x 10+8 - 6432.8 + + 25540
146 - X"2 41- X"2

(3.21)
X - wavelength in microns 

One finds the scattering coefficient for molecular scattering 

by integrating Eq. (3.20) over all solid angles (viz. Eq, (3,18)) and 

weighting by the number density, N, of the molecules to obtain,

Equation (3.22) shows explicitly the X~*Lf dependence of molecular scat

tering. An important fact to note is that molecular scattering can be



, ; . 29
calculated with Eq* (3.22), and therefore effects due to this particu

lar mechanism can be removed from the observational data.

3.5 Gaseous Absorption in the Atmosphere 

The major goal of the experimental work in this study is to de

rive information about some of the atmospheric, constituents by conduct

ing measurements of the solar radiation„ In experiments such as these, 

one must be aware of the existence of certain gaseous absorbing features 

in the•atmosphere. The major absorbing features are due to the minor 

constituents water vapor, carbon dioxide, oxides of nitrogen and ozone. 

Fortunately, the visible region is fairly free of strong absorption 

bands and wavelengths can be chosen in which absorption features are 

/,edther.,.,nefgJJLgdbJLe o^r^amail^ -.>...̂In the ,ultraviolet and infrared regions, 

however, the gaseous absorption features may dominate and their effects 

are very important.

The experimental work reported here involves making radiant in

tensity measurements at narrow wavelength intervals„ Interest is con

fined mainly to the visible because of the wide range of detectors which 

are available in this region, but also because of the many strong absorp

tion bands which plague the UV and IR. On the other hand, it is desir

able to measure parameters over as wide a wavelength range as possible, 

and so some measurements were taken occasionally in regions where gas

eous absorption could not be completely ignored.

Figure 3.2 is a highly schematic representation of the major 

absorption features in the atmosphere over the range 0.2 to 4 microns.

It is seen that water vapor, oxygen, and ozone have bands in and near
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the visible spectrum» The IR bands shown in Fig. 3.2 are actually com

plex systems of individual absorption lines due mostly to rotation- 

vibration transitions. The filters used in the experimental work are 

much wider than the individual absorption lines and so absorption effects 

are due to a combination of many individual lines.

A brief discussion of the parameters used to describe gaseous 

absorption is now presented. As in Mie scattering, it is common to ex

press gaseous absorption in terms of cross sections. A gas with a mix

ture of N absorbing particles per unit volume possesses a volume 

absorption coefficient which may be written as

6 (A,T,P) = a a,T,P) N(T,P) , (3.23)

where is the cross section for absorption. Quantities in Eq. (3.23) 

are written explicitly as functions as temperature, T, and pressure, P, 

because the absorbing processes are dependent upon these parameters.

Because gas pressures and temperatures vary over large ranges 

in atmospheric work, it is convenient to refer quantities to standard 

temperatures and pressures, so one may write

N(h) dh = N(o) dhQ (3.24)

19 —3where N is the Loschmidt number (2.687 x 10 cm ) which represents o
the molecular number density of air at standard temperature and pres

sure. dh^ represents an equivalent thickness for absorption by a gas 

slab at 0 degrees C and 1,000 mb pressure. Using Eq. (3.11), Eq. (3.23) 

and Eq. (3.24) theo gaseous optical depth may be written as
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t (A) = a(A) N(o) D(h) = A (A) D(h) (3.25)
. v

Where D is the equivalent thickness of gas at STP and A is the absorp-
-1tion coefficient (km ) which is often tabulated. Hence5 the absorp

tion coefficient can be calculated by Eq, (3.25) from knowledge of 

and D(h); these are often tabulated in tables [Vigroux, 1953].

3.5.1 Absorption by Water Vapor and Oxygen

As mentioned before* it is not the purpose here to give a 

detailed description of the intricacies, of gaseous absorption; in fact * 

filter wavelengths were chosen whenever possible to minimize these ef

fects. In order to derive useful information about the atmospheric 

aerosol particles one must employ a fairly wide range of wavelengths in 

the experimental observations. In this regard* wavelengths were em

ployed from the near ultraviolet (0.4 micron) to the near infrared 

region (approximately 1 micron). It was impossible to cover adequately 

this large wavelength range without considering some absorption 

effects.

Water vapor has a multitude of complex bands which start in the 

red region of the spectrum and extend throughout the near IR region.

Table 3.1 lists the dominant bands along with their widths and band 

centroids for water vapor.

Water vapor absorption may be ignored for the wavelengths used in 

the experimental work with the exception of two filters* one centered at
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TABLE 3.1

THE MAJOR WATER VAPOR ABSORPTION BANDS

Denomination Wavelength Interval Centroid (microns)

. a 0.70 - 0.74 0.718

0.8y 0.79 - 0.84 0.810

p, a, x 0.93 - 0.98 0.935

<f> 1.095 - 1.165 1.130

 ̂ 1.319 - 1.498 1.395

8 -1.762 - 1.977 1.870

X 2.520 - 2.845 2.680
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0.8 micron and the other centered at 1.14 micron. The complete assess

ment of the. water vapor absorption entails knowing the distribution of 

vapor by height since the cross sections depend strongly upon tempera

ture and pressure. However, calculations have been performed for typi

cal water distributions in the atmosphere by various authors [Wyatt, 

Stull, and Plass, 1964; and Howard et al., 1955]. These calculations 

give an indication of the magnitude of the effects of water vapor ab

sorption at the filter wavelengths just mentioned. Because of a manu

facturer* s substitution, one filter was placed at X - 1.14p. This is in 

the middle of the cj) band, and as a result, the water vapor absorption 

made a very significant contribution to this wavelengths The correction 

needed was estimated by referring to typical precipitable water data 

from the local weather bureau. It is sufficient to state here that the 

water vapor absorption made the data from the 1»14y filter of question- . 

able value for estimating the aerosol particle optical depth because of 

large uncertainties in water absorptivities.

Oxygen and ozone constitute important absorbers of optical 

radiation, especially in the ultraviolet region where they are mainly 

responsible for the depletion of the short-wave radiant energy at 

ground-based stations.

Molecular oxygen has weak band structure in the red region 0.690 

to 0.760 microns (the oxygen A bands). Although the cross section is , 

small for these bands, the fact that oxygen constitutes one of the major, 

atmospheric species makes their presence important when considering at

mospheric absorption. Filters were chosen so that the effects of these
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bands could be ignored; the detailed band structure was determined by 

inspecting Telluric lines in a moderate dispersion solar atlas 

[Minnaert, Mulders, and Houtgast, 1940].

More important for this study are the Chappuis bands for ozone 

which extend from approximately 0.5 microns to 1.18 microns. The absorp

tion by these complex system of bands, although rather weak, is important 

because the solar flux is large in this wavelength interval. Vigroux 

[1953] presents tabulated values of the absorption coefficients for the 

ozone Chappuis bands. The major ozone concentration occurs at approxi

mately the 20 kilometer level and the atmospheric amount varies with 

latitude and season [Dobson, 1930; Bates, 1954]. Figure 3.3 shows the 

atmospheric amount of ozone for several latitudes as a function of sea

son, Figure 3.4 indicates the important absorption bands for ozone and 

oxygen as a function of wavelength. The ultraviolet bands are presented 

merely for completeness.

3.6 The Sun as a Source of Radiant Energy 

Since the experimental portion of this work involves making 

measurements of the solar flux at discrete wavelengths, it is relevant 

to present some discussion of the wavelength dependency of the solar 

flux. Reference here is to the solar flux outside of the earth’s atmos

phere, and at the mean earth-sun distance-.

. The sun’s radiation is extremely complicated on a microscopic 

scale. On a macroscopic basis, though, the sun radiates approximately 

as a black body with a temperature of roughly 6,000 K. Peak radiant
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intensity occurs in the mid-visible region at approximately 0.58 micron 

wavelength. The intensity is not constant across the solar disk,..but 

varies considerably due to limb darkening and granulation and sunspot 

structure. Measurements in this study refer to light which has been 

integrated over the entire solar disk and we refer here to the solar 

flux crossing an area which is located normal to the solar direction.

The earth-sun distance varies within a year due to the slight 

eccentricity of the earth’s orbit; this causes a + 3.5% variation to 

solar flux which reaches the topside atmosphere. Apogee of the earth’s 

orbit is reached in northern hemisphere mid-summer, hence the intensity 

minimum occurs at that time. Table 3.2 presents the ephemeris of the 

sun for each month of the year. The solar flux in relative units of the 

yearly average is given as well.

Apart from the variation in solar intensity due to the orbital 

radius change, there is some evidence [Abbot, 1935] that the solar flux 

may have slight temporal variations due to sunspot blanketing or other 

solar mechanisms. There is considerable disagreement as to the magnitude 

of the solar flux changes caused by these unpredictable noise terms. It 

is well known, however, that the effects in the very short wave and x-ray 

region are considerable. Fluctuations in the visible regions are smaller 

and probably amount to less than one percent variation in intensity [Ang

strom, 1970].

3.6.1 Detailed Description of the Wavelength Dependent Topside 
Solar Flux

As mentioned previously, the mean solar flux striking the topside 

atmosphere behaves approximately as a Planckian radiator. The
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TABLE 3.2

EPHEMERIS FOR THE EARTH’S ORBIT ABOUT THE SUN

Date Earth-Sun
Distance
(a.u.)

Relative 
Solar Flux

Equation 
of Time

min. sec.

Jan. 1 .98324 1.034 -3 14

Feb. 1 .98533 1.029 -13 24

Mar. 1 .99084 1.018 -12 38

Apr. 1 .99928 .1.001 -4 12

May 1 1.00759 0.985 +2 50 1

June 1 1.01405 0,972 +2 27

July 1 1.01667 0.967 -3 31

July 5 1.01671 0.967 -4 16

Aug. 1 1.01494 0.970 -6 17

Sept. 1 1.00917 0.982 -0 15

Oct. 1 1.00114 0.998 +10 1

Nov. 1 0.99249 1.015 +16 21

Dec. 1 0.98604 1.028 +11 16
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determination of the solar flux as a function of wavelength (in absolute 

units) is not a simple problem, and it has been investigated by a number 

of workers [Abbot and Aldrich, 1913; Stair and Johnston, 1956; Dunkelman 

and Scolnik, 1959; Stair and Johnston, 1958; Stair and Ellis, 1968]»

Most measurements have been made at or near ground level and the removal 

of the attenuating effects of the atmosphere has often imposed limita

tions. on experimental accuracy» Of the many measurements made, probably 

the most thorough and exhaustive set of solar flux determinations is that 

performed by the Thermodynamic Branch at the Goddard Space Flight Center. 

This determination involved results from eleven separate instruments 

which were flown on board a NASA-711 research aircraft at 38,000 feet to 

reduce atmospheric effects as much as possible [Thekaekara, 1968]. Table 

3.3 presents a summary of the solar flux determinations in units of 

microwatts per square centimeter per nanometer wavelength interval.

Figure 3.5 shows the magnitude of the solar flux over the 0.1 

micron to 2 micron wavelength interval. The solar flux tabulations.were 

useful in the design stage of the solar radiometer. A later section de

scribes an experimental by-product of this work which allowed determina

tions of the solar flux which agreed closely with the Goddard values.

3.7 Atmospheric Mass

In the approximate solution to the equation of transfer for di

rect solar radiation (Section 3.3) reference was made to the atmospheric 

mass, m(z). Provided the solar elevation angle is not too small, an ade

quate relationship for atmospheric mass was given as simply m(z) = sec(z).
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SOLAR SPECTRAL IRRADIANCE AT SELECTED WAVELENGTHS

X (microns) FX ( 2W ) A cmz' nm

.35 107

.40 143

.45 2 0 2

.50 195

.55 172

.60 165

.65 149

.70 137

. 75 123

.80 1 1 1

.85 99

.90 89

1 . 0 0 75

1 . 2 0 48

1.40 34
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This result comes from approximating the atmosphere as plane-parallel. 

When the solar elevation angle becomes small, however, the approximation 

rapidly breaks down because the curvature of the atmosphere becomes an

of the atmospheric layers, refractive bending causes a solar ray to tra

verse a different path than a straight ray and hence, this also affects 

the atmospheric mass. Since it will become necessary to estimate the 

atmospheric mass when reducing experimental data, the subject is treated 

here in some detail.

The atmospheric mass, m(z), is merely the amount of material which

is traversed by an incoming ray measured in units of the amount traversed 

by a hypothetical ray entering from the zenith direction. Expressed 

mathematically, the atmospheric mass is

where N(h) represents the density of absorbers and/or scatterers and dh 

is a differential path length in the vertical direction, and ds the 

differential path length taken along the incoming ray direction.

Figure 3.6 shows a ray traversing, the atmosphere; the differen

tial ray length, ds, is related to the height increment by

important factor. Besides the effect caused by the geometric curvature

N (h) ds
m(z) = — (3.26)

o

dh (3.27)C O S  (cj))



44

INCOMING
RAY

Fig. 3.6 Illustration of a Ray Traversing the Atmosphere for 
Illustrating the Derivation of Expression for 
Atmospheric Mass.



Snell’s law, written in spherical coordinates, is

r sin (z) = (r + h) e m(h) ° sin (cj)) (3.28)

where r is the earth’s radius, h the height above the surface level, z 

the apparent zenith angle of the ray as seen by a ground-based observer 

and <j) is the zenith angle made by the ray at height h. The symbols m and 

m^ refer to the index of refractions at height h and at ground level 

respectively.

differential ray path, ds, in terms of the associated increment in height 

and the ground-level zenith angle for the incoming ray. Reduction of 

algebra shows that

Combining the two equations above gives an expression for the

ds (h) dh

The expression for the atmospheric mass is then given by combining

Eqns, (3,26) and (3.29) and noting that

o

the result is
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Refractive index is a function of height and can be expressed to first 

order as [Kondratiev, 1969],

Equation (3.30) allows one to calculate the atmospheric mass for 

any distribution of absorbing media with height. Generally5 Eq. (3.30)

layers, and in fact, it is easily shown that the expression can be reduced 

to sec (z) provided that z is not too close to 7r/ 2  radians. Results of 

numerically evaluating Eq. (3.30) for several model atmospheres are con

sidered in Chapter 5.

At this point, the basic theory that is necessary to describe and

interpret the experimental results has been presented. The following 

chapter" presents a description of the experimental apparatus; this is 

followed in turn by Chapter 5 which discusses specific numerical evalua

tions of the data and expands some of the basic theory which was de

veloped here.

2 1 4- 2a
(3.31)

where a = mQ - 1  = 2 . 9  x 1 0  ^.

is not very sensitive to changes in height distributions of attenuating



CHAPTER 4

DESIGN OF THE SOLAR RADIOMETER SYSTEM

4,1 Basic Instrumental Design 
A filter-wheel radiometer was constructed in the course of this 

work to yield intensity measurements of. the direct solar radiation at 

selected wavelengths. This chapter serves the purpose of describing the 

design of this radiometer. In conjunction with the design of the instru

ment, a computer simulation routine was used to model the direct solar 

radiation propagating through the atmosphere. Further, the simulated 

solar intensities could then be detected with various hypothetical, trial 

designs as an aid in choosing parameters for the system.

A filter wheel with a series of interference filters is employed 

in the radiometer to isolate narrow wavelength intervals. This type of 

system is used, as opposed to a prism or grating monochrometer, because 

of its inherent ability to give reproducible results over long observa

tion times. Instruments which contain dispersive elements such as prisms 

or gratings are sensitive to mechanical shock and generally are difficult 

to keep in calibration. Oh the other hand, a filter system does not have 

the capability to perform wavelength scans, and each wavelength of in

terest requires its own separate filter. These shortcomings were not 

important for the radiometer application considered in this paper.

In the following sections the instrument is described in some 

detail and an attempt is made to reference detail back to a fundamental

47
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block diagram which is presented in the following section. The computer 

simulation routine is then described in a later section.

4.1,1 Discussion of a Block Diagram of the Radiometer System

Figure 4.1 illustrates a simplified block diagram for the passage 

of incoming solar radiation through the atmospheres thence through an 

optical system and finally conversion to an electrical signal which serves 

as an "output". Intensity at the radiometer entrance pupil is related to 

the topside solar flux at the mean earth-sun distance through the atmos

pheric transmission equation which was developed in Chapter 3 (Eq. 3.10)

The radiometer has an acceptor area A . which when multiplied by thedet
solar mean intensity, 1 °w , yields the power per wavelength interval, 

^A,f,̂ ttet enters' :t±nto ̂ the -rad±dittet'er' :system,’ Radiant energy which passes 

into the instrument goes through a series of lenses and filters which 

have transmissivities as a function of wavelength represented in the 

block diagram by F(A),

After optical filtering, the radiant energy finally emerges onto 

a detector which converts the light energy to an electrical signal. 

Generally speaking, the detector’s sensitivity is a function of wave

length, and so the output signal is expressed as an integral, or sum of 

components due to each wavelength interval. With regards to units, it

is convenient for this particular application to express intensity in
2microwatts per centimeter per nanometer of wavelength interval. The 

net photodetector current can be expressed as
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Filters

Radiometer Entrance 
Pupil
A det

Detection Electronics

Photodetector

Data Acquisition

Atmosphere
T(A)

Incoming Direct Solar Radiation

Fig. 4.1 Block Diagram for the Passage of Direct Solar Radiation Through 
the Atmosphere and the Radiometer System
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ig = j 1(A) T(A) G(A) S(A) dA (4.1)
°

1(A) Topside Solar Intensity 

T(A) Atmospheric Transmission 

G(A) Filter and Optics Transmission 

S(A) Detector Sensitivity

The detector signal current is amplified before being recorded; the 

transfer function for this amplification process is denoted by E = ^out/^s e 

When employing Eq. (4.1), A is in square centimeters, is in steradians,

S is in microamps per microwatt and, finally, ig is the output current 

^expressed -#n<m&cro amps.

4.1.2 Exploratory Design Calculations

The exploratory design calculations were done via a computer 

routine which modeled the atmosphere and the hypothetical instrument. 

Variation in solar intensity throughout the visible range from high noon 

to the vicinity of sunrise or sunset is large and, in fact, covers many 

orders of magnitudes. The computer calculations were made to insure 

that reasonable readings could be obtained over the zenith angles and 

wavelengths that were expected to be encountered during the experimental 

study.

Figure 4.2 is a flow chart for the exploratory design program. 

Basically, the program evaluates the Eq. (4.1) for a given range of 

input parameters. A typical output for one set of design parameters is
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Start

Is yes
Stop

no

Isyes no
max

Incre
ment

Initialize
Zenith
Angle

Compute Ground-Level Solar 
Intensities and Radiometer 
Voltages —  Increment A.

Define Arrays Giving Detector 
Response, Optical Depths and 
Source Wavelength Characteristics

Read Physical Parameters 
For Trial Design

Fig. 4.2 Flow Chart for Exploratory Design Calculations for Solar 
Radiometer System
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illustrated in Fig. 4.3 which gives the expected radiometer output 

voltage, plotted on a log scale, as a function of zenith angle of the 

sun. In evaluating the atmospheric transmission equations values from 

Elterman1s standard atmosphere were used, but corrected for the local 

elevation of Tucson. The expression for atmospheric mass was discussed 

in Chapter 3; a, numerical evaluation of Eq. (3.30) was used in the 

computerized design routine.

For simplicity of calculation, a detailed filter shape factor 

was not employed in the calculations because the solar flux varies in

significantly over the filter’s bandwidth. This is to say that an

effective bandwidth, B, was employed which is defined as

G(A) dA .

The exploratory design calculations proved to be valuable for 

testing out various pieces of hardware which became available. For 

Instance, detectors for radiant energy have widely differing wavelength 

sensitivities and a proposed detecting element could be rapidly simulated 

via the routine to prove its effectiveness.

4.2 Description of the Experimental System

This section presents detailed descriptions of the various com

ponents of the solar radiometer system. Subsections treat the individual 

components of the system one by one. However, a brief description of the 

overall system is presented at this point to give the reader an idea of 

the entire system configuration.
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10
1  cm'det
0.3 yA/yW 
2.3 V/yAZero Airmass

10

Solar Zenith Angle

80

10

- 1 89.5

- 2

.35 .45 .65 .85.55 .75 .95 1.05
Wavelength (microns)

Fig. 4.3 Calculated Radiometer Output Voltage as a Function.of Wavelength 
Wavelength and Solar Apparent Zenith Angle
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The solar radiometer, as mentioned before, is a filter-wheel 

instrument which monitors solar radiation at select wavelengths. The 

radiometer proper contains the entrance aperture, optics, interference 

filters and a detecting element to convert the radiant energy into an 

electrical signal„ Besides the essential items just mentioned, the case 

also contains motors and gearing to drive the filter wheels and a mechan

ical chopping system. An equatorial mounting keeps the radiometer 

pointed directly at the sun.

Separate from the radiometer is a controlling chassis which con

tains the necessary electronics to direct the functions of the radiometer 

and to process and print out information. This chassis consists of vari

ous units which direct the sequences of data acquisition by the radiome

ter , A "detection electronics" subchassis processes and amplifies the 

signal from the radiometer. Finally, a commercial digital voltmeter and 

printer are employed to detect and print out information which is acquired. 

The system is designed to be automatic and to acquire data over periods 

of time unattended. In the design stages, attention was directed toward 

an instrument which would have long-term reliability and which would be 

portable. The individual aspects of the system components are described 

in the following sub-sections„

4,2.1 Solar Tracking

Since the radiometer functions by monitoring incoming solar 

radiation, it is necessary to mount the instrument on a platform which 

tracks the sun.- There are two methods by which solar tracking may be 

accomplished. First, one can use an active tracking system which employs
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a feedback loop control system to keep the radiometer locked on the sun„ 

Second5 one can employ an equatorial mount adjusted to the solar rate, 

thus yielding a "passive” tracking. Disadvantages of the feedback sys

tem are its complexitys and also the fact that the system would lose 

"lock" whenever a cloud obscured the sun. However9 this system does have 
the advantage of having very accurate tracking capability.

The much simpler method of mounting the radiometer on a standard 

equatorial mount is used because the tracking accuracy of such a system 

is sufficient for the purposes of this radiometer. The equatorial mount

ing is schematically illustrated in Fig. 4.4. ,This configuration has one 

axis oriented so that it is parallel to the earth’s rotation axis. The 

earth’s rotation is then removed by opposite rotation about this polar 

axis. Daily movement of the sun upon the celestial coordinates (approxi

mately 1  degree/day) due to the orbital motion of the earth introduces an 

apparent solar rotation period four minutes longer than the true sidereal 

rotation period of the earth. Thus, the polar angular velocity is adjusted 

to the mean "solar rate" which is, conveniently enough, also the rate 

which is used for our 24 hour day. Thus, when the rotation rate is pro

perly adjusted and the polar axis is accurately aligned parallel to the 

earth’s axis, the equatorial platform effectively "tracks" the sun as it 

makes its circuit.

The equatorial mount arrangement does not track the sun perfectly 

because of several error terms. If one assumes that the mounting is pro

perly adjusted and oriented, then two errors occur. First, the refrac- 

tivity of the atmosphere causes an apparent displacement of the solar
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Polar Axis
A

Earth's Axist i

o

Latitude

Fig. 4.4 Illustration of an Equatorial Mounting Configuration for 
Automatically Tracking the Solar Disk
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disk which can amount to approximately one solar diameter5 this refrac

tion error is important only for elevation angles of approximately 1 0  

degrees or less, Another error term arises from the length of a solar 

day varying slightly with season due to the obliquity of the earth's 

orbit and eccentricity of the orbit. However, the resultant tracking 

errors amount to a maximum of .2° per day. Thus, tracking from a proper

ly adjusted mount is expected to be within one solar diameter, with the 

maximum errors occurring in the vicinity of sunset or sunrise where re

fraction occurs.

In order for the polar axis to be oriented parallel to the 

earth's axis, it must be pointed true north and raised in elevation to 

the local latitude angle. This is accomplished approximately with a com

pass and protractor level; tracking errors are then allowed to accumulate 

for a period of time and then appropriate perturbations are made in the 

mountings elevation and azimuth. It has been found that the polar axis 

may be set within a few minutes of arc by this method of successive 

corrections. Once adjusted, the instrument is clamped down to a concrete 

pad. It has been found that, as expected, the maximum tracking error 

which accumulates in a given day, due almost entirely due to refraction, 

is less than one solar diameter. Throughout* the greatest portion of 

the day when the solar zenith angle is greater than, say, 1 0  degrees, 

the tracking accuracy has been found to be within a few minutes of arc.

4.2.2 Optics

The optical train of the radiometer is diagrammed in Fig. 4.5. 

Light enters through aperture Adet and passes through two consecutive
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filter wheels„ The first filter wheel contains neutral density filters 

for calibration purposes and the back wheel contains a series of 8  one 

inch diameter interference filters. Incoming radiation is parallel to 

within 1 / 2  degree (the angular size of the solar disk), and the bundle 

of rays from the sun may "wander11 over an additional 1 / 2  degree due to 

accumulated tracking errors. After filtering, the radiant energy passes 

through a Fabry lens which images the entrance pupil ( ^ et) upon the 

photodetector surface. The Fabry lens insures that as the solar disk 

wanders slightly about due to tracking errors, the light spot on the 

photodetector1s surface will not move. Any variations in sensitivity 

across the photodetector1s surface are thereby rendered unimportant.

The interference filters have equivalent widths of 0.01 microns; 

this represents a compromise between isolating one unique wavelength as 

opposed to larger bandwidths (and correspondingly higher light levels) 

over which the solar flux might vary. Another factor which was con

sidered in determining the pass bandwidth was the complex struc

ture of the many absorption lines in both the solar spectrum and in the 

telluric absorption features. The bandwidth chosen allows spectral features 

to be "blurred", and considerations of gaseous absorption are reduced to 

defining the envelope of the absorption features, rather than the detailed 

description of the individual lines. One additional factor which was 

considered"in the choice of filter bandwidths is the leakage of light 

which can occur outside of the main bandpass, for leakage becomes more 

of a problem as the central bandwidth becomes smaller. The total leakage 

is less than 0 .1 % outside of the passband for the filters which were 

chosen.
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Fig. 4.5 Schematic Illustration for the Optical Train of the 
Solar Filter Radiometer
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The radiometer was designed to have an unvignetted field of view 

of three degrees» The three degree field of view allows drifts due to 

tracking inaccuracies to occur. Too large a field of view, however, 

allows more scattered light from the sky background to enter into the 

optics. Once again, the three degree field of view represents a com

promise between sky background intensity and tracking accuracy. Calcu

lations by Herman [1971] indicate that the diffuse light within a three 

degree cone is negligible compared to the direct solar flux entering the 

instrument. >

The interference filters.which were used were chosen to have 

approximately equal spacing in wavenumber. Due. to supplier's stock, 

the filters actually used did not divide the spectral regions into 

exactly equal increments. Table 4.1 lists central wavelengths and assoc

iated wavenumbers for filters which have been employed to date in this 

study. Several additional wavelengths in the ultraviolet and infrared 

regions are also being considered for future work. Filter number seven, 

centered at .6900 micron, was chosen close to the ruby laser wavelength 

(0.6943 micron) so that data could be taken to supplement data reduction 

from a laser radar facility.

Center wavelength,. transmissivity and bandwidths of the inter

ference filters are dependent upon temperature and the angle of incidence 

of radiant energy. Consideration of the temperature coefficients [Blif- 

ford, 1966] indicates that the expected shifts in the filter parameters . 

are negligible for the design temperature limits of zero to 85 degrees
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TABLE 4.1

INTERFERENCE FILTERS' USED IN THE FILTER-WHEEL RADIOMETER

Filter Number Wavelength (microns) Wavenumber (cm "*")

1 . 0.400 25,000

2 . : 0.436 22,900

3- 0.490 20,300

.4. 0.510 19,600

- 5’ 0.580 17,200

6 . 0.620 16,100

7. 0.690 14,500

8 . 0.800 12,500

O(All filters have passbands of 100 A)
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Celsius» The central frequency and bandwidth.remains constant within

one percent for the incident cones of radiant energy from the solar

disk.

4.2.3 Photodetector

A PIN silicon photodetector manufactured by United Detector
2Technology, with an active area of 1 cm is employed as a detecting ele

ment for the radiant energy collected by the radiometer. This silicon 

detector requires no high voltage bias supply and is physically small 

and convenient to use. Figure 4,6 indicates the detector’s response as 

a function of wavelength. As indicated by the response curve, this de

vice offers a useful response throughout the visible and near IR.regions. 

T̂he>.ipeak̂ sensd̂ tivi:ty<o£ 4'thê deiieGt'or‘̂ s approximately 0.5 amps per watt 

of incident energy at a wavelength of 0.85 micron. This wavelength of 

maximum response somewhat complements the solar flux which is starting 

to diminish in this region, and also it is near the ruby laser line for 

which data of particular interest occurs,

Light which enters onto the photodetector’s surface generates a 

current which, after amplification, represents the output signal from 

the radiometer. The photodiode has a finite leakage current which, if 

precautions are not taken, can be interpreted wrongly as signal. In 

order to minimize this possibility, the light beam was chopped by a

mechanical chopping system to render it approximately sinusoidal in time
,so that it could be distinguished from the DC component of leakage cur

rent .
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0 .8-

0 .2"

0.8 0.9 1.00.6 0.70.4 0.5
Wavelength (microns)

Relative Topside 
s. Mean Intensity

Relative Ground-level 
Solar Intensity,

1.00.90.80.60.4 0.70.5
Wavelength (microns)

Fig. 4.6 Top Curve - Illustration of Photodetector Relative Response
with Wavelength;

Bottom Curve - Intensity Profile of Direct Solar Radiation 
at Top of Atmosphere and at Ground Level
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It is not possible to detect an arbitrarily small signal, even 

with large amounts of amplification, because of noise limitations that 

are inherent to the photodetector itself. For instance, shot noise from 

the DC leakage current has components which lie near the chopping fre

quency. Also thermal noise presents certain minimum detectable signal 

barriers. Calculations indicated that for all wavelengths and zenith 

angles of interest the signal-to-noise ratio would be larger than unity.

4.2.4 Control Circuitry

The solar filter-wheel radiometer is designed to collect data 

automatically, so that the instrument can be left unattended for extended 

periods throughout the day. The radiometer is thus automated by a con- 

%rdl • str̂ m- v^Ich ̂  1 the-'Thrihtlon hf monitoring and controlling the

data acquisition. Table 4.2 indicates the functions which the control 

system performs.

Sequential operations are performed by rotating cams which 

operate electrical contacts. Relays and contact closure are used in the 

basic controlling circuitry, rather than electronic digital circuitry be

cause of the greater simplicity of design. (The times required to per

form the various operations are relatively long and so mechanical 

contactors operate fast enough.)

The filter wheel in the radiometer is rotated by a system of 

gears and a small DC motor. A tab extends radially outward from the

wheel to contact eight microswitches which are placed azimuthally around
. - - • • *

the filter wheel. This allows the filters to be sequenced serially and
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TABLE 4.2

LIST OF SEQUENTIAL FUNCTIONS THE CONTROL SYSTEM CHASSIS PERFORMS

No o Function

I* Rotates new filter into place prior to an intensity

reading.

2. Open mechanical shutter, thereby allowing solar flux to 

enter radiometer.

3. Start the electronic; integration of the signal.

4. Close shutter5 thereby truncating the solar flux.

5. Sample the accumulated signal with a digital voltmeter.

6. Print the sampled digital signal onto paper tape, along 

with pertinent ID codes.

7o Reset the electronic integrator to zero.

8. Repeat above sequence every predetermined cycle time.



provides a means by which the filter in the optical path may be identi

fied, Rotation to a new filter is accomplished by a short pulse from 

the controlling circuitry.

Light is allowed to enter the radiometer by opening a mechanical 

shutter; electronics for this are shown schematically in Fig, 4,7. Im

mediately after the shutter is opened, an electronic integrator is 

activated and proceeds to accumulate a signal. The incoming radiation is 

truncated by closing the shutter, and the resultant integration of the 

solar intensity is sampled and printed. Besides the digital representa

tion of the solar intensity, a filter identification number and electronic 

gain number is also printed out concurrently.

Figure 4.8 is a simplified schematic diagram of the control system 

which is used to operate the filter wheels. The second filter wheel is 

merely a convenience for rapidly introducing various neutral density fil

ters, or light blockages for testing and calibration purposes. Filter 

wheels are incremented by supplying a short contact closure which starts 

the wheel into motion. Immediately after traveling through a short angu

lar increment, the filter wheel tab releases a microswitch which then 

allows the motor to continue to be energized until the rotating tab con

tacts the next serial microswitch and de-energizes the motor. When the 

motor stops, an indicator lamp on the panel shows which of eight filters 

is in place. A relay closure also serves as a logical signal to choose 

one of four pre-determined electronic gains. Thus, it is possible to 

"program" a unique set of electronic gains to go with each filter number. 

These electronic gains are selected by front panel switches and each, as



p. Shutter Open Ry 16

-o
^  I

Sequencer pulse

4K
A / W

4K
Shutter 1

Shutter 2

900
A/VV

110 V 
AC 110 V

50

4.7 Shutter Control Circuitry for Direct Solar Radiometer



Interference Filter Wheel Contacts
Travelling cam 
F/, Fc

6 V

O 01 O I O O Of Of O
ovrLyrLz

* * * i Filter // Indicator Lamps
r

1 — ----- (j
. NC

---------- 1

+ 6 V Hold

o o o o
1 2  3

Neutral-Density Filter Wheel

+ 6 V o--

Ry8 —

NC---- o N---
Reverse
Switch

)----- ---I\ >

I Ry

---- \7 L

2 _ > o M v  F + 6 V o o
Adv

NO

o o o o
I  o--- 1 O---- O----11 O---- o---- 0---- o

Fig. 4.8 Simplified Schematic Diagram of Filter-Wheel Controlling Circuitry



' ' - 69
it is used, is printed out concurrently with the intensity signal. Fig

ure 4,9 illustrates schematically the controlling circuitry for the 

gain control logic,

4.2.5 Detect ion Electronics

The output current of the photodetector alternates at a fre

quency determined by a mechanical chopper. Figure 4.10 shows the sche

matic of the electronics which were used to amplify and process the 

photodetector current. The design employs operational amplifiers with 

feedback to stabilize the amplification. As mentioned before, the 

photodetector possesses a highly temperature dependent DC leakage current 

In order that this signal will not be interpreted as a signal term, the

AC ̂ampTiff irer s to re j ec t thi s curren t. Fur the r 

the bandwidth of the amplifiers is made rather small (on the order of 

500 Hz) so that shot-noise current will be minimized. On the other hand, 

the bandwidth is not made too small as this would lead to problems with 

drifting sensitivity.

The input stages of the detection and signal processing electron

ics contain a biasing arrangement to supply the low back-bias necessary 

to operate the photodiode detector. Incoming current is channeled 

through a resistive dividing network which can provide four gain levels. 

As mentioned before, the four gain levels can be chosen to correspond 

to any particular optical filter. Thus, for instance, the diminishing 

blue radiation from the setting sun can be compensated for by specify

ing a higher gain level for the blue filters.
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Following the biasing and the resistive dividing network there 

are two stages of active amplification by feedback controlled operational 

amplifiers„ The third active stage is a precision half-wave rectifier 

which is used to convert the alternating signal into direct current. 

Finally, the fourth stage operates as an electronic integrator to remove 

scintillation effects. Atmospheric scintillation contains a rapidly 

falling (with increasing frequency) power spectrum, hence integration 

over several seconds is effective in removing uncertainties in the solar 

intensities due to scintillation.

The detection and signal processing electronics have certain 

limitations, one of which is the fact that the output voltage must re

main between certain limits. If the signal becomes too large the ampli

fiers will saturate of become nonlinear, and when the signal.becomes too 

small, inaccuracies from offset voltages in the operational amplifiers 

and detecting circuits cause errors. In order to minimize these effects, 

the output levels were kept near mid-range by choosing the appropriate 

gain level. Figure 4.11 presents the output voltage from the signal 

processing electronics as a function of the input current from the photo

detector, the parameters for these curves are the four gain levels dis

cussed previously.

4.3 Evaluation and Calibration of the Solar Radiometer.

The radiometer was put through several preliminary tests prior 

to taking extended data. Of particular interest was the possibility of 

temperature dependent effects as it was expected that the temperature of 

the components would rise to values of the order of 85 degrees Centigrade
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since the instrument would be exposed to the direct sun in the Arizona 

summero Tests indicated that the temperature effects were negligible.

In order to assess slow changes in system sensitivity, a calibra

tion scheme was employed, Periodically the total input current to output 

voltage transfer function of the detection and signal processing elec

tronics was recorded, This was done by replacing the photodetector cur

rent generator by a commercial voltage source and series resistance. In 

order to assess changes which may occur in the optics or photodetector 

sections, a standard quartz iodide lamp was employed as a source of known 

spectral irradiance. Thus, the total system transfer function could be 

evaluated at any time and any changes in system.sensitivity were accounted 

for when analyzing the data. It was also possible, by employing the 

standard lamp, to estimate the topside solar irradiance at the mean wave

lengths of the eight interference filters. Detailed results of the solar 

irradiance estimates are treated in Chapter 6 .

Figure 4.12 shows the angular response of the instrument. The 

field of view over which sensitivity is sensibly constant is approximately

2.5 degrees, thus slight drifts or tracking errors, which are normally 

less than 1 / 2  degree, do not contribute to inaccuracies.

Figures 4.13 and 4.14 are photographs of the radiometer sys

tem, The equatorial mounting is shown with the filter-wheel radiometer 

mounted atop it. Also shown are views of the control electronics rack 

and an interior view showing the filter wheels and optics.

The design computer simulation was evidently a worthwhile en

deavor since the experimental device worked about as expected on all
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Fig. 4.13 Photograph of Radiometer Control System

Fig. 4.14 Photograph of Filter-wheel Radiometer
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countsd Small differences between the computer simulation and the 

actual instrumental response were due to slight variations, or substitu

tions, in the components that were used. The system gave useable data 

over a wide range of zenith angles and proved to be reliable for ex

tended data taking.

The following chapter describes the analysis stratagems which 

were employed to analyze this data. Following the discussion of Chap

ter 5 , the results from the experimental system are discussed.



CHAPTER 5

DATA ANALYSIS STRATAGEMS '

In this chapter9 several methods will be presented by which in

formation may be extracted from solar intensity readings. The proposed 

analysis stratagems vary in complexity, the simplest being a reduction 

routine which allows the optical depth to be determined at each filter 

wavelength. Additional techniques are described in a later section 

which allow more detailed information to be extracted about the aerosol 

particles.

Recall that the three components of optical depth are due to 

molecular scattering, gaseous absorption and aerosol extinction. The 

first two terms may be calculated a priori from atmospheric models. 

Hence, the portion of optical depth due to aerosol particles can be 

determined by subtraction. One would ideally like to infer information 

concerning the number density with height, and the detailed size spec

trum of the aerosol particles at each height. When making measurements 

of solar radiation, however, the quantities are known only to some fi

nite measurement accuracy. Since different models of the atmosphere 

aerosol distribution may give data points that all lie within some ex

perimental error "band", it would be impossible to infer the actual 

distribution from the data, if the. experimental observations were too 

noise corrupted. Consideration of this possibility, which is more fund

amentally related to the information content of solar radiometric 

measurements, is treated in detail in a later section.

78 ' . - - : :



5»1 Reduction of Data for Optical Depth Determinations
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The data of interest are a set of voltage readings each

corresponding to a given solar zenith angle, z., and wavelength, 

Electronic gains and identification numbers for the optical filters are 

printed out concurrently with the voltage readings. The reduction 

method for determining the atmospheric optical depths from this data 

will now be discussed.

By taking logarithms, Eq. 3.10 may be written as

L o g  ( V ( Xk » z i ) )  =  l o g ( V o ( >-k ) )  -  t ( \ . )  ° m C z p  (5.1)

where the radiometer voltage V has been used in place of the intensity, 

1(A) , Least squares theory is used to fit the best value of the param

eters log Vq and t (Â .) for the above linear relation. More generally, 

interest is directed toward n observations of the dependent variables 

y . which are related to m independent variables x . through coefficients

c. . by linear relationships of the form 

"  ' m i = 1 , 2  ... n
yi = I c Xj=l j = 1,2 .„. m (5.2)

Equation 5.2 constitutes an overspecified.set of equations provided

n > m. Linear regression theory yields the set x. for which the sum ofJ
the squared errors is a minimum. Mathematically, this may be stated by 

requiring the minimum to the criterion,

rin J, <yi - w 2 • <5-3)
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where the terms (y. - y - ) are the ith residuals for the observed valuei obs

„ theory. Carrying out the mechanics of Eq, (5,3) leads to the normal equa

tions [Margenau and Murphy, 1955] which can be expressed as

tion of Eq, (5,1) and comparison with (5,2) shows that the following

where the radiometer output voltage has been used in lieu of the intens

ity, Thus, two normal equations are formed-for each filter and observing 

period. Solution to the normal equations then given the optical depth, 

t (X̂ ), and^the voltage, V^C^), corresponding to the solar intensity seen 

through zero atmospheric mass.

yobs an(̂  the most probable value, y^, as determined from regression

n

n

n

(5,4)

There are m normal equations represented by the set 5,4. Inspec

identitles exist:

cil 1 x.

x2 - T(1k)
(5.5)



5olol Calculation of Solar Position

The airmass which the solar radiation traverses to reach the 

surface depends upon the zenith angle of the sun» In order to calculate 

the solar position so that the airmass can be determined, one must know 

the celestial coordinates of the sun (right ascension and declination) 

at the time of observation and the coordinates of the observer upon the 

earth.

Knowledge of the celestial coordinates.of the sun allows one to 

express the solar zenith angle, z, through solution of the celestial 

triangle shown in Fig. 5.1 [Smart, 1944] » Spherical trigonometry yields 

the cosine of the solar zenith angle as

' -'crOs% cosd cos HA . : . (5.6)

where & is the observer's latitude, 6  is the solar declination and HA is

the hour angle of the sun which is related to the siderial time, ST, and

solar high ascension, a, by

HA = ST - a . (5.7)

A computer program was developed to determine the solar position

for any given date and time of observation and location on the earth's

surface. Inputs are observation times (in Local Standard Time.) and a code

sequence which describes the date of observation. The solar celestial

coordinates, a and 6 are taken from an Ephemeris for 0 hr UT sun sun
corresponding to the date of observation. The sidereal time is then 

computed by counting days and fractions of days which have occurred since 

vernal equinox and multiplying this quantity by the ratio of sidereal to
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mean solar day periods. Local Sidereal Time is obtained by subtracting 

the Local Longitude Difference between Greenwich and the place of ob

servation.

Input positions are written to an accuracy of one minute of arc 

for geodetic latitude and longitude, and to an accuracy of one minute of 

time for solar right ascension. Refraction is not included in the calcu

lations; the resultant error is, at maximum, about 1/2 degree for small 

solar elevation angles. Greater accuracy than that just stated is not 

required because the solar disk itself subtends an arc of the same magni

tude, Figure 5.2 shows a plot of solar zenith angle as a function of 

solar time for several dates. These calculations were made for the co

ordinates of Tucson, (lat. = 32°16 ’, long.= 110*57') .

5,1,2 Calculation of Atmospheric Mass

In Section 3.7 a relation was given (Eq. 3.30) by which one may 

compute the atmospheric mass, m(z), for any arbitrary zenith angle, z, 

provided that the extinction coefficient as a function of height is 

known. By considering the atmosphere to be a horizontally homogeneous 

plane layer, it is easily seen that m(z) = sec(z); however, this approxi

mation breaks down for low elevation angles where the curvature of the 

atmospheric layers may no longer be ignored.

To test the sensitivity of the shape of the m(z) curve for dif

ferent aerosol distributions, Eq. (3.30) was evaluated for various distri

butions of the extinction coefficient 3(h). Figure 5,3 shows the m(z)curves 

which resulted from the computations. In all instances, the extinction
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coefficient was assumed to be distributed with an exponential height dis

tribution given by

8 (h) = 8 (0 ) e~h/H (5.8)

The scale height H was incremented as a parameter to give the different

curves in Fig. 5.3.

Plotted as a dotted line in Fig. 5.3 is an empirical expression 

suggested by Rozenberg [1966] as

m(z) =(cos (z) + 0.025 e ^  COS (5.9)

The above expression is seen, to approximate the atmospheric mass for H 

of about 4 km. Scale heights of this order are expected since the 

molecules are distributed with H = 8  km and the aerosols are distributed 

with H = 1 or 2 km.

The parameter h/R is a convenient term to perform an expansion 

of Eq. (3.30). Ignoring refraction effects, and thus considering only 

terms due to the geometric curvature of the atmosphere, the expansion to 

first order yields

m(z) = sec (z) {1 + c ' 0 tan2 (z) } (5.10)1

where the constant c^ depends upon the distribution of attenuators with 

height. Assuming an exponential model as per Eq. (5 .8 ) 9 the constant is 

found to be given by
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Thus, one could perform a least squares fit of Eq. (5.10) to determine the 

magnitude of the scale-height of the attenuators in the atmosphere»

Expansion of Eq. (3.30).to a higher order of h/r is probably not 

warranted for several reasons. First, the terms due to refraction become 

increasingly important for the low-evaluation angles, and the inclusion 

of these terms depends upon the temperature structure of the atmosphere 

with height. Although it would be possible to include the temperature 

effects, extremely accurate and detailed computations are not justifiable 

since the assumption of horizontal homogeneity becomes questionable for 

the low slant paths through the atmosphere. The probability of thin cir

rus clouds or localized patches of haze or smog being intercepted by the 

long traversal of the low angle rays increases rapidly as the elevation 

angle decreases. Finally, radiant quantities (already small and somewhat 

difficult to measure) vary rapidly with time for the sinking sun and signi

ficant changes in intensities occur over the sampling time of the instru

ment .

Rather than belabor the atmospheric mass problem further, we 

conclude that m(z) may be conveniently expressed by the empirical ex

pression 5.9 provided that one does not expect high accuracy for 

elevation angles lower than about 5 degrees.

5.1.3 Computer Reduction Routine

The raw data from the solar radiometer printout is transferred 

to punched cards in a suitable format for computer analysis; details of 

the reduction program are described in Appendix A. Voltage intercepts
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corresponding to zero atmospheric mass, and optical depths are derived, 

along with the estimated mean square errors for each filter wavelength. 

Whenever desired, a calcomp graph of log (V) on the ordinate versus . 

airmass, m(z), upon the abscissa, may be generated. This graph (often 

referred to as a Langley plot) shows both the data points and the com

puter determined linear line. The graph is also useful as a display to 

insure that the expected linear relationship between log (V) and m(z) 

occurs, and it allows an immediate visual check to determine the "qual

ity" of the data,

5,2 . Discussion of the Inversion Problem 

Once the total optical depth measurements have been processed to 

‘ 1 s^parHte^the^aetO'sol. ^ontrdl)utrions, "one may proceed to infer information 

about the size distribution of the aerosol particles. It is possible, 

at least in principle, to infer physical properties by inverting a sys

tem of equations which describe the observational results. This is 

essentially a synthesis problem where one is to determine properties 

of a system by noting output response from a known (the solar radiation) 

input, As is usual for this type of problem, a unique solution is not 

guaranteed and one must exercise caution to insure that erroneous con

clusions are not obtained,

5,2,1 General Mathematical Formulation

We seek, methods by which one may infer physical properties of the 

atmospheric aerosol particles by inspecting the experimentally determined 

wavelength-dependent extinction coefficient. In particular, the size
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distribution, or size spectra, of the atmospheric particulates. is the 

obvious parameter of interest, Formulating this in more general 

terms, the problem may be expressed by a mathematical relationship of 

the form

rbg(y) = K(x,y) f(x) dx (5.12)

where g(y) is the observed variable, f(x) is the desired variable, and 

K(x,y) is a kernal whose form depends upon the type of experiment being 

conductedo In particular, it is desired to infer f(x) by measuring g(y) 

at n discrete values of y, y^,y ...y » One inversion method which is 

potentially available is to expand the integral into a quadrature series 

and consider using matrix methods to obtain f(x) from the resultant sys

tem of equations. ,

Expressing the above in more quantitative terms, one may write 

an approximation for the definite integral in Eq. (5.12) as

k
g(yj = I W (y ,X ) f(x ) (5.13)

3=1 3 1 3 3

where the weights,w..,are weighted coefficients associated with k values1J
of x., j-l,2...m for each y.. Thus, the definite integral is divided into m, 

J 1
intervals in the region (a,b) and quadrature expansion is.used within

each of these intervals. For the problem of concern, the function f(x)

is taken to vary in a linear fashion over one interval x.1 to x.,_.
3 3+1

Although an error is introduced by approximating the integral by a
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quadrature expansion, the error may be made arbitrarily small by includ

ing either a higher order quadrature scheme and/or employing more inter

vals. within the region (a,b)» Of course, computational complexity 

increases as one employs higher order schemes*

, The system of equations represented.by Eq. (5.13) (one equation 

for each y .) may be written in matrix notation simply as

[g] = [A] [f] , (5.14)

where, for the problem at hand, g represents the observations of optical

depth at n discrete wavelengths, The vector f is the desired aerosol

particle size distribution evaluated at specific particle radii, r..3

5.2.2 Development of Equations Used for Inverting the Experimental Data 

Before continuing the discussion of an inversion for Eq. (5.14), 

we. digress slightly at this point to discuss some properties of the ex

pected size spectrum for atmospheric aerosols. Recall that the extinction 

'coefficient (at wavelength X) is related to the total Mie cross-section 

through Eq. (3.19),which is repeated below for reference.

3(X,m) =
rmax

a(x,m) ^(r) dr , (3.19)
r .m m

where, as before, x = 2tit/ X and m is the particle index of refraction. 

Before discussing the inversion problem per se, it is useful to develop 

some notion of the expected results. For the atmosphere, the aerosol 

size distribution, %p(r),has been experimentally measured by employing 

direct sampling techniques. Quite often a relationship of the form



91

i p ( r ) = C* r-v-1 (5.15)

is found9 where ifj(r)dr represents the particle number density be-

The constant C* represents a constant which is related to the particle 

concentration and v is an adjustable parameter, typically found to be 

in the range from 2 to 4. Figure 5*4 illustrates the particle size 

spectra given by Eq. (5.15) plotted on a log-log scale.

Various integral moments may be taken of the aerosol particle 

size spectra; for instance one may express the total number density by

where p is the mass density of the aerosol constituents. In practice, 

it is convenient to express the mass concentration Y given by 

Eq. (5.17) in mixed units of micrograms per cubic meter. Moments, such 

as Eq. (5.16) and Eq. (5.17) relate to physical parameters; whose magni

tude can often be estimated, or measured. For instance, values for the 

mass concentration of the order, y = 50 yg/m3, are typical for non

polluted country air [Manson, 1965] rising to values of the order,

—3 —1tween limits r and r + dr, (conveniently expressed in units cm y )

rr max
N = i|>(r) dr (5.16)

rman

and the aerosol mass concentration as

rr max
(5.17)

r .m m
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y = 500 ug/m3, for polluted city conditions. Values for N typically

3 “3run of the order 10 cm [Junge, 1963] for non-polluted airmasses.

The rationale behind introducing a discussion of the expected

size distribution spectra for the aerosol particles at this point is

mainly to point out the fact that the function ^(r) varies rapidly with

r, and typically covers many orders of magnitude between the minimum

and maximum radius» For instance, with r . = O.Olp and r = 10.Opm m  max
(typical values)5 the distribution function spans a range of 12 orders 

of magnitude for v = 3.0. It is expected that the inversion problem 

will be eased somewhat if one employs a perturbation, or multiplicative 

factor, to some a priori estimated solution. The particle size distri

bution function may then be written as

iKr) = £(r^ C* (5.18)
r  ' .

Where C^/rLf is the a priori estimated solution, and the unknown f(r) is 

a multiplicative factor. When f(r) = unity a Junge power law distribu

tion results with v = 3.0, as can be verified by comparison with Eq. 

(5.15).

Employing the above expression in Eq. (3.19), the Mie extinction 

coefficient then becomes

3(X,h) = C*(h)
r' max / \ f. f , N

°..W  . (5.19)
rmin r

Recall that the experimentally measured parameter is not the ex

tinction coefficient, but the columnar integral of that variable. 

Before relating Eq. (5.19) to the optical depth we now make the
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assumption that the shape of the.particle size spectra is height- 

independent. Therefores it is assumed that the particle size spectra 

normalized to unity does not vary from one height to another. While 

this assumption is somewhat difficult to justify9 most attenuation oc

curs within the lowest few. kilometers of the atmosphere and there are 

indications [Chagnon and Junge, 1961; Junge, 1963; Newkirk and Eddy,

1964] that the size spectra shape does not vary, at least drastically, 

with height in the lower troposphere.

With the above assumption in mind, all height-dependent variation 

can be expressed in a term outside of the integral, C*(h), in Eq. (5.19). 

Thus, the optical depth may be expressed as

t (X) =
•f00 r m a x  , x r ,  \

C*(h). dh • j dr . (5.20)

rmin

It is convenient to express Eq. (5.20) in terms of an effective height, 

as

t (X) - H S(X,0) . (5.21)

Values for H in the range 1 to 2 kilometers are reported [Penndorf,

1954]. It should be emphasized that the inversion will yield a relative 

quantity which is to be applied as a multiplicitive factor.to a Junge 

distribution with v = 3.0. The shape of f(r) is the parameter of primary 

interest, and misjudgements of H are completely secondary and merely 

shift the entire \jj (r) curve along the ordinate (assuming the normal log ° 
plot, as illustrated by Fig. 5.4). Stated more directly, the columnar 

or "precipitable" quantities are determined.
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One may completely eliminate the constant C* in Eq» (5 .19) by 

normalizing all calculations to some specified physical parameter. For 

instance, one may employ Eq. (5.17),using a Junge size distribution, to 

obtain the value for C* corresponding to, say, a concentration of aero

sols equal to 200 yg/m3, then the multiplicitive factor f(r.) represents 

a scaling up or down from this assumed "normalization" value.

5.2.3 Inversion Techniques for Noise-Degraded Data

In the last section an expression was developed which allowed the 

experimental measurements of Mie optical depth to be related to a factor, 

f, which specifies the relative shape.of the aerosol particle size dis

tribution. Section 5.2.1 illustrated the technique by which an integral 

equation.such,as,.,(5«19),.,may he .replaced. by -a ̂ system of linear equations . 

Referring to Eq. (5.14), one notes that the desired parameter, f(x), may 

be obtained by straightforward matrix inversion symbolically repre

sented by

. [f] = [A]"1 [g] , (5.22)

-1where [A] represents the formal inverse of the matrix A.

Although Eq. (5.22) apparently represents a valid inversion, a 

number of workers have pointed out [Phillips, 1962; Twomey, 1965], 

that the inversion of the set of Eqns. (5.14) in the presence of noise, or 

even quadrature noise, gives rise to significant numerical instabilities 

in the output vector f(x). Thus, one is forced to reconsider the inver

sion problem in terms of a "noisy" data vector which may be represented 

mathematically by
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[gobs] = [g] + [e] = [A][f] (5.23)

where the column matrix [e] represents a random noise term added to a 

hypothetical noise-free observation. In practice, the noise term 

physically represents some measurement error with which all experiments, 

to some degree, must contend.

In order to establish an inversion technique for noise-degraded 

data, one must employ some sort of stratagem to suppress, by some means, 

the instabilities mentioned above. Twomey [1965] has developed a useful 

technique which employs an auxiliary constraining relation to suppress 

these numeric instabilities. Since the technique is evidently relevant 

to this problem, the specifics are now outlined.

•. • • '•i-:->0nvê Ho*mal<by-''̂ n̂'*ê t'imi2e-,‘'>tdepen*ing-;''ttp'on •tt?he-"'rBxpe'rinietital 

device, the magnitude of the error term (e^). Twomey considers the 

solution to the set of equations given by expression (5.14) under the 

conditions that (1) the sum of the measurement errors squared is some 

a priori estimatable constant and (2) that a specified auxiliary quad

ratic form

Q = I h .f f. = [f*][H][f] . (5.24)
• ■ , m  \  3

be minimized. (The notation f* refers to the transpose of the matrix f.) 

The mathematical reduction of this problem results in a solution which 

may be written, in matrix notation, as .

[f] = ([A]*[A] + y [H])_1[A]*[g] ' (5.25)



where y is a multiplier which results from employing the Lagrange 

multiplier technique for minimizing» One may choose the form of the 

matrix H to represent various plausible "smoothing” criteria through 

Eqo (5,24)e For instance, one may choose to minimize the second 

differences

N-l
(5.26)

This results in a matrix H of the form

1 - 2 1 0 0

- 2  . 5 -4 1 0 . . .

1 -4 . 6 -4 .1 0  . . .

, 0 1 -4 6 -4 1  0

1 - 2 (5.27)

The minimum summed differences between the desired solution and some
;a priori expected "mean" vector, [P.], may be obtained by allowing the 

[H] matrix to be a unity matrix.

For this case, the solution is not given by Eq. (5.25) but 

rather, by

[f] - ([A]*[A] + ytl] ) " 1  ([A]*[g] + Y t m (5.28)
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Other possibilities would be to require a minimum variance or a minimum 

third or higher numeric differences„ All of these relations yield a 

smoothing in one fashion or another and tend to suppress the oscillatory 

solutions which normally result when non-constrained inversion tech

niques are employed»

5.3 Computer Routines for Implementation of Inversions 

The last section illustrates the methods of "inverting" data in the 

prescence of measurement noise. In order to determine the practicality 

of employing Twomey1s technique for the wavelength dependent optical 

depths9 a computer simulation of the problem was carried out. The 

necessary "observation vector" [ g] was first simulated by performing the 

matr ix'mhlt iplleat ion

[g] = [A][f] . (5.29)

Where in the above expression (f(r)) is an input parameter and the matrix 

A is determined by a quadrature expansion of the form (5.12) under the 

condition that f is represented by straight line segments connecting 

the ith and ith + 1 points on a log(r) scale. In evaluating the matrix 

A,one must know the total Mie extinction cross-section as a function of 

the variable x = 2mr/A. This is accomplished in the computer simulation 

by tabulating the Mie efficiency factor, defined by

; Q(x,m) = - 9 (5.30)
7rrz

or simply the ratio of total Mie cross-section to geometric cross- 

section. Q(x) is calculated by employing an efficient software package



99.

DBMIE [Dave91968] which evaluates the Mie coefficients for a specified 

value of x and complex index of refraction. Figure 5.5 illustrates the 

factor Q(x) as a function of x for particles with an index of refract 

on equal to (1.54 + jO.O). As one approaches the geometric limit 

(x »  1) the. efficiency factor is seen to approach 2.0, rather than 

the more plausible value of unity; this is due to forward diffraction 

effects.

It seems as if equal increments in log(r), between r . and r ̂ m m  max
offer the most logical choice for the points r^, j=l, m. The approxima

tion of the integral by quadrature expansion is carried out by storing 

Q(x_) for 300 values of x between x = 0.01 and x = 1500 Linear ex

trapolation is then employed to derive the value for Q(x) for an 

arbitrary x.

Before an inversion can be accomplished, one must determine the 

value of the Lagrange multiplier, y, in expression (5.25). This param- . 

eter controls the amount of smoothing which occurs in the inversion, 

and as gamma approaches zero, Twomey’s technique reduces to the "free" 

inversion represented by Eq. (5.21). As gamma increases from zero,^ 

progressively more smoothing is applied until eventually the inverted 

results become independent of the input data. It has been shown 

[Strand and Westwater, 1968] that an estimate for gamma is provided by

m
1 4

Y - — ----—  (5.31)



100

Q(X)

0
20151050

X = 2-iTr/X

Fig. 5.5 Q(X), Hie extinction Efficiency Factor Versus X = 2irr/X for
Spherical Particles with M = 1.54 + jO
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where the numerator represents the sum of expected measurement errors 

squared and the denominator is the sum of the expected variances of f . 

squared.

Basically, Eq* (5.31) has the following significance: as

measurements are made increasingly more accurate, then the required 

smoothing decreases, and the value of gamma determined from Eq.

(5.31) decreases. This is in accordance with the intuitively expected 

result that less constraining, or smoothing, is required because the 

".information content" of the experiment has risen. However, as the 

experimental error increases, one must apply more smoothing, in accord- - 

ance with Eq. (5.31). Additional discussion of the "information content" 

of the experimental measurements is present in Appendix B.

After generating the matrix A, and the modeled "noise free" 

observation vector, [g], through Eq. (5.29), simulated measurement 

noise is added. This.is accomplished by specifying that the random 

error which is added to g be normally distributed with a variance 

corresponding to typical physical measurement errors. This noisy, simu

lated observation vector is then inverted by Twomey*s formula, Eq.

(5.25) . Two computer subroutines were written,, one utilizing an H to 

yield minimum second differences as expressed by Eq. (5.26), and the 

other utilizing the minimum difference between an expected "mean" vec

tor p, and f. Eventually, it was determined that the minimum second 

difference constraint yielded the best results.

After inversion, the resultant f could then be compared withcalc
the original atmospheric model f(x). It is also useful to employ the
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inferred vector, fca2 c> to determine the associated gca2 c hy Eq. (5.29) 

and from this obtain the estimated error term

m n 2

Twomey’s technique is derived under the assumption that the above error

quantity is equal to the estimated experimental Ze (comparison between

the estimated and calculated error allows one to modify gamma accurately.

In this equation, the value of gamma can be perturbed until agreement is

obtained. It is found that Eq.. (5.31) yields values for gamma of the

correct magnitude.

Figure 5.6 illustrates examples of inversions carried out by

computer simulation. For each illustration in Fig. 5.6, the abscissa

represents log(r) and the ordinate f(r). As mentioned before, the r^

were evaluated for equal increments in log r between limits r . andm m
r , and f(r) is constrained to be straight line segments between the max
f(r.). Dotted lines represent the "input", or starting value f(r), 

while the solid lines indicate the results as inferred from inverting 

the simulated "noisy" data vector. It is seen that the inversion per

forms reasonably well, especially when the "input", f (r), is somewhat 

"smooth".

Simulations such as those just described proved useful* not only 

for evaluating the various computational routines, but also to determine 

the "information content" in the observed quantities. It appears from 

the computer simulations that one may obtain the major features of the
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0 0 0  Actual Distribution
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Fig. 5.6 Examples of Inversions for Aerosol Size Distributions from 
Wavelength-Dependent Extinction Data Taken to a Measurement 
Accuracy of 1%. Dotted Line Represents "Actual" Size 
Distributions, Solid Results from the Twomey Inversion Scheme



aerosol size distribution by inverting the optical depth information.

In the following chapter the experimental results are presented and the 

results, of performing inversions to obtain information about the atmos

pheric aerosol size spectra are presented.



CHAPTER 6

PRESENTATION OF EXPERIMENTAL RESULTS

6 0 1 General Discussion of the Accumulated Data 

Construction of the solar radiometer was completed in.the early 

spring, of 1970, and at the time of this writing systematic acquisition 

of data has been proceeding for approximately ten months. The instru

ment is mounted on the roof of the Physics-Mathematics-Meteorology 

Building on The University of Arizona campus in Tucson, Arizona. In this 

location, it is not always possible to view the solar disk down to zero 

elevation angles because of occultation from interceding mountain chains 

in the East (the Rincon Mountains) and to the West (the Tucson Mountains). 

However, this presents no difficulty since data are analyzed only down 

to solar elevation angles of approximately 6  degrees.

The prevailing sunny condition in Tucson has allowed solar in

tensity data to be accumulated almost continually during the daylight 

hours. The only sparse interval was during the summer "monsoon" season 

when convective cloud activity often caused the sun to be blocked for 

significant portions of the day.

Recall that the experimental raw data consist of a series of 

printed output voltages with filter identification numbers. The infor

mation must be converted to punched cards prior to computer reduction, 

and this step has presented a limitation because of the sheer bulk of 

print-out which has been obtained. Therefore, it has been feasible to

' 105'
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analyze only a portion of the acquired information for certain selected 

days. At the time of this writing, data for all eight filters have been 

reduced for 45 days.

Readings of solar flux were initially accumulated at eight wave

lengths which ranged from 0.4 to 0,8 micron. After several months of 

operation, several additional filters were procured to extend 

the wavelength range down to 0.34 micron in the ultraviolet and up to 

1.05 micron in the IR region. It is not possible to extend either limit 

much further because of inherent wavelength limitations in the photo- 

detector which is presently employed.

6.1.1 Tabulation of Optical Depths and Zero-Airmass Intercepts

.After :.ohtaln,ing .-.data for -a given day and •transferring it to 

punched cards, it is analyzed by the computer program described 

in Chapter 5. Figure 6.1 illustrates typical parameters which are de

termined during the course of the data analysis. In this figure, the. 

solar zenith angle, azimuth and atmospheric mass, as well as the radiome

ter voltage readings, are shown plotted as a function of solar time.

After tabulating the data points into an array and performing a least 

squares fit, the optical depth and zero airmass intercepts are printed 

out along with their estimated mean square errors. This information can 

also be presented, if desired, in graphical form by calling a computer 

routine.which automatically plots the points on a log(V) versus atmos

pheric mass presentation (this is often referred to as a Langley plot). 

Figure 6.2 through 6,5 illustrate typical Langley plots which were 

obtained in the course of computer reduction. The graphing procedure
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serves as a very useful check to insure that the data points are arrayed 

in the expected linear fashion.

Generally speaking9 the data points allowed an unambiguous 

straight line relation to be determined on a Langley plot. (See, for, 

instance. Figs. 6.2 through 6.4.) Cirrus clouds or bad data points due 

to misprinting were normally very apparent and were rejected from the 

analysis by a separate computational subroutine. Apart from occasional 

days with obvious visibility degradations or pollution episodes, the 

Langley plots proved to be remarkably linear.

All solar radiometer data which were derived in the course of 

analysis were statistically analyzed to determine the means and variances 

for the calculated quantities. The results of such an averaging process 

for forty days data are presented in Table 6.1.

Table 6.1 lists both the mean total optical depth and the compon

ent of optical depth which is due to the atmospheric aerosol particles.

The latter term, as described earlier, was determined by subtracting the 

molecular and estimated ozone absorption, term from the total optical 

depths. It should be noted that the variance in t is of the same magni

tude as the aerosol optical depth. The significance of this fact is that 

the aerosol component is a strongly fluctuating term from one observation 

period to the next.

Although the aerosol optical depth (hereafter referred to as the 

"aerosol component")fluctuates, one may specify some limits for the range 

of the observed values over Tucson. For instance, the maximum values . 

occurred during a dust episode on February 3, 1971, when the visibility
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TABLE 6.1

MEAN OPTICAL DEPTHS AND VARIANCES FOR 40 DAYS ABOVE 
TUCSON, ARIZONA AT FILTER-RADIOMETER WAVELENGTHS

Wavelength
(microns)

Total 
Optical Depth

Aerosol 
Optical Depth Variance

.400 .460 .14 .15

.436 .370 .14 .09

.490 .285 .13 .10

.510 .255 .13 .08

.580 .255 .13 .08

.620 .226 .13 .08

.690 .205 .16 .08

.800 .145 .13 .09

1.05 .130 . .13 __
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approached one kilometer« During this period, the optical depth 

approached 0.6 for the mid-visible region (.51 micron) with slightly 

stronger extinction in the red region than in the blue. These large 

values were very unusual though, and more typically the optical depths 

in the mid-visible regions were less than 0.15.

Assessment of a seasonal trend requires a larger sampling of 

data than has been taken during,this study. The results from the data 

which have been reduced do, however, indicate that the average aerosol 

optical depth is approximately twice as high in the summer than in the 

winter, and the mixing height is also higher during this period.

Occasionally very small values for optical depth were found for 

extremely clear days. Values which approached 0.02 were found for the 

mid-visible region, but the percent accuracy for these very small depths 

is somewhat poor as will be discussed later. The months of November and r 

December seemed to be the clearest of the period over which data was 

taken.

Correlation between horizontal visibility and optical extinction 

coefficient is often reported in the literature and various formulas 

have been suggested. One often used formulation is given by 

[Koschmieder, 1924]

Q 01
V = — —  at .55y, (6.1)

^ext

where V represents the visibility in kilometers and 3ext represents the

total extinction coefficient at ground level. Recall that optical depth

consists of two components, a molecular component, t , and an aerosolm



component, Each of these may be written as the product of the :

appropriate ground level extinction coefficients and scale heights, 

thereby allowing Eq, (6.1) to be written as

3  qi- V = -—  x   —  X = 0.55y , (6.2)
m , aerosol

' ■ i r  + i n — rm aerosol

where. H - 8 km/ t (.55) ~ 0.12. m m
The aerosol scale height is expected to vary somewhat from winter 

to summer since the mixing level is considerably higher during the summer 

months. Thus, Eq. (6.2) predicts that for a given horizontal visibility 

the optical depth (referred to the vertical direction) should be larger 

in the summer than during the winter. By plotting horizontal visibility 

(as reported, by the Weather Bureau at Tucson International Airport) ver

sus optical depth (at 0.51p) and comparing to a family of curves gener

ated from Eq. (6.2), it was determined that - 1 km for the winter 

months and - 2 km for the summer months. (H^ is the aerosol scale height.)

In summary, the aerosol component of vertical optical depths for 

clear days in Tucson, Arizona were typically in the range from about 0.02 

to 0.15. Summer months yielded considerably higher optical depths than 

winter months. Wavelength dependence varied widely from one day to the 

next; this variation is treated as a separate topic in a later section.

6.1.2 Discussion of Error Terms for Inferred 
Zero-Airmass Voltage Intercept's

In principle, knowledge of the radiometer voltage corresponding 

to zero airmass allows one to determine the atmospheric extinction point
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by point by measuring the slope of a line drawn between the particular 

data point and the intercept voltage (when the quantities are plotted 

on a Langley plot of log(V) versus m), However, there are several po

tential phenomena which may lead to errors in determining the intercept, 

or the optical depth, or both. Some of these contributions are enumer

ated in Table 6.2 and following this, is a discussion concerning each 

contribution.

TABLE 6.2

CONTRIBUTORS TO ERROR IN DETERMINING 
OPTICAL DEPTH FROM A LANGLEY PLOT

Term No. Contributors

1 The electronics or optics transfer function of the

radiometer may change with time. . '

2 Diffuse radiation which enters into the acceptance cone of

the radiometer may become a significant portion of the di

rect radiation thereby invalidating the Lambert-Beer law.

3 The assumption of horizontal homogeneity for the 

atmospheric layers may be invalid.

4 The atmospheric transmission may drift with time and cause 

the resultant slope and intercepts to be in error.

The first term, which could potentially lead to significant er-.

rors, was monitored by performing optical calibrations by using a stan

dard irradiance source. Specifics of these calibrations are described in
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more detail in a following section5 but it may be mentioned at this 

point that relative changes in the total system transfer function were 

less than a few percent over the entire period of data taking.

The second term refers to the break-down of Beerv s law because

of diffuse radiation within the cone of view of the solar radiometer. 

The magnitude of this term has been estimated by referring to calcula

tions which were performed by Herman [1971]. These authors have cal

culated the diffuse component of radiation for a model atmosphere which 

includes the effects of aerosol particles and multiple scattering pro

cesses. It was determined that the diffuse radiation within a two 

degree cone was significantly less than one percent of the direct radia

tion for typical aerosol parameters and a solar zenith angle of 40 de

grees. These results were extrapolated to larger zenith angles by

scaling according to the relation

W  - KIo(1 - e"m )  • (6-3)

Equation (6.3) expresses the plausible expectation that the diffuse rad

iation, ? within a given solid angle is expected to be proportional

to the radiation removed from the incident beam by the atmosphere. While 

this relation certainly represents an over-simplification, it should 

allow order of magnitude calculations to be performed. The constant K 

was determined by evaluating Eq. (6.3) with the calculated parameters 

determined by Herman and Browning. It was concluded from these calcu

lations that the diffuse radiation does not exceed one percent of the 

direct solar radiation until the solar elevation angle decreases to
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approximately 5 degrees, and the ratio rapidly increases for decreas

ing angles» The error in voltage intercept resulting from diffuse 

radiation within the radiometer field of view and the resultant in

validation of Beer’s law was kept insignificantly small by simply 

ignoring observations for solar elevation angles less than about 5 

degrees. An interesting sidelight noted from the analysis is that the 

diffuse intensity near the solar disk’s center apparently is larger 

than the mean direct solar intensity for airmasses which approach 40 

(corresponding roughly to the setting sun). This, of course, is entire

ly possible because of the very strong forward-scattering of the aerosol 

particles.

The third potential error term pertains to the assumption of 

horizontal stratification within the atmosphere. This assumption is 

probably quite good provided that intensity readings are not taken for 

small solar elevation angles, This may be easily understood by con

sidering that increasing airmass corresponds to longer horizontal 

component paths through the atmosphere, thereby making horizontal 

homogeneity less likely. Whenever the sky had a mottled appearance, 

or when thin clouds were noted in the vicinity of the sun, the data were 

rejected for analysis. In this way, the possibility of significant er

rors due to inhomo gene it ie s in the atmospheric layers was minimized. 

Also, as mentioned above, intensities at low solar elevation were not 

included for analysis. • .

Finally, the fourth error term results when the atmospheric 

transmission varies with time. When this occurs, the least-s'quare
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determined line on a Langley plot will be.skewed and an incorrect zero- 

airmass voltage intercept and an incorrect slope (optical depth) may 

result» In fact, one may show that an exactly linear result will be 

obtained on a log(V) versus m plot if the optical depth, x(t), varies 

with time according to an expression of the form

T<t) “ log (vapparent ) + Apparent (6‘4)

where V and t ' are arbitrary constants. V _ is theapparent apparent correct
zero airmass voltage intercept.

It is unlikely that the optical depth will vary with time in 

strict accordance with the formula just presented, although it is entire

l y  •Tpt>^ib±e"’,th^t>̂Sueh "a t etnp or hi ̂ var' iat'lori' in "'d p t i ca 1 depth • could occur 

in scattered instances. Many times, though, the temporal drift will 

approximate Eq. (6.4) when data are taken over a limited period of obser

vation. To illustrate this possibility, Fig. 6.6 shows a Langley.plot 

which has been generated for hypothetical extinction measurements made 

through a model atmosphere with a linear time drifting optical depth 

which is shown in the bottom portion of Fig. 6.6. The modeled data 

points, one point shown for each 1/2 hour throughout the day, are seen 

to be construed on the plot in a manner which can be highly approximated 

by two straight line segments, one for the AM and one for the PM data.

The zero airmass intercepts are seen to fall above and below the correct 

intercept value for the AM and PM data respectively.
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Bottom plot - Optical depth plotted as a function of time for 
the Langley plot illustrated.
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Presenting the above argument slightly more quantitatively9 it 

is illuminating to differentiate expression 6 A with respect to time to 
obtain the relation between atmospheric transmission time drift-rate and . 

the resulting errors in the inferred parameters. Carrying out the dif

ferentiation and approximating the airmass as m(z) = sec(z), results 

in an expression of the form

i Z = loe A p p arent , d(cos_(z)_)_ f <
dt s V _ _ dt  ̂ <actual

The term dcos(z)/dt may be obtained by differentiating the solution to 

the celestial triangle (Eq. 5.6) to obtain

^~C~(ft = 008 * c°s(6) • sin (HA) (6.6)

where

■— 5̂ 2. = 0.26 radian/hour . dt

Thus, if the optical depth changes during a limited period of observation
dT •(̂  f O'), Eq. (6.5) indicates that this drift will yield an erroneous

Vvoltage intercept ^a-P-ft̂ r.e.nt ^ 1 „ As an example to illustrate the
actual

magnitudes involved, let z = 30°, lat = 32°N, &sxm = 0, = 0.1/24 HR,

HA = 30*. Employing these values, the voltage intercept from Eq. (6.5) 

and (6.6) is then found to be in error by 4 percent due to the time- 

drift in optical depth.

Recalling Eq. (6.4), it is seen that an erroneous voltage inter

cept (V  ̂f V ) results in an erroneous optical depth. It is act app



therefore, important in the experiment reported here to be able to 

assess, in some manner, whether or not the optical depth is drifting 

with time. In the following section details are given of a calibration 

scheme which allowed the voltage intercepts to be established without 

the ambiguity which may arise from the errors acquired due to a time- 

varying atmospheric transmission»

To summarize this section on errors, we note that each of the 

potential error terms may be assessed and the major terms minimized by 

observing the cautionary practices which were mentioned. Residual errors 

remaining were mostly due to unavoidable measurement uncertainties and 

slight system drifts. It is estimated that the voltage intercept 

corresponding to zero airmass was known at all times to within approxi

mately one or two percent and the optical depth uncertainties due to 

all sources for clear days were approximately + .005„

6.1.3 Calibration Techniques

Calibration of the radiometer was performed by employing a 200 

watt quartz iodide lamp operated from a controlled current.source.

Irradiance of the lamp at various wavelengths was known in absolute units 

from prior calibration against NBS irradiance standard QL-172. The cali

bration procedure involved placing the standard lamp at a pre-determined 

distance from the radiometer’s entrance pupil and recording the readings 

for all filters in the instrument. <As a double check in the procedure, 

it was possible to obtain the solar irradiance values for zero atmos

pheric mass by employing the scaling relationship
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^sun = Ilamp " V ™  ‘ <6 -7)lamp

where Ijy represents the lamp Intensity, is the zero-airmass

voltage intercept, and V- is the radiometer voltage resulting from thelamp
standard irradiance source.

Predictions of solar flux which were obtained from the experi

mental calibration by Eq. (6.7) agreed well with published solar flux 

data (see for instance Thekaekara, 1968). Table 6.3 summarizes cali

bration parameters. Note that the experimentally determined values of 

solar flux are within a few percent of the tabulated values.

Although it is gratifying to have close agreement between the 

predicted solar intensity values and the experimentally determined 

values, it should be kept in mind that the primary purpose of the ex

perimental work reported here is to.establish extinction properties of 

the atmosphere for various visible wavelengths (and not to determine the 

solar constant). As mentioned before, the intercept voltage correspond

ing to solar irradiance through zero airmass may be in error due to a 

time drift in the system parameters or the atmospheric transmission.

The calibration thus serves as a means by which the voltage intercept 

may be predetermined so that if the least-square inferred intercept 

differs from the true value, one will be aware that this may be

due to time drifts in the optical transmission of the atmosphere.

By performing calibrations with the standard source, any relativd 

system changes which might occur become immediately apparentFor in

stance a complete calibration was performed whenever it was suspected
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TABLE 6.3

SUMMARY OF STANDARD-LAMP CALIBRATION OF SOLAR RADIOMETER,
NOVEMBER 27, 1970 '

Filter
No. Wavelength

(microns)

Voltage
Intercept
(volts)

Computer 
Solar Flux 
(yw/cm2 nm)

"Actual"* 
Solar Flux 
(yw/cm2 nm)

Computed 
t Actual

1 .400 5.05 142.0 148.0 0.96

2 .436 9.20 152.0 175.0 0.87

3 .510 5.80 190.0 196.0 0.97

4 .580 5.90 184.0 176.0 1.02

5 .620 5.20 161.0 164.0 0.98

6 .690 4.80 138.0 146.0 0.95

7 .800 4.95 114.0 115.0 0.99

8 1.140 0.85 53.2 54.5 0.98

[Thekaekara, 1968]



that some instrumental change had occurred, as for instance, when new 

filters were installed, etc.

6.1.4 Temporal Variations in Atmospheric Extinction

It has been determined that the extinction properties of the 

atmosphere vary considerably from day to day. Some days appear to be 

very uniform, and it is difficult by. merely inspecting the Langley plot 

to determine whether or not time drifts in the optical depth are occur

ring. However, there are occasions when the extinction of the atmosphere 

is obviously changing rapidly with time. For instance, an interesting 

blowing dust episode occurred during the AM of May 15, 1970, which 

caused a sudden onset of visibility degradation. The Langley plot for 

±'hls day^s'-'da-ta^is^sfeown^in^rg;•- *6" .5 and it is immediately evident from 

a cursory inspection of this figure that the atmospheric extinction was 

rapidly fluctuating for this case. Figure 6.7 illustrates a plot of 

the optical depth as a function of time for the day just indicated. It 

is seen that a dramatic increase in extinction occurred at approximately 

0700 hours MST and the extinction remained at an abnormally high, but 

fluctuating value, throughout most of the day. The atmospheric extinc

tion returned to "normal" values with a time constant of some 50 hours. 

This time period, incidently is the time required for particles with 

radii 10 to 100 microns to fall 100 meters. Of course, such a 

model represents a severe over-simplification and the actual process . -

is most likely dominated by complex turbulent properties. .
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Fig. 6.7 Illustration of Optical Depth as a Function of Time for 
Blowing Dust "Episode" of May 15, 1970.
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Referring again to the Langley plots in Fig. 6.2 through 6.4, 

it can be seen that the expected linear relationship between log (V) and 

m is obeyed closely for these plots. In fact, the great majority of 

the analyzed data yielded Langley plots which appeared to be quite 

linear. However, the voltage intercept was noted to vary over a few 

percent from day to day reflecting a time drifting transmissivity as 

explained in the preceding section on error terms.

As mentioned previously, it has been found that changes in 

optical depth throughout the day are not uncommon. An inspection of the 

data which have been analyzed shows that there is a tendency.for the 

optical depth to decrease throughout the solar day. This fact suggests 

that the aerosols may be generated locally and trapped below an in

version layer during the morning hours. During the afternoon the 

inversion rises and exposes the air (which was previously trapped) , 

to the surrounding country air. Diffusive replacement then causes the 

relatively clean outer air parcel to replace the stagnant air. It 

should be kept in mind that the local climatological processes are 

complex and much more data are required before any truly meaningful 

statements may be made regarding the complexities of the air pollution 

problem over Tucson. In particular, it is difficult to make any 

definitive statement about possible contributions to aerosol optical 

depth from several copper smelters which surround the city.
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On occasion, it has been determined that the change in optical 

depth throughout a day may be as large as 0*3. These observations
owere made at a wavelength of 4360 A where typical optical depths. 

are of the order of 0.35, and so occasionally the optical depth can vary

within a single day’s observation over values as large as the average

depth. More commonly, however, the optical depth undergoes a variation 

of only about 0.05 throughout a given day’s observation.

6.2 Application of Extinction Measurements 
to the Reduction of Lidar Data

The extinction data reported in this dissertation has been em

ployed in conjunction with a laser radar project which is currently under

way at The University of Arizona. In fact, the original motivation for 

constructing the experimental apparatus which is described here was 

spawned from a need to determine optical depth at the laser wavelength.

As described in Chapter 2, laser radar may be operated in either 

a monostatic or in a bistatic mode. The University of Arizona’s lidar 

system contains the capability of making measurements of angularly 

scattered light (bistatic geometry) as well as backscattered (monosta- 

tic) light. Both of these operating modes employ the optical depth 

information, although in slightly different ways.

6.2.1 Monostatic Lidar Data Reduction

The monostatic mode operates by detecting backscattered laser 

energy from molecules and aerosols within the atmosphere. The return 

signal is detected with a photomultiplier tube and displayed on an



oscilloscope to indicate approximately the total backseattaring co

efficient as a function of height. Subsequent subtraction of the known 

molecular component allows one to determine the backscattering cross- 

section due to the aerosol particles alone [Barrett and Ben-Dov, 1967; 

Reagan, 1968b] .

Presenting the problem more quantitatively, the received echo

intensity, P(h), may be related to the transmitted energy E by a
.. °

simplified radar equation of the form

rh- 20(h) dh
P(h) = Eq Y(h) a(h) e , (6.8) '

where in the above expression Y(h) is a grouping of terms which describe 

the "geometry of the two intersecting solid angles of receiver and trans

mitter with height. Effects of inhomogeneities in energy density across 

the transmitted laser beam are also included in this term. The term 

a(h) represents the backscattering coefficient from the aerosol particles 

at height h. Finally, the exponential term represents transmission func

tion for the beam during its double traversal through the atmospheric 

layers.

At each height, the backscattering coefficient, ct(h) , and the 

extinction coefficient, 0(h), are related to the form of the aerosol 

size distribution. If it is assumed, as before, that the form of the 

size distribution is height independent, then the ratio between a(h)
°and 0(h) will also be independent of height. Calling this ratio S,

,

defined as



one may then employ the experimentally derived optical depth at the. 

laser wavelength to determine the ratio S by the following procedure:

To a first approximation, the received lidar trace represents the actual 

backscattering profile, a(h). From this trace, one may determine an 

approximate value for S by normalizing to the specified value of optical 

depth by solving an equation of the form

s = — — —  . " ■ (6.10) .
rh+ ~

a(h) dh

Once S is determined from the above equation, one may calculate a new 

guess for a(h) by solving the transcendental equation

rhi-S 2a(h) dh
P(h) = Eq Y(h) a1 (hj e -1 o (6.11)

for a'(h) and repeating the cycle until the values do not change , 

appreciably from one iteration to the next. The above process has been 

modified somewhat [Fernald, in prep,] so that the computational effici

ency is improved. However, the concepts are basically the same as those 

described above.

Results from reduction of monostatic lidar traces, although 

somewhat preliminary at this stage, indicate values for S of about 40. 

This general magnitude is consistent with a Junge type size distribu

tion of silicate particulates (m = 1.54) with v approximately 3,
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although the results by themselves do not prove in any way that the 

actual size distribution obeys a Junge power law.

6.2.2 Optical Depth Reduction of Bistatic Lidar Data

A unique bistatic lidar system has.recently been constructed at 

The University of Arizona [Reagan and Webster, 1970; Reagan and Herman,. 

1970; Webster, in prep.]. This system employs angularly scattered laser 

light to infer properties about the atmospheric aerosol particulates. 

Optical depth information derived from the experimental work reported 

here is also used in data reduction of the bistatic lidar.

The basic data acquisition procedure which is used to acquire 

data for the bistatic case is to accumulate a series of returns at dif- 

#̂ereint scaUteriiTg' angles ‘whllê oMlng-'-'tjhe' scattering height constant.

This is done by adjusting the elevation angles of the transmitter and 

receiver so that their cones of view intersect at a constant height. At 

each scattering angle, returns are recorded for various positions of a 

quarter wave plate and polarizer so that the Stokes parameters of the 

detected angularly scattered radiation may be determined. At each scat

tering angle one may mathematically compensate for the inherent atten

uation differences for the different slant paths. After subtracting 

the known molecular component, the resultant array of aerosol contribu

tions for different scattering angles is- assembled into appropriate 

Stokes parameters and inverted to determine the aerosol size distribu

tions.

The separation of aerosol and molecular scattering contributions 

cannot be performed without calibrating the system in some sense. One



method of performing this calibration is to collect measurements from a 

high enough altitude where the scattering is predominantly due to 

molecular (Rayleigh) scattering, (This can be checked by looking for 

certain characteristic features in the Stokes parameters,) Measurements 

taken at lower altitudes can then be referenced to the Rayleigh measure

ments provided that one can account for the transmission of the various 

sub-layers,

Since the solar radiometer system gives the total optical depth 

through the atmosphere, this known value allows an estimate to be made 

of partial optical depths through the atmospheric sub-layers. One tech

nique which can be employed is curve fitting from the lidar backscatter- 

ing (monostatic system) measurements„ One additional technique involves 

normalizing to optical depth tables which have been previously obtained 

for an "average" atmosphere (such as those referred to in Elterman, 1968), 

In any event, the solar radiometer and lidar experiments are therefore 

seen to complement each other.

The University of Arizona’s bistatic lidar system is fairly new 

and preliminary calibration procedures and system checkout are still 

proceeding. However, preliminary data reduction indicates that the basic 

reduction scheme is sound and reasonable values for ijj are determined. For 
instance, early measurements indicate that the aerosol particles may be 

distributed according to a Junge type power law distribution with values 

of v ranging in the vicinity of 3.7.[Reagan and Webster, 1970; Herman, 

Browning, and Reagan, 1971]e
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6,3 Dependence of Atmospheric Extinction Upon Wavelength 

In order to obtain some indication of the shape of the extinc

tion curves as a function of wavelength, a series of calculations were 

made for Junge size distributions (Eq, 5.15).with different values for 

the parameter v, All calculations were normalized by requiring the 

mass concentration of particles within a volume to be 200 yg/m3, and the 

calculations were performed assuming that the aerosols were distributed 

within the radius limits extending from some specifiable minimum, rm:j_n*

and maximum, r , radius. It was assumed in these calculations that max
there were no particles larger than rmax nor were there any particles

with r less than r . „ It was also assumed that the aerosol index ofm m
refraction was 1,54, which is typical for silicates.

Figures 6,8 and 6,9 show some results' from these calculations, 

The plots have been made on a log-log scale in anticipation that the 

wavelength dependence may be approximated by a power form given by

3(A) = k A n (6,14)

In fact, it may easily be shown (by differentiating Eq, 3.19) that when

a Junge distribution of particles extends over a wide enough range of

particle sizes (r . -> 0, r -> °°), then v ->• n+2. Inspection of Figs,r m m  * max
6,8 and 6.9 show that the Junge distribution does indeed give rise to 

straight lines on a log 3 versus log A plot provided that the decadic 

range of r is reasonably large. When, the radius range decreases fon a 

logarithmic scale, however, the magnitude and shape of the extinction 

curves are altered, as can easily be noted by comparing Fig. 6.8 with 

Fig. 6.9.
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of Wavelength for a Junge Size Distribution



Ex
ti
nc
ti
on
 
Co
ef
fi
ci
en
t 

(k
m

135

0.20

0.15+
r-4

0.10

m = 1.54 
Y = 200 wg/

0.07

0.05

0.04
. 62y 

2.5y 
lOy 
lOy 
lOy

.Oly 

.Oly 

. 12y 

.04y 

.Oly

0.03

0.02
0.60.5 0.7 0.8 0.9

Wavelength (X) in microns

Fig. 6.9 Calculated Aerosol Extinction Coefficient Plotted as a
Function of Wavelength for Five Combinations of Lower and 
Upper Radius Cutoffs.



: : 136
For this study, the importance of calculations such as those

just reported are twofold: First, a linear relation of log extinction

coefficient versus log(X) has been shown to be highly suggestive of a 

Junge type size distribution„ Therefore, when the experimental data 

points are found to lie along a straight line on.such a plot one immedi

ately suspects that the distribution of aerosols with size obeys the 

Junge distribution, at least approximately. Secondly, a given contami

nation ratio (constant amount of aerosol mass per unit volume) can result 

in a wide variety of wavelength dependent shapes and magnitudes. There

fore, there is no simple relationship between the extinction coefficient 

and the mass concentration of particles. This fact indicates that 

attempts to ascribe a one-to-one relationship between the extinction co

efficient and the mass concentration, y, for aerosols are highly dependent 

upon an underlying assumption of a constant size distribution spectra. 

There are indications from the experimental work reported here that the 

size distribution of the aerosol particles varies considerably from one 

time to the next, This indicates that no simple formula between visibil

ity and t would be generally applicable,

6,3,1 Presentation of the Experimentally Determined Wavelength 
Dependence for Atmospheric Extinction by Aerosols

The optical depth as determined at each filter wavelength of the 

solar radiometer yields the wavelength-dependency for the atmospheric 

extinction coefficient. As has been mentioned before, the experimental 

data which have been accumulated over the past ten months indicates that 

the aerosol extinction shows marked variations from day to day.
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Figures 6.!0 through 6.12 show several examples of extinction 

curves versus wavelength which were found for Tucson. In the figures 

just cited, the experimentally determined points are indicated, by cir

cles, and a smooth curve has then been drawn through these to estimate 

the continuous wavelength dependency. Figure 6,10 shows the total opti

cal depth for morning (AM) and afternoon (PM) (the PM data is plotted 

as a dashed line in Fig. 6.10) for a typical clear day in Tucson. The 

lower set of curves refers to the optical depth due to the aerosol 

particles; these have been derived from the upper total optical depth 

curves by subtracting the molecular and ozone components. As can be 

easily seen by inspecting Fig. 6.10, the molecular atmosphere1s contri

bution dominates the atmospheric extinction, particularly in the blue 

end of the spectrum.

Figures 6.11 and 6.12 show the aerosol component of optical 

depth plotted as a .function of the wavelength in microns. For these 

plots, both the abscissa and ordinates have logarithmic scales so that 

if a simple power low expression* such as Eq» (6.13) is obeyed, the 

points will tend to fall along a straight line. As can be seen from in

specting Fig. 6.10 to 6.12, the power law dependency (which is suggestive 

of a Junge distribution as explained in the last section) is not always 

obeyed,, Some of the da fa in Fig, 6.11 show a decrease in optical depth 

with wavelength and then an increase toward the red. This general behavior 

is not an uncommon occurrence and was seen in perhaps 30 percent of the 

accumulated data.



Op
ti
ca
l 

De
pt
h

138

Afternoon - Dashed Line 
Morning - Solid Line

Upper Curves - Total Optical Depth 
Lower Curves - Aerosol Component of 

Optical Depth
.5

.4

Total Optical Depth
.3

Total Optical Depth. 2

Aerosol Component.1 of Optical Dept

0
.4 .5 .6 .8.7

Wavelength, X, in microns ->

Figure 6.10 Experimentally Measured Optical Depth Plotted Against
Wavelength for Morning and Afternoon of September 23, 1970.
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The morphology of the curves of optical depth plotted against 

wavelength is complex and it is difficult to ascribe any persistent fea

tures to the curves. The large variability, however, has been found by 

other investigators [Knestrick, Cosden, and Curcio, 1961; Quenzel, 1970] 

and is suggestive of a greatly varying aerosol size distribution.

6.3.2 Results from Inverting the Wavelength 
• Dependent Extinction Data

The Twomey method which was described in the preceding chapter 

has been used to invert the optical depth measurement at different wave

lengths to obtain information about some of the physical parameters of 

the aerosol particles. As described in Chapter 5, simulated data was 

first inverted to allow the feasibility of the routine to be tested, 

arid typical results obtained from inverting simulated data were present

ed in Fig. 5.6. As mentioned before, the particles are assumed to be 

spherical, and the particle index of refraction is set at m = 1.54.

It has been found through eigen-analysis that there are approx

imately four pieces of linearly independent information for the range 

of wavelengths considered in this experiment providing the measurements 

are taken to an accuracy of approximately one percent. These results 

are in accord with a treatment on the information content of extinction 

measurements as given by Twomey [1970].

Table 6.4 shows the eigenvalues for several simulated observa

tional conditions„ The first grouping of eigenvalues is for 8 wave- 

lengths located at the filters which were used in the filter-radiometer

experiment. The values of R . and R were assumed to be .01 and lOy, r m m  max
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TABLE 6.4

'LISTING OF DOMINANT EIGENVALUES FOR THE MATRIX CTC FOR 
VARIOUS COMBINATIONS OF OBSERVATIONAL WAVELENGTHS

Estimated Smoothing 
Constant y for 
Measurement Error 
of 0.5%

Dominant
Eigenvalues

Wavelength
Limits
(microns)

No. of
Observation
Wavelengths

No. Pieces 
Linearly 
Independent 
Information

8.8xl0"8 -34.0x10

Group A 

0.4 < X < 0.8 8 ' 4+

-84.6x10

l.Sxlo"4
9.5xl0-6
8.4X10-7
S.OxlO-8

2.2xl0-3

Group B 

0.3 < X < 1.8 8 5

1.2xl0_6

4.1xl0-4 
8.4X10-5 
l,2xl0~3 
3.5xl0~7 
3.3xlO-8

2.2x10""8

Group C 

0.3 < X < 1.8 20 4+
4.1X10""4
8.3xl0™5
1.6xl0-5

-63.2x10
l.lxlO**6
1.6xl0™7
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Table 6.4 Continued

NOTE:

It is assumed that the aerosols are distributed between the
radius limits bounded by r . = 0„01 micron and r = 10.0 micron6m m  max

It is also assumed that the particles are dielectric spheres 
with index of refraction equal to 1,54.
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respectively. The second grouping in Table 6,3 indicates eigenvalues 

for the condition of an extended observational wavelength range, but 

still for eight wavelengths, In this group, the simulated wavelengths 

ranged from 0,3 in the UV region to 1,8 micron in the IR region. It is 

found that a slight information gain is acquired by extending the ob

servational wavelengths, Finally, the third grouping indicates the 

effects on acquired information resulting from making more measurements 

within a given wavelength range. It is seen that the number of pieces 

of useful information has remained approximately the same, even though 

the number of different wavelengths employed have been more than doubled 

(from 8 to 20)

Extinction measurements are thus seen to contain a limited 

amount of information, and one cannot hope to reproduce extremely fine 

structure in the size-distribution profile, even though the extinction 

measurements may be made to very high accuracy, One would expect, by in

verting with the smoothing constraints, to be able to find the major fea 

tures of a size distribution, such as the macroscopic features of the 

fall-off rate with radius for instance. Indications of any Speaking" ef

fects or enhancements in number density about some average particle radi 

us would tend to be masked because of the nature of the inversion method

As shown by the eigenvalue analysis presented in Table 6,4, one 

must know "the optical depth within a "few" percent accuracy in order to 

obtain "several" pieces of independent information about the aerosol 

size distribution. Although the radiometer voltage readings were made to 

approximately one percent estimated accuracy, various auxiliary error
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terms, such as discussed in Section 6.1.2 could deterioriate the accuracy 

to which the aerosol optical depth was measured. The largest uncertainty 

in the optical depth aerosol component occurs because of the subtraction 

of two relatively large numbers. As an example«, the estimated mean 

square errors in optical depth were typically of the order of + 0.002
ofor clear days above Tucson. At a wavelength of 4300 A the total mea

sured optical depth would normally be about 0.320. Therefore, the opti^ 

cal depth is known to be better than + one percent accuracy. However, 

in order to obtain the aerosol component, one must subtract out the 

molecular and ozone components which, for this case, are approximately 

0.235. The resulting aerosol optical depth is then 0.085 + .002 which 

corresponds to an accuracy of + 2.5%. Thus, the accuracy with which one 

knows the aerosol component of optical depth may be substantially less 

than the original least-square determined parameters. The problem is 

particularly severe for very clear days when the aerosol optical depth 

may be only about one tenth of the total measured depth at the blue wave

lengths. For dusty days, the aerosol component becomes larger, but time 

drifts are also normally larger which contributes to an uncertainty in 

the optical depths as described in Section 6.1.2.

With the above thoughts in mind, several criteria were used be

fore data were chosen to be run through the inversion routine. First, 

the optical depths should appear to be construed along a rather "smooth

ly" varying curve when plotted against wavelength. This requirement 

resulted by noting that the computer generated curves of 3 against X 

tended to be smooth curves for all size distributions which were tried.
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Secondlyj whenever the data was in doubt because of some extenuating 

circumstancesy such as cirrus clouds or tracking errors for instance, an 

inversion was not attempted. Lastly, it was required that the a priori 

predicted and calculated voltage intercepts for zero airmass should agree 

rather closely since this is an indication that the data quality is high. 

By carefully choosing data for inversion by applying the above criteria, 

it was fairly certain that the optical depth at each filter wavelength . 

was accurate to better than approximately 2 or 3 percent.

It has been assumed when performing inversions that the atmos

pheric scale-height for the aerosol particles is one kilometer (see EqB . 

5.20). The actual scale height for the aerosol particles is not known, 

vHowever, as mentioned before, scale heights of 1 to 1.5 kilometers are 

typical values found. Although the scale heights are not accurately 

known, it is expected that the lidar system operating at The University 

of Arizona will eventually yield the relative aerosol height profile 

for future data.

As explained in Section 6.1.5, the solar radiometer extinction 

data are employed as a calibration constant for interpreting the Lidar 

backscatter profile. After the optical depth of the aerosol particles 

is determined, the number density at each height may then be 

obtained from the Lidar acquired data. Thus, as indicated earlier, the 

two experimental probing techniques, the solar radiometer on the one hand

and the Lidar on the other, complement each other very well.

Figures 6.13 and 6.14 illustrate the results of inverting the 

experimental extinction data to determine the aerosol size distribution.
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The numerical values in the figures refer to the number density of aero

sol particles per radius increment (in. microns)6 The abscissa, which 

is plotted on a logarithmic scale, refers to the aerosol particle radius 

in microns„ The total number density, N, is then obtained by summing 

the size distribution, ijj, over r (see Eq* 5.16).
It should be noted that the average for all accumulated Tucson 

data has been inverted and presented in Fig. 6.13. The dotted line is 

drawn in because the inversion gave a slightly negative value to the 

multiplicative constant f(r) for one data point. Of course, a negative 

value for number density is not physically possible and the effect is 

probably similar to undershooting phenomena which may occur when a trans

ient pulse passes through a band-limited filter. Whenever negative values 

were obained in the inversion process, more smoothing was added by increas

ing the value of the Lagrangian multiplier y. However, as this constant 

increases the solution becomes less dependent upon the input information 

and accordingly, contains less information about the actual aerosol size

distribution. Occasionally increased smoothing failed to alleviate the
■■ ' - • , ■ ( ! ' . ' - , apparent negative values.

The average Tucson data presented in Fig. 6.13 represents the 

results of inverting the mean aerosol optical depth data acquired over 

the past ten months. The small particles in the tenths of micron range 

seem to be distributed with a slope v-4 while the larger particles tend 

to be distributed with a smaller value of v (estimated to be about 2.5).

The slope of the curve seems to change in the vicinity of v = 0.2 microns.
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The two other curves in Fig, 6.13 refer to the morning (AM) and 

afternoon (PM), data taken during September 22, 19706 This day is of 

interest since a cold front passed through at approximately noon. The 

two curves are rather similar, but there are some differences. The AM 

data for this date is characterized with a slope corresponding to a value 

of v = 4 for r less than about 0.2 micron. The larger particles are seen 

to be distributed with a smaller slope (approximately v = 2.8). In the 

afternoon data, the value of the slope gradually decreased with increas

ing particle radius from an initial 3.7 at 0.01 micron radius to about 

2.8 for the larger particles.

Figure 6.14 presents the results of inverting extinction data, for 

the entire day of November 4, 1970. The values for the slope gradually 

change from approximately 2.2 for the small particles (r = 0.01 micron) 

to values approaching 3 for the large particles (r = 10 microns). It is 

seen that this curve lies substantially below the other data which has 

been presented. This is in agreement with the observation that late Fall 

was extremely clear in Tucson and the optical depths for this period 

tended to be small.

Data taken on August 13, 1970 is presented in Fig. 6.15 and shows 

that the aerosol level is relatively high. The high aerosol levels found 

for the summer data reflect the high mixing heights and relatively tur

bulent conditions which results from convective activity. The morning 

data is seen to follow almost exactly a Junge power law distribution with 

a v of 3.0. During the afternoon the size distribution evidently changed, 

especially in the vicinity of 0.2 micron radius range. The reason for an
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apparent depletion which seemed to occur for particle sizes of about

0.2 microns is not known. This particular day was hazy and the general 

appearance was suggestive of a minor pollution episode.

Inspection of the inverted data indicates that the larger aero

sol particles (r > Ip) tend to be distributed with a smaller slope on a 

log n versus log r plot. Another way of stating this, is to say that 

the apparent value for the constant v tends to decrease with increasing 

radius. An exact Junge, or, power-law distribution would be characterized 

with a slope independent of radius. Interestingly, several graphs taken 

by Junge, Robinson, and Ludwig [1969] on the aerosols in Pacific air- 

masses show this same tendency. The reason for the change in slope is 

not known at this time.

The results which have been discussed above indicate that the 

inversion scheme evidently can yield meaningful and useful values for the 

aerosol size distribution. A useful future addition to the experimental 

work would be to correlate the inverted results with some other experi

mental determinations of the aerosol size distribution (such as direct 

sampling methods at ground level, etc.). However, these auxiliary meth

ods of determining the aerosol size distributions require specialized 

equipment and much time for data reduction. It is this very problem which 

the radiometer data and the associated inversion scheme eliminates.

6.3,3 Wavelength Dependence for Extinction by Cirrus Clouds

During the course of this investigation the solar radiation would 

occasionally traverse thin cirrus clouds. The wavelength dependency for 

optical extinction by such clouds is not well known and an attempt was 

therefore made to accumulate this information with the solar radiometer.



Unfortunately, it was difficult to do accurate work when measuring the 

optical depth for thin cirrus because normally the time required for 

complete sequencing through all eight filters is long compared to times 

for significant movements of the clouds across the solar disk.

On several occasions, though, the cirrus clouds were extended 

over rather large regions and appeared to be somewhat homogeneous, and 

it was then possible to gather repeatable information. Figure 6,15 is 

an example of the wavelength dependence for extinction which was found 

for November 2, 1970, The error bars for each data point represents ap

proximate limits which were found for the readings after making a number 

of scans through the cloud. One curve presented in Fig, 6.15 illustrates 

the dependence for rather homogeneous cirrus which gave a distinct 23 

degree halo phenomena.

No attempt has been made to invert this data to derive a size 

distribution because of the fact that the particles are ice crystals, 

thereby making all previous spherical particles calculations inapplic

able to this problem. The results are presented merely to report the 

experimental determination of wavelength-dependent optical depth of 

cirrus clouds.

6.4 Summary and Conclusions ,

It̂  should be remembered that the extinction measurements were 

made at a number of discrete wavelengths throughout the visible and into 

the near IR and UV regions, and this information in itself represents 

useful synoptic data. Apart from using the information to infer proper

ties of the atmospheric aerosol particles, the extinction measurements
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have a number of other possible applications„ Some typical examples 

of applying the data to other areas are summarized in the following 

section, and a possible application for the instrument in air pollu

tion studies is treated.

6.4.1 Application for Atmospheric Extinction Data 
for Air Pollution Studies

The inter-relationship between aerosol size distributions, aero

sol mass concentrations and visibility is a subject which warrants . 

further investigations. Empirical relationships have been suggested be

tween visibility and the optical extinction coefficient [Pueschel and 

Noll, 1967; Elterman, 1970]. However, notable exceptions to these em

pirical relations could occur, for instance, if the size distribution of 

^the^aero sol 'particles > changed; Ihus ,-̂ the ̂extinction- of light by aerosol 

particles is not necessarily simply related to the mass concentration and 

attempts to infer one from the other may be predicted upon false assump

tions. However, it has been demonstrated in the last sections that the 

size distribution can be inferred if the extinction measurements are 

taken at a number of discrete wavelengths and the acquired information is 

inverted. Thus, the radiometric measurements provide a basic tool for air 

pollution studies since the measurements can, in principle, be related to 

fundamental quantities which are of interest in studying the generation 

and dispersal of aerosol particles in air pollution problems.

In carrying out a widespread air pollution study, one could 

establish a network of solar radiometers similar to* those described in 

this work. For instance, one could employ a simplified version of the in

strument employing 3 or 4 filters which would automatically accumulate
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data on punched paper tape for eventual computer reduction6 Recent ad

vances in integrated circuits and solid state detectors would allow such 

an instrument to be constructed in a small; easily transported, package 

which would be quite easily mass produced.

As an example, a hypothetical network consisting of three or 

four instruments would be placed at various strategic locations surround

ing an urban location. After a build-up of data over several months, one 

would then look for correlations between optical depth information from 

the different stations. Eventually, patterns would develop which would 

allow assessments to be made of the transport and dispersal mechanisms.

The optical depth measurements have the important property of being inte

grated throughout the entire atmosphere, hence, the total amount of 

aerosols above the observation station is monitored. By combining such 

information with wind patterns, vertical stability profiles, and suspected 

aerosol generators (such as smelters or crushing plants), one could per

form useful synoptic studies.

The application of solar radiometry to air pollution studies can 

be further supported, as already mentioned, by operating the system in 

conjunction with a light radar to yield the vertical profile of the aero

sols. Studies progressing at The University of Arizona have already 

shown the feasibility of combining the two methods in studying the vert

ical distribution of the atmospheric aerosol component.

6.4.2 Applications for Extinction Data in Agriculture and Hydrology

The extinction properties of the atmosphere allows one to calcu

late the solar flux on any arbitrarily oriented surface. The parameters
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for making such radiation calculations are accurately known? (such as 

the incident topside flux, the airmass, the Rayleigh scattering, etc.) 

with the major exception of the absorption and scattering by aerosol 

particles and the absorption by gaseous species. The absorption which 

is caused from water vapor and carbon dioxide are very important 

factors in the IR but almost totally insignificant in the optical 

region. Thus, the only remaining component in the visible region which 

is not accurately known is the extinction caused from the aerosol parti

cles.

This study has yielded information on the extinction by aerosol 

particles as a function of wavelength. Although the aerosol extinction 

varies from day to day, the magnitudes are limited between certain values 

and representative data have been obtained for "extremely clear" days, 

"average" days, and "extremely hazy or polluted" days. As an example 

of the use for this data, it is known that the photosynthesis processes 

in plants are highly wavelength dependent. In fact there are two "peaks" 

in sensitivity [Meyer and Anderson, 1952], in the blue and the red 

region, respectively. The accumulated radiation, especially in the red 

regions, is strongly affected by the aerosol extinction components, and 

thus one would suspect that the aerosols may have a pronounced effect on 

the growing efficiency of plants. Similar arguments may be presented in 

hydrology studies where the wavelength dependence of the direct solar 

radiation on the ground could be of interest for evaporative trans

portation.



6.4.3 Recommendations

The initial motivation for this experimental work originated 

from the need to determine the optical depth of the atmosphere for re

ducing lidar information. In this regard, the experimental results 

proved useful in reducing information from both a bistatic and a mono

static lidar system. In addition to aiding lidar reductions, the filter- 

wheel radiometer has also provided much information on the ground-level 

solar intensity and the aerosol component of the atmosphere.

It has become apparent in the months of operating the instrument 

that there are two additions which would improve the experimental tech

nique. The first of these would involve placing a standard lamp directly 

within the radiometer system so that calibrations could be easily per

formed at regularly spaced intervals. In the present, system, the cali

bration procedure involves locating a rather large and unwieldly standard
. ' ■ / ; . . ( 

lamp at a fixed distance from the instrument’s entrance pupil. It is

difficult to obtain accurate and repeatable alignment between the lamp

and the instrument’s optical axis. A quartz iodide lamp built into the

system and operated from a stabilized current supply would be convenient 

and would allow more calibration data to be acquired.

Another addition to the solar radiometer would be a data acquisi

tion system, which could involve either a paper tape punch or magnetic 

tape unit. This would enable all data to be computer-analyzed directly.

In the present form, the data are printed-out and must be transferred to 

punched cards by a human operator; this limits the amount of information 

which can be processed. A paper tape unit with appropriate identification
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codes and digital time information would allow direct access between 

radiometer and computer.

As previously discussed, the establishment of a network of 

instruments has definite possibilities for monitoring aersol particles, 

both natural and man-made. The author hopes that the information re

ported in this dissertation will result in a better understanding about 

the aerosol component of the atmosphere and, in some small way, contri

bute toward an eventual improvement in the environment in which man 

lives.



APPENDIX A

DESCRIPTION OF COMPUTER ROUTINE' FOR DETERMINING OPTICAL DEPTH 
AND ZERO AIRMASS INTERCEPTS

Program SUNDOG is the basic reduction program through which the 

data is analyzed to yield optical depths at the eight filter wavelengths 

of the solar radiometer„ SUNDOG consists of a simple main program which 

reads in raw data (from punched cards), compiles it into "blocks" and 

then calls various subroutines which perform the mathematical reductions. 

The input data for SUNDOG are:

1o Radiometer voltages,

  .,2,. ,vwTime ̂ rn ̂ ,1 oc al̂  ̂s?&anda#d-̂ unar#s,

3. Filter identification number,

4o Electronic "gain level" identification number,

5. Calibration voltages,

6. Observers latitude and longitude, and

7. A "date card" which gives the month, day and year of 

observation.

Data continue to be read until a "filter code card" is encoun

tered which signals the end of a data block (this typically consists of 

a sequence of readings taken through a given filter during the AM or PM 

hours). Analysis of this data block then ensues and eventually yields 

printed solutions.

159
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A brief description of the subroutines called by SUNDOG are 

listed below:

1. Subroutine AIRMASS - Determines the airmass through which 

the solar radiation traverses. The solution to the astronomical spher

ical triangle is solved (Eqns„ 5.7 and 5.8) to obtain the atmospheric 

mass at the time of observation. Parameters such as solar azimuth can 

be explicitly printed out by a callable option if desired.

2. KDATE - A subroutine called from AIRMASS which computes the 

Julian date corresponding to the time of observation. Sidereal time is 

computed from this running date.

3. SUBROUTINE REJECT - This subroutine scans the data vector 

and computes the slope between the ith and i plus first point progres

sively. A bad data point, due to mis-typing or a cloud covering the 

sun, causes the slope to fall outside of an a priori specified error 

interval and this point is removed from consideration so it will not 

skew the mean curve.

4. LSTSQ - This subprogram generates and solves the normal 

equations, thereby giving a solution of optical depth and the voltage 

intercept. (The voltage intercept is the radiometer voltage which 

would ensue if reading were taken outside the earth? s atmosphere at 

the mean sun-earth distance.) This program also generates statistical 

weights so that estimated mean squared errors can be computed on the 

assumption that measurement errors are normally distributed.

5. GRAPH - Generates the instructions and compiles arrays that 

are necessary to obtain a Cal-Comp plot of the data points plus a
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least-square determined straight line through the points, This graph 

is useful, especially when conditions are changing with time, and offers 

an extremely convenient graphic presentation of data.



APPENDIX B

INFORMATION CONTENT OF WAVELENGTH-DEPENDENT EXTINCTION COEFFICIENTS

The information contained in the extinction measurements^ inso

far as inversions to infer properties of the atmospheric aerosols are 

concerned, depends to a large extent upon the accuracy to which the 

measurements are made. As discussed in Section 5.2.3, techniques have 

been developed which allow noise-degraded data to be inverted by apply

ing smoothing constraints. However, as intuitively expected, the

required smoothing must necessarily increase as the experimental ac

curacy decreases. This means that ability to predict fine structure in 

the parameters decreases, and so the information content for the experi

ment is degraded. -

Twomey [1965] has shown that the n equations contained in the 

matrix form

A f = g + e (B-l)

are fully Independent in the presence of experimental measurement error 

only when

n ' ■'
■ ■ c. X > •£ ej <b-2)

i=l

is satisfied, where X. are the m eigenvalues of the symmetric matrixJ
A*A. The terms represent the individual measurement errors of the 

observational vector g, and C is a fixed positive constant taken large 

enough to bound
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m
C = I f* (B-3)

3=1 J

The degree of independence must be reduced for each eigenvalue, X.,
- 3 ■ 

which.fails to meet the criterion specified by Eq„ (B-2)„ The number

of linearly independent equations represents one possible measure for 

the information content of the set. Therefore, the number of eigen

values which meet Eqe (B-2) also represents an indication of the infor

mation content of the experiment.

The eigenvalues of the matrix A*A were calculated on a digital 

computer„ Estimates for the right-hand side of Eq. (B-2) were made by 

multiplying each reading of g^ by an estimated measurement error term.

As an example, residual errors in the optical depth measurements were 

typically of the order of a few percent, and so each g^ would be 

multiplied by, say, 0.03 to obtain the associated Ex term. The

constant C would then be obtained:by summing the inferred f. term as3
expressed in Eq. (B-3).

It was found that the number of eigenvalues which solved in

equality 2 were typically of the order of 3 or 4. Table 6.2 summarizes 

more specific eigenvalue information which was found for actual inver

sion cases .
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