
DIGITAL SIGNAL PROCESSING METHODS
FOR ESTIMATING SOLAR RADIOMETER

ZERO AIRMASS INTERCEPT PARAMETERS

Item Type text; Thesis-Reproduction (electronic)

Authors Scott-Fleming, Ian Crerar, 1955-

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 26/05/2023 10:08:34

Link to Item http://hdl.handle.net/10150/276442

http://hdl.handle.net/10150/276442


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Micixxilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 4B106 





Order Number 1330561 

Digital signal processing methods for estimating solar 
radiometer zero airmass intercept parameters 

Scott-Fleming, Ian Crerar, M.S. 

The University of Arizona, 1987 

U M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages \/ 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page{s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Dissertation contains pages with print at a slant, filmed as received 

16. Other 

University 
Microfilms 

International 





DIGITAL SIGNAL PROCESSING METHODS FOR ESTIMATING 

SOLAR RADIOMETER ZERO AIRMASS INTERCEPT PARAMETERS 

by 

Ian Crerar Scott-Fleming 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 
WITH A MAJOR IN ELECTRICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 7 



STATEMENT BY AUTHOR 

This thesis 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 borrowers under rules of 
the Library. 

Brief quotations from this thesis are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction 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 or her judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

f / ~ J. A. REA^/Tn 
[/ Professor of Electrical Engineering 



ACKNOWLEDGMENTS 

This work was sponsored in large part by funding 

from the National Oceanic and Atmospheric Administration, 

and primarily by the Solar Spectral Irradiance Measurement 

Program, Grant NA80RAD00065. 

Special acknowledgment and thanks are due to Dr. 

John A. Reagan of the University of Arizona Department of 

Electrical and Computer Engineering and to Dr. Benjamin 

Herman of the U. of A. Institute of Atmospheric Physics. I 

would also like to thank Mr. Madhav V. Apte and Mr. Avlshay 

Ben David for their support and assistance throughout my 

research efforts. In addition, Mr. Kurt Thome and Ms. Ann 

Slavin deserve special thanks for the radiometer data they 

collected during 1986 which made this thesis possible. 

ill 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES vlll 

ABSTRACT ix 

1. INTRODUCTION 1 

2. THE LANGLEY TECHNIQUE 4 

3. THE PROBLEM OF SYSTEMATICALLY VARYING 
OPTICAL DEPTH 14 

4. EXTERNALLY INTRODUCED TEMPORAL EFFECTS 23 

5. INSTRUMENT AND DATA PROCESSING ERRORS 29 

6. DETERMINING VARIATIONS IN t FROM V» AND 
DETERMINING V« FROM INSTANTANEOUS t 38 

7. DETERMINING THE MEAN INTERCEPT, V„ 45 

Screening for Bad Data Paints by Wavelength.... 47 
Screening for Bad Data by Entire Day 49 

B. PORTABLE RADIOMETER DATA AND RESULTS 56 

9. EFFECTS OF A CONSISTENT BIAS £4 

10. SIMULATIONS AND THE EFFECTS OF At 68 

AVo as a Function of Airmaas and 
Optical Depth. 69 
Correcting for the Effects of At 73 

11. COMPUTER-INTENSIVE METHODS OF RECOVERING V„ 
DURING PERIODS OF VARYING OPTICAL DEPTH 79 

Iterating on Both AT and M' 84 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 

12. CONCLUSIONS 91 

APPENDIX A: DERIVATION OF THE GENERAL FORM 
OF T, t = c + T* 93 

m 

APPENDIX B: ITERATIVE MODIFIED LANGLEY 
ANALYSIS ALGORITHM 97 

Miscellaneous Comments on ICSFAT3. 100 

LIST OF REFERENCES 106 



LIST OF ILLUSTRATIONS 

Figure Page 

2. 1 Average Tucson Optical Depths 6 

2.2 Airmass as a Function of Viewing Angle 7 

2.3 Typical Langley Plot. 13 

3.1 Instantaneous Optical Depth. 16 

3.2 Langley Plots of Data for Figure 3.1.. 17 

3.3 Instantaneous Optical Depth and Langley Plot for 
Apparently Good Day with Erroneous Intercept 19 

3.4 Daily Intercepts for 1986 Portable Radiometer 
Data. 21 

4.1 Intercept Error from Offset in the Recorded Time.. 27 

5.1 Average Signal Noise Levels for Portable 
Radiometer Data 31 

5.2 Sampling Frequency for Data Taken at Regular 
Intervals in Time 33 

7.1 Normalized Intercept versus Wavelength for 
Five Days 50 

fl.1 Comparison of Standard Deviations for Four 
Methods of Screening for Biased Data 60 

10. 1 Modelled At Forms. 70 

10.2  Percent Error in V E  as a Function of At 75 

10.3 Percent Error in V0 as a Function of Airmass 
Range 76 

10.4 Percent Error in V0 as a Function of Start 
Time of At 78 

vi 



vii 

LIST OF ILLUSTRATIONS--Continued 

Figure Page 

11.1 Comparison of Intercept Determination for SLT, 
MLT and DMLT aa 

11.2 Instantaneous Optical Depth aa Determined by 
SLT, MLT and DMLT 90 

B. 1 Structured Diagram of ICSFAT3. 103 

B. 2 Structured Diagram of Search Algorithm 104 



LIST OF TABLES 

Table Page 

2.1 Typical Radiometer Data. 12 

5.1 Percent Error in Intercept for Different 
Sampling Patterns During Periods of Varying 
Optical Depth 35 

£.1 Representative Values of Optical Depth 
Components. 42 

7.1 Normal Probability of At Least X Intercepts out 
of N Wavelengths Being at Least 1 a Below the 
Mean. 53 

d.1 Mean Intercepts for Radiometer 003 for 198G 59 

8.2 Mean Intercepts for Radiometer 003 from 1982 
to 1986 £2 

10.1 Percent Error in Intercept (AV0> as a 
Function of At. • 74 

11.1 Percent Error in Intercept from Assuming T to be 
a Ramp in Airmass over Part of the Period 83 

11.2 Intercepts for G/10/86 and 8/27/8G as 
Determined by SLT, MLT and DMLT. 87 

B. 1 Ax Forms Implemented in ICSFAT3 102 

viii 



ABSTRACT 

Langley Analysis of solar radiometer data produces 

erroneous results under conditions of systematically 

varying optical depth, because it is based on the 

assumption that the optical depth remains constant during 

the measurement period. This work examines the effects of 

systematically varying optical depth and discusses methods 

for avoiding biases from them. 

Analysis and simulations were conducted to 

determine the sensitivity of the calculated Intercept to 

changes in optical depth. Two methods are discussed for 

screening out such biased data. These methods are applied 

to 40 days of radiometer data, and mean intercepts are 

determined for fi wavelengths scanned by a radiometer. 

Two computer-intensive modified Langley techniques are 

presented for finding an approximate form for the optical 

depth and retrieving the zero-airmass intercept during 

periods of varying optical depth. These methods are 

demonstrated on two days of data with biases from varying 

optical depths. 

ix 



CHAPTER 1 

INTRODUCTION 

Solar spectral radiometry Is a useful technique for 

measuring atmospheric transmission in the visible spectrum. 

Spectral transmission decreases exponentially with 

distance, and this property of the atmosphere has long been 

used for estimating exoatmospheric flux and various other 

atmospheric properties. For example, parameters of the 

atmosphere such as ozone levels, water vapor content and 

particulate concentrations and sizes may be derived from 

atmospheric spectral extinction measurements. 

The Langley technique of plotting the natural log 

of measured flux against relative pathlength is a 

frequently used method of estimating both the atmospheric 

transmission and exoatmospheric flux. However, it is based 

on the assumption that the optical depth (a measure of 

atmospheric extinction or transmission) remains constant 

during the measurement period. Modelling shows that if 

optical depth varies systematically' during the period, the 

Langley method will yield erroneous results. This biasing 

of results has been observed in the form of large 

fluctuations in the estimates of exoatmospheric flux from 

one day to the next. 

1 
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The Langley method, when applied to data from a 

single wavelength, does not necessarily provide sufficient 

information to determine if biasing has occurred. However, 

under conditions of systematically varying optical depth, 

similar biases frequently occur over a wide spectral range. 

If a radiometer is monitoring several wavelengths in the 

visible spectrum, this effect can be utilized to determine 

if the results for a given day have been biased. By 

screening out such data, the uncertainty in estimates of 

mean intercepts (a measure of the exoatmospherlc flux) can 

be greatly reduced. 

Mean intercepts can be used to determine the nature 

of the changes in optical depth on those occasions where 

biasing has been detected. Similarly, if the nature of the 

change in optical depth can be determined from other 

sources, this can be used to arrive at an unbiased estimate 

of the intercept. In addition, by making certain minimally 

restrictive assumptions about the form of optical depth, 

computer-intensive methods can be used to derive better 

estimates of intercepts and optical depths. This is done 

by iteratively searching for a form of optical depth which 

yields the minimum squared error sum for a curve fit to 

optical depth, instead of assuming a constant optical depth 

as the Langley method does. 
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This work examines the effects of systematic 

changes in optical depth on the Langley method of 

estimating exoatmoapheric solar flux. Several methods of 

determining when biasing has occurred are discussed, and 

two forma of computer-intensive modified Langley techniques 

are presented for determining unbiased estimates of solar 

spectral flux and atmospheric transmission. 



CHAPTER 2 

THE LANGLEY TECHNIQUE 

Atmospheric solar spectral transmission in the 

visible wavelengths follows the Bouguer-Lambert law which 

states that transmission falls off exponentially with 

distance, with an exponential argument proportional to the 

path attenuator amount. Although the Bouguer-Lambert law 

is nominally a monochromatic relation, it can be applied 

over narrow spectral ranges (leas than *10 nanometers) in 

the visible and near infra-red (IR) range which are outside 

of gaseous spectral absorption regions (Reagan et al 1984, 

p. 455). When looking at a narrow spectral range with a 

solar radiometer, measured solar flux (power) at the 

earth's surface can be directly related to the flux 

incident at the top of the atmosphere by 

$x = So-x • exp(-m- t x )  <2.1) 

where 5x is the measured spectral flux 
So _ x is the exoatmospheric spectral flux 
m is the relative pathlength through the 

atmosphere, or airmass 
tx is the optical depth (referred to a 

vertical column) 

Optical depth, ?, contains three main components: 

Tn .yi.i,h f Tpiptiouiat*, and tb..•ok.. The Rayleigh 

4 
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optical depth la a function of barometric pressure and 

wavelength, and can be calculated directly. Caseous 

absorption In the visible and near IR spectrum comes 

primarily from water vapor and ozone. The remainder Is 

from airborne particulates such as dust, smog, etc.. 

Typical values range from a maximum of around 1.0 for 

shorter wavelengths (where ,y%m , ah Is higher) to .1 or 

less for longer wavelengths on a clear day. Figure 2.1 

shows average optical depths for Tucson. The peak at . 94 

microns Is the result of strong water vapor absorption at 

that wavelength. 

Alrmass Is the relative pathlength through the 

atmosphere for a light ray, and Is approximately the secant 

of the zenith viewing angle. Thus, If the sun Is directly 

overhead the alrmass would be 1. Alrmass Is approximately 

6 for a zenith viewing angle of 30 degrees (10 degrees 

above the horizon). Figure 2.2 shows the relationship 

between alrmass and viewing angle. The secant of the 

viewing angle Is also plotted for comparison; It is almost 

identical to alrmass at viewing angles less than 75 

degrees, where it differs by 1.4%. 

Exoatmospheric solar flux, the flux reaching the 

top of the atmosphere, varies with the square of the earth-

sun distance. This distance varies by about 1.77. from the 

mean during the year, so in order to compare calculated 



6 

1986 TUCSON AVERAGE OPTICAL DEPTHS, RflD- 003 

• TOTAL OPTICAL DEPTH 
^ RAYLEIGH OPTICAL DEPTH 
+ PARTICULATE + GASEOUS 

0.80 i 

0.70 -

0.60 H 

X 
0.50 -

Q_ 
UJ 
O 

_J 0-40 -j 
CT : 
<_> -

£ 0.30-
o 

0 - 2 0  -

0.10 -

0-00 

0.3 0.4 0.5 0-6 0-7 0-8 0.9 1.0 1.1 

WAVELENGTH (MICRONS J 

Figure 2.1. Average Tucson Optical Depths 



RIRMflSS AS A FUNCTION OF VIEWING ANGLE 

• SECRNT(VIEWING RNGLE) 
* niRMASS 

1 2 -

1 0 .  

CO 
CO 
CE 
2Z 

i—i 
a: 

10. 20. 30. 40. 50. BO. 70. 80- 90. 

VIEWING ANGLE 

Figure 2.2. Airmass as a Function of Viewing Angle 



a 

values from one day with those of another, they must be 

normalized to a mean earth-sun distance by 

So • • • • 4 = $0 - it a y * (Rd • ii ) ̂ (2.2) 
( R» a • D >2 

where So -•••d is the exoatmoapheric solar flux for the day 

adjusted to a mean earth-sun distance, Rd•y is the earth-

sun distance for the day, and R...* is the mean earth-sun 

distance. 

Since detector output voltage or current is (or is 

assumed to be) proportional to incident flux, eq. 2.1 can 

be rewritten as 

Vk  = • exp(-m- T x )  (2.3) 

1 

where Vx and Vo-x are related to to Six and 3»0 - x by 

multiplying by the instrument responsivity 

V = <5 • (instrument responsivity). (2.4) 

Throughout this work, all references to voltages and 

optical depths will be to the quasi-spectral quantities, 

unless otherwise noted, so the subscript lambda (X) will be 

excluded for the rest of the material presented here. 
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Taking the natural log of both aides, eq. 2.3 can 

be rewritten as 

Ln(V) = LntVa ) - m* x <2. 5) 

which is a simple linear relationship of the form 

y = a * x- b (2.6) 

where a is the y-intercept and b is the slope. 

A Langley plot is simply a plot of In(voltage) vs. 

airmass <m>. The desired parameters ere the zera-alrmass 

intercept ln(V0) and the optical depth t. A line through 

the data points will intersect the y-axis at ln(V<>) and 

will have a slope of -t. Langley analysis is the process 

of determining these values from a set of radiometer 

measurements. Although the zero-airmass intercept is the 

natural log of the parameter V0, it is customary to refer 

to the quantity V0 as the Intercept. Throughout this 

paper, the term 'intercept' will be used to refer to the 

parameter Vo unless otherwise stated. The intercept can be 

thought of as the output that would be obtained if the 

Instrument were taken outside the earth's atmosphere and 

pointed at the sun. 
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A typical radiometer data run will span airmasses 

from about 6 to 2. Beyond a viewing angle of about 80 

degrees (airmass 6. 0 >, uncertainties in atmospheric 

refraction make the calculation of the airmass value 

unreliable. Below airmass 1.5 or 2, optical depth 

frequently begins to fluctuate or drift, so data runs are 

usually limited to this range. Data points are taken about 

every 2 minutes at larger airmasses and every 5 to 10 

minutes at smaller airmasses. 

Silicon detectors have reasonable responsivity from 

about .35 to 1.1 microns, and the University of Arizona 

Atmospheric Remote Sensing Lab's (ARSL's) portable 

radiometers use a filter wheel with 10 filters spanning the 

range .37 to 1.0 microns. Table 2.1 is a set of radiometer 

measurements for one of those filters, giving times of 

readings, corresponding airmasses and measured voltages, 

and Figure 2.3 is a Langley plot of that data. 

As with any experimental quantity, there will be 

some random fluctuations in the measurements. Assuming the 

sun to be a reasonably constant source, there are three 

sources for random variability or noise in the measured 

signal: atmospheric fluctuations in optical depth (At), 

instrument noise <AV»„ . t„ua.„t ) and errors in airmass 

determination <Am). Given the presence of such noise in 

the measurements, determining Vo and t becomes a problem of 
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least-squares curve fitting to a set of measurements. This 

leads to uncertainties in V0 and T, characterized by the 

standard deviations CTV0 and at. For radiometer data, where 

the primary source of noise is atmospheric fluctuations in 

optical depth, a weighted least squares fit is generally 

applied, where each data point is weighted by the inverse 

of the airtnass for that point (Herman et al 1981, 

pp. 2925 - 292B). For a set of Langley plots for the same 

wavelength from different days one would typically expect 

about 2/3 of the calculated V«s to fall within ±crV0 of the 

true V0, 95% within 2a, etc.. 



Table 2.1. Typical Radiometer Data 

12 

Time Zenith Voltage Alrmass Instantaneous 
Angle Optical Depth 

827. 33 79. 38219 904. 00 5. 27664 0. 02639 

833. 33 78. 34497 930. 00 4. 83465 O. 02661 

838. 33 77. 48904 953. 00 4. 52213 O. 02582 

842. 48 76. 76785 966. 00 4. 28874 0. 02626 

847. 33 75. 96902 985. 00 4. 05711 0. 02525 

852. 33 75. 13679 1000. 00 3. 84137 0. 02499 

857. 33 74. 31375 1010. 00 3. 64989 0. 02568 

902. 33 73. 50032 1027. 00 3. 47896 0. 02412 

907. 33 72. 69688 1033. 00 3. 32561 0. 02533 

912. 33 71. 90382 1042. 00 3. 18740 0. 02545 

917. 48 71. 08274 1052. 00 3. 05638 0. 02514 

922. 33 70. 35046 1058. 00 2. 94870 0. 02560 

932. 33 68. 84349 1070. 00 2. 75051 O. 02624 

942. 33 67. 38628 1080. 00 2. 58407 0. 02692 

952. 33 65. 98233 1091. 00 2. 44299 0. 02665 

1002. 33 64. 63532 1099. 00 2. 32255 0. 02697 

1012. 33 63. 34901 1110. 00 2. 21915 0. 02561 

1023. 33 62. 00885 1117. 00 2. 12181 0. 02566 

1033. 33 60. 86286 1125. oo 2. 04592 0. 02462 

Date: Jan 12, 1966 ARSL Portable Radiometer 003 

Filter Number 6 Lambda: 0.6712 microns 
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CHAPTER 3 

THE PROBLEM OF SYSTEMATICALLY 
VARYING OPTICAL DEPTH 

The Langley technique is based on the assumption 

that optical depth, t, remains constant during the 

measurement period, or at least fluctuates randomly abaut a 

mean value. If x varies systematically during the period, 

however, the model no longer fits the data and the 

resulting calculated parameters will be biased. The biases 

of various forms of varying (temporal) xs obtained from 

simulation studies are presented in a later chapter. 

In many cases, systematic changes in x can be 

detected by looking at a plot of apparent instantaneous 

optical depth, Tlnat, versus airmass. Instantaneous 

optical depth is defined as the slope of a line drawn from 

the log intercept (x = 0, y - ln(Vo)) to the measured data 

point (x = mi, y = ln(Vt)). Apparent tUat is the slope of 

the line from the calculated intercept (from Langley 

analysis) to the measured data point. Actual Ti„lt is the 

slope of the line from a supplied intercept to the data 

point (where the supplied Intercept is known a priori from 

other information, rather than determined by Langley 

analysis). Figure 3.1 shows plots of xinnk versus m for two 

14 
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days. 1/12/86 is a good day vlth no significant systematic 

change In x, and 6/10/86 Is a day vhlch shows an obvious 

change In tiM«. Although the apparent x shown for 6/10/86 

does not follow the actual form of x very closely. It Is 

obvious that t did not remain constant during the 

measurement period. Figure 3.2 shows the Langley plots for 

the same data. The Intercepts (shown In Figure 3.2), when 

normalized to a mean earth sun distance, differ by 4%. 

Looking at the Langley plots themselves there Is little to 

suggest that 6/10/86 Is a bad day. 

If we relax the restriction that x remain constant 

and let x be some function of alrmass, equation 2.4 becomes 

In (V) = ln(Vo) - m-T(m) (3.1) 

Shaw has shown (1976, p. 8)(see appendix A) that If 

x -  c + x' <3.2) 
m 

where c Is any constant, a Langley plot of the data will be 

absolutely linear with a seemingly constant 
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ia 

(3. 3) 

and an erroneous Intercept of 

ln( V0 . a p p a • n * > = ~c +• In(V<> > (3.4) 

This is the general solution of the ordinary differential 

equation obtained by setting 

d(In(V) ) - constant (3.5) 
dm 

and solving equation 3.1 for x (which is d(In(V))/dm). It 

is a family of curves with an infinite number of solutions, 

of which t = constant is one solution. 

While it is highly improbable for x to vary in the 

exact fashion of equation 3. 2, x may approximate this curve 

well enough that the Langley method of fitting a straight 

line to the data will produce an apparent „,* which is 

not at all similar to the true form of Ti„11 , Figure 3.3 

shows Ti,lt and a Langley plot for 8/27/86. The plot of 

apparent -ct „. * appears to fluctuate about a mean, yet 

yields a normalized intercept which differs by 6J4 from that 

of 1/12/88, the good day in Figures 3. 1 and 3.2. 

If t does vary systematically, the results from a 

least-squares straight line fit will determine the best 
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straight line to fit through the data (with the minimum 

squared error), but this won't reflect the true nature of 

t. The standard deviation associated with this straight 

line fit will represent not the variation in x, but simply 

the extent to which the true form of -r approximates a l/m 

solution to the differential equation. An exact fit of t 

to a l/m solution will yield a standard deviation of zero, 

yet with an erroneous intercept value. 

The possibility that t may vary systematically can 

be seen by looking at the variability in calculated 

intercepts for a number of days. Figure 3. 4a Is a plot of 

normalized intercept (V«/V«.aV|) for the 1986 data from the 

.7798 micron filter of one of the University of Arizona's 

Atmospheric Remote Sensing Lab's (ARSL's) portable 

radiometers. The error bars indicate the standard 

deviation associated with each day. Figure 3.4b shows the 

ratio of the error in intercept to the standard deviation 

determined by the Langley technique. If the data for each 

day were unbiased (i.e., the intercepts were normally 

distributed about the mean and the standard deviations 

associated with each day represented the effects of random 

fluctuations In optical depth), we would expect the true 

mean to be within 2 standard deviations of about 95Ji of the 

points for Figure 3.4a, or that the ratio of error to 
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standard deviation of about 95% of the days to be two or 

less. In fact, less than 40% of the ratios are 2 or less, 

suggesting that the determination of individual V0 s and 

CTV0 s may be biased by systematic changes in optical depth. 

In the general form of t = f(l/m) described earlier 

(derived in appendix A), there are an infinite number of 

solutions and it is impossible to arrive at a trustworthy 

value for the intercept V©. It becomes a matter of 

imposing some external limitations on the problem in order 

to determine a unique solution. The next few chapters deal 

with the problems of temporal atmospheric effects, pseudo-

temporal effects introduced by the data collection and 

reduction processes, and methods to arrive at an accurate 

and unbiased estimate of the intercept and optical depth. 



CHAPTER 4 

EXTERNALLY INTRODUCED TEMPORAL EFFECTS 

There are several operator- and instrument-based 

effects that can cause the same biasing of the langley 

analysis results as a systematic change in optical depth 

will cause. They can be separated into two classes: those 

that affect the airmass calculations; and those that affect 

the flux measurements. 

Any error in recording the time will cause an error 

in the calculated solar position, as will errors 

calculating refraction or in recording the latitude and 

longitude of the measurement site. This will lead to 

errors in determining the airmass values. These errors 

will be systematic, rather than random, which will have a 

larger effect than random errors, since every point will be 

biased in the same direction. 

23 



Alrmass can be calculated by evaluating the 

integral (Reagan et al 1986, p. 262) 
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(3. 1) 
CD 

1 P q(z) eiz 
in = fcr(z)dz J f 1 ~ na * . z<> 2 . sin2(6(>) , 

J z®L n(z)2 z2 J 

where a is the attenuating species 
z is altitude 
z<> is the altitude of the observation site 
n is refractive index 
n0 is the refractive index at the observation 

site 
and 6o is the zenith viewing angle 

This integral can be evaluated numerically, given the 

vertical distribution of the attenuator, for which the 

atmospheric density is a good approximation. Alternately, 

Kasten (1966, p. 218) developed a numerical model based on 

the standard atmosphere, which is widely used for 

calculating alrmass. In the absence of refraction, 

evaluating the alrmass integral reduces to calculating the 

path length to the top of the atmosphere at the given 

viewing angle, which is approximately secant(solar angle), 

as shown in Figure 2.2. Using secant(solar angle) for 
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airmass, -the sensitivity of m to errors in solar angle can 

be determined by looking at the differential of m. 

dm - d(secant(6)) = tan<0)• secant(8) dQ (3.2) 

or 

Am * tan(6) • sec(6) • A9 (3.3) 

This error will be larger at large solar angles than at 

small angles and will cause a systematic bias in the data 

with a similar effect to a systematic change in optical 

depth. 

The solar angle (in the absence of refraction) is 

given by 

cos(6) = sin(lat) * sin(dec) + 

cos(lat) * cos(dec) • cos(lha) (3.4) 

where 8 is the solar angle before refraction, lat is the 

latitude, dec is the solar declination, and lha is the 

local hour angle which is a function of the time, longitude 

and solar right ascension (Shaw 1976, p. 8). 
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The solar angle changes with -time at up to . 25 

degrees per minute. At an alrmass of & (solar angle of 80 

degrees), a 30-second error In time can lead to an error of 

1.3V. In the alrmass calculation (depending on latitude and 

time of year). This Is the same as an error of 

7.5 arc-minutes In recording the latitude or longitude of 

the data site. 

Figure 4.1 shows the effects of error In time on 

the calculated Intercept for a typical data run (alrmass 6 

to alrmass 2 at the vernal equinox). As can be seen, the 

error In Intercept Is a function both of the optical depth 

and the offset in time. 

At shorter wavelengths (.37 microns), Tucson has 

typical optical depths of .5 or greater (see Figure 2.1). 

In order to be certain of the intercept to . 5Ji, this means 

knowing the time to within 15 seconds. At . 154, this 

requires knowing the time to within 3 seconds. Not only 

must the time be recorded to that precision, but care must 

also be taken that the clock used to record the time .is set 

to within the required accuracy. For computer-controlled 

instruments, this can be accomplished by synchronizing the 

system clock with the time signals broadcast on the 

time/weather short wave band. For other instruments, this 

will require checking the timepiece used before each data 

run. 
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With ARSL's portable radiometer data, only the 

start time and end time of a set of 10 filters' data is 

recorded, and the time of each reading is interpolated from 

the start and end points. It is quite possible for the 

actual time to vary from the interpolated time by as much 

as 10 to IS seconds. If this error is systematic this 

implies that the intercept calculations are at best only 

accurate to about . 5M. 

Related to recording the time is recording the 

location of the data site. An error of 45 arc seconds in 

latitude or longitude corresponds to a 3-second error in 

time. Thus, the latitude and longitude should be recorded 

down to arc seconds. For a .1% determination of intercept, 

this means knowing the latitude or longitude to within 1.5 

kilometers. 

Similarly, the calculations for determining the 

solar viewing angle need to be carried out to the same 

precision. This is normally not a problem, as computer 

algorithms are available to determine the right ascension 

and declination to within about six arc-seconds, and about 

12 arc-seconds for atmospheric refraction (U.S. Naval 

Observatory 1986, pp. A9 - 11, B14 - 15). 



CHAPTER 5 

INSTRUMENT AND DATA PROCESSING ERRORS 

In addition to the errors discussed in the last 

chapter, there are several other sources of uncertainty in 

radiometer signal processing: instrumentation limits; 

noise introduced by the atmosphere, and limitations in the 

data processing itself. 

It has generally been accepted that instrument 

noise is negligible compared to atmospheric noise. With 

modern electronics and lock-in detection techniques, this 

is certainly true. However, the process of converting from 

an analog signal to a digital value <a/d conversion) and 

recording the signal level can introduce a significant 

level of noise into the system. 

The ARSL, portable radiometers use a 12-bit a/d 

converter with a readout of 200 to 2000, adjusted by 

factors of 10 with gain switching. The 12-bit a/d 

converter gives 11 bits of precision, with the 12th bit 

used to round up or down. On an average, then, the recorded 

data is accurate to K count in 1000, or .05%. In the worst 

case, however, the error would be J4 count in 200, or . 25Ji. 

This process of rounding introduces uniform noise, rather 
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than gaussian noise. The results of multiple simulations 

with uniform noise with an average of .25% of signal levels 

yield a standard deviation of . 4Ji in the intercept 

calculation. (Note that this is for uniform noise from a/d 

rounding errors. Gaussian instrument noise with a standard 

deviation of .25% of signal level would lead -to a smaller 

error. A similar set of simulations with gaussian noise 

instead of uniform noise produced a standard deviation of 

. 2454, instead of . 4!i. ) 

The Langley technique has no way of separating the 

different types of noise, and includes all fluctuations in 

the signal in the parameter cru. Figure 5. 1 is a plot of 

the average observed fluctuation in optical depth for 

ARSL's radiometer #003. Radiometer signal noise can be 

characterized by 

a t • m = fUnction(T) + K„ o t . . (5.1) 

where Knoi>a is a constant, representing the instrument 

limitations, of which a/d rounding is a sizeable portion 

for ARSL's portable radiometers. 

Because of the presence of noise, the true inter

cept can only be determined within some uncertainty range, 

ctVo. One simple way to reduce the uncertainty is to 

Increase the sample size. For example, gaussian noise of 
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ctt = .006 with 15 data points leads to a standard deviation 

of 1.58% In the Intercept. Doubling the sample size 

reduces the uncertainty by the square root of two, to 

1.13'/.. 

Besides the sampling frequency, sampling 'patterns' 

can affect the calculation of V0 and oV0. Typically, data 

paints are taken at fairly regular intervals of time (eg. 

every 10 minutes), with occasional Increases as the sun 

nears the horizon (eg. every 5, then every 2 or 2 % 

minutes). Since alrmass does not vary linearly with time, 

this results in an uneven distribution of data points with 

respect to alrmass. Figure 5.2 shows a typical alrmass 

sampling frequency as a function of time. 

If x remains constant during the measurement 

period, the sampling pattern will affect the standard 

deviation, but not the calculated Intercept. However, if t 

does not remain constant, this will affect both parameters. 

As can be seen from figure 5.2, sampling in regular time 

intervals generates 5 to 6 times as many points at alrmass 

2 as at alrmass 6, thereby weighting the short alrmass data 

much more heavily than the longer alrmass data. If x 

changes more rapidly during the period most heavily 

sampled, this will adversely affect the estimate of V0. 

Table 5.1 compares the error in V0 for sampling in regular 



33 

SAMPLING FREQUENCY FOR REGULAR TIME INTERVALS 

RIRMASS 30 

3.0 2.0 

SAMPLING EVERY 

CO 
CO 
cr 20 -

SAMPLING EVERY 
10 MIN 

5 MIN 

SAMPLING EVERY 

cr 
Cd 2.5 MIN 
LU 
CL. 

CO 

O 
Q_ 

8 g 10 7 

TIME (RM) 

Figure 5.2. Sampling Frequency for Data Taken at Regular 
Intervals in Time 



34 

time and regular airiness intervals during periods of 

temporally varying optical depth. 

If x varies over the entire period, sampling in 

regular time intervals does a better Job of estimating V0 , 

except for At forms which vary most rapidly at shorter 

airmasses. However, regardless of the form of At, if it 

occurs only at shorter airmasses, sampling at regular 

airmass Intervals does better than regular time intervals. 

Looking at portable radiometer data, it appears that the 

latter occurs more often. This suggests that data should 

be taken at regular intervals in airmass, rather than time. 

While conceptually a simple task, sampling at 

regular airmass intervals may be a problem, because of 

instrument limitations. To take as few as 60 data points 

between airmass 2 and airmass 6 requires sampling every 30 

seconds at airmass 6, which is beyond the capabilities of 

most portable radiometers and computer-controlled 

monochrometer-type radiometers unless they are scanning 

very few wavelengths. (Sampling every 30 seconds at 

airmass 6 corresponds to sampling every 5 minutes at 

airmass 2). 

Finally, it should be pointed out that the data 

processing itself may introduce further limitations. Data 

screening algorithms may inadvertently bias the results, 

and computer limitations can also cause loss of precision. 
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Table 5.1. Percent Error In Intercept for Different 
Sampling Patterns During Periods of 
Varying Optical Depth 

Tau Form AT = Ramp Over AT = Ramp from 
Entire Pd. Alrmass 3 to Alrmass 2 

sampled by • • Time Airmass Time Airmass 

Ramp in M1 13. VA 14. 354 14.1*/. 12. O'A 

Step in M 17. 0 19. a 15. a 12. 9 

Quadratic in M (PM) 12. 5 15. 4 17. 3 20. 5 

T = fn (1/M) 13. 9 13.9 

square-root of M 13. 9 14.2 

Ramp in Time 13. 9 13. a 13.0 11. 0 

Quadratic in Time 13.2 12. 0 9. a 8. 0 
(AM) 

Quadratic in M (AM) 15. 1 14. 3 11. 2 9. 2 

Data from simulations with At = . 05, alrmass range 2-6. 

1 See chapter 9 for explanations of the forms of At. 
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If calculations are done with 32-bit precision, only about 

5 digits of accuracy can be obtained, and fewer if critical 

constants are entered with less precision. 

Since the various forms of noise identified above 

are statistically independent, the overall noise is the RMS 

sum of the individual noises: 

n* 0'» 2 = n, / ( 2 + nt „ a t 2 • nt i ^ + nupaiuii2 
+ na * • o • 2 (5. 2) 

where n,/* is the noise from a/d conversions 
nun is other instrument noise 
n ti•. is the noise from time recording 
t)i a e a k ion is the uncertainty in the location 

site coordinates 
and na t•a• is the noise from random atmospheric 

fluctuations 

The total uncertainty from instrumental and data 

reduction limitations (in the absence of atmospheric noise) 

can be estimated by substituting the uncertainty caused by 

each form of noise in equation 5.2. In the case of ARSL 

portable radiometers, this can be calculated to be 

approximately 

a V i - . o t  2  =  c r V i - . / d >  +  c V  i  »  •  *  2  *  a V i - * i a . 2  +  t r V i  .  t  »  „  «  *  t  „  „  2  

= .42 * 0. + .52 + .252 

* .7'/. (5.3) 
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where instrument noise has been assumed to be negligible, 

time known to 15 seconds and location within 3.5 km.. 

The results presented in these last two chapters 

imply that even with ideal conditions, the parameters V0 

and t can only be retrieved within some uncertainty range 

(slightly better than 1M for the ARSL's portable 

radiometers). If greater accuracy is required, the 

instrumentation will need to be properly designed and the 

data collection and reduction process tailored to meet the 

new specifications. 



CHAPTER 6 

DETERMINING VARIATIONS IN x FROM Vo AND 
DETERMINING Vft FROM INSTANTANEOUS T 

As discussed earlier, the only way to determine a 

unique solution to the family of solutions -t = fn(l/m) is 

to impose some boundary conditions on the problem. That 

is, if the Intercept is known, then the nature of Xi „ « * can 

be determined, or if the magnitude and shape of the change 

in x is known, then the true Vo can be retrieved* 

If V« is known, then given a set of measurements, 

£Vi3, the optical depth can be determined at any of the 

data points by 

Ti n . t = In ( Vo ) - In (V. ) (6.1) 
nit 

and the difference in optical depth between any two points 

is <Reagan et al, 1984, p. 456) 

Xi - T a  = ln<V 0  ) • (1 - 1 ) - < ln(vi ) - ln(v. ) ) 
IT1| ITlft Till TTIa 

<S. 2) 

Arrays of values will be referred to by surrounding them in 

square brackets, C3. Thus, Vi refers to a single value of 

38 
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Vi, but. CVi1 refers to the entire array of values V», V«, 

• . . V« • 

Several plots of xt„«« were presented in chapter 3. 

In Figure 3.1, xt „ a* remained fairly stable for 1/12/86, 

and the actual form of x is very close to the form of x 

determined from Langley analysis. In Figure 3.3 (Q/27/86), 

actual and apparent x differ considerably. Using the 

supplied intercept to determine the true form of x, it can 

be seen that for 8/27/86 x is a somewhat noise positive 

ramp in airmass, with a change in x of approximately .02, 

or 20% of total x, over the airmass range of m = 6 to 

m = 2. The same method of supplying the intercept to the 

6/10/86 data of Figure 3.1 reveals that x remained fairly 

stable from airmass 6 to airmass 3, and then began 

increasing rapidly. Langley analysis of this data using 

only the data between airmass 6 and airmass 3 produces an 

Intercept that differs from the true intercept by less than 

. 6'/.. 

Even if V<> is not known exactly, but known to 

within some range, AV 0, this method of examining xi n•t 

can still be used to determine if x has changed, providing 

the change is greater than some threshold value, Ax*, „. 

Given some fractional error in V», AVo, there will 

be an error in Xi n.« of 
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Axt = 1 . In pVo * AV<. -I 
m. L v0 J 

(6.3) 

which for small AV0 is approximately equal to 

AX| a 1 . AVo 
mi V0 

<6.4) 

This value is simply the fractional error in intercept 

times 1/airmass. The error in calculating the difference 

in optical depth between any two points is 

Note that this is the fractional error in intercept times 

the difference of the inverse airmasses. This value, 

A( xt - tb>, represents the minimum detectable change in ?, 

Ax.in * given an uncertainty in V0. 

the inverses of the airmasses, this method will be more 

effective in detecting changes in x that occur over short 

periods. For example, it will be approximately twice as 

effective in detecting a change in x between airmasses 4.0 

and 4.1 as it would between airmasses 4.0 and 4.2. 

Since Ax« t„ is inversely proportional to airmasa, 

it will also be more effective at longer airmasses. For 

A( XT - TFL ) = A-Vo 
V„ 

( 1 - 1  )  

mi m# 
(6. 5) 

Since Ax. i „ is a function of the difference between 
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example, it will be three times as effective at detecting 

changes In x at alrmass six as It vauld at alrmass two. 

For the .7790 filter on the ARSL's radiometer #003, 

V<> Is known to about 2K. If the optical depth changes 

between alrmasses two and three, the minimum detectable 

change is 

Ax. 1b - .02 * < i. - JL > - * 003 <6. 6) 
2 3 

Table 6.1 shows some typical values of x for 

Tucson, Arizona. x*•vi„ta * is a function of wavelength and 

of barometric pressure, and can be calculated directly from 

theory, and xB •»n• should remain constant unless there are 

drastic changes in ozone content during the measurement 

period. Thus, any change in total optical depth should 

arise only from a change in the particulate optical depth. 

For Tucson, a change in optical depth of .003 Is about 15% 

of total particulate optical depth for a clean day, and 

only 1. 554 for a hazy day. For the 8/27/86 data shown in 

Figure 3.3, the change in x between airmasa 2 and airmass 3 

was .09, well above the minimum detectable level. 

In a similar fashion to supplying the Intercept in 

order to retrieve the true nature of x, it is possible to 

supply the array Cxt„ • t 3 in order to retrieve V<> if x 
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Table 6.1. Representative Values of Optical Depth 
Components 

Lambda tp a i» t T p  a r t  

(microns) (clean) (hazy) 

.40 . 339 — — — . 032 . 320 

. 50 . 137 . OlO . 028 . 280 

. 61 .062 . 036 . 026 . 260 

. 67 . 042 . 014 . 024 . 240 

. 78 . 023 . 004 . 023 . 230 

. 87 . 015 . 001 . 021 . 210 

i
-
•
 

O
 

b)
 

. 008 . 020 . 200 

(after Reagan et al, 1984, p. 456) 

T r iyi,i|h' are for Tucson, Arizona standard pressure 
<930 mbara) 

to *„ „. are for ozone only (columnar amount of .3 cm). 

T n P t  are representative of the range of particulate 
optical depth s observed In Tucson. 
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varies during the measurement period. If the form of ? is 

known from auxiliary instrumentation such as aureole 

measurements, this information can be used as the necessary 

external condition to arrive at an unbiased value for V 0• 

Given an array of [tins*], an 'instantaneous 

intercept' can be calculated for each point. 

In (Vo ) t n • t — In (Vi ) * mi • Tt (6.7) 

and an average intercept 

1. . n 
In(Vo) = n E ln(V 0)i„.t (6.8) 

i = l 

This will produce an unbiased estimate of Vo even under 

conditions of varying T. 

As with the radiometer data, the array Cxt „ •« ] will 

have random noise on the signal. This noise will be 

independent of the radiometer noise, and will have an 

uncertainty CTT. uH. The total uncertainty in the intercept 

will now be the rms sum of the uncertainties from the 

radiometer measurements and the auxiliary measurements. 

CTVo 2 = aVo _ 2 f CTVo - « u - 2 (6.9) 
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where aVo-«u * is related to ot,u « in the same way that 

aVo-*.4 is a function of Thia method should produce 

better results under conditions of varying t, providing the 

uncertainty from the auxiliary data is small. If -c remains 

constant, this method will have the effect of increasing 

the uncertainty in V0 because of the additional uncertainty 

from the auxiliary data. 



CHAPTER 7 

DETERMINING THE MEAN INTERCEPT, V0 

In the last two chapters, methods were presented 

for screening out bad data and for improving the accuracy 

of intercept calculations from a set of measurements. This 

chapter deals with determining a mean intercept using the 

intercepts from many sets of measurements. Two other 

methods for screening for bad data are also discussed: 

rejecting individual outlying intercepts; and rejecting an 

entire day's data if a similar bias can be seen across all 

or part of the spectrum. 

Before intercepts from different days can be 

compared, they must be normalized to the mean earth-sun 

distance, since the earth's orbit is elliptical rather than 

circular. The intercept calculated for a given day is a 

measure of the solar flux (power) reaching the top of the 

atmosphere, and it falls off proportionally to the square 

of the earth-sun separation. If V0-«••* is the intercept 

for a mean earth-sun distance of 1 Astronomical Unit, 

individual measurements can be expressed as 

45 
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v »  s  I 2  •  V o e x p t - n w  •  x )  (7.1) 
(Ri ) a 

where R„ is the mean earth-sun distance 
Ri is the earth-sun distance at the time 

of the reading. 

Ri varies very slowly with time, and can be 

considered constant for a given day. Thus we can take the 

value 

<R„ Vo -day 
<R. ) 2 

(7.2) 

as an estimate of normalized intercept V0-•••d. Daily 

values for the earth-sun distance are available in the U. S. 

Naval Observatory Nautical Almanac, and a computer 

algorithm for calculating the earth-sun distance is 

published in the U.S.N.•. Almanac for Computers <1986, 

pp. A8 - 12). 
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Screening for Bad Data Points bv Wavelength 

Ideally, the normalized intercepts of several days 

can be averaged to arrive at a mean intercept 

n 
Vo • 1 . E V,., (7. 3) 

n i=»l 

If the individual intercepts are unbiased estimators of the 

true mean, then the uncertainty in V0, crV0-.v#, could be 

calculated as the standard deviation of a set of means 

(Young 1962, p. 95)i 

CTV0 = 1 • CTVq = 1 . nE( Vft- . 2) - <EV«. . ) 2 
J"n J"n n- (n-1) 

(7. 4) 

This formula for the standard deviation of the mean 

of a set of means is valid only if the individual values 

Vo-i are themselves unbiased estimates of the true mean. 

However, as discussed earlier, the standard deviations 

associated with Individual intercept calculations are much 

smaller than would be expected given the scatter in the 

values Vo-i, suggesting that at least some of the points 

are not unbiased estimates of the true V0. Thus, it would 

be more realistic to leave out the l//n factor in 
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calculating the uncertainty of the mean Intercept and treat 

the Individual Intercepts as single data points rather than 

as means. 

Equation 7.3 will still be assumed valid as the 

best estimate of the mean intercept Vo t but the standard 

deviation of the Intercepts will be taken as an estimate of 

the uncertainty in the determination of the mean Intercept 

(Walpole & Myers 1976, p. 165) : 

crVo * aV0 - i = nE( Va_ . 2) - (EV. ) 2 
n* (n-l> 

(7. 5) 

•nee we have a mean intercept and a standard 

deviation, we can use them to define an interval 

Vo -«v, ± 2aV0-tr reject points outside this interval as bad 

data points, and calculate a new mean with the remaining 

accepted data paints. This will reject only 5'/. of valid 

data points, and assumes that any points outside this range 

are the results of bad measurements or biased data. This 

is a form of the rejection method presented by Young, based 

on Chauvenet's Criterion (Young 1962, pp. 76 - 60). Once 

the bad points have been rejected, a new mean and standard 

deviation can be calculated. 
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Screening for Bad Data by Entire Day 

The method Just presented looks at only the 

Intercept estimates of one wavelength at a time. For solar 

radiometer data, several wavelengths are usually scanned 

during a data run, using either a filter wheel with several 

filters or a monochrometer to select specific wavelengths. 

Another method for screening for biased data is ta look for 

similar biases across all or most of the wavelengths. If 

the optical depth changes for one wavelength, it is likely 

that adjacent wavelengths will show a similar bias. 

Intuitively, one would tend to suspect the validity of a 

given day's results if all or most of the wavelengths were 

somewhat higher than the mean or all were somewhat lower. 

If this occurs, the question can be asked, "What is the 

probability of the particular pattern of biases occurring?" 

If this probability is less than some threshold level, such 

as 1*/., the data for the entire day should be considered 

suspect, and not included in the mean calculations. 

Figure 7.1 shows the normalized intercepts for five 

days of data in 1986. Three of the days appear good, but 

the data for 5/28/86 is consistently high and the data for 

the next day, 5/29/86, is consistently low. Even though 

the data at longer wavelengths appears reasonable for those 

two days, it is most likely somewhat biased, considering 

the obvious bias at the shorter wavelengths. The expected 



50 

NORMALIZED INTERCEPT VS. WAVELENGTH. RAD- 003 
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Figure 7.1. Normalized Intercept versus Wavelength for 
Five Days 
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correlation is for several wavelengths to be high or 

several to be low. It is conceivable that in a normal 

population a few would be significantly low and others high 

for reasons other than changes is t; an algorithm 

implementing this test should pass this data but reject 

data such as 5/28/86 and 5/29/86. It is interesting to 

note that for the 40 days of 1986 data, there were no days 

with intercepts both la- high and la low. 

We can use binomial distribution probability and 

normal probability data to construct a method for screening 

out questionable days. Choosing an arbitrary threshold such 

as la> we can consider the calculated intercepts for a 

given day as a binomial experiment, where an Intercept is 

considered a 'success' if V0-t is less than la from the 

mean, and a 'failure' if it is more than la from the mean. 

The probability of having x failures out of n attempts is 

given by <Walpole & Myers 1978, p. 86) 
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p (x) = (n) 
x 

Pf E1-pf 3'"" H ) (7. 6) 

where p(x) is the probability of x failures 
(n) is the number of permutations of n(taken 
x x at a time, or n 1 

xl* <n-x) t 
Pf is the probability of a failure 

occurring on any given attempt 

For example, the probability of 6 intercepts out of 10 all 

being la- or more below the mean is 

p(6) - (10) (.1587)' • <.G413)* = .00168 (7.7) 
6 

The probability of x or more failures is given by 

n 
p < x*) = Z  (n) (pf) 1  • (1-p,)"- 1  (7.Q) 

l=x i 

where the superscript * denotes x or greater. 

Table 7.1 shows the probability of n or more points 

being more than U or more than 1 standard deviation below 

the mean for a normal sample of various sizes* The 

probability of C(x or more being low) OR (x or more being 

high)] will be twice the probabilities given in Table 7.1. 

Thus an interval similar to the 95X (or 2a) interval of the 

one wavelength case can be constructed, and this interval 

used to screen the data for entire days where biasing 
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Table 7.1. Normal Probability of At Least X Intercepts 
Out of N Wavelengths Being at Least la 
Below the Mean 

N X: 15 10 9 Q 7 6 5 4 3 
(# of w/l's) <# of intercepts ) 
(in sample > (at least 1 cr low) 

20 

15 

10 

9 

a 

5 

0 

0 

o 

0 

0 

002 

0 

0 

0 

. 008 

. 001 

. 0 

. 0  

. a 

029 

005 

0 

0 

0 

084 

022 

002 

001 

0 

20 

076 

013 

007 

004 

0 

. 40 

. 21 

. 06 

. 041 

.025 

.003 

. 64 

. 44 

. 20 

. 16 

. 12 

. 031 

Table 7.1-B. Normal Probability of at Least X Intercepts 
Out of N Wavelengths Being at Least H or 
Below the Mean 

N X: 12 11 10 9 8 7 6 5 4 
<# of w/l's) <# of Intercepts ) 
(in sample ) (at least J4 cr low) 

20 .007 .021 .057 .13 .25 .43 .62 .79 .90 

15 .0 .OOl .005 .018 „058 .15 .30 .54 .73 

10 .0 .0 .002 .013 .054 .17 .37 

9 .0 .001 .005 .029 .11 .29 

8 .0 002 .013 .065 . 21 

5 .003 .034 
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occurred. From Table 7.1-a one can be 95% confident that 

data ia unreliable for a given day if 4 intercepts or more 

out of 8 are at least la low or 4 or more are at least la 

high; 99.2*/. confident if 5 or more are high or 5 or mare 

low; etc. 

In screening data by looking at more than one 

wavelength, it is important not to include any wavelengths 

that fall in problem areas of the spectrum. For example, 

extinction in the .94 micron region does not follow the 

Bouguer-Lambert law very closely because of water vapor 

absorption (see chapter 9), so this data should be excluded 

in the comparisons. 

This method has been implemented at ARSL, and used 

to calculate the mean intercepts for radiometer #003. Mean 

intercepts are calculated for each wavelength, and points 

beyond 2cr are flagged as questionable and rejected. After 

that, each day is examined to see if an unacceptable number 

of intercepts on that day are unusually high (more than la 

above the mean) or unusually low (more than la below the 

mean). If so, the entire day is flagged as questionable 

and rejected. New Intercepts are calculated using only the 

non-rejected data points. 

In order to calculate average intercepts for data 

taken over a period of time, it is important to be able to 

verify the stability of the instrument over the period. 
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Interference filters and sensitive electronics such as 

op amps may change their transmission or gain 

characteristics over time. If this happens, a simple 

average over the period will not give valid results. 

It is currently rather difficult to determine and 

track overall instrument responsivity for radiometers vith 

sufficient accuracy to allow a correction in the averaging 

method for instrument drift. Filters can be scanned and 

their transmission quantified, and standard lamps can be 

used to measure detector/amplifier responsivity, but the 

accuracy of these methods is only to a few percent. For 

this reason, it is preferable to limit the period over 

which intercept averages are calculated to avoid the 

problem of instrument drift. 

The final results of screening and averaging should 

also be manually scrutinized for unexpected results. Any 

automatic screening algorithm is itself based on a model of 

what the 'bad' data is expected to look like. If some of 

the 'bad' data does not fit this model, the screening 

algorithm may fail, thereby yielding erroneous results. 



CHAPTER 8 

PORTABLE RADIOMETER DATA AND RESULTS 

The University of Arizona Atmospheric Remote 

Sensing Lab operates several portable radiometers which use 

a filter wheel with ten interference filters to look at 

narrow bands within the visible and near IR spectrum (.37 

to 1.03 microns). Radiometer #003 has been in regular 

operation since 1982 and a large set of data has been 

accumulated and analyzed, with mean intercept values 

calculated at regular intervals. The methods of screening 

and averaging the Langley analysis intercepts discussed has 

been applied to 40 days of data taken during 1986, with the 

final result of determining the intercepts with an 

uncertainty of V/, to 3J4, depending upon the particular 

wavelength. 

There were approximately 80 days in 1986 where data 

was collected with radiometer #003. However, only 40 of 

those contained sufficient data points for standard Langley 

analysis. Of the ten filters, only eight were used for the 

screening and averaging process. One filter falls in the 

.94 micron water vapor absorption band, where the Bouguer-

Lambert law is not adequate to model absorption. The other 

filter, .37 microns, is at the lower limit of detector 

56 
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responsivity and shows considerable variability, and so was 

excluded. 

As disaussed in Chapter 3, much of the data appears 

to be biased to some extent by systematic changes in 

optical depth. All eight filters show similar results to 

Figure 3.4 with many of the deviations from the mean 

intercepts considerably larger than the standard deviations 

associated with the individual points would suggest. 

Nonetheless, the Individual intercepts did appear to be 

approximately normally distributed. Only 7.554 of the data 

points (24 out of 320) fell outside the range ±2cr2, which is 

not significantly different from the expected 5%, given the 

sample size. 

Although the Individual points appeared normally 

distributed, there was considerable correlation across the 

wavelengths on any given day. Using a 99% confidence 

interval (rejecting the entire day if 5 or more 

wavelengths' intercepts were at least 1 cr high or 1 cr low), 

the second screening method discussed in Chapter 7 rejected 

11 days, or 27.5% of the data. This is significantly 

larger than the 1 'A expected for an unbiased population. Of 

the 24 points flagged by the 2<r method, none occurred on 

days that were not screened out by the 9954 confidence 

interval method. Four of the 11 rejected days contained no 

points greater than 2c from the mean. 
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It Is Interesting to note that the mean intercepts 

were not affected by either of the screening processes. 

Table fl.1 gives the means and standard deviations from the 

averaging process for the confidence interval screening, 2cr 

screening only, for no screening, and for manual screening. 

Manual screening was done by looking at the plots of 

apparent instantaneous optical depth vs airmass and 

rejecting those days where the plots suggested that optical 

depth did not remain constant during the measurement 

period. The differences in intercepts between any of the 

methods averaged about .2JS, with a maximum difference of 

. 4Ji, which is considerably leas than the uncertainty of the 

means themselves. 

The main effect of screening the data was to reduce 

the standard deviations in the means. Manually screening 

the data was only able to reduce the aVe s by &'/. over no 

rejections, even when almost half of the days were removed, 

leaving only the days that appeared 'very good'. The 2a 

screening alone reduced the aV«s by about 25'/. over no 

rejections. The 99'/. confidence interval method reduced the 

CTV<> S by an additional 25'/. to 50'/. of the values determined 

with no rejections. Figure Q.1 is a plot of the standard 

deviations as a percent of the mean for the different 

methods. 
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Table 8.1. Mean Intercepts for Radiometer 003 for 1986 

Wavelength (microns) 

.4018 .4415 .5220 .6125 .6712 .7798 .8730 1.0305 

99% confidence In 

289.1 560.7 

± 8.8 ±11.3 

2 sigma rejection 

290. 3 560. 0 

±11.7 ±17.4 

No rejections 

288.7 560.2 

±15.7 ±24.6 

Manual screening, 

288. 5 559. 7 

±14.3 ±22.4 

682.1 1008.8 1255.1 

±9.5 ±12.6 ±12.6 

only 

681.3 1008.9 1256.0 

±15.6 ±21.1 ±23.3 

681.1 1007.0 1252.3 

±22. 0 ±26. 0 ±27. 9 

no rejections 

680.7 1005.8 1251.0 

±20,1 ±23.3 ±25.7 

950.4 899.7 430.1 

±9.7 ±11.7 ±4.2 

949. 9 898. 1 430. 0 

±14.3 ±14.2 ±6.0 

948. 5 897. 8 429. 2 

±18.3 ±16.4 ±6.9 

948. 9 898. 9 429. 6 

±17.4 ±16.6 ±6.7 
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STRNORRO OEVIflTION IN INTERCEPT, RRD- 003, 1986 
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Figure 8.1. Comparison of Standard Deviations for Four 
Methods of Screening for Biased Data 
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The problem of long term stability of the 

Instrument was avoided by working with a fairly short time 

period <9 months) over which the averages were calculated. 

Table 8.2 presents the mean Intercepts between 1982 and 

1986 for radiometer #003. It can be.seen that the 1986 

data Is consistently lower than the"'1985 data. The 

Instrument underwent repairs in May and June of 1985, and 

the optics were adjusted, which can account for some of the 

difference. Filter scans also show that filter 

transmission has drifted for some of the filters over the 

period as well. 

The results for radiometer #003 imply that the 

method of screening by confidence interval and averaging 

the remaining points is a valid means of arriving at a 

reasonably unbiased estimate of the true intercepts for a 

radiometer. The fact that screening did not affect the 

intercept values suggests that any biasing of the 

intercepts from systematic changes in t is random from day 

to day, at least in regions where the Bouguer-Lambert law 

is applicable. When optical depth does vary during the 

measurement period, it is likely to do so over several 

wavelengths, and this knowledge can be used to help screen 

for bad data. Finally, the results of automatic screening 

by the methods outlined in the last chapter are 
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Table 8.2. Mean Intercepts for Radiometer 003 
from 1982 to 1986 

Wavelength (microns > 

.4018 .4415 .5220 .6125 .6712 .7798 .8730 1.0305 

1/12/86 - 9/10/86 

289. 1 560. 7 682. 1 1008. 8 1255. 1 950. 4 899. 7 430. 1 

8/9/85 -8/11/85 

305.0 577.7 700.4 1018.4 1267.1 969.4 923.4 440.4 

4/1/85 to 5/25/85. 

312.5 583.8 706.8 1032.0 1282.6 982.5 936.5 443.8 

6/16/82 - 3/23/84 

310. 7 575. 1 693. 0 1005. 7 1260. 1 990. 4 915. 6 439. 1 
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considerably more effective than the earlier method of 

looking at apparent instantaneous optical depth, because 

the Langley method alone does not provide adequate 

information for determining if optical depth has changed 

during the measurement period. 



CHAPTER 9 

EFFECTS OF A CONSISTENT BIAS 

The screening and averaging processes described in 

chapter 7 are based on the assumption that although 

individual intercept calculations may be biased, the 

effects of the biases themselves are random, and the 

individual intercepts are still randomly distributed about 

the true mean intercept. There is nothing in those methods 

to guarantee that the non-rejected data points are not 

themselves all biased in the same direction, leading to an 

erroneous mean intercept. There are several additional 

methods which can be applied to check for the presence of a 

consistent bias in the observations for a single 

wavelength. 

The first method is to check the consistency of the 

calculated mean intercepts across the entire wavelength 

spectrum. Overall instrument responsivity can be measured 

with standard lamp and filter band-pass measurements. 

Using this information, along with solar spectral flux 

tables, a theoretical intercept can be calculated for one 

wavelength from the 'known' intercept of one or more nearby 

wavelengths. If the theoretical intercept differs 

significantly from the intercept determined by averaging, 

64 
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then one < or both ) averaged wavelength Intercepts Is 

Incorrect as a result of consistent biasing of all days' 

data. 

This is indeed the case for the intercept 

determined for the water-vapor absorption channel in the 

ARSL portable radiometers. In the . 94 micron range, water 

vapor haa a noticeable absorption effect which does not 

follow the Bouguer-Lambert Eexp(-mt)] relationship. For 

this wavelength, the data follows a model of the form 

(Reagan et al 1936, p. 656) 

V. ,4 ® V«. . g 4 • exp<-mTi) • expt-k-J*( m* u) 3 (9.1) 

where is the optical depth of all factors 
excluding water vapor. 

k is a constant 
m is alrmass 
u is the water vapor amount 

The normal Eexp (-n»*t) 3 transmission is further diminished by 

a water-vapor attenuation which has a square-root of 

airmass effect, rather than a linear airmass attenuation 

effect. This has the effect of biasing all the intercepts 

downward. In the case of radiometer #003, the averaged 

Intercept for .94 microns is 645 ±120, while Interpolations 

from adjacent filters yield a value of 1107. 

The other methods of checking for consistent biases 

involve breaking the data into subgroups and comparing the 
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intercepts for each subgroup. If there are consistent 

biases for a given wavelength, the amount of the bias may 

vary as a function of time-of-day, season, or data site. 

Thus comparing All data with PM data, spring data with 

winter data, urban data with non-urban data, or low 

altitude data with high altitude data may reveal 

differences in the results. 

Considering the effects of the time of day, airmass 

values in the afternoon are positively related to time 

(m Increases as t Increases), while airmass values in the 

morning are negatively related to time <m decreases as t 

increases). Therefore, if a temporal effect on T is 

associated with time rather than airmass, morning data will 

be biased differently than afternoon data. 

At high altitudes, optical depths are lower, since 

Rayleigh optical depth is related to barometric pressure 

and particulate concentrations are lower than at lower 

altitudes. Consequently, fluctuations in optical depth 

should also be smaller at high altitudes, leading to 

greater reliability in that data. A 5J4 variation in T at 

high altitude data sites will have a smaller effect on VO 

than at lower altitude data sites, since the error in VO is 

related to the magnitude of the change in t, rather than 

the fractional change in x (see chapter 10). In a similar 

fashion, data taken in urban areas may have biases from the -
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effects of pollution, vhlch may be spotted by comparing it 

with data taken in rural areas. 

Comparisons of the AH data with PM data for the 

ARSL portable radiometers show no statistically significant 

differences between the two calculated means. Comparisons 

of Tucson data with Mt. Lemmon and Mauna Loa data do not 

yield significant differences, either. These results 

suggest that our estimates of the intercepts are reasonable 

at the 1 to 2 percent level. However, if greater accuracy 

is needed, such as for the Mauna Loa Spectra-Radiometer 

(specifications are for accuracy to the .1J4 level), further, 

research should be done in these areas. 

Similar differences may result from seasonal 

variations as well. For example, temporal effects such as 

the water vapor absorption described earlier should 

increase with the onset of the Monsoon season. Similar 

effects from ozone and other gasses and aerosols may have 

seasonal effects, which may become apparent from a 

comparison of intercepts on a month by month or season by 

season basis. 



CHAPTER 10 

SIMULATIONS AND THE EFFECTS OF At 

While some of the effects of problems associated 

with determining V<> can be predicted or derived 

mathematically, the complexity of the model and the data 

processing algorithm preclude determining all effects in 

this manner. The best way to tackle this problem is to 

conduct 'controlled experiments' to isolate each different 

problem and determine its effect. In order to do this, a 

generalized simulation program was developed and used to 

determine the effects of atmospheric, instrument-related 

and operator-induced deviations from the Bouguer-Lambert 

model. The program was also used to verify theoretical 

results and to examine various aspects of the model and 

data reduction process. 

This program generates simulated radiometer data 

with a number of possible perturbations imposed on the 

signal. The user specifies an intercept and starting 

optical depth and chooses a form of variation in optical 

depth, such as a step function, ramp in time, ramp In 

airmass, etc.. Either gaussian or uniform noise can be 

superimposed on the signal, and various offsets, such as 

time or refraction, can be placed on the data. Finally, the 

6fl 
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measurement period can be specified, either as a function 

of time or airmass, and the period during which x varies 

can also be specified. 

Figure 10.1 demonstrates most of the forms of 

systematically varying optical depth that were tested in 

this work. Most of the simulations for this work were for 

'typical' data runs: data taken over an alrmass range of 2 

to 6; x in the range of .1 to .5; and either 16 or 31 data 

points. The number of data points does not affect the 

results except in the presence of noise superimposed on the 

signal. Where noise was added, typical values for Tucson 

were used (1 - 5J4 of total optical depth), and where x was 

varied, it was from 5 to 30 percent of total optical depth. 

Simulations were also run to determine the sensitivity of 

V<> to such parameters as start and end time, magnitude of 

At, offset errors in time and airmass, etc.. Many of the 

results have already been presented so will not be repeated 

here. 

AVo As A Function Of Airmasa 
And Optical Depth 

Equation 2.4, repeated here as equation 10.1, gives 

instrument output voltage as a function of the intercept, 

airmass and optical depth. 

ln(V, ) = ln( V0 ) - mt t (10.1) 
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SIMULATED TflU FORMS 
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Figure 10.1. Modelled At Forms 
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This can be rewritten to consider V0 as a function 

of the measurement, optical depth and airtnass: 

ln<V 0  ) = ln<V» > + mi x  (10.2) 

If x changes between measurement 1 and measurement 

1 + 1, then a- line through the two points will yield an 

erroneous intercept. We can determine the sensitivity of 

ln(V0) to changes in t or errors in m by taking the 

derivative of both sides and expressing them as 

differentials 

d IntVa > = d <mt) = t dm + m dt (10.3) 

or 

Aln(Vo) * x Am * m At (10.4) 

For a set of measurement points, the error in V« 

will be an average of the contribution from each data 

point, depending on the particular weighting used in the 

data processing algorithm. Thus, the error in V0 will be 

proportional, rather than equal, to the derivative of m 

and t: 
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Aln(V« ) «= x Aju + in Ax <10.5) 

(where ' oc ' means 'Is proportional to') 

If x remains constant during the measurement 

period, then errors in V0 are a function of the product of 

x and the error in determining the airmass: 

Aln(V0> ec t t O (10.6) 

Thus, the error in intercept from an offset in time is 

higher for higher optical depths, as shown earlier in 

Figure 4.1. 

•n the other hand, if the airmass calculations are 

correct but t varies, the error in intercept is a function 

of the airmass and the magnitude of the change in optical 

depth, not the total optical depth: 

AlnCVo ) <=•= 0 + m Ax (10.7). 

For Aln(V0) small in comparison to ln(VD >, AVo itself will 

be fairly proportional to Ax as well. This can be seen 

from Table 10.1 and also in Figure 10.2. 

A similar linear relationship exists between the 

error in intercept and the measurement period, since 

Aln(V<> > is proportional to both Ax and m. Figure 10.3 
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demonstrates that if the same form of Ax is shifted from 

one airmass range to another, the error in intercept varies 

accordingly. 

Correcting For The Effects of At 

As mentioned earlier, the total error in intercept 

will be a function of the weighted sum of the contributions 

from each data point in a set of measurements. Thus the 

error in intercept will differ for different forms of Ax. 

If the differences were small, it would be possible to 

assume an approximate form and use that to correct for 

errors in AVo arising from changes in x. Unfortunately, 

the simulations show that the error in intercept is a 

function of too many variables to be able to safely assume 

a particular form. 

Reagan, Scott-Fleming et al (1984, p. 457) reported 

that the differences between forms were minimal, and if 

magnitude of Ax were known, a correction for the error in 

intercept could be determined from a look-up table or graph 

and the true V0 retrieved. Simulations for that paper were 

all run at the same airmass period (airmass 1 to airmass 

6.5), and assumed that Ax occurred over the entire period. 

Looking at Figure 10.2, the deviation between the different 

forms is fairly small (except for the step function, which 

can be detected fairly easily using methods described in 



Table 10.1. Percent Error In Intercept (AVo > 
as a Function of At 

Form 
of T 

AT 
. 1 

T< total) 
. 3 . 5 

Ramp,M .01 3. 0% 3. OX 3. 07. 

. 03 a. 9 8. 9 a. 9 

. 05 14. 3 14. 3 14. 3 

Step . 01 4. 3 4. 3 4. 3 

. 03 12.4 12. 4 12. 4 

. 05 19. a 19. a 19. a 

Quadratic . 01 3. 3 3. 3 3. 3 

.03 9. 5 9. 5 9. 5 

. 05 15. 3 15.3 15. 3 

for simulations run from airmass 2 to airmasa 6 



75 

ERROR IN VO AS fl FUNCTION OF DELTR-TRU 
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chapter 6>, and this would seem a reasonable assumption. 

However, the more extensive simulations done for this work 

show that the error in V« is highly dependent upon the 

airmass range over which the data was taken (Figure 10.3) 

and also when T begins changing. In fact, the error in V© 

is actually larger for some shapes of AT when the optical 

depth begins changing in the middle of the period. 

Figure 10. 4 shows the relationship between AV© and the 

starting time for the change in T. 

Considering the results of the simulations, it 

appears to be a very complicated task to predict the 

magnitude of an error in V© for a given change in t and 

vice-versa. Originally, it was suggested that the exact 

form of the change in T was minimally important, and the 

true V© could be retrieved from a two-dimensional graph of 

AV© (or Aln(Vo>> vs. AT. As the results presented in this 

chapter demonstrated, rather than a line on a graph, it is 

really a multi-dimensional surface where the different 

parameters are start and end airmasses of the data run, 

start and end time of AT, magnitude of AT, shape of AT, 

etc.. It may still be possible to arrive at an estimate of 

AV0 if most of the parameters can be estimated, though the 

cumulative uncertainty may make the uncertainty in AV0 

unacceptably large. 
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CHAPTER 11 

COMPUTER-INTENSIVE METHODS OF RECOVERING V„ 
DURING PERIODS OF VARYING OPTICAL DEPTH 

/ Standard Langley analysis Is based on the 

assumption that x remains constant during the measurement 

period, which is a questionable assumption in many cases. 

Even if the total change in x can be specified, it is only 

marginally helpful to assume a particular form of Ax, 

because the error in V0 is highly dependent upon the form 

of Ax. However, with the advent of inexpensive high-speed 

computers, the possibility exists to use computer-intensive 

methods to search for a form of x that yields the best 

results. Two methods are presented here. The first relies 

upon some estimate of the magnitude of Ax from outside the 

system, such as from aureole scanning or lidar 

measurements. The second allows the computer to find a 

value of Ax which yields the best curve fit to the'measured 

data. 

An infinite number of forms of Ax are theoretically 

possible, so some limit must be placed on the possible 

choices. Examination of several years of portable 

radiometer data suggests that the most prevalent form of 

temporal x is for x to remain fairly constant at longer 
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airmasses, and vary either positively or negatively at 

shorter airinesses. While the exact form of At may be hard 

to characterize, it is possible to approximate it with a 

constant x at longer airmasses, followed by a ramp 

beginning at some arbitrary point and continuing until the 

shortest airmass. By allowing the computer to find the 

particular starting time and Ax, this approximation can 

reduce the error in V<> to a few percent of the error from 

standard Langley analysis. 

Assume T(m) can be approximated by the function 

x(m) = to •* u<m' - m) • k- (m' - m) (11.1) 

where u(m' - m) describes a step function which is zero for 

m greater than some value m', and 1 for m less than m'. 

Equation 11.1 describes a function whose value is x0 for 

airinesses greater than m' and changes at a rate (slope) of 

k for airmasses less than m'. The total change in x over 

the measurement period is given by 

At = k • (m1 - m,i») (11.2) 

where ma t„ is the shortest airmass at which data was taken. 

To determine V» accurately using the Langley 

technique, it is necessary to remove the effect of the 
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change In x from the array of measured data points Eln(V>3. 

In order to do this we define a new array Cln(V>'J, where 

each measured voltage is adjusted to remove the effect of 

the assumed At at that given airmass. 

ln(V'») = ln(V, ) + mi-AT(mt> 

= ln(Vi') * mt • Cu (m'-mi ) • k* < m'-mt ) 3 (11.3) 

Langley analysis of the adjusted array Cln(V>'3 will yield 

an optical depth of T0 and an intercept Vo. The standard 

deviation associated with thia modified Langley technique 

is a measure of how well the approximation of equation 11.1 

fits the actual form of x. Finding the best fit to the 

actual form of AT becomes a matter of finding the 

particular k and m* which yield the smallest standard 

deviation. If At is known from auxiliary measurements, then 

it is a task of searching for the best value of m'; a 

reasonable computer search algorithm can determine this 

point within .01 airmasses with 10 - 20 iterations. 

Using the simulation routine described in Chapter 

10, this iterative 'Modified Langley Technique' (MLT) has 

been tested on various possible forms of At. In the 

absence of noise, if AT IS known, MLT reduced the error in 

V« to an average of 1/10 of the error from the Standard 

Langley Technique (SLT) (depending on the degree to which 
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the actual form can be approximated by a ramp over part of 

the measurement period). Thus, a Ax which causes a 10 

percent error In Vo under SLT produces about a 1 percent 

error with the iterative method. 

The specific value of At may not be known exactly, 

and an error in specifying AX will lead to an additional 

error in determining V0. If AT is only known to within 2054 

of the actual value, using equation 11.3 to derive the 

adjusted array Cln<V)'3 will leave a AT of 20% of the 

original bias. Since the error in VA is proportional to 

AT, this will reduce the error in Vo to 205i of the error 

obtained by Langley analysis of the original data. 

MLT works quite well under most circumstances, but 

works best when T changes over half the period or less. 

For those cases, regardless of the form of AT, it can be 

very well approximated by a constant period followed by a 

ramp. Table 11.1 presents the results of a number of 

simulations where T was allowed to vary during 12JSJ4 to 1005S 

of the measurement period. 

The presence of noise on the signal will have the 

exact same effect on the error in Vo with MLT as the 

presence of noise under constant T conditions with SLT. As 

long as there is no systematic bias in determining AT from 

external sources, the final estimate of V» using MLT will 

produce an unbiased estimate of Vo. If there is a 
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Table 11. X. Percent Error in Intercept, from Assuming 
t to be a Ramp In Alrmass over Part, of 
the Period 

Form Ramp Over Airinesses: 
6 - 2  5 - 2  4 - 2  3 - 2  2 ) 4  - 2  

ramp 

SLT 7.4% fl. BY. 
MLT 0. */. 0. */. 

a. 4'/. 6. IV. 4. 0'/. 
0. */. 0. V. 0. V. 

step 

SLT 10.4 10.a 
MLT 2. 0 2. 4 

9.6 6.7 3.9 
2.3 1.6 .7 

quadratic, am 

SLT 8. 0 7.9 6.9 4.7 3.0 
MLT .8 .7 .6 .3 .1 

quadratic, pm 

SLT 7.0 9.3 9.9 7.7 5.0 
MLT .7 1.1 1.4 1.2 .6 

square-root of m 

SLT 7.4 7.9 
MLT 1.4 .9 

7.6 5.7 3. a 
.6 .3 . 1 

1/m (general solution) 

SLT 7.2 
MLT 1.6 

Simulations for alrmass 6 to 2, AT = .025, no noise 
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systematic hlas, such as always under- or overestimating AT 

by 5 or 10 54, this will leave a bias on the final value of 

V«, but greatly reduced from the error which would be 

produced using 5LT. 

Iterating on both AT and M' 

It is possible to arrive at a better approximation 

to the form of At by allowing both m' and At to vary. For 

the same simulations as presented in Table 11.1, iterating 

on both m' and AT reduced the error to a few tenths of a 

percent, or about 10 times better than MLT. However, the 

presence of noise on the signal reduces the effectiveness 

of this method considerably. A series of 1000 simulations 

with non-temporal T and with noise of C2T = .0025 produced 

an rms error of 254 with this double-iterative method of 

allowing both AT and m' to vary (DMLT). Doubling the noise 

level doubled the rms error to 4'/.. These noise levels are 

comparable to that observed for the portable radiometers. 

The same simulations produced rms errors in V0 of .3 and 

. &'/. using SLT. 

The reason that allowing both parameters to vary 

produces worse results in the presence of noise can be 

understood if we consider the case of constant T. In this 

case, SLT results in a standard deviation representative of 

the actual signal noise. With DMLT, the algorithm is free 
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to find a shape of T vhich better fits the particular set 

of noise present in the data run. With an infinite number 

of data points, both methods should obtain the same 

results. With a limited number of points, a non-constant T 

model may actually produce a better fit over the range of 

the measured data even though T remained constant (indeed, 

a sufficiently complex spline fit would pass through every 

point). However, the resulting curve must be extrapolated 

to find the zero-airmass intercept. In cases where T 

remains constant, SLT is a better model, and, hence, the 

extrapolation to the intercept yields a better estimate of 

V0. This is the reverse of the case of SLT on data with 

non-constant T. It gives the best curve fit to the data, 

but does not reflect the true nature of T. For the 1000 

simulations discussed above, DMLT produced a standard 

deviation for x that was slightly smaller than the true 

standard deviation of the noise. 

If At is known from external sources, MLT will 

produce better results than the langley method. If Ax is 

not known, DMLT can be used, and will produce better 

results if x changes sufficiently to produce an error in V<> 

larger than DMLT's uncertainty from the presence of noise. 

More importantly, the iterative method removes the effects 

of the AT, BO it will produce an unbiased estimate of Vo. 

The results of 1000 simulations with a At of . 025 and a 
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noise level of .005 was able to reduce the rms error to 20 

percent of the error from the langley analysis, and the 

calculated average Intercept was free of the bias from the 

AT. This suggests that it should be passible to improve 

the calculation of V0 from data taken during periods of 

systematically varying T. 

The various processes described in this paper can 

be used together to apply the iterative method presented 

here. Using plots of xt n • t vs. airmass generated with the 

intercepts arrived at from the averaging method of chapter 

7, approximate values can be obtained for Ax and m'. These 

values can be supplied as starting points for the MLT or 

DMLT. 

When applied to actual radiometer data, MLT was 

able to correct for temporal T considerably better than the 

double-iterative method, providing the estimate of AT is 

fairly accurate. Both methods were able to reduce the 

error in V<> if At was large enough to cause an error of 4*/. 

or more. Table 11.2 compares the results of the two 

iterative methods with SLT for two days where the 

intercepts as determined by SLT were in error by 4V. to 10% 

(6/10/86 and Q/27/86). Figure 11.1 compares the percent 

error in calculated intercepts for these two days for the 

three different methods. MLT was able to determine V0 to 

within 1'/., and the double-iterative method to about 2%. 
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Table 11.2. Intercepts for 6/10/86 and 8/27/86 as 
Determined by SLT, MLT, and DMLT 

Wavelength (microns) 

.4018 .4415 .5220 .6125 .6712 .7798 .8730 1.0305 

6/10/86: 

SLT 275. 1 533.4 

DMLT 303.6 578.3 

MLT 292.1 569.2 

8/27/86 

SLT 261.3 509. 3 

DMLT 290.2 556.8 

MLT 289.6 564.1 

649.4 968.9 1202.4 

693.3 1024.5 1266.8 

688.7 1014.8 1263.1 

621.3 937.2 1174.0 

668. 7 982. 3 1229. 0 

683.5 1010.3 1257.0 

916.9 867.5 412.7 

964.1 918.8 438.2 

950.5 905.44 431.2 

897.8 854.2 413.9 

935. 7 878. 3 425. 1 

954. 8 908. 5 430. 1 

Mean Intercept from Averaging: 

289.1 560.7 682.2 1009.8 1255.1 950. 4 899. 7 430. 1 
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For MLT, Ax was determined from plots of xt«•« versus 

alrmass In order to simulate knowing AT from an external 

source. It was somewhat arbitrarily assumed that 

uncertainties in determining At in this manner are 

comparable to uncertainties from other sources such as 

aureole measurements. Figure 11.2 compares the apparent 

Tt n•t determined by MLT and DMLT with apparent Ti „.* from 

Langley analysis (SLT) and with the Ti*.* obtained by 

supplying the mean intercept determined in chapter 8. For 

6/10/86, the MLT Tin.t line coincides with the 'true' form 

of TiH(« from supplying the intercept. DMLT flattened the 

line through the data points beyond alrmass 3.25, but still 

arrived at a close approximation to the 'true' Tt „.* . For 

8/27/86, there is considerably more noise present in T» N.* , 

and DMLT was not able to approximate the 'true' form of t 

as well as for 6/10/86. 

These computer-intensive methods show good promise 

for obtaining unbiased estimates of the Intercept for 

periods of varying optical depth, though more research 

should be done to verify them on a larger set of actual 

data. If At can be determined from auxiliary 

instrumentation, this appears to be the most reliable 

method for arriving at an unbiased estimate of V0. If not, 

the double-iterative method appears to still be effective 

for large AT. 
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CHAPTER 12 

CONCLUSIONS 

It is clear, both from simulation studies and 

actual radiometer data, that systematic variations in 

optical depth can seriously bias the zero-airmass 

Intercept determined with the standard Langley method. 

Optical Depth variations leading to 10'/. errors in 

calculated intercepts using Langley straight-line curve 

fitting techniques have been observed. When the form of 

these variations approximate the form x - f(l/m), the data 

appears linear, and Langley analysis alone does not provide 

enough information to determine if the results are biased. 

When optical depth does vary systematically, it 

frequently does so over a wide portion of the visible 

spectrum, and Langley results will be biased at more than 

one wavelength. This knowledge can be used to determine if 

x has varied by checking for similar biasing of several 

wavelengths scanned by a radiometer. Using this method on 

40 days of radiometer data taken in 1936 to screen for bad 

days resulted in mean intercepts with uncertainties of from 

IV. to 3'/.. These values were a factor of two smaller than 

the results obtained with no screening. Errors Introduced 
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by limits in the instrumentation can account for up to half 

of this uncertainty. 

If V<> is known vithin some range, this can be 

used to retrieve the approximate form of *t during periods 

of varying optical depth. Alternately, if the form of t 

is known from external sources, an unbiased estimate of 

the intercept can be obtained. Even if the actual form 

of x is not known, computer-intensive methods can be 

applied to a modified Langley analysis to iteratively 

search for an optimal form of t. Given an estimate of 

the total change in t, this method produces errors a 

factor of 10 smaller than standard Langley analysis. In 

the absence of such outside information, an extension of 

this method can still produce unbiased estimates of the 

intercept, but with a considerably larger margin of error. 



APPENDIX A 

DERIVATION OF THE GENERAL FORM OF x, x = c + x' 
m 

Standard Langley analysis assumes that the optical 

depth remains constant during the measurement period. 

Repeating equation 2. 5, we have 

ln(V) = ln(V0) - mt <A. 1) 

Taking the derivative of both sides, 

d In(V) = x (A.2) 
dm 

where x, or optical depth, is assumed to be a constant. 

Shaw has shown (1976, p. 8) that if x is no longer a 

constant and has some particular airmass dependence, it is 

still possible for 

d ln<V) = constant {A. 3) 
dm 

and Langley analysis of this data will yield erroneous 

results. 
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Assume that x is some function of n, S<m). 

Substituting this In equation A.X and taking the derivative 

gives 

din(V) = 3(m) * m d5(m> <A.4) 
dm dm 

Let ?.pp(r(nt be 

x' = din < v) (A.5) 
dm 

Substituting x' from equation A.5 in equation A.4, 

multipling by dm and rearranging gives 

dm <x'-2i(m)) = m d3»(m) (A. 6) 

or 

dm (S(m> - x') * m dS(m) = 0 <A.7) 

Dividing by m- <5S(m) - x') yeilds 

1. dm + 1 dS < m) = 0 
m Ss(m) - x 

(A. fi) 
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or 

1 dm -1 d£<m> (A. 9) 
m 5 (m) - T' 

Integrating both sides gives 

ln(m) » -lntStrnJ-t') + C (A. 10) 

where C is an arbitrary constant. Taking the antilog of 

both sides of equation A.10 and rearranging yields 

Equation A.11 is a general family of curves with an 

arbitrary constant C, all of which will yield a constant 

slope when ln<V) is plotted against m. 

Substituting «5<m) from equation A. 11 for x in 

equation A.1, we have 

ln(V) = ln(V<> ) - C - mx' <A. 12) 

Grouping the first two terms together as an apparent 

intercept ln(V0)', it can be seen that Langley analysis of 

this data will yield an erroneous intercept of 

$<m) = C • x < A.11) 
m 
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ln<Vft)' = In<V0> - C (A.13) 

or 

V<,' - exp<-C> ln(V0) <A.14) 

and an erroneous optical depth of x'. 



APPENDIX B 

ITERATIVE MODIFIED LANGLEY ANALYSIS ALGORITHM 

Program ICSFAT3 is a modified version of the 

program ATTEN7, the standard Langley analysis routine used 

by the ARSL. ICSFAT3 implements both of the modified 

Langley techniques .discussed in Chapter 11 of this work 

(MLT and DMLT). 

ATTEN7 does standard Langley analysis on up to 150 

different wavelengths with up to 300 points in each 

wavelength. It does a weighted least squares straight line 

fit to the set of radiometer data Em], Cln(V)], where Cm] 

is the array of alrmass values for the measured data points 

and Eln<V)J is the array of the natural log of the measured 

voltages (or currents) from the radiometer. For 

information on the weighted least squares straight line 

fit, see Herman et al (1981). 

ICSFAT3 at present only processes one wavelength of 

data, with up to 300 data points. Besides the limitation 

of only one wavelength per data run, the major difference 

is that the assumption that ? remain costant during the 

measurement period has been replaced by the assumption that 

t remains constant at longer airmasses and is some function 

of alrmass or time at shorter airmasses. The breakpoint 
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(referred to in this appendix as STDEL) between the 

constant portion of t and the varying portion of x can 

either be a supplied fixed value or iteratively searched 

for. The total amount by which t changes during the period 

(referred to in this appendix as DELTAU) can either be a 

supplied fixed value or iteratively searched for. The 

specific form that x takes during the varying portion is 

chosen by the user, and can be any of a number of forms, 

one of which is a ramp. Table B.1 describes the possible 

forms of At. 

In order to implement MLT, a ramp is specified for 

the form of x, and a specific value for DELTAU is supplied 

by the user. In addition, the user supplies an approximate 

value for STDEL, a starting step size to define the range 

over which to search for the best STDEL, and an error 

tolerance for STDEL. In order to implement DMLT, an 

approximate value, a step and a tolerance are specified for 

DELTAU as well as for STDEL. 

Figures B. 1 and B.2 are structured diagrams of the 

general steps of ICSFAT3 and the specific search algorithm 

in use. The specific type of search used is not important. 

As long as the search is reasonably fast, any search will 

do. The specific algorithm used was able to implement MLT 

with an average of 15 iterations, and DMLT with IS2, or 225 

iterations. 
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When a search is done, the search algorithm seeks 

to find a value far that parameter which minimizes the 

uncertainty in the natural log of the calculated intercept 

(aln(Vo)). The search algorithm looks for a minimum within 

the bracket (STARTING POINT) ± (STARTING STEP). the 

minimum is at either end point, the bracket is slid to the 

right or left by the step width until a minimum is known to 

be within the bracket. When it has bracketed the minimum, 

it narrows the step width and repeats the process until the 

bracket (twice the step width) is less than the error 

tolerance specified. The ability to slide the bracket 

right or left assures that a minimum will be found, even if 

the minimum is not found within the starting bracket. 

For any given STDEL and DELTAU, the program creates 

an array of adjusted voltages [V'3 

V, ' = Vt exp(niiAxt ) 

where At* is the total change in x at airmass mi, given the 

particular form of x defined by STDEL and DELTAU. Once 

this array has been calculated, standard Langley analysis 

is done on the arrays Cm], Cln(V)]. In addition to 

calculating the intercept Vo and the base value of x, t0 , 

the standard deviations aV0 and oto are calculated and 

passed back to the search algorithm. 
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Miscellaneous Comments on ICSFAT3 

1. It is also possible to fix STDEL, and to allow 

DELTAU to vary. Simulations with this method did not yield 

results much better than the Standard Langley Technique 

<SLT). Note that if DELTAU is fixed at zero, the program 

does SLT on the single wavelength being processed. 

2. In the absence of noise, the search algorithm 

was able to retrieve the exact form of t if it followed one 

of the forms implemented in Table B.1. In the presence of 

realistic noise levels, the specific form of x chosen did 

not make a significant difference. It was found that a 

ramp in alrmass was a satisfactory approximation to all of 

the forms of At with the exception of the step function, 

which can be detected using the methods discussed in 

Chapter £. 

3. The search assumes that only minimum is 

possible; i.e. there are no secondary local minima. In the 

absence of noise, this is the case and the search algorithm 

is able to determine x regardless of the starting point for 

the search. However, the presence of noise with a finite 

number of data points can create secondary local minima. 

The nature of these minima need to be further researched. 

They appear to occur only at points considerably far from 
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the true minimum, and result In unrealistic results for V« 

and To• Varying the starting point for the search within a 

considerable range of the true values always arrived at the 

same minimum. Thus, as long as the starting point for the 

search Is within realistic values, such as can be 

determined from plots of Ti,,i versus m using a mean 

Intercept determined in the manner described in Chapter 7, 

MLT and DMLT should yield satisfactory results. 
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Table B.1. Ax Forms Implemented in ICSFAT3 

Ax Form Description 

A x  = 0  x  i s  C o n s t a n t  ( S t a n d a r d  L a n g l e y  A n a l y s i s )  

Ramp in m from STDEL to m.»* 
AX| = Ax. M „ (STDEL-m. ) 

(STDEL-m. . „ ) 

Step in m occurring at m » stdel 

Quadratic in m from STDEL to m„in 
Axi = Ax. * * (STDEL-iru ) 2 

< STDEL~ma. „ )2 

£<l/m> general solution to differential 
equation 

din(V) = constant 
dm 

f(J"m) gaseous absorption 

Ramp in time from STDEL to tB.ain 
Axt a Ax. ot < STDEL-t. ) 

(STDEL-t, _ a a „ ) 

Step in time at t = STDEL 

Quadratic in time from STDEL to t...t, 
Axi = Ax* d * (STDEL-nu ) 2 

(STDEL-m. . „ )ft 

where m» t„ is the minimum airmass value for the run 

ta.mi, is the time at the minimum airmass value 

STDEL is the breakpoint between x = constant and 
x = f (m) 

Axi is the change in x from the base value x<> 
for the ith data point. 

Ax*„t is the total change in x during the period. 
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Programi ICSFAT3 Main routine: 

Initialize & get solar parameters 

Zero out working arrays 

Read in Raw Data 

Calculate Airmass values 

Get parameter for iterative searches 

Iterate to find best STDEL & DELTAU 

Output Results 

(INITSQL) 

(ZEROIT) 

(READN) 

(ATMASS) 

(GETPARAMS) 

(ITERDEL) 

(OUTPUT) 
< QUTPLQT) 
(OUTINST) 
(PLTINST) 

Figure B.1. Structured Diagram of ICSFAT3 
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Subroutine: ITERDEL. Iterative search to find best 
STARTDEL & DELTAU 

Left step <= starting search step 
Right step < = starting search step 

Left <= Mid - left step 
Right Mid * right step 
Bracketsize < = Right - Left 

IF <rMid not known THEN 
find cMid CCall ITERDELTAU (Mid)] 

ENDIF 
IF aLeft not known THEN 

find ffLeft CCall ITERDELTAU (Left)3 
ENDIF 
IF cRight not known THEN 

find cRight CCall ITERDELTAU (Right)3 
ENDIF 

—CASE: on smallest of cMid, aLeft, cRight 

— case: cMid is smallest. Optimal value is 
within bracket. Reduce bracket size. 

IF Mid - Left > Right - Mid THEN 
Left step <- (Left step)/2 

ELSE 
Right step <= (Right step)/2 

ENDIF 

case: cLeft is smallest. Slide bracket 
left. 

Right <= Mid 
Mid <- Left 
Left <- Left ~ Left step 

Case: ffRight is smallest. Slide Bracket 
Right. 

Left <= Mid 
Mid < = Right 
Right <= Right Right step 

END CASE 

REPEAT WHILE (Bracket size > error tolerance) QR 
— (cMid is not the minimum) 

Figure B.1. Structured Diagram of Search Algorithm. 
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Subroutine ITERDELTAU (STDEL) 

Subroutine ITERDELTAU implements the same search algorithm 
as ITERDELf but uses DELTAU as the independent variable, 
rather than STDEL, as ITERDEL does. In ITERDEL, Mid, Left 
and Right are 3 different values of STDEL. In ITERDELTAU, 
they are 3 different values of DELTAU. For the given value 
of STDEL passed to ITERDELTAU by ITERDEL, it searches for 
the particular 6t which yields the minimum cln(Vo). 

To find <rMid, aLeft and aRight in ITERDELTAU, 

Calculate array ln(V') Ccall CALCVLOGPRIME (STDEL, 
Mid) ] 

< Left) 
or (Right) 

Calculate ln(Vo> Ccall INTERCP (ln(V'), m)3 

Calculate base t Ccall CALCTAU 1 

Calculate standard deviations 
Ccall SIGMA 1 

ITERDELTAU finds the 6T yielding the minimum aln(V<>), and 
returns in and the corresponding <rln(V<>) back to ITERDEL. 

Figure B.2. Structured Diagram of Iterative Search 
Algorithm--continued. 
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