
The dusty atmosphere of Mars: A study of the properties
of martian aerosol dust, using Imager for Mars

Pathfinder and Hubble Space Telescope observations

Item Type text; Dissertation-Reproduction (electronic)

Authors Wegryn, Eric

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 09:18:28

Link to Item http://hdl.handle.net/10150/289700

http://hdl.handle.net/10150/289700


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to t)e removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, t)eginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9" black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell Information and Leaming 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





THE DUSTY ATMOSPHERE OF MARS: 

A STUDY OF THE PROPERTIES OF MARTIAN AEROSOL DUST, 

USING IMAGER FOR MARS PATHFINDER 

AND HUBBLE SPACE TELESCOPE OBSERVATIONS 

by 

Eric Wegryn 

Copyright © Eric Wegryn 2000 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANETARY SCIENCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2000 



UMI Number; 3002538 

® 

UMI 
UMI Microform 3002538 

Copyright 2001 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 

GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Eric Wegryn 

entitled The Dusty Atmosphere of Mars: 

A Study of the Properties of Martian Aerosol Dust. 

Using Imager for Mars Pathfinder and 

Hubble Space Telescope Observations 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Peter H. Smrt 

Richard J. Greenberg 

f^.//J/o 6 

Date/ / 

Date 

'i^'Al^^d S. McEwen Date 

jzlisldo -llkjl 
Dat2 

Date 
Timothy D. Swindle 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under ny 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

^ /^/(r/j 0 

Martin fJ. TnmasVn Dat^ '  Dissertation Director Martin G. Tomasko 



3 

STATEMENT BY AUTHOR 

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

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or 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: 



4 

Acknowledgments 

This opus is the culmination of 6 long years of graduate study. Like 

many Ph.D. hopefuls, I had an unclear conception of just what I was 

undertaking when I left a good job as an engineer in the Space Shuttle 

program to return to university. I came to the University of Arizona's Lunar 

and Planetary Lab because of their rich history of planetary astronomy and 

involvement in nearly every major exploratory spacecraft. My research has 

been difficult at times, bogged down by seemingly intractable problems. But, 

as I hope to make clear in the following story, it has been worth it. I would 

like to thank my research advisor Marty Tomasko for sticking with me 

through the tough times when the answers were not in sight. I would also 

like to thank Peter Smith, P.L for the Imager for Mars Pathfinder, for giving 

me an opportunity to help explore Mars. In addition, I wish to thank my co

authors, Lyn Doose and Mark Lemmon. Each of these fine gentlemen 

expediently answered every question I brought to them. I am also thankful 

for the support of my office mates. Josh Emery and Pete Lanagan, two fine 

fellows, and my insane friend Mike, a wise old young fool. And, mindful of 

the limitless wonder to be found in Life, the Uruverse, and Everything, I am 

grateful for students, hazelnuts, and butterflies as random sources of 

inspiration. 



5 

Dedication 

My favorite science author, Isaac Asimov, told a story of presenting one 

of his early nonfiction books to his father. A proud but puzzled Judah 

Asimov asked his son, "How did you leam all of this, Isaac?" 

"From you, Pappa," Asimov replied. 

"From me?" The elder was at a loss. "I don't know any of this." 

"No, but you taught me to value learning. After that, everything else 

came without trouble." 

While I would not say that everything has come "without trouble" for 

me, I share Asimov's recognition of the importance of learning imparted 

from one's parents. At the age of 32,1 am now completing a formal education 

which has spanned some 27 years. But of course as a natural philosopher I 

have no intention of ending my seif-education. Earning a Ph.D. is indicative 

of knowing how to conduct research, or, more simply put, knowing how to 

educate oneself. This is perhaps the most valuable thing a person can leam, 

for it opens up a world of limitless possibilities. 

It would not have been possible for me to reach this acme without the 

constant support and encouragement of my mother and father. They were 

not only tolerant and patient parents, but they have always nurtured my 

curiosity, my desire to explore, laying the foundation for all of my subsequent 

achievements. Including this one. I therefore dedicate this work to Jim and 

Linda Wegryn. 



6 



7 

TABLE OF CONTENTS 

LIST OF TABLES 8 

LIST OF FIGURES 9 

ABSTRACT 11 

1. INTRODUCTION 

1.1 Motivation for studying the Martian atmosphere 13 

1.2 Basic physics of light scattering 16 

1.3 Description of the radiative transfer model 23 

1.4 Brief summary of relevant research by others 27 

INTERLUDE: 
The Mars Pathfinder landing 31 

2. MARS PATHFINDER IMAGE ANALYSIS 

2.1 Description of the Imager for Mars Pathfinder 35 

2.2 Description of the IMP solar aureole observations 39 

2.3 Description of data reduction procedures and inversion code 45 

2.4 Assumptions about model parameters 52 

2.5 Results 58 

2.6 Multispectral Sky Patch from MPF Sol 22 73 

3. HUBBLE SPACE TELESCOPE IMAGE ANALYSIS 

3.1 Description of the HST Mars images 79 

3.2 Description of data reduction procedures and inversion code 81 

3.3 Results 86 

4. DISCUSSION: RECONCILING THE VARIOUS RESULTS 

4.1 A consistent model for aerosol properties 95 

4.2 Small particle components and effects on the phase function 107 

4.3 The reflectance spectrum of the Martian dust 112 

4.4 Conclusions and future work 119 



8 

TABLE OF CONTENTS - continued 

APPENDIX A: 

Properties of Dust in the Martian Atmosphere from the Imager for Mars Pathfinder 

M.G. Tomasko, P.H. Smith, L.R. Doose, M.T. Lemmon, and E. Wegryn 123 

APPENDIX B: 
Table of model parameters from best fits to solar aureole datasets 147 

APPENDIX C: 

Recalibration of the IMP 443 nm images and results 151 

APPENDIX D; 
Proposal for Mars Environmental Conditions Characterization 153 

REFERENCES 155 

LIST OF TABLES 

Table 1.1. A summary of past analyses of aerosol particles in the Martian atmosphere 28 

Table 2.1. Important physical characteristics of the Imager for Mars Pathfinder 39 

Table 2.2. A complete list of the IMP solar aureole datasets 42 

Table 2.3. Relevant parameters from the header of a typical IMP solar aureole image 48 

Table 2.4. Elevation shifts derived from saturated streaks in solar aureole Image 2 64 

Table 2.5. Attributes of the Sol 22 Sky Patch images 74 

Table 3.1. Attributes of Hubble Space Telescope images analyzed 80 

Table 4.1. Final results for wavelength dependent aerosol parameters. 'Standard model' 119 



9 

LIST OF HGURES 

Figure 1.1. A typical IMP sky image (taken on 8 Jul 1997, MPF Sol 4, image sequence 39) 15 

Figure 1.2. A comparison of singly scattered light to the multiple scattering total 19 

Figure 1.3. A comparison of two single scattering phase functions for different size particles....20 

Figure 1.4. The components of a single scattering phase function. Pollack & Cuzzi method 25 

Figure 1.5. Effect on the single scattering phase function of varying C 26 

Figure 1.6. Effect on the single scattering phase function of varying ©min 26 

Figure 2.1. A schematic diagram of the Imager for Mars Pathfinder camera head 36 

Figure 2.2. The layout of the CCD array in the IMP camera 37 

Figure 2.3. A typical set of IMP solar aureole images (from MPF Sol 11, image sequence 36) 41 

Figure 2.4. Intensity measurements from a full coverage IMP panoramic sky set 43 

Figure 2.5. The Hapke reflectance (w) function used to model the Martian surface 54 

Figure 2.6. Contour plot of an IMP image superimposed on a model. Nominal pointing 59 

Figure 2.7. Contour plot of an IMP image superimposed on a model. Shifted pointing 60 

Figure 2.8. A streaked IMP image (from MPF Sol 12, image sequence 36) 63 

Figure 2.9. A typical model fit to the measured intensity profile 67 

Figure 2.10. Best fit model values for G (all datasets) 69 

Figure 2.11. Best fit model values for ©min (all datasets) 70 

Figure 2.12. Best fit model values for nj (all datasets) 72 

Figure 2.13. A sky patch image (IMP sequence S0127, Sol 22) 73 

Figure 2.14. A model fit to a sky patch measurement 75 

Figure 2.15. Model intensity vs. elevation at 80° azimuth from Sun 75 

Figure 2.16. Imaginary indexes derived from model fits to the Sol 22 sky patch 76 

Figure 2.17. The sensitivity of derived imaginary index to variations in G 77 

Figure 2.18. The sensitivity of derived imaginary index to variations in Hapke w 78 



10 

Figure 3.1. Three HST images of Mars taken on 29 Jul 1997 through different filters 79 

Figure 3.2. Three HST images of Mars taken on 29 Jul 1997 at different times 80 

Figure 3.3. An HST image with geometrical points and lines superimposed 82 

Figure 3.4. Terminator-to-limb intensity cuts from 15 Jul 1997 and three sets from 29 Jul 1997. ...84 

Figure 3.5. A terminator-to-limb intensity cut, with three model values of Hapke w 87 

Figure 3.6. A terminator-to-limb intensity cut, with three model values of n, 89 

Figure 3.7. Optical depth measured by IMP, covering times of 29 Jul 1997 HST observations 91 

Figure 3.8. Hapke w derived from fits to MPF site in HST images with standard model 92 

Figure 3.9. Sensitivity of derived MPF site Hapke w to imaginary index 93 

Figure 4.1. Correlation of derived imaginary index with elevation of the Sun 98 

Figure 4.2. Hapke w of a theoretical surface with dark rocks shadowing brighter soil 99 

Figure 4.3. Intensity vs. elevation at azimuth 180°, for two different optical depths 101 

Figure 4.4. Correlation of derived imaginary index with elevation correction of frame 2 102 

Figure 4.5. Intensity vs. elevation at azimuth 180®, for two different imaginary indexes 103 

Figure 4.6. Most reliable determinations of imaginary index, with lo error bars 105 

Figure 4.7. Most reliable determinations of single scattering albedo, with lo error bars 106 

Figure 4.8. Single scattering phase function for theoretical small particles of various sizes. ..108 

Figure 4.9. Phase function for a hypothetical mixture of large and small particles 110 

Figure 4.10. Reflectance measured from the sky patch as a function of wavelength 113 

Figure 4.11. Geometric albedo derived from sky patch nj, compared to surface spectra 115 



11 

ABSTRACT 

The properties of aerosol dust on Mars may be deduced from photometric 

observations of its atmosphere. By comparing sky images taken by the Imager for Mars 

Pathfinder to numerical models, the size distribution and reflective properties of the dust 

particles can be determined. The format, quality, and reduction of the IMP images is 

described herein, as is the computational radiative transfer model used, with its various 

parameters. After discovering and compensating for an imprecision in the pointing of the 

camera, models were successfully fit to the IMP solar aureole datasets. Key results 

include determining the particle size (reff = 1.6 ± 0.15 [im); quadratic parameters G and 

©min describing the phase function for internally scattered light as functions of 

wavelength; and the imaginary refractive index nj (and single scattering albedo (o) of the 

aerosols as a function of wavelength (presented in Table 4.1). Preliminary indications of 

temporal variation in nj turn out to be due to an unplanned change in the time of day of 

the measurements, coupled with a limitation in the algorithm for correcting the 

aforementioned pointing imprecision. Excluding unreliable datasets leads to a set of 

particle properties which shows no significant variation over the first two months of the 

Pathfinder mission. A multispectral sky patch from MPF Sol 22 gives greater wavelength 

resolution, as well as showing the sensitivity of the results to variations in key model 

parameters. In addition, images from the Hubble Space Telescope are used to refine the 

surface reflectance used in the model. The final result is a model for the aerosol dust 

which is consistent with the IMP solar aureole observations and the HST observations. 

Evidence for a minor component of water ice is also discussed. Dust reflectances derived 

for comparison with ground spectra show a feature in the near infrared which is not 

present in most MPF spectra of bright surface regolith. This is an indication that there 

are components visible in the bright soil which are not present in the airborne dust. 
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INTRODUCTION 

1.1 Motivation for studying the Martian atmosphere 

On 4 July 1997 Mars Pathfinder, the first spacecraft in 21 years sent from Earth 

to land on Mars, bounced, rolled, and skidded to a stop. A camera sprang to life, opened 

its eyes, swiveled its head, and began sending back new and breathtaking images from the 

surface of the Red Planet. 

Pathfinder successfully executed its mission for 3 months, sending back over 16 

thousand pictures and a wealth of other data. Since then, bolstered by the overwhelming 

success and general popularity of the Pathfinder and its automated rover Sojourner, other 

spacecraft have been sent to the Mars, and, as I write this, still more are being planned, 

built, tested, and readied for launch. Planetary scientists, as well as all explorers at heart, 

look forward for this progression to continue through the coming years. 

Personally, I am excited and motivated by the recent advances in the planetary 

space program. Funding, building, and successfully executing such missions is still very 

challenging, but it's gratifying to see that when successful, the results are invariably met 

with widespread approval and awe. The renewal of planetary investigation in earnest is 

not only satisfying but appropriate. Humankind has an inherent drive for exploration and 

discovery, and scientific inquiry is as much a fundamental part of our advancing society 

as art, religion, or philosophy. The space program is but one of the most striking 

examples of our inquisitive nature, and the resumption of exploration of our planetary 

neighbor after more than two decades is a positive affirmation of our quest to explore. 

Sending machines to Mars has brought us a virtual library of new knowledge about 

the planet. However, as not only a scientist but an explorer, it seems to me that the most 

significant long term goal and the next truly great triumph of human exploration will be a 
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manned expedition to Mars. As we begin a new century, the question seems not will we 

go? but when will we go, and how? 

In pursuit of this lofty goal, as well as to promote our general understanding of 

this most hospitable nearby planet, we must determine the answers to many important 

questions about the conditions on Mars. For example; How much energy from the Sun 

reaches the surface of Mars? How much is absorbed by the thin Martian atmosphere and 

the fine dust that it carries, heating it and driving the Martian weather? What color is the 

Martian sky, and how does that affect the reflection spectra of the rocks and surface 

minerals? Is the airborne dust identical in composition to the fine soil on the surface? To 

answer these questions it is necessary to understand how light is scattered and absorbed 

(as a function of wavelength) by the gas and aerosol particles in the atmosphere. 

Also, how does the situation change over time? Are the conditions observed 

through Mars Pathfinder the same as those observed by the Viking spacecraft in the mid 

1970s, or are things significantly different? Was there a significant change over the 2 

months of Pathfinder atmospheric observations? And are the measurements from 

Pathfinder on the Martian surface consistent with other vantage points, such as from the 

Hubble Space Telescope, in orbit around our planet Earth? 

Fortunately, a great deal of information about the atmosphere of Mars may be 

deduced through simple photometry, that is to say through images from which the 

intensity of light, in various directions with respect to the Sun (the source) and the 

ground, may be measured. By comparing photometric observations of the sky to 

numerical models we can determine the average size, reflectivity, and other physical 

characteristics of the atmospheric dust. This in turn helps us in understanding the 

Martian climate in terms of solar energy deposition, and thus the heat balance and 

temperature structure. It is also important in modeling the diffuse illumination of the 

Martian sky for use in photometric measurements of rock and soil spectra. 
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In this dissertation, we will analyze two outstanding and nicely complementary 

sets of data. First we will examine images of the Martian sky taken from the surface, 

looking up through the atmosphere. Compared to most other pictures returned by the 

Imager for Mars Pathfinder (IMP), these featureless images are not exactly breathtaking 

(see Figure l .I), but as a group they contain a great deal of information about what is 

contained in the atmosphere, what is scattering the light from the Sun. In particular, we 

can determine the mean effective size of the aerosol particles. This size, roughly 1.6 

micrometers, was the primary result in a paper co-authored by Martin Tomasko, Lyn 

Doose, Mark Lemmon, Peter Smith, and myself The paper was published in the Journal 

of Geophysical Research (JGR) in an April 1999 special Mars issue, and is included in 

this dissertation as an appendix. The other major result of our study of IMP sky images 

was to constrain the imaginary refractive index (a measure of absorption of light) of the 

dust as a function of wavelength. As expected, the dust is absorbing at blue wavelengths 

and more reflective in the red, but differs somewhat from spectra of the Martian surface. 

Figure 1.1. A typical IMP sky image. 

Secondly, we will look at images of the entire planet Mars, as seen from Earth, 

looking down through the atmosphere from outside. These Hubble Space Telescope 

(HST) images, apart from being truly beautiful (see page 12), contain information about 

nearly the entire planet, whereas the Pathfinder observations are relevant only to a 

localized area. But from a practical, atmospheric point of view, the HST images have the 

disadvantage of having a background to consider. That is, to understand how light is 

affected by the thin atmosphere, we must be able to adequately model the effect of light 

reflected from tlie ground. Fortunately, the HST images show the planet under different 
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illumination conditions as it rotates, and it is possible to separate the atmospheric and 

surface contributions. The HST images can thus provide important information on the 

boundary condition for our atmospheric models. 

Finally, we will attempt to tie all of these observations together. As with most 

scientific measurements, we had to overcome many challenges to properly interpret the 

data. To reach an answer that is consistent with all of these different types of 

observations requires careful consideration of both the ground and sky of Mars. It is 

impossible to conduct accurate photometry of the Martian surface without taking into 

account the illumination of light scattered in the atmosphere; and it is equally essential to 

consider the reflection of light from the surface when attempting to deduce the scattering 

properties of the atmosphere and the dust it contains. This seemingly obvious caveat 

proves to be crucial to the entire problem under study, yet a consistent solution can be 

found. By using the HST images to characterize the reflective properties of the ground, 

and the IMP images to analyze the dusty sky, we hope to build toward a deeper 

understanding of the atmosphere and the material suspended within it, which plays such a 

critical role in the Martian environment. 

1.2 Basic physics of light scattering 

Just as the colors of our sky (on Earth) can tell us something about what the 

atmosphere is composed of and what sort of stuff is suspended within it, so can images 

of the Martian sky yield this type of information about the atmosphere of Mars. 

Sunlight (or moonlight, or starlight) passing through a planet's atmosphere is scattered in 

all directions, through reflection, diffraction, and refraction. This scattering of light is 

what illuminates an atmosphere, making it appear blue, as on a clear day on Earth, white, 

as on a hazy day, or rust-colored, as it is on Mars. 
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Sunlight is electromagnetic radiation in a broad spectrum of colors, and it is 

informative to understand how the different wavelengths are scattered to different extents. 

The scattering of a given wavelength of light is a function of how that wavelength 

compares to the size of the particles (whether gas molecules or suspended aerosol 

particles) in the medium through which it is passing. To quantify this, we may define a 

size parameter as a measure of the ratio of particle size (typically, its geometrical 

circumference, 27rr) to the wavelength (X) of interest, so: x = 27cr / X . 

There are several methods available for treating the scattering of light by various 

particles. Scatterers with very small size parameters (x « 1), such as molecules of 

carbon dioxide or other gasses (with respect to visible light), can be described using the 

scattering theory of Lord Rayleigh (1871). In Rayleigh theory, the scattering efficiency is 

strongly a function of wavelength, being proportional to 1/X, to the fourth power. 

Larger particles may be described using Mie theory (1908) if they are spherical. 

This is an analytic description using Maxwell's Laws of electromagnetism to treat the 

several components of scattering by a spherical particle, including external reflection, 

internal transmission (which includes refraction and internal reflection), and diffraction 

around the particle. The net effect of these components is represented in the scattering 

phase function, a function that describes how scattered light is distributed in terms of 

angular deflection from the incoming direction. Specifically, it is the probability P(0) that 

a photon will emerge at a particular angle 0 from the incoming direction af^er a single 

scattering event. For an example, consider one of the phase functions shown in Figure 

1.3. As much of the light is only moderately deflected from the direction of the light 

incident on the particle in this typical case, the probability of scattering through small 

angles is high, and the phase function shows a peak representing forward scattering. The 

probability of scattering through large angles is much smaller. We will make extensive use 

of the single scattering phase function in this study. 
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Finally, aerosol particles that are even larger (x > ~ 5) and/or non-spherical require 

a more complicated treatment, such as that developed by Pollack & Cuzzi (1980). This 

type of method is referred to as 'semi-empirical' because it handles diffraction and external 

reflection as in Mie theory (with Maxwell's Laws), but uses a phase function derived 

empirically, not analytically, to treat the internally transmitted portion of the scattered 

light. 

The phase function describes the distribution of light scattered by single particles. 

In the low density gas of a planetary atmosphere (as that of Mars, for instance), 

interactions of light with individual particles may be thus considered, separately as single 

scattering events. The effects of many scattering events may then be integrated to give a 

solution for an entire atmosphere or layer of atmosphere. (Specifically, scattering and 

transmission functions may be calculated for an arbitrarily thin layer (dt), and then 

doubled, as in the layer-doubling method described by Hansen (1969).) 

In a real atmosphere, a photon may interact with any number of particles, that is, 

it may be multiply scattered. Singly scattered light makes up but a fraction of the total. 

As illustrated in Figure 1.2, at small scattering angles (i.e., looking near the Sun) most of 

the observed light has undergone only a single scattering, but at larger angles more and 

more of the light has been scattered two or more times. 

We can see the single scattering phase function reflected in how the photometric 

intensity of the sky decreases at larger angles away from the Sun. For example, consider 

the solar aureole, the bright annulus of sky immediately surrounding the Sun. A bright 

solar aureole with a quick decline in intensity indicates that the light is strongly forward 

scattered, that is, most is scattered through small angles, remaining concentrated mostly in 

its original direction. A dimmer but larger solar aureole, with a gradual decrease in 

brightness, indicates that more of the light is widely scattered. 
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The extent and gradient of the solar aureole depends on effective size parameter of 

the scatterers. Particles small compared to the wavelength (i.e., small x) scatter light more 

widely, due to greater diffraction. Figure 1.3 shows single scattering phase functions for 

two different size parameters for comparison. Note that the magnitude of the forward 

scattering peak is larger for larger particles. 

And, as pointed out above, the size parameter is a function not only of particle 

size, but wavelength. Our sky on Earth is blue because the shorter wavelength blue light 

is more efficiently scattered than the longer wavelengths by the small molecules of 

nitrogen and oxygen gas comprising our atmosphere. On hazy or smoggy days, the larger 

aerosol particles suspended in the atmosphere scatter even the longer wavelength sunlight, 

making the sky appear more white than blue. 

The size of the scattering particles need not be uniform, of course. Molecules of 

particular gas have a well-defined size, but when considering aerosol particles such as dust 

grains or crystals of water ice, in general there is a distribution of particle sizes. The size 

distribution may be modeled in various ways, such as the commonly used gamma 
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Figure 1.3. A com

parison of two typical 

single scattering phase 

functions. The solid 

line is for particles 

with a mean size of 1.0 

urn, and the dashed is 

for 2.0 (im particles. 

The dashed line has a 

sharper peak. Smaller 

particles induce wider 

diffraction, scattering 

more light away from 

the incident direction, 

weakening the forward 

scattering peak. 

function, as in Hansen & Travis (1974), where the number of particles at any size r is 

given by 

N(r) = c e -""/(ab) 

The first two moments of this function, a and b, represent respectively the mean particle 

radius as weighted by geometrical cross-section (which can also be called reff), and the 

dimensionless variance of the size distribution (also called Ve^). The constant c scales the 

total number density of the particles. Other size distributions may be defined, but in 

general, given the same first and second moments, the effective scattering properties are 

similar. The gamma function is the distribution used in the current work. (For a graphical 

example of this size distribution, see Figure 12 in Appendix A.) 

An important property of the scattering medium is its index of refraction, which 

can be represented as a complex number, with real and imaginary components; n = nr -i ni. 

The real component nr represents simply the ratio of the speed of light in a vacuum to its 
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speed within the material. The imaginary component nj is related to the attenuation of 

the electromagnetic field strength in the material, i.e., the absorption of energy. 

The fraction of energy removed from the incident light that is not absorbed by a 

particle but scattered is quantified by the albedo for single scattering, co. Thus, the single 

scattering albedo is inversely correlated with the imaginary refractive index of the 

particles. (Changing the imaginary index or single scattering albedo changes the relative 

amount of absorption and reflection from a particle, but does not appreciably affect the 

angular distribution of scattering, and thus does not significantly alter the shape of the 

phase function.) 

The dimming of incident light passing through the medium is quantified by the 

optical depth for extinction T, a measure of the opacity of an atmosphere. It is equal to 

the extinction cross-section (the efficiency factor Q times the geometrical cross-section of 

the particles) multiplied by the number of particles present (per unit volume) times the 

path length: 

t = Q Cgeom (N/v) L , 

where the extinction efficiency is the sum of absorption efficiency and scattering 

efficiency (Hansen & Travis, 1974). 

The law of Conservation of Energy may be applied to a small element of a 

scattering medium to yield the Equation of Transfer: For light of a particular frequency, 

V, traversing a cylinder of length ds, the change in intensity is the difference between light 

scattered into the beam (the source function, Jv) and light scattered out, ly : 

div / dx = Jy - ly 5 

where dx = ky p ds (Chandrasekhar, 1960). 

From this may be derived Beer's Law, which gives the attenuation of an incoming 

beam of intensity Iq through a layer of atmosphere at a particular zenith angle; 

I = lo e 
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where l/|i is the airmass factor, the ratio of the slant path length to vertical atmospheric 

thickness (approximately the secant of the zenith angle). 

The optical depth, single scattering albedo (or imaginary refractive index), single 

scattering phase function, and size distribution of aerosol particles constitute the key 

parameters of interest in this study of the Martian atmosphere. 

An added complication in this treatment is the interaction between the ground and 

the sky. The sky is illuminated not only by the sunlight passing through and scattering, 

but also by light reflected from the underiying surface. And the ground is illuminated not 

only by the direct sunlight, but by the entire diffusely lit sky. On Earth this latter effect 

is noticeable (if it weren't there would be no light in shadowed areas, and one could not 

read in the shade of one's favorite tree), but is not dominating. Direct sunlight is much 

brighter than the diffuse sky light. On Mars however, with its strongly scattering dusty 

atmosphere, the diffuse sky can provide as much light or more than the direct solar beam 

early and late in the day. Therefore it is necessary to use accurate photometric properties 

of the Martian surface to properly model the light scattered in the atmosphere. 

The ground can be modeled in several ways. Perhaps the simplest is a Lambert 

surface, which reflects light equally in all directions, regardless of the direction of the 

incoming beam. More complicated is the formalization of Hapke (1981, 1986). In this 

treatment, w is the single scattering albedo for a deep layer of isotropic scatterers. An 

additional term models secondary effects with a double Heyney-Greenstein phase 

function, with asymmetry factors b and c. Two other parameters quantify the 

opposition effect, the concentrated brightness of light reflected direcdy back toward the 

source (i.e., about 0° phase angle). The opposition effect is given as a function of phase 

angle 0, with bo and h as the magnitude and angular width of the effect. The Hapke 

surface model is the one most relevant to the current work. 
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The primary mathematical tool at our disposal for tackling the complex problem 

of modeling the photometric intensity of the atmosphere of Mars is a computer algorithm 

developed over many years by Dr. Martin Tomasko, Lyn Doose, and others, to calculate 

the effects of multiple scattering of light, and thus radiative transfer of energy, in a gas and 

aerosol medium such as a planetary atmosphere. 

The model is written in FORTRAN, consisting of two programs: The primary 

program, labeled INTSCLD, calculates the transmission and reflection of light through 

layers of a horizontally stratified atmosphere consisting of gas and aerosol particles 

illuminated by an external point source (the Sun). There are several computational 

methods for solving the equation of transfer, which is an integro-differential equation. 

This code calculates the scattering and transmission functions, the S and T functions of 

Chandrasekhar (1960), for arbitrarily thin layers based upon Rayleigh and Mie scattering 

theory, and the Pollack & Cuzzi formalization using the empirical phase function. (The 

model does not treat polarization effects.) It then uses a layer-doubling and adding 

technique to extend the results to a layer of finite thickness. Integrals over zenith angle 

are done using Gaussian quadrature, while the azimuthal dependence is expanded in a 

Fourier series. Several distinct layers may be defined with differing properties, but in 

many cases a single layer is sufficient. 

The secondary program, INT4, calculates the actual intensities (i.e., rate of energy 

flow per unit area, per unit solid angle of the sky, in a given wavelength interval) for a 

given solar zenith angle. The main output consists of tables of upward and downward 

intensity as a function of zenith angle and azimuth angle (A<I>) for each boundary in the 

model. The accuracy of this radiative transfer code is estimated to be about 1 % (M. 

Tomasko, personal communication). 
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The model has many input parameters. The gaseous atmosphere is modeled by a 

simple Rayleigh opacity. The total opacity is determined by the composition and the 

amount of gas in the atmosphere, which, in the simple case of hydrostatic equilibrium 

(with scale height H = - P dz/dP = k T / m g), can be specified by a single value such as 

the surface pressure, for a given mean molecular weight, m, and surface gravity, g. 

For aerosol particles a size distribution is specified. Those particles with size 

parameters below a certain specified threshold, called Xiarge, are treated in the model using 

Mie scattering theory. (Typically the transition is set at Xiarge of around 3 to 5.) 

Particles with size parameters greater than Xiarge are modeled by the method of Pollack & 

Cuzzi (1980). As mentioned above, this method calculates the sum of external reflection, 

internal transmission (refraction and internal reflection), and diffraction around the 

particle. Figure 1.4 shows the separate components of a phase function from a relevant 

model of the Martian atmosphere. Diffraction and external reflection are handled 

analytically, but the internally transmitted portion of the light is modeled with a single 

scattering phase function that is characterized by two values, describing the slope (G) and 

the scattering angle (0min, or theta min) at which the function has its minimum value. 

(See Figures 1.5 and 1.6 for examples.) G is roughly the ratio of light scattered into the 

forward hemisphere to that scattered into the backward hemisphere. Specifically, 

G = e b) 

for a phase function of the form e (l+b©) jhe quadratic parameterization including ©min 

is an enhancement over the single parameter G used by Pollack & Cuzzi in their work, 

allowing greater flexibility, but is still an arbitrary way of defining a phase function. 

The aerosol particles in the Pollack & Cuzzi component of the model need not be 

spherical. The shape of the particles is parameterized by a parameter Rs, the surface area 

ratio (also called Rsurf or SAR). This number is the ratio of the surface area of an irregular 

particle to that of a spherical particle with equal volume; thus Rs = 1 corresponds to 
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Figure 1.4. The components of a single scattering phase function in the Pollack & Cuzzi method. 

The component due to diffraction is shown by the dashed line, along with external reflection 

(dash-dotted line), and internally transmitted light (dash-dot-dot-dot). The dotted line 

represents the component due to Mie scattering by particles smaller than Xiarge/ and the solid 

line is the weighted composite phase function. Note the steep fall off of the diffraction 

component (x = 15 in this case), and the structure in the Mie component resulting from resonances 

in the spherical particles. As the phase function represents probability of scattering through a 

given angle, each component is normalized so that its integral is equal to unity. 

spheres, and higher values indicate flatter particles. 

The model may thus be very robust, with various mixtures of gas and aerosols, the 

latter being variable in number, distribution of sizes, shape, and scattering properties. 
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Figure 1.5. A com

parison of two single 

scattering phase 

functions, siiowing the 

effect of G. The solid 

line is for particles 

with a G of 80, and 

the dashed is for G = 

320. 

These parameters may be specified for one or more distinct layers, variable with 

wavelength, and the model yields the intensity of light in any direction, with high 

accuracy. It is just the tool for analyzing images of the Martian sky. 
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Figure 1.6. A con:i-

parison of two single 

scattering phase 

functions. The solid 

line is for particles 

with a ©min of 132°, 

and the dashed is for 

©tnin = 180°. The 

solid line represents 

aerosols with a slight 

back-scattering peak. 
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Detailed studies of the dusty atmosphere of Mars date from the 1960s, with the 

first spacecraft sent to explore the planet (see Kieffer et al., 1992). In 1965 Mariner 4 

flew past the planet and determined through a radio occultation experiment that the 

pressure at the surface was about 560 Pa (5.6 millibars), implying that carbon dioxide was 

the major constituent of the atmosphere. Mariners 6 and 7 confirmed these results in 

1969. Each spacecraft returned a handful of images from its flyby. Mariner 9, launched 

in May 1971, became the first spacecraft to enter into orbit around another planet that 

November. It subsequently sent back over 7300 images over the next year, increasing our 

database about Mars by more than an order of magnitude. Unexpectedly however, the 

first thing that Mariner 9 observed was a major dust storm obscuring the entire planet, a 

striking indication of just what an important role the atmospheric dust plays on Mars. 

Mariner 9 was followed by the highly successful Viking missions, a pair of 

spacecraft with both orbiter and lander. Launched in August and September of 1975, 

they went into orbit about Mars after 10 months of interplanetary cruise, and the first 

lander successfully descended to the surface on 20 July 1976. 

Mariner 9 and Viking 1 and 2 returned many groundbreaking observations of the 

Martian atmosphere. The observations ranged in wavelength from the ultraviolet (268 

nm) through the visible spectrum into the near infrared. Also obtained were thermal IR (5 

to 50 |im) measurements from the Mariner 9 Infrared Imaging Spectrometer (IRIS) and 

Viking orbiter's Infrared Thermal Mapper (IRTM). The Viking landers imaged the Sun 

and sky from the surface to measure extinction opacity and other properties. 

In addition to these U.S. missions, the Soviet Union, after a disappointing series 

of Mars probes (1962-1974), achieved success with their Phobos 2 craft, which was used 

to study the Martian atmosphere in 1989 during its abbreviated mission in orbit. 
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Table 1.1 lists a summary of the findings published in the scientific literature by 

various researchers concerning the aerosol particle properties. A key parameter sought 

by most studies is the effective particle size. (Although indirect measurements of other 

optical properties were made, there was no comprehensive, systematic program of 

observations prior to Mars Pathfinder.) Derived values for effective particle radius rgff 

range from 0.4 to 2.75 |im, but the most reliable fall in the middle of that range and 

essentially agree. Let us consider the various results. 

Table l.I. A summary of past analyses of aerosol particles in the Martian atmosphere. 

Authors reff Veflf Comments 

Pollack et al. (1977) 0.4 0.15 superseded by 1995 publication 

Toon ct al. (1977) 2.75 0.42 Viking oibiter observations at 5 to 40 ^m 

Pollack el al. (1979) 2.5 0.4 superseded by 1995 publication 

Drossart ctal. (1991) 1.24 0.25 Phobos observations at 1 to 3 ^m 

Korablcv et al. (1993) 1.6 at 15 km. 
0.8 at 25 km 

0.2 ±0.i Phobos solar occultation observations 
at 1.9 and 3.7 ^m 

Pollack et al. (1995) 1.52. 1.85 ±0.3 0.5 ± 0.2 Viking lander results re-analyzed 

Clanc\- etal. (1995) 1.8 0.997 UV to IR observations to constrain veff 

Markiewicz et al. (1999) 1.71 ±0.29 0.25 ± 0.5 IMP midday vertical sky scans 

Tomasko et al. (1999) 1.6 ±0.15 0.2 to 0.5 IMP solar aureole horizontal panoramas 

Toon et al. (1977) modeled brightness temperature to fit Mariner 9 IRIS thermal 

IR (5 to 40 |im) measurements from the global dust storm of 1971-72. They derived reff 

of 2.75 |im. This is significantly large, but as particles with small size parameters have 

small scattering cross-sections, these longer wavelength measurements are likely biased 

toward larger size particles. They also found no significant variation of the relative size 

distribution N(r) for particles from 1 to 10 as the 1971-72 dust storm subsided, i.e., 

the larger particles did not preferentially fall out, and they concluded that turbulent eddy 

diffusion is a mechanism keeping the dust up in the atmosphere. 
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Viking provided the first opportunity to image the sky from the surface of Mars. 

The original results published by Pollack et al. (1977, 1979) following the Viking mission 

were superseded by their 1995 paper. By properly treating the vignetting of the Viking 

lander camera, they were able to use observations of the solar aureole within 12° of the 

Sun to better constrain the diffraction peak. Their revised reff was 1.52 fim from Viking 

Lander 1 and 1.85 |im from VL2. 

Ockert-Bell (1997) expanded these results to include a model imaginary index, and 

compared it to several candidate materials (including palagonite, basalts, and 

montmorillonite). 

Similarly Clancy et al. (1995) reexamined the Mariner 9 IRIS and Viking IRTM 

data, and derived reff of 1.8 ^im. They used the full wavelength range of measurements to 

constrain the width of the size distribution, Vgn", concluding that the distribution was very 

broad. They also compared ratios of the measured opacities to those of a palagonite 

Mars-dust analog, which matched most observed features, but not all. 

Korablev et al. (1993) observed occultations of the Sun through the atmosphere 

with the Phobos imaging IR spectrometer. These measurements, at 1.9 and 3.7 nm, 

resulted in an reff ranging from 1.6 fim at 15 km altitude to 0.8 ^m at 25 km. Their results 

were limited to this altitude band due to spacecraft pointing problems. 

In addition to determinations of the particle size distribution, separate 

observations have been carried out to measure the opacity and amount of water vapor in 

the Martian atmosphere. The Viking landers measured an extinction opacity which was 

normally a few tenths, but increased an order of magnitude during the dust storms. 

Telescopic observations of Mars date from Galileo (1610), but were sharply 

limited in terms of spatial resolution until relatively recently. For example, although dust 

clouds on a global scale have been observed since the landmark close opposition of 1877, 

variations in albedo features were not properly attributed to temporal changes in dust 
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(and/or ice) both in the atmosphere and on the surface. However, since the launch of the 

Hubble Space Telescope (HST) in 1990, and especially with the addition of the second 

Wide Field / Planetary Camera (WF/PC 2) by NASA astronauts during the first repair and 

servicing mission in 1993, several sets of valuable high-resolution images have been 

obtained. Mars may now be imaged with a resolution as good as 12 km per pixel 

(although it comes into opposition only every 25 months). In the past decade, various 

researchers have used HST images to study the atmosphere aerosol content of Mars. For 

example, James et al. (1994, 1996) derived an optical depth of O.l, significantly lower 

than the Viking measurements. Finally, it should be noted that several authors have 

suggested that brighter aerosol measurements in the early morning are an indication of high 

level water ice clouds or ice accretion on the dust particles. 

The gaseous composition of the Martian atmosphere was deduced early on from 

telescopic observations of absorption features in its spectrum. However, due to a lack of 

distinctive spectral features the mineral composition of the aerosols has not yet been 

positively identified, although as mentioned above several candidate materials, chiefly 

silicates, have been proposed. Scientists commonly assume that the dust is similar or 

identical to the bright surface regolith; but this has not been conclusively shown, and 

placing better constraints on this composition is one goal of studying the photometric 

properties of the aerosols. 

This is where Martian atmospheric studies stood in 1996 when I began my 

graduate research. Scientists had been examining and reexamining old data for 20 years, 

tantalized by limited telescopic views, and hungry for new observations. The failure of 

the Mars Observer spacecraft in 1993 further increased the anticipation for the next 

missions to Mars. The two spacecraft launched toward Mars in late 1996, Mars 

Pathfinder, and Mars Global Surveyor, represented, in many ways, a new beginning in 

Martian exploration. 
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INTERLUDE: The Mars Pathfinder landing 

Surely the most exciting time for a planetary scientist participating in a spacecraft 

mission is when the first images arrive from another world. I am grateful to have had the 

opportunity to be present at the Jet Propulsion Laboratory in Pasadena, California, on 

the day of the Pathfinder landing, and I would like to include a brief account of the 

experience. 

There was a great deal of anxious tension and excitement in the air amongst the 

scientists, engineers, and journalists that Independence Day, due in great part I think to 

the unconventional nature of the Pathfinder's landing. The use of airbags to cushion the 

landing of an interplanetary spacecraft was unprecedented, and many were unconvinced 

that it would work as planned. As the brief radio blips arrived through NASA's Deep 

Space Network (DSN), signaling the various events that had to occur during the entry, 

descent, and landing, even the project engineers manning the consoles could not hide their 

excitement. The lander bounced, rolled, and skidded to stop in dramatic fashion 

(described in Golombek et al., 1999), and a chorus of cheers filled the air at JPL when 

word came that the spacecraft had sent its first signal from the surface of Mars. 

There was still a buzz of excitement as the lander had to be commanded to lift one 

of its three petals to fully retract the deflated airbags. Then the ramps were extended for 

the rover. Sojourner, and the imager was released and activated. The tension continued as 

we awaited die first images. 

For me, the most moving moment was when the images began appearing on 

moniior screens around the room — but not the very first images, which for engineering 

reasons were aimed down at the base of the spacecraft. For me, the true moment of awe 

came when I saw the first image showing the horizon, complete with rocks, dirt, and sky. 

That's when I was overwhelmed by the realization that the spacecraft was actually sitting 
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on the surface of Mars! This machine, built by ordinary men and women, with a camera 

designed and tested here at the University of Arizona, had actually been launched, sent 

across millions of kilometers of interplanetary space, and landed safely on the surface of 

another planet! And it was sending back amazing pictures! I realize of course that this is 

exactly what it was intended to do, but even when success is expected, such a 

monumental undertaking still fills one with a sense of awe at the accomplishment. We 

were on the threshold of discovery. It didn't take a rocket scientist to see that our 

knowledge of Mars was about to be greatly expanded. 

The images came in quickly. The various panoramas of the landing site, which 

was soon designated the Carl Sagan Memorial Station in honor of the late pioneer of 

planetary science, delighted all of us working on the mission, and we could hardly wait to 

show the media and the public. In fact, the Pathfinder mission set precedents for the 

quick release of nearly all the information, with little or no proprietary period for the 

exclusive use of the participating scientists. In addition, the images and other information 

posted on the Internet drew record numbers of website visitors, as public enthusiasm for 

the mission surpassed all our expectations. 

I was a member of the Atmospheric Imaging Research (AIR) group, led by Marty 

Tomasko, and also including Peter Smith, Nick Thomas, Mark Lemmon, and others. We 

received our first images of the solar aureole (image sequences S0036 and S0039, to be 

described below) on MPF Sol 4. (Mission time was counted in Local Solar Time (LST), 

from the day of landing (4 Jul 1997 on Earth); Martian sols are 24 hours 37.6 minutes 

long.) Previous to receiving those first sequences I had attempted to derive information 

about the sky from the upper part of several images aimed at the horizon. This did not 

yield any scientific results, but it did serve as a successful test of my data inversion 

programs, as a partial phase function measurement was extracted and compared to model 

calculations. With receipt of the first sequence 39 and 36 images from Sol 4, we had a 
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reliable measurement of the intensity profile of the Martian sky for analysis. No more 

solar aureole images came in for another week, but it was quite an exciting week. The rate 

of information being received from the spacecraft turned out to be much higher than 

expected, due to the quality of the radio link, and images poured in. 

My time at JPL was spent attending science meetings, acknowledging the receipt 

of image sets, debugging my computer code, and designing improved image command 

sequences. With the higher than expected data return rates, we were informed that we 

could submit image sequences with higher data volumes, so we had an opportunity to 

rewrite the command sequences to acquire much more data. We (members of the AIR 

group) decided to add images to our panorama to obtain more complete coverage, and I 

rewrote the command sequences accordingly. 

Beginning with Sol 11, sequences 36 and 39 were executed with greater than 

expected frequency. In addition, the new version of sequence 36 was uplinked on Sol 11 

and the Sol 12 and later datasets contained full 180° panoramas. By the time I left JPL 

and returned to the University of Arizona, I had a dozen nice datasets to work with, with 

still more coming in. As an explorer at heart, it's simply thrilling for me to participate, 

knowing that, in some small part, we are advancing the exploration of the solar system. It 

was an experience I will never forget. 

Let us now consider the form and content of the IMP solar aureole images, 

beginning with the instrument itself. 
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2. MARS PATHFINDER IMAGE ANALYSIS 

2.1 Description of the Imager for Mars Pathfinder 

The Imager for Mars Pathfinder (IMP) was developed at the University of 

Arizona by a group led by Principle Investigator Peter H. Smith, based in part on the 

Descent Imager / Spectral Radiometer (DISR) of the Huygens probe, conceived by Dr. 

Martin Tomasko (Tomasko et al., 1996). Like DISR, the IMP is a solid-state electronic 

camera, utilizing a charge coupled device (CCD) sensitive to visible and near-infrared light 

with wavelengths between 440 and 1000 nm. 

Figure 2.1 shows a schematic image of the IMP camera head. It is mounted on an 

extendible mast on top of the Pathfinder lander, with two motors to rotate the camera in 

azimuth and elevation. The IMP is a stereoscopic camera, with two eyes situated 15 cm 

apart, each with an independent set of optics, and mirrors to bring their images together 

onto the single silicon CCD chip. Its spatial fields of view cover 14.4 by 14.0 degrees, 

each mapped onto 248 by 256 pixels of the CCD array (see Figure 2.2). (Taking two 

images from these different viewpoints is useful because it yields information on the 

distance to objects in the image from their parallax. This procedure was so successful that 

detailed 3-dimensional maps and stereo virtual landscapes, with astounding verisimilitude, 

could be made of the area around the MPF lander. However, as the parallax of anything 

more than about 10 meters away from the camera would be too small to measure, there 

was no reason to use both eyes of the camera for imaging any atmospheric phenomena. 

Thus, all of the solar aureole sequences described below were taken with a single eye (to 

reduce data volume) instead of stereo image pairs.) 

A pair of filter wheels, one in the optical pathway of each eye, contain 12 filters 

each for the imager. Of these, four pairs are very dark 'solar filters' for use in imaging the 
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Figure 2.1. A schematic diagram of the IMP camera head. For scale, the two eyes are 15 cm 

apart. The imager is depicted undeployed, with its mast stowed in its canister. Even so, the 

head was able to rotate up and down and from side to side, driven by the elevation motor shown 

at left and the azimuth motor below the camera head. 

Sun without damaging or saturating the CCD. The remaining filters, called 'geology filters' 

because their primary purpose was to provide spectroscopic information about rocks and 

soil around the landing site, sample the electromagnetic spectrum at various wavelengths 

from 443 nm to 1000 nm. For most of them the passband width is about 25 to 30 nm. 

Thus the 443 nm (blue) filter, for example, passes only light between about 430 and 457 

nm. IMP was not designed to provide any information about polarization of the light. 
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Figure 2.2. The layout of the CCD array in the IMP camera. 

The responsivity of the CCD was fully characterized in laboratory calibration at 

the University of Arizona, Lunar and Planetary Lab. Images of calibrated standard light 

sources were used to measure the correlation of instrument response (output DN) to 
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incident light (in W/m^/p^m/sr). The responsivity is given as a function of temperature 

and wavelength through each filter, with uncertainty of less than 5 % (Reid et al., 1997; 

Smith et al., 1997a). 

In addition to the desired response of the CCD to incident light, a small amount of 

additional charge builds up on the detector pixels due to thermal photons. This dark 

current is unavoidable but strongly a function of temperature; at the low temperature 

environment on Mars (usually less than -20 °C) it amounts to roughly a few DN per 

second. It can be modeled based upon laboratory calibration measurements, and 

subtracted from the image signal. 

The imager does not employ a mechanical shutter. The CCD chip is divided into 

two halves, an image section, which is exposed to light coming through the optics, and a 

storage section, which is covered by a metal coating. After the image section has been 

exposed for the desired amount of time to light from the scene in front of the camera, the 

electric charge accumulated on the image section is rapidly shifted over to the storage 

section, from which it is then read out through an analog-to-digital converter as data 

numbers (DN). This shift, which takes 0.0005 second, introduces an additional effect, a 

smoothly graded smear as rows far from the storage section accumulate more light from 

the scene during the shift across the chip. This electronic shutter effect can be 

compensated for by taking what is known as a zero-length exposure, in effect an 

immediate shift into the storage section of the small charge that accumulates during the 0.5 

ms shift interval, to characterize the shutter effect and subtract it from the regularly 

exposed image. It can also be removed analytically if the image includes the row adjacent 

to the storage section. Note that since the shift takes place so quickly, this shutter effect 

is small for all exposures but the very shortest. However, in images with bright scenes 

(such as the sky very near the Sun), which require an exposure time of only 10 to 15 ms, 

it is essential that this effect be corrected. 
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The electronic shutter correction can be performed by software on board the 

spacecraft itself. The onboard software also provides for subframing and pixel block 

averaging in order to reduce the number of bytes required to represent an image when the 

full extent and resolution of the CCD array is not required. In addition, a Joint 

Photographic Experts Group (JPEG) compression algorithm was available to further 

reduce the volume of data for transmission to Earth. 

In summary, the Imager for Mars Pathfinder is a simple yet versatile multispectral 

electronic camera. Table 2.1 presents some of the important physical parameters of the 

IMP. 

Table 2.1, Important physical characteristics of the Imager for Mars Pathfinder 

Optics: f/18, focal length 23 mm, field of view 14.4 x 14° 

Spatial resolution: 0.05621° per pixel (pixel size 23 x 17 [im) 

CCD sensitivity: 440 to 1000 nm (gain 30.6 e" per DN) 

Mobility: 360° in azimuth,-60 to+90° in elevation, 0.553° per motor step 

2.2 Description of the IMP solar aureole observations 

In addition to its various missions of imaging geology targets, the rover, and the 

Sun, the Imager for Mars Pathfinder (IMP) was used to take sets of images of the sky 

above the Carl Sagan Memorial Station landing site for the purpose determining the 

properties of the aerosol particles. These 'solar aureole' image sequences were specifically 

designed to allow the phase function for scattering to be characterized, to allow 

determination of the size and optical characteristics of the dust. 

Two image sequences were created to provide measurements of the solar aureole. 

These sequences, designated S0036 and S0039, were originally identical except for the fact 



that sequence 36 was to be executed in the evening (about 5 hours after solar noon at the 

MPF site) and sequence 39 in the morning (5 hours before noon). Both sequences called 

for sets of 6 sky images, taken at a constant elevation near that of the Sun, when it was 

low in the sky (about 15° elevation). The 14.4° wide image subframes covered from 5 or 

10° to 180° azimuth from the Sun. The first two images were pointed on either side 

(centered roughly ± 12° azimuth) of the Sun, followed by four more at approximately 

25°, 80°, 120°, and 175° azimuth from the Sun. This wide sampling of the sky allows 

practically the entire scattering phase function to be determined (assuming that the haze is 

uniformly distributed). For spectral coverage a complete solar aureole image sequence 

acquired four image sets taken (in parallel) through different filters; 0, 5, 8, and 11, Left 

eye (443 nm, 671 nm, 898 nm, and 968 nm). 

Figure 2.3 shows a typical set of six IMP solar aureole images. During the Mars 

Pathfinder mission 28 such sequences were returned within the first 56 sols. A complete 

list of all 1250 solar aureole images would be impractical, but images from Sequences 

S0036 and S0039 can be identified by the sequence number as a string in their image IDs 

(e.g., 'img_0036080002'). Table 2.2 contains a complete list of the 28 IMP solar aureole 

image sets. Note there was excellent temporal coverage over two and a half weeks from 

MPF Sol 11 to 28, thanks to downlink transmission rates much higher than anticipated; 

after that only three more pairs of datasets were returned, on Sols 32/33, 38/39, and 

55/56. 

Beginning with MPF Sol 12, image sequence 36 was upgraded to return 15 

overlapping frames, which provided a full 180° azimuthal panorama of the sky. (See 

Figure 2.4 for an example of the full intensity profile.) As a result of the vast increase in 

the amount of data that MPF could return to Earth over what had initially been forecast, 

not only were the solar aureole sequences executed on many more Sols than had been 

expected, but the data volume of the sequences could also be increased. A similar increase 
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Figure 2.3. A set of IMP solar aureole 

images. This dataset from Sol 11 (15 

Jul 1997) was used in our initial 

analysis, presented in Tomasko et al. 

(1999). These six images were taken 

through filter 5 Left (671 nm), and 

imaged the sky around 10, 12, 20, 90, 

120, and 175° in azimuth from the 

Sun. Here they have been scaled so 

that the brightest pixel in each 

image is white on an 8 bit gray scale. 

Note the saturated areas in the first 

two frames, imaging just to the right 

and left of the Sun. (All saturated 

columns were excised from the images 

before comparison to models.) Note 

also that the intensity gradient is 

mostly horizontal in the images near 

the Sun, and vertical looking away 

from the Sun. The intensity 

decreaies quickly moving away from 

the Sun, and in the last three images 

variations due to hot pixels and the 

cross-hatching of the flat field 

pattern can still be discerned, as well 

as spots which are likely out-of-

focus dust on the window. 

in coverage was made to sequence 39, but this new version was not uplinked to the 

spacecraft until after Sol 33. In addition to expanded spatial coverage, a fifth wavelength, 

480 nm, was added to the morning sequence; however, only two datasets were returned 

after these final upgrades were made. 
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Table 2.2. The IMP solar aureole datasets 

MPF Sol Sequence Time (sol) Solar Elev. Obs. Elev. Min. Angle Imgs. 

1 Sol 04 S0039 3.29 18.1 " 12.5° 6.4° 6 

2 Sol 04 S0036 3.68 29.0 • 11.8 16.8 6 

3 Sol 11 S0036 10.71 15.3 11.8 4.9 6 

4 Sol 12 S0039 11.30 20.7 » 11.5 9.5 6 

5 Sol 12 S0036 11.71 17.8 17.9 9.9 15 t 

6 Sol 13 S0039 12.30 21.2 » 11.6 9.1 6 

7 Sol 13 S0036 12.71 17.7 17.9 9.7 15 t 

8 Sol 14 S0039 13.71 21.2 • 12.1 10.0 6 

9 Sol 15 S0039 14.30 21.8 » 12.9 9.4 6 

10 Sol 15 S0036 15.30 18.5 18.0 4.4 15 t 

n Sol 19 S0039 15.71 20.8 • 12.2 9.0 6 

12 Sol 19 S0036 19.30 18.1 16.9 4.3 15 

13 Sol 21 S0039 19.71 21.2 • 11.9 9.3 6 

14 Sol 22 S0036 21.30 17.0 17.0 4.1 15 

15 Sol 23 S0039 22.28 12.1 13.1 3.9 6 

16 Sol 23 S0036 22.71 16.9 17.2 4.0 15 

17 Sol 24 S0039 23.28 11.6 12.8 4.1 6 

18 Sol 24 S0036 23.71 16.8 17.6 4.1 15 

19 Sol 25 S0036 24.71 16.7 16.8 4.2 15 

20 Sol 26 S0039 25.30 11.6 13.7 3.9 6 

21 Sol 26 S0036 25.71 16.9 17.2 4.2 15 

22 Sol 28 S0036 27.71 16.7 17.2 3.9 15 

23 Sol 32 S0036 31.71 16.3 16.9 4.3 15 

24 Sol 33 S0039 32.28 10.8 12.6 5.0 6 

25 Sol 38 S0036 37.72 14.4 17.4 5.4 15 

26 Sol 39 S0039 38.30 10.5 16.9 7.6 16 

27 Sol 55 S0036 54.72 13.2 17.3 4.7 15 

28 Sol 56 S0039 55.28 9.4 16.3 6.7 16 

Minimum scattering angle calculated after image pointing corrected based on model fit. 

* Solar elevation higher than intended t Image 2 highly saturated, with streak 
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Figure 2.4. Intensity measurements from a full coverage IMP panoramic sky set. From Sol 12, 

this shows a horizontal cut through 14 overlapping IMP images, calibrated and reduced to true 

intensity measurements. Intensity is plotted as a function of azimuth relative to the Sun. 

In summary (as seen in Table 2.2), there exist a total of 28 solar aureole datasets: 

15 evening datasets (most with full azimuthal coverage) and 13 morning (most without), 

each at four wavelengths (although two have the additional measurements at 480 nm) 

covering a full octave of the electromagnetic spectrum. Due to incorrect employment of 

the auto-exposure feature of the IMP software, some images nearest the Sun were 

partially saturated (as seen in Figure 2.3), but these regions can easily be excluded, and for 

the most part the images have excellent signal to noise ratio (10^ to 10^ or more). These 

observations cover the time period from MPF Sol 4 (7 July 1997) to Sol 56 (30 August 

1997), with especially good temporal resolution from Sol 11 to Sol 33. (The season was 

late summer in the northern hemisphere, acrocentric longitude Ls 145° to 185° ) The 

images are all available to the public in the Planetary Data System (PDS). Like the rest of 
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the IMP images, the quality of this set of observations is unparalleled in the history of 

Mars exploration. 

Note: 

Before continuing with the analysis of these solar aureole datasets, it should be 

noted that other types of sky images were obtained during the Pathfinder mission. Most 

important were images of the Sun itself, taken through the solar filters for the purpose of 

calculating the opacity of the atmosphere, as a fianction of time and wavelength. These 

observations, described by Smith & Lemmon (1999), were made many times during each 

sol, and the subsequent determinations of extinction optical depth with very good time 

resolution proved quite valuable in our analysis of the solar aureole images. (An example 

of these opacity measurements, from MPF Sol 24, may be found in Figure 3.7.) The 

solar images were also used to constrain the amount of water vapor in the Martian 

atmosphere by comparing intensities at wavelengths within H2O absorption bands to 

those in the continuum (Titov et al., 1999). 

A different type of solar aureole measurements were taken and analyzed by 

Markiewicz et al. (1999). Unlike our horizontal scans, these sequences consist of vertical 

image sets, taken near local solar noon. This geometry limited the maximum scattering 

angle observed to about 100°. Markiewicz derived a particle size distribution (included in 

Table 1.1) and imaginary indexes, similar to the results we present in this work. 

In addition, other experimenters studied the color of the Martian sky, including 

striking images of the horizon at dusk and dawn (Maki et al., 1999), images of Phobos and 

certain bright stars for measurements of color and nighttime extinction (Thomas et al., 

1999b), and an errant geology sequence of a small featureless patch of sky, through 12 

different filters (Thomas et al., 1999a). We will present this multispectral 'sky patch' in 

section 2.6. 
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2.3 Description of data reduction procedures and inversion code 

The unprocessed format of IMP images is a 256 by 248 array of 12 bit digital data 

numbers (range of values 0 to 4095), representing a gray scale image of a scene 14.4° by 

14.0° (or two such arrays for a stereo pair of images). 

To reduce the 1250 IMP solar aureole images to a useful form, it was necessary to 

get them calibrated, i.e., to translate the digital data of the raw images into true 

measurements of light intensity in physical units. To subsequently invert the data to 

yield aerosol particle parameters, an algorithm was required to extract useful portions of 

the data and compare them to our numerical model of sky intensities. 

The calibration process is described in detail by Reid et al. (1999). Most of the 

radiometric calibration has been performed on ail 16 500 IMP images, and in this format 

(VICAR) they have been available to the participating scientists. However, in the early 

stages of the mission, only a limited amount of calibration was performed. Specifically, 

the software on board the spacecraft performed the initial steps of replacement of bad 

pixels, followed by an analytic correction for the electronic shutter effect. 

The solar aureole images were subframed to 256 x 64 pixels (14.4 x 3.6°), averaged 

over 2x2 pixel blocks, and compressed with a JPEG compression factor of 24 to reduce 

the amount of raw data for transmission to Earth. Upon receipt of the images through the 

Deep Space Network, they were JPEG decompressed. Then the dark current was 

subtracted in accordance with an empirical model. This was a small effect since at the 

temperatures on Mars the dark charge represented at most about 1.3 DN of signal. To 

correct for the slight variations in responsivity over the spatial field of view, the images 

were divided by the flat field pattern, as measured in the laboratory calibration, for each 

filter. Finally, bilinear interpolation was used to expand the 2 x 2 averaged pixel blocks 

back to full resolution. 
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This is the form (UAX) in which they are available to the public in the PDS. For 

these images there remain several steps to be performed by the users. To convert the 

image arrays of data numbers to intensities, they must be divided by their exposure time 

and appropriate responsivity. (Again, refer to Reid et al. (1999) for the details of this 

calibration procedure.) The result of the complete radiometric calibration is arrays of 

absolute intensity measurements in physical units of W/m^/fim/sr. 

Next it is necessary to determine where these 14.4 x 3.6° frames were pointed in 

the sky. Initially azimuth and elevation for the center of the frame were taken from the 

image headers, which were calculated by the Multi-mission Image Processing Lab (MIPL) 

at JPL. A more detailed geometric calibration invoked the so-called IMP camera model, 

(Reid et al., 1997). This is a transformation from raw motor positions to azimuth and 

elevation in the local-level coordinates for any and all pixels, using the spacecraft 

quaternion (a vector-scalar pair giving the direction and magnitude of the rotation between 

coordinate frames), the measured positions of the hardstops, and a model for backlash in 

movement. (This model is described in detail in our previous paper, which includes the 

relevant equations; see Appendix A, section 2.3.) 

In addition to the photometric and geometric calibration of the images, an 

algorithm was necessary to invert the measurements to derive the physical properties of 

the atmospheric particles that would yield those observed intensities. To that end I have 

written several computer programs, now comprising some 3000 lines of code in 

Interactive Data Language (IDL). Although it is not necessary to understand every detail 

of the inner workings of these programs, for the sake of completeness I will describe their 

general operation. 

The programs are arranged in a hierarchy, with a top level program that sorts the 

input data by wavelength, then calls the main data inversion program, which in turn calls a 

sequence of subroutines. 
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The top level program, AIR.pro, is invoiced by providing an input filename, 

referring to a user-defined file containing the names of the IMP images to be analyzed 

(typically one image set, e.g., all images from sequence 0036 on Sol 11), followed by a set 

of model parameters describing an initial trial model for the algorithm to begin with. 

These input parameters are (in order): aerosol extinction optical depth, x; effective 

particle size, a (that is, rgff); size distribution width, b (or Veff); imaginary refractive index, 

ni; surface area ratio, Rs or SAR; phase function slope parameter, G; upper limit size 

parameter for Mie scattering, Xjarge; and phase function minimum scattering angle, ©min 

(Single scattering albedo O) may be substituted as the fourth parameter, explicitly 

specified rather than being calculated from nj.) 

The top level program first calls a subroutine named check_IMP_images_v3.pro, 

which verifies the existence of the image files in the directory specified, and then performs 

certain consistency checks on them to make sure that they comprise a group in the form 

expected by the main program. If there are no problems, AIR.pro next sorts the images 

by wavelength, and passes each subset in turn to the main program. 

The main data inversion code is called air_inversion_v5.pro. First, the program 

calls a subroutine named read_IMP_images_v5.pro, in which the IMP images specified 

are read into memory, displayed on the user's computer screen, and written to a file for 

printing if desired. Along with the pixel data of the images, the image headers are read 

into memory and sorted into variables containing the time and date at which each image 

was taken, the filter number (i.e., wavelength), exposure duration, CCD temperature, 

camera position values, etc. All of this header information is passed back to the main 

program along with the actual pixel arrays for each image. Table 2.3 contains a sample of 

relevant header parameters from an IMP solar aureole image (for both calibrated (VICAR) 

and partially calibrated (UAX) versions of the images). 
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Table 2.3. Relevant parameters from the header of an IMP solar aureole image. 

UAX header parameter VICAR header parameter Typical value 

IMAGE_ID i I247007670I.img_0039010002c 

IMAGE_TIME 1997-07-07T23 ;01 ;02.936Z 

MPF_LOCAL_TIME 06:58:06.000 

H_FILTER FILTER_NUMBER 5 

H_CCD_SIDE FRAME_[D Left 

EXP_TIME EXP0SURE_DURAT10N 0.0135 

H_CCD_TEMP INSTRUMENT_TEMPERATURE -35.5956 

H_AZIMUTH_R AZIMUTH_MOTOR_CLICKS 487 

H_MFX_FRAME_AZ SURFACE_BASED_INST_AZ 95.7449 

H_ELEVATION_R ELEVATION_MOTOR_CLICKS 203 

H_MFX_FRAME_EL SURFACE_BASED_INST_ELEV 14.4932 

SOLAR_ AZIMUTH 80.6197 

SOLAR_ELEVATION 18.1035 

H * CORK (various) • CORRECTION ET-AG (various) TRUE 

Next, a program called process_IMP_images_v5.pro is called. This is the 

subroutine in which the remaining necessary calibration of the images is performed. First, 

any columns containing saturated pixels are removed from the images. Next (if 

necessary), the pixel values are divided by the exposure time of the image to yield a count 

rate (DN/s). Then they are divided by the responsivity appropriate for the filter used 

and the CCD temperature at image exposure (from standard calibration procedure 

imp resp.pro), which is in units of DN/s per W/m^/sr/fim. The result is true intensity 

values In W/m2/sr/|im. 

For the geometric calibration the camera model is invoked to determine the 

azimuth and elevation imaged by each and every pixel (procedure imp_point2.pro, 

written by Mark Lemmon and Lyn Doose). By comparing the azimuth and elevation of a 

comer of the image array to that of the center, the rotation of the image (reflecting the tilt 

of the Mars Pathfinder spacecraft of about 4.18° from vertical) is characterized. 
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Once the image data are available in a useful, calibrated format, it is time to run the 

trial model. A subroutine called submit_run_v3.pro is called with all of the model 

parameters described above to run the radiative transfer code, INTSCLD. The IDL 

routine deletes any previous input file (named NAMLIST.INT) for this FORTRAN 

program, and proceeds to build a new one by opening a template file and replacing 

variable assignments with the initial model parameters specified in the call from the main 

program. When the appropriate values have been inserted and the new NAMLIST file 

saved, the IDL routine executes the FORTRAN code and waits for it to run to 

completion. The radiative transfer simulation runs as described in section 1.3. After 

running the [NT4 code for the relevant solar zenith angle, the output file is read in 

(subrouti ne read_output_file. pro). 

If there was a difference in time of more than a few minutes between the first 

image in the dataset and the last, the Sun will have moved significantly. To account for 

this a second INT4 run can be executed using the solar zenith angle of the last image, and a 

composite model constructed, weighted in azimuth based upon the appropriate solar 

zenith angle for each image in the sequence being analyzed (done in subroutine 

interp_multiple_SZA.pro). 

Output of the radiative transfer simulation is an array of relative intensity (I/F) at 

23 zenith angles and 38 azimuth angles. The I/F values are scaled to reflect the integrated 

solar flux (Neckel & Labs, 1983) through the passband of the appropriate IMP filter 

(subroutine IMP filter trans.pro; refer to Table 2.5 for resulting flux values), with the 

incoming sunlight appropriately scaled for the distance of Mars from the Sun (which over 

our period of observation varied from approximately 1.55 to 1.49 A.U.). 

With the radiative transfer model calculated, it is now possible to compare the 

calibrated sky intensity observations from the IMP images to the corresponding intensity 

for the same scattering geometry in the model. For simplicity of comparison, a horizontal 
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cut is taken through the panorama of IMP images, comprised of the four pixels nearest a 

chosen elevation for each azimuth (i.e., column) available in the images. The four pixels at 

each azimuth are averaged to reduce noise in the data. Next the sky intensities from the 

model are interpolated to this elevation of observation, using a four-point Lagrangian 

interpolation subroutine (lagm2.pro), and then interpolated to the azimuth grid defined by 

the image pixels sampled. At this point, finally, a direct comparison can be made. As a 

measure of the difference between the model of sky brightness and the actual IMP 

intensity measurements, the root-mean-square (RMS) residuals between data and model 

are calculated. For each azimuth, the residual is defined as the fractional difference 

between the data intensity and the model intensity. The RMS residual for each image is 

the square root of the average of the squares of the residuals: 

RMS residual s SQRT [ £ ((data(az)-model(az))/data(az))'^2 / (number of azimuths) ]. 

The RMS residual for each image is displayed, along with the average of all images. They 

can also be summed with various weights to show how well the model matched the 

observations, with respect to the specific scattering angles affected most strongly by each 

model parameter. 

At this point in the main inversion program, after the initial trial model has been 

run, comes a subroutine that became necessary to correct for the inaccuracy of the image 

pointing information (i.e., the elevation and azimuth of each image) when it was 

discovered. This procedure, called correct_IMP_sky_position_vl .pro, considers not just 

a horizontal cut through the images, but compares the 2-dimensional structure in the 

images nearest the Sun to the model. It moves each image up, down, left, and right in 

model intensity space and finds the position that minimizes the residuals with respect to 

a chosen isophote. (As described below, this procedure is model dependent, and in 

general only reliable for images within about 10° of the Sun; therefore it is typically 

performed only on the first two images.) 
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With the azimuth and elevation corrections applied to the images, a new 

horizontal cut is taken through them, and the residuals recalculated. If the agreement with 

the initial model is not good at this point, the main program next proceeds into an iterative 

loop, in which model parameters chosen by the user are varied in turn, model runs are 

submitted and compared with the observations again, in search of a better fit. For 

example, if the user specifies x, rgff, and n, as the variable model parameters, each is varied 

in turn in small steps to find the value (within an appropriate range) that minimizes the 

residuals. For x, which in general makes the sky at a given elevation brighter or darker all 

the way round, all the data frames would be weighted equally when totaling the residuals; 

for Teff, which is most strongly determined from the forward scattering peak, it makes 

sense to weight the two frames nearest the Sun, while for nj the opposite is true and the 

greatest weight should be placed on frames away from the Sun (90° or more). This 

process ensures that each free parameter is optimized to match the part of the 

measurement which best constrains that parameter. 

The iterative hunting through the parameter space can continue for several passes 

through all the parameters, until the overall RMS residuals are less than, say, 2 or 3 %, 

which is comparable to the uncertainty of the IMP measurements. 

The final output of the inversion algorithm is the set of model parameters that 

gives the best agreement with the calibrated measurements, and a plot of that model 

compared with the azimuthal cut of intensity through the images. Thus we can 

repeatedly run a complicated model and search an extensive parameter space for best fits 

to the observations. 
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Our radiative transfer model incorporates many variable parameters, and could 

potentially represent a intractable problem with too many degrees of freedom. To review 

the parameters, the aerosol particle size distribution we use is a gamma function, as used 

in Hansen & Travis (1974), with two moments a and b and a total particle abundance, 

which can be specified by either a number density per unit area, ND, or a dust optical 

depth, Tdusi For particles larger than a given size parameter, Xiarge, the non-sphericity of 

the particles is characterized by Rg, the ratio of their surface area to that of a sphere of 

equal volume (particles smaller than Xiarge are treated as Mie scatterers). There are also 

two quadratic parameters to describe the shape of the phase function for internally 

transmitted light, G and 0min, which determine the slope and the scattering angle of the 

minimum. The dust particles have a refractive index with real and imaginary components 

(nr and nj). Finally, the lower boundary condition of the model is the surface reflectance. 

Clearly, it is necessary for us to make some reasonable assumptions to reduce the 

dimensions of the problem to a level that is manageable. 

To begin with, we assume that the Martian atmosphere may be modeled as a 

single homogeneous layer of gas and dust. Thus we have only a single aerosol component 

for which we must specify parameters. This simplification is justified. Our images 

represent a sampling of the full thickness of the atmosphere, and we have no direct 

information about the vertical distribution of the dust. However, Mars General 

Circulation Models indicate that the dust extends upward at least 5 or 6 scale heights in 

the atmosphere (Haberle et al., 1999), and is globally distributed. The assumption is not 

always valid, though. Some of our images do show asymmetries, spatial variations which 

indicate that either the dust opacity is not isotropic (e.g., dust devils or other aeolian 

transport phenomenon) or some other atmospheric component is present (e.g., water ice 
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clouds). These are localized, uncommon phenomena, but can affect the measurements. 

We will return to this issue in the discussion in Chapter 4. 

Secondly, it bears repeating that our model assumes a plane parallel atmosphere 

and neglects the curvature of the planet. The validity of the plane parallel approximation 

depends on the atmospheric thickness and the planetary radius. For large planets and/or 

thin atmospheres it is a good approximation. For Mars, with a scale height for the dust of 

13 km (Smith & Lemmon, 1999) and a radius of 3397 km, it is not a bad assumption, so 

long as zenith angles larger than 80° or so are not involved (M. Lemmon, personal 

communication, 1999). With this scale height, for example, the secant of the zenith angle 

is 4.8 % higher than the true airmass factor at 75° zenith angle, but 10 % higher at 80°. 

Comparison with a Monte Carlo spherical atmosphere code indicates errors of a few 

percent at scattering geometries relevant to our data (Tomasko et al., 1999). 

Next we have the model surface reflective properties. The model for the surface 

reflectance that we chose was the formalism of Hapke (1981, 1986) as outlined in section 

1.3. In the first part of our study, we used values for the Hapke parameters published by 

Johnson et al. (1999) based upon images of soil around the Pathfinder site. We 

interpolated their results, measured at 443, 752, and 968 nm, to our wavelengths. 

However, Johnson's results did not properly model the illumination of the diffuse 

sky light, but merely ratioed measured intensities from the surface to a white photometric 

calibration target on the spacecraft. A photometric check of the images used against our 

models indicated inconsistencies, most noticeably in Hapke b. Johnson's values for this 

asymmetry parameter were diluted, i.e., lowered by neglecting the diffiise light. Our 

calculations indicated that a value of b of between 0.20 and 0.28 was more consistent with 

the soil around the Pathfinder lander (M. Tomasko, personal communication), so we 

finally adopted a value of Hapke b = 0.24. Values for the other Hapke parameters (c, bo, 

and h) that we used are given in Table 7 of Appendix A. 
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As an independent source of information about reflectance, we also had the images 

from the Hubble Space telescope to be presented in the following chapter. By modeling 

the brightness of the surface of Mars in HST images (as seen through our best model of 

the atmosphere) we were able to determine the Hapke reflectance with some confidence. 

The values for Hapke w that we derived for the MPF site were consistent with those of 

Johnson et a!., but with better wavelength resolution in the visible. We adopted Hapke w 

function for surface based upon the HST observations, with Johnson's value at 752 nm to 

fill in the sizable gap in HST coverage between 673 and 953 nm. The composite function 

is shown in Figure 2.5, and the details of the HST analysis will be discussed in Chapter 3. 

To model the gaseous component of the atmosphere of Mars, we simply define a 

Rayleigh optical depth, which is determined by composition and surface pressure. For 

CO2, the wavelength dependence is (from Chandrasekhar, 1960): 

tRay = 12340 * 0.000439 2 * (A,-* + 2 * 0.0064 *l-^ + 0.0064 2 * >,-8) * 0.0134 » Pq . 
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The surface pressure, Pq, at the MPF site was measured to be roughly 670 Pa or 6.7 mb 

(Schofield et al., 1997). As mentioned above, Rayleigh opacity is strongly a function of 

wavelength, but even at the shortest wavelengths that are relevant to this study, the blue 

end of the visible spectrum, the Rayleigh optical depth due to the atmosphere is only on 

the order of 0.005. This is small in comparison to the aerosol optical depth of 0.5 or so, 

and is not a significant factor in our calculations. Still, it is correctly included in the 

model. 

Next we consider the total amount of dust. The extinction optical depth, T, was 

measured directly and independently by the IMP, by imaging the Sun through its solar 

filters at many different zenith angles throughout the Martian sol. Applying Beer's Law 

to the measured brightness of the Sun as a function of airmass yields the optical depth. 

This was done at four wavelengths near the ones used in the solar aureole images, several 

times on each sol (Smith & Lemmon (1999), archived in the PDS as IMP_TAU.TXT). 

We interpolated these measured optical depths to our image times and wavelengths. (An 

example is shown in Figure 3.7.) 

As mentioned above, the opacity is not perfectly isotropic, and spatial variations 

introduce the possibility of some uncertainty in the measurement. Optical depth could be 

treated as a free parameter to some extent, and variations in T affect the other parameters 

of a model fit systematically. However, the results of Smith & Lemmon are numerous, 

self-calibrated, and considered quite accurate, and as most of the solar aureole sequences 

were immediately preceded or followed by an opacity measurement, we opted to take the 

measured optical depths and consider t a fixed parameter. The strength of this 

assumption is discussed in section 4.1. 

As for the size distribution of the aerosol dust, the effective particle radius is best 

constrained by images that come very near the Sun, as the particle size determines the 

magnitude of the forward scattering peak. Although initially considered a free parameter. 
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we soon determined with some confidence a particle size from the evening of Sol II. This 

dataset, analyzed in Tomasko et al. (1999), was one of the best available in this respect, 

imaging within 4° of the Sun, as discussed in the following section. Since most of the 

other datasets do not image close enough to constrain the magnitude of the forward 

scattering peak, our result from Sol 11 proved very valuable. This initial result served as 

a fixed baseline from which to begin with the other datasets. Most of the others are not 

as sensitive to particle size, the uncertainty in this parameter is thus greater in these other 

cases. There were however a few other image sets which eventually corroborated the 

initial size determination. 

We also found in our earlier work that the width of the size distribution, Vgff, was 

not well constrained by the kind of data we have from the IMP solar aureole images. 

That is, our model fits were not very sensitive to Vgff, and what effect there was of 

varying Vcff could be compensated for simply by altering other parameters, such as the 

imaginary refractive index. Although we found that values of Vgff as high as 0.5 were 

possible, we settled on Vgff of 0.2, as used in Pollack et al. (1995). For a more detailed 

discussion of the sensitivity of model fits to this parameter, refer to Appendix A, section 

4.3. 

Thus we concluded that the particular size distribution derived early on from the 

Sol 11 dataset allowed good fits to all of the solar aureole datasets, which validated our 

confidence in this result. Therefore, for most of our subsequent work we have used a 

constant value of rgff = 1.6 ^m, and Vgff = 0.2. Although at various times we considered 

the effects of varying the particle size distribution (as discussed below), determining the 

size distribution first and then considering it fixed instead of variable reduced the number 

of degrees of freedom in the problem, greatly simplifying our task. 

For the larger particles, we must also consider the effect of non-spherical shapes. 

Since scattering efficiency is a function of the geometrical area of the particles, while 
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absorption is a function of their volume, varying the surface area ratio, Rg (SAR), has an 

effect similar to varying the imaginary index. A larger Rs, giving the particles more area 

per unit volume, acts like decreasing nj. Because of this, it is problematic to constrain 

both Rs and ni with the type of data we have. We chose to adopt a fixed value Rg = 1.3 

(after Pollack et al., 1995), and retain nj as a free parameter. Using a different value for Rs 

would result in different ni required for model fits. This will be addressed in section 2.6. 

While the imaginary index was a free parameter and variable with wavelength, we 

assumed a fixed real refractive index, nr = 1.5, again following Pollack et al. (1995). 

Similarly, for the transition size parameter, also not well constrained, we adopted Xiarge = 

5 after Pollack. 

We made no assumptions to constrain the single scattering phase function 

parameters, G and 0min. which we considered fully free parameters, variable with 

wavelength. 

Finally, the model calculates sky brightness as a function of scattering geometry, 

specified by the angle of the Sun from the zenith, the zenith angle of observation, and the 

azimuth angle between Sun and observation. So, in addition to the model parameters 

described above, the pointing of the images must be specified. As discussed immediately 

below, this turned out to be non-trivial, and the azimuth and elevation of the 

measurements had to be considered variable to some extent. 

To summarize, for most of our study we had fixed values for Veff, np, Rs, Xiarge, 

"CRay a function of wavelength), and tjust (this last of which came from independent 

measurements). The effective size rgff was the first parameter to be constrained, and was 

subsequently held fixed. The free parameters of greatest interest (once the frame pointing 

is determined) were the imaginary refractive index nj, and the phase function parameters 

G and 0min I" the following section we will discuss the results of model fits and the 

effect of varying certain combinations of these parameters. 
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2.5 Results 

Camera pointing uncertainties ciiaracterized 

Although solar aureole image sets from Mars Pathfinder began accumulating in 

July 1997, our scientific results were delayed by unforeseen complications. In the initial 

stages of data analysis, we were somewhat frustrated to discover that we could not find 

good fits to our data for any reasonable set of model parameters. 

The difficulty was eventually traced to problems with the geometrical data 

reduction. Specifically, the assumptions we had made about the direction the camera was 

pointing with respect to the Sun were in error. We had taken the values from the image 

headers for azimuth and elevation in the local-level coordinate system (azimuth measured 

from North and elevation measured from local horizontal, i.e., perpendicular to the gravity 

vector). For the purposes of determining the scattering geometry for our models, we were 

initially calculating frame positions relative to the position of the Sun using these header 

values. However, if the nominal pointing values from the image headers were used, then 

no physically realistic model could describe the frames nearest the Sun. For one thing, 

there was an azimuthal asymmetry in all of the measurements, that is, the measured 

intensity 10° to the left of the calculated Sun position was not equal to the intensity 10° 

to the right. In addition the center of curvature of the isophotes was not correct for the 

expected Sun position. (See Figure 2.6 for example.) 

The conclusion that we came to was that there was a discrepancy in our relative 

pointing values. Applying a small bias, or shift, to the image azimuths and elevations 

could bring them into good agreement with reasonable models. (See Figure 2.7, showing 

the same image and model, but shifted in relative position.) 

The position of the Sun in the sky was calculated using astronomical ephemerides 
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Figure 2.6. Contour plot of an IMP image (from Sol 28, dashed lines) superimposed on a model 

(solid). Nominal pointing values used (azimuth, elevation at top and right). The azimuth and 

elevation in the model frame are given on the bottom and left scales. The spacing and curvature 

of the model isophotes is basically correct, but the center (viz., the Sun) is clearly displaced. 

for the time of exposure specified for each image. But this could not be the systematic 

source of error, as the sense of the required correction was the same for all of our datasets, 

morning as well as evening. This was also the case for several sunrise and sunset images 

that actually contained the Sun and the horizon (Oberst et al., 1999). Markiewicz et al. 

(1999) required similar pointing corrections to mode! their vertical sky image sets. 

The error must then be found somewhere in the transformation from position of 

the camera's azimuth and elevation drive motors to the local-level coordinates. The 

method of transformation used is the IMP camera model, which takes as inputs the motor 

counts for the azimuth and elevation of the camera, and returns azimuth and elevation in 

the local-level coordinate system for a specified CCD pixel in the fhune. 
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Figure 2.7. The same Sol 28 image superimposed on the same model, but shifted -1.686° in 

azimuth and -1.236° in elevation. Compare the model frame azimuth-elevation values with 

those of the data frame (top and right scales). (See also Figures la and lb in Appendix A.) 

The camera model uses a transformation quaternion and is dependent upon the derived 

position of the camera's azimuth and elevation hardstops in the local-level system as well 

as the magnitude of the motor steps. The size of the motor steps is precisely known, but 

errors in any other of these values will result in a systematic error in derived pointing of 

die images. 

In addition, the raw motor counts are not a precise indicator of the actual camera 

angles. There is a certain amount of play in the drive gears, and the resulting response to 

external torques from cables and such, referred to as backlash, was well known during 

laboratory calibration of the instrument, and to some degree characterized (Reid et al., 

1999). This complicated response is a function of the position of the camera head, the 

direction of travel, and the immediately preceding movements. 
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The net result of all of these possible sources of pointing imprecision is an error 

which may be described as a combination of systematic and random components. 

Due to the steep spatial gradients in intensity, precise pointing information is 

crucial for proper interpretation of these observations, not only at small scattering angles 

around the Sun, but anywhere near the horizon where the elevation dependence is strong, 

as we will see. 

The solution we adopted involved using information in the images themselves to 

constrain the position with respect to the Sun. Specifically, the shape and spacing of the 

isophotes in the images nearest the Sun could be matched to a trial model to determine 

their position relative to the Sun. The method was described in section 2.3 of our first 

paper (Appendix A). The only subsequent change to the process was to automate it so it 

could be done quickly and repeatedly by computer. (This is my procedure 

correct_IMP_sky_position_vl.pro described in section 2.3 above, which generated 

Figures 2.6 and 2.7.) 

To briefly summarize, in our algorithm a trial model of sky brightness is created. 

Then each of the two images bracketing the Sun are compared to the model to find the 

azimuth and elevation that minimize the residuals between model and data along the 

brightest isophote common to the two images (to enforce azimuthal symmetry). This 

process works quite well. Due to the two-dimensional nature of the intensity information 

in each frame, the exact shape of the brightness contours can be matched to the model to 

determine with confidence the true pointing of the image frames with respect to the Sun 

to a few tenths of a degree. However, the results are of course model dependent, and in 

some cases several iterations may be necessary to determine the appropriate trial model. 

The algorithm is most accurate for images closest to the Sun, especially those sampling 

the forward scattering peak. Since the diffraction peak is sharper with larger size 

parameters, the algorithm is also more accurate for shorter wavelength images. 
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Extensive use of this correction method on all available datasets has validated its 

basic usefulness. The position shifts are calculated to minimize residuals only within 

± 10 % of the selected isophote (e.g., 450 W/m^/^m/sr in the image in Figure 2.7), but if 

the trial model is good, then the model isophotes will closely match the shape and spacing 

of isophotes across the entire image frame, as in Figure 2.7. The algorithm resulted in 

elevation corrections of +0.5 to -3.5° in nearly all cases. This can be characterized as a 

systematic bias of roughly -1.5° plus a random component of about ± 2° resulting from 

backlash. 

Fortunately, due to the nature of the backlash, the first image in the sequence 

typically had the greatest error in position. As the camera head panned around for our 

horizontal image sets, predominantly driving its azimuthal motor, the backlash effect 

should become less random and more of a constant bias. As evidence of this, close 

examination of a full coverage solar aureole azimuthal scan reveals small stepwise 

discontinuities in intensity where the images overlap each other. (Recall that these are 

cuts taken through all the images at a fixed elevation.) It can be demonstrated that these 

discontinuties correspond very well to the movement of the Sun in the roughly 90 

seconds between successive images through a particular filter. One can note for example 

that the steps are in opposite directions for morning and evening datasets. (Compare 

Figure 2.4 to Figure 2.9.) The intensity is increasing with time in the morning sequence, 

and decreasing in the evening sequence. Also, the steps are all of about equal size, except 

for a larger one at an absolute azimuth of about 7° from north, which corresponds to the 

hardstop of the camera's azimuthal drive. When the camera head reached this point in its 

panoramic scan, it had to avoid the hardstop by moving approximately 345° in the 

opposite direction instead of 15° forward. The amount that the Sun moves in the extra 

seconds is reflected in the larger intensity discontinuity between overlapping image 

frames. 
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Because of this apparent regularity in the backlash effect during the scan, and 

lacking any better source of correction, we assume that the correction derived for the 

second frame in the sequence may be applied to all subsequent frames. The strength of 

this assumption will be discussed later. 

A rather compelling validation of the elevation correction resulted from closer 

examination of several saturated images which had been initially discarded as worthless. 

The second images taken in the Sol 12, 13, and 15 evening datasets were not only close 

enough to the Sun to be badly overexposed, but actually included the Sun within the 

image frame. This is evidenced by a horizontal line of saturated pixels that resulted from 

the frame transfer of the image into the storage section of the CCD (see Figure 2.8). The 

streak is the correct thickness for the angular diameter of the Sun as seen from Mars 

(-0.34°, or about 6 pixels), and is oriented as expected, given the direction of the image 

transfer (refer back to Figure 2.2 for layout of the image on the CCD). 

Figure 2.8. Streaked image. This 

IMP image from Sol 12 has a 

saturated streak, caused by the Sun 

in the frame and shift of the image 

to the storage section of the CCD. 

We cannot know exactly where in the saturated area the Sun must have appeared, 

but we can conclude that it must lie along the extension of centroid of the streak, 

somewhere between the edge of the saturated region and the further edge of the frame. In 

fact, since the camera head does not move while taking images through the four different 

filters, we may further constrain the position of the Sun between the edge of the frame 

and the farthest column that is saturated in all four wavelengths. We may use the camera 

model to calculate die elevation imaged by the pixels in the streak, and extrapolate to yield 

a range of possible Sun elevations. This in turn leads to a set of elevation corrections. 
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As seen in Table 2.4, the elevation shifts derived from these streaks are quite 

consistent, not only among the different wavelengths, but also from day to day. The 

values are also in good agreement with the most reliable frame 2 elevation corrections (i.e., 

those datasets imaging closest to the Sun) derived from our isophote matching algorithm. 

Table 2.4. Elevation shifts derived from saturated streaks in Image 2. 

wavelength Sol 12 Sol 13 Sol 15 

444 nm -l.434±0.11l ° -1.442 + 0.107° (streak not distinct) 

671 nm -1.192 ±0.069° 
o

 
o

 1 + 0.114° -1.379 ±0.108° 

896 nm -1.420 ±0.109° -1.360 ± 

O O
 

O
 -1.535 ±0.136° 

965 nm -1.431 ±0.111 ° -1.392 ± 0.097 ° -1.376 ±0.082° 

We conclude that the systematic component of the pointing errors is 

approximately -1.4° in elevation. This is a significant result. Much of our analysis is 

insensitive to small uncertainties in azimuth, but errors of even 1 to 2 degrees in elevation 

will cause significant difference in model fits to the images. This will be discussed in 

detail in section 4.1. 

Effective particle size determined 

The first major scientific result that we obtained from these IMP sky images was 

the size, the geometric-cross-section-weighted mean effective radius of the aerosol 

particles. Again, the size of the particles determines the strength of the forward scattering 

peak of the phase function. (Conversely other parameters have little effect on the 

diffraction peak.) To this end, images that show the sky as close as possible to the Sun 

prove to be die most valuable in determining reff. However, the solar aureole images taken 

on most Sols were either not executed at the optimal time, or suffered from saturation due 

to overexposure, and thus do not show the sky within about 8° of the Sun. Azimuth and 

elevation information from the image headers initially indicated that images from the 



evening of Sol 11 came within 4° of the Sun, so this dataset was chosen first for 

concentrated study. 

As discussed above, the determination of the exact position of the intensity 

observations with respect to the Sun was significantly hampered by the imprecision of 

the pointing of the camera. Early attempts to match a model to the observations (with 

geometry based on the header pointing information) were not successful. It was only 

when the pointing uncertainty was fully recognized that we became able to solve the 

problem. (Our preliminary result in a '30-day' post-landing report published in Science 

(Smith et al., 1997b) was 25 % too low because, while we had corrected the azimuthal 

asymmetry in the pointing, we were not yet fully aware of the elevation discrepancy.) 

The solution of using information in the images themselves to constrain the position with 

respect to the Sun was found to work very well, and once this was done model fits in 

good agreement with the measurements could be found. 

The detailed argument for our particle size result is laid out in Tomasko et al. 

(1999). The result of reff = 1.6 fim ± 0.15 was based not only upon the best model fits to 

the frames coming closest to the Sun and sampling the greatest part of the forward 

scattering peak, but also upon consistency with wavelength of the pointing corrections 

required for these fits. That is, while it was possible to fit some models with other 

particle sizes, they required significantly different corrections for the different 

wavelengths (see Figures 17 and 18 in Appendix A). In actuality the camera head was not 

moved between exposures through different filters, so we must reject any models that 

require significantly different pointing values. 

With the effective particle size well constrained by the Sol 11 dataset, and these 

results published, the next major task was to fit models to the 27 other datasets. It was 

immediately apparent that the 1.6 |im particle distribution was consistent with all of the 

IMP solar aureole measurements. Strongest confirmation came from those datasets that 
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imaged tiie sky particularly close to the Sun. In addition to the Sol 11 set, these included 

all of the evening 443 nm sets from Sol 19 to 28, which each imaged within about 4 

degrees (± 0.5°) of the Sun (once the pointing corrections were properly determined). 

With this confirmation, particle size no longer had to be considered a free 

parameter, but could be held fixed at 1.6 ^m, except for special studies to see the effects 

of different sizes. With rgfr held fixed, the free parameters were reduced to nj, G, and 

©tnin In an iterative method (described in section 2.3), each of these was varied in turn, 

with frame residuals weighted for sensitivity to each parameter's most distinctive region 

of effect on the phase function, to find the optimal values for each dataset. 

Good model fits (with < 2.5 % RMS residuals) were found to nearly all datasets. 

(For a typical example see Figure 2.9, in which the model is nearly indistinguishable from 

the measurements.) Several cycles through all of the datasets were performed to ensure 

that the initial model, used for pointing corrections, was fairly consistent with the best 

fitting models. The model parameter sets that gave the most accurate fits to each of the 

solar aureole datasets are presented in Appendix B. Note that the Residual column gives 

the RMS residuals of the best model (as defined above), which is a good measure of the 

reliability of the fit. Models with RMS residuals greater than 2.5 % should be considered 

somewhat suspect, though many of the fits approached the noise level of the data. 

A few of the datasets were particularly difficult to model, however. Some, such 

as morning datasets from Sols 23 and 24, showed significant azimuthal asymmetries, 

indicating a violation of our assumption about isotropically distributed dust. Perhaps the 

worst case was the first evening dataset, sequence 36 from Sol 4, which was executed too 

early, with the Sun nearly 10° higher than the image panorama. The minimum scattering 

angle observed was in excess of 16°, and the pointing correction algorithm could not 

match the data isophotes within reason. No convincing fits were found, and therefore this 

dataset is excluded from the plots and the discussion of results which follow. 
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Figure 2.9. A typical model fit to the measured intensity profile. The solid lines represent the 

data, the dotted line the initial trial model, and the dashed line the final model. 

Phase function parameters, G and Omin 

To review, these two parameters control the shape of the phase function 

component for internally transmitted light. G determines the slope, with a higher G 

corresponding to a faster decrease in intensity with scattering angle. A Omin less than 

180° indicates the presence of a backscattering peak, which is brighter with smaller values 

of Omin (Review Figures 1.5 and 1.6 for the effects on the single scattering phase 

function. Effects of variations in these parameters on multiply scattered light may be 

found in Appendix A, Figures 3 and 4.) 

For this portion of the study, G and ©min were considered free parameters, both 

variable with wavelength, in order to fit all the datasets. Upon examination of our best 
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model fits from all datasets, G showed a broad range of values (see Figure 2.10). The 

derived values of G were lowest at 671 nm, higher at longer and shorter wavelengths. 

There is a distinct difference between morning and evening values, but this, as we shall 

discuss, is related to discrepancies in imaginary index. 

Gnutb on the other hand, was very well constrained and consistent with time (see 

Figure 2.11). It varied smoothly with wavelength, from about 125° ± 5° in the blue, 

approaching 180° at large wavelengths. This means that at shorter wavelengths the slope 

of the phase function reaches a minimum at smaller scattering angles. Physically this 

represents the presence of a slight backscattering peak at smaller wavelengths, clearly 

visible at the azimuth looking away from the Sun. There is little or no backscattering 

peak to be seen at longer wavelengths, although with a cosine-like phase function the 

sensitivity to 0min is low as it approaches 180°. 

It must be remembered that this parameterization is somewhat arbitrary in that it 

is based upon laboratory measurements for a few types of particles, and it may be 

inadequate to describe real, complex situations such as the possible varieties of dust in the 

Martian atmosphere. In searching for best fitting models however, it is clear that G and 

©niin can control the shape of the middle part of the phase function after the forward and 

backscattering portions are determined by particle size and imaginary index. Specifically, 

G can be varied to match the slope through the middle scattering angles, then Omin can fix 

the magnitude of the backscattering peak. The particle size and imaginary index are better 

constrained, while we have no prior knowledge about G and Omin- Therefore, if the size 

is fixed as in our case, there is in general an optimal combination of G, 0min, and ni; that 

is, G and Omin can be used to 'tune' a model. Small variations in ni may be compensated 

for by G and ©mitb and thus there is actually a family of model fits for each dataset. This 

must be borne in mind as we consider the last, but certainly not the least, of our free 

parameters. 
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Figure 2.10. Best fit values for G. Open symbols represent moming datasets, closed evening. 
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Imaginary refractive index 

As the imaginary index measures the absorption by the particles, raising its value 

reduces the intensity of the scattered light. The effect of varying imaginary index is 

greater at large angles from the Sun, due to the larger amount of multiple scattering. There 

is little effect at small scattering angles where single scattering dominates (recall Figure 

1.2). See Figure 2 in Appendix A for an illustration of the effect of varying nj. 

Figure 2.12 shows the imaginary indexes derived from the best fit models. Again 

there is a clear wavelength trend, with the 671 nm values being the lowest. Not 

surprisingly, the dust is most absorbing in the blue. 

There is a certain amount of variation from measurement to measurement over the 

course of the mission. Note especially that, in addition to apparently random scatter, the 

values from the morning datasets prior to Sol 22 are significandy higher at the three longer 

wavelengths, yet somewhat lower in the blue. While there are always sources of error in 

the measurements and the models, the systematic differences in values of ni are 

problematic. If the variations are real, they indicate a change in absorption properties of 

the dust, implying a change in either our assumed particle size distribution, or the material 

composition of the particles. 

But let us reserve the in depth discussion of our interpretation of these results for 

the fmal chapter, and next consider a dataset which gives a different type of measurement 

of imaginary index. 

Correction; 

Due to an error in the published IMP calibration for the 443 nm filters, the nj 

published in Tomasko et al (1999) was about 20 % too high. Appendix C provides an 

explanation of the calibration error, as well as the appropriate correction. I have corrected 

for the error in this work. 
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Figure 2.12. Best fit values for imaginary index. Open symbols for moming, closed evening. 
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In addition to the abundance of data from solar aureole image sequences S0036 and 

S0039, an interesting measurement was obtained on MPF Sol 22, when an errant image 

sequence, SO 172, a multispectral spot, pointed the IMP camera up and proceeded to take 

13 images of a small featureless patch of sky, through 12 different filters. These 'Sky 

Patch' images are 64 x 64 pixels (3.6 x 3.6°), pointed at an elevation of 35°, and about 80° 

azimuth from the Sun, which was only 11° away from the zenith. The scattering angle 

was thus about 54°. The time of day, just half an hour before local noon, falls in between 

those covered by the morning and evening solar aureole image sequences. The 13 filters 

used are given in Table 2.5. 

Figure 2.13. A patch the sky. IMP sequence S0172, Sol 22. 

As a result, we have one dataset, covering only one scattering geometry and only 

one point in time, but with the fijll resolution in wavelength that the IMP filters could 

provide. This dataset is an important complement to the solar aureole sequences because 

it allows us to determine the wavelength dependence of derived aerosol properties with 

more resolution, specifically, the imaginary index of refraction, nj. 

Due to the limited extent of these data, it is not feasible to constrain more than one 

parameter. The model must merely match a single intensity at the appropriate scattering 

geometry, with little or no constraint on the spatial gradient. Therefore we chose to 

concentrate on imaginary index, determining the n; necessary to match the image intensity. 

This was not intended as a determination of the absolute values of ni so much as a relative 

indicator of its variation with wavelength, as well as its sensitivity to reasonable 

variations in other parameters for purposes of error analysis. 
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Table 2.5. Attributes of the Sol 22 Sky Patch images 

[mage ID 
IMP 
filter 

wavelength 
(nm) 

Fsolar * 
(W/m^/um) 

mean intensity e.\posiue 
(W/m2/^m/sr) (seconds) 

i 1248621757r.img_0172130093 0 R 443.2 1925.7 22.1 0.961 

i 1248621789r.img_0172130097 10 R 479.9 1984.4 29.4 0.281 

i 1248621804r.img_0172130099 9 R 530.8 1854.8 31.3 0.159 

i 1248621819r.img_0172130101 8 R 599.5 1773.8 37.9 0.128 

il248621851r.irag_0172130i05 5 R 671.2 1530 36.4 0.142 

i 1248621865r.img_0172130106 5 L 671.4 1531.5 35.6 0.141 

11248621836r.img_0172130103 6 R 752.0 1262.9 31.4 0.119 

i 1248621880r.img_0172130108 6L 801.6 1129.8 27.8 0.122 

i 1248621895r.img_0172130110 7L 858.4 983.1 23.8 0.089 

i 1248621910r.img_0172130112 8 L 897.9 946.6 22.2 0.124 

i 1248621925r.img_0172130114 9L 931.1 882.6 20.5 0.324 

i 1248621773 r.img_0172130095 11 R 968.0 817.4 18.6 0.447 

i 1248621940r.ime 0172130116 10 L 1002.9 755.1 17.6 0.906 

* ^solar is incoming solar flux, convolved with each IMP Hlter transmission profile. 

The \'alues given here are for 1 A.U.. and were scaled for the appropriate Mars distance of 1.528 A.U. 

The sky patch images were reduced in the same way as the solar aureole images 

described above, and the calibrated intensities are included in Table 2.5. (Recall the IMP 

radiometric accuracy is better than 5 %.) The only difference was that we used the 

nominal pointing information returned in the image headers, without attempting to correct 

it. Since the images were pointed so far away from the Sun, our correction algorithm 

would be too dependent on the trial model to give accurate pointing information. 

Furthermore, at these scattering angles, the results are not strongly dependent on the 

frame pointing. The model presented in Figure 2.14 shows that as expected, the 

azimuthal variation of intensity is slight with the Sun nearly at the zenith. Similarly 

Figure 2.15 shows the elevation dependence of a model cut at 80° azimuth from the Sun, 

and the slope at 35° elevation is also small. In practice, we found that applying a -1.5° 

elevation shift to the images produces a change of only 1 to 5 % in derived nj. 
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Figure 2.14. A model 

fit to a sky patch 

image (600 nm). As 

shown, the spatial 

extent of the data is 

very limited, and the 

model (dotted line) 

must merely pass 

through the observed 

intensity (solid). 

With nj the free parameter of interest, we used the nominal values for all constant 

with wavelength parameters (reff, Vgff, Rs, Xiarge)- The measured optical depth, 

interpolated to the time of this image set, ranged from x = 0.555 in the blue to 0.514 in the 

near IR (Smith & Lemmon, 1999). Gmin we may model with a smooth, monotonic 

function of wavelength, based upon the solar aureole results. G, though, presents more of 

0.3 -I 1 1 1- T > «-

0.2 
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0. 

0.0 
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Figure 2.15. A vertical 

cut through the model 

at 80° azimuth from 

the Sun, to show the 

variation of intensity 

with elevation. The 

sky patch images, at 

about 35° elevation, 

are nearly insensitive 

to pointing errors. 
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Figure 2.16. Imaginary indexes derived from model fits to tiie Sol 22 sky patch. 

a problem. The simplest approach would be a fixed value; however, the solar aureole 

results indicate that some function of wavelength would be more appropriate. While only 

representing four wavelengths, G is significantly lower at 671 nm than at 443 or 898. 

The model fit in Figure 2.14 is typical. The quality of the fit is noise limited, with 

RMS residuals at about 0.5 %, which is roughly the standard deviation of the pixel data. 

Figure 2.16 shows the primary results, the imaginary index necessary to model the 

image intensity as a function of wavelength. Three profiles are shown, two for fixed 

values of G, and one for a parabolic G function with a minimum at 700 nm which is 

consistent with the solar aureole G results. While these sky patch curves do not match 

the four solar aureole ni standard values, keep in mind that the absolute errors are higher 

in this dataset, and we are interested mainly in relative wavelength dependence. 
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Figure 2.17. The 

sensitivity of imag

inary index derived 

from the sky patch to 

variations in G. 

Note therefore the shallower profile with G as a function of wavelength. 

Increasing G at the longer wavelengths has the effect of requiring lower nj to match the 

observed intensities. Figure 2.17 shows the sensitivity of the derived nj to the value of G, 

over a factor of 2 from the nominal values of the parabolic function. Since the scattering 

angle sampled (~ 55°) is sensitive to changes in G as well as nj, we must consider the 

uncertainty in G the main source of error in these derived imaginary indexes. It bears 

repeating though that this uncertainty is due to the limited spatial extent of these data; it 

is not the case with the solar aureole sequences, which include enough spatial coverage to 

mostly separate the effects of G and nj. The sky patch gives a better indication of the 

wavelength dependence of ni, and while systematic errors shift the entire nj profile up or 

down, the shape of the profile of nj is limited by uncertainties in the wavelength profile of 

G. In that sense it is significant that the parabolic G case gives a shape consistent with 

the solar aureole results. (As we will see in the discussion in Chapter 4, this flatter 

profile also more closely matches the spectral characteristics of the bright surface soil.) 
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There are also of course couplings with the other model parameters. It is 

problematic to propagate the errors from all the other parameter uncertainties, but a good 

sense of the error due to each can be obtained by varying one at a time and observing the 

effect on nj. For example, the sensitivity of ni to variations in Hapke w is shown in 

Figure 2.18. As expected, a more reflective surface provides more illumination so that 

more absorbing particles are required to fit the observations. The dependence is fairly 

strong, indicating the importance of having the proper surface reflectance in the model. 

In conclusion, from the Sol 22 sky patch we can determine how the imaginary 

index of the aerosols varies as a function of wavelength. However, we have seen that the 

results depend strongly on such factors as geometry (i.e., elevation correction in the solar 

aureole sequences), surface reflectance, and, in the case of this sky patch, G as well (or 

more generally, the shape of the middle part of the phase function). But before 

attempting to reconcile all of these various factors in the final chapter, let us next consider 

an independent source of information about the surface characteristics. 
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3. HUBBLE SPACE TELESCOPE IMAGE ANALYSIS 

3.1 Description of the HST Mars images 

Our second type of observations were taken from a very different perspective. 

We now turn to the images of Mars taken by the Hubble Space Telescope during and just 

before the Mars Pathfinder landed mission. These provide an excellent complement to 

the IMP measurements, being taken during the same time period, but looking down 

through the Martian atmosphere from above, instead of up from the bottom. 

We have five particularly relevant datasets, taken with the Wide Field / Planetary 

Camera 2 on 4 Jun 1997, 15 Jul (MPF Sol 11), and three sets from 29 Jul 1997 (MPF Sol 

25). The distance of Mars from Earth on these dates ranged from 1.06 to 1.45 A.U. 

(opposition occurred in March 1997), and the corresponding resolutions (center of disk) 

were 35 to 48 km/pixel. Table 3.1 gives attributes of the several image sets. 

The 8 to 10 images in each dataset cover a wavelength interval greater than the 

IMP measurements, ranging from 255 nm to 1042 nm. The filters used were 255W, 

336W, 410M, 502N, 588N, 673N, 953N, and 1042M (plus 467M and 547M in the 4 Jun 

1997 set). Figure 3 .1 shows images from one dataset through three of these filters. 

Figure 3.1. Three HST images of Mars taken on 29 Jul 1997 (17:34 UT) through different filters; 

blue (410), green (502), and red (673 nm). The north polar cap is visible at top. The surface is 

almost featureless in the blue. At longer wavelengths, surface albedo variations are significant. 
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Table 3.1. Attributes of Hubble Space Telescope images analyzed. 

4 Jun 1997 15 Jul 1997 29 Jul 1997 (3 sets) 

Mars-Earth distance 

Mars-Sun distance 

1.056 A.U. 

1.592 A.U. 

8.87 arcsec 

1.353 A.U. 

1.543 A.U. 

6.92 arcsec 

1.449 A.U. 

1.524 A.U. 

6.47 arcsec angular diameter 

spatial resolution 

season, Ls 

34.8 km / pixel 

128 ° 

44.6 km / pixel 

150° 

47.8 km / pixel 

157° 

subsolar latitude 

subearth latitude 

phase angle 

19.85 °N 

26.14 °N 

38.7° 

13.17°N 

25.40 ° N 

40.3 ° 

10.26 ° N 

24.01 °N 

39.7° 

The most valuable observations to us are the images taken on 29 Jul 97. On this 

day, three separate sets were taken, separated by two intervals of just over 3 hours. 

Since Mars rotates about 90° in this time, we have images of a large part of the planetary 

surface under three different illumination conditions on the same day. Most importandy, 

the images (intended to complement the Mars Pathfinder mission) show the Ares Vailes 

site of the Sagan Memorial Station in the morning, midday, and afternoon of what was Sol 

24 for the Pathfinder mission. Thus, not only could we choose a specific spot on the 

planet and examine it under three different illuminations, we could pick the spot for which 

we had simultaneous in situ measurements from Pathfinder on the surface of the planet. 

Figure 3.2. Three HST images of Mars taken on 29 Jul 1997, about 3 hours apart each. The image 

times were 14:23, 17:34, and 20:48 UT. 673 nm filter. Ares Vailes, with the MPF site, is at the 

southern edge of Acidalia Planitia, the large dark region visible in the northern hemisphere. 
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3.2 Description of data reduction procedures and inversion code 

The calibration and reduction of the HST images was much simpler than for the 

IMP images in most respects. The images themselves are available in a form in which the 

photometric calibration has been performed, with the exception of applying the 

instrument's absolute responsivity, a quantity provided with each image as one of the 

header values. The only step remaining was to scale the pixel values of each image by its 

responsivity to have measurements of brightness in W/m^/^m. Intensity is obtained by 

dividing by the solid angle seen by each pixel in the WF/PC-2 CCD array, 0.0455 arcsec 

per pixel squared. (The necessary calculations were done in a data reduction program, 

SPACE.pro, that I wrote similar to air inversion.pro.) The HST filter transmission 

profiles also had to be taken into account (HST handbook. Space Telescope Science 

Institute, 1992), with the solar flux transmitted through each filter integrated (done by a 

subroutine called HST filter trans.pro), and scaled to the appropriate Mars - Sun 

distance. 

The geometric calibration was not trivial however. To know precisely the 

position and scattering geometry represented by each pixel in the images of Mars several 

calculations had to be performed. First, relevant information about solar system 

geometry was obtained from The Astronomical Almanac for the year 1997 (U.S. G.P.O., 

1996)). The distance of Mars from the Sun and from Earth, the orientation of its spin 

axis, the subsolar and the subearth latitude and longitude were each interpolated from 

Almanac data to the times at which each image was taken. (The Almanac data are 

adjusted to compensate for light travel time.) 

To simplify the subsequent calculations, each array of pixel values was rotated 

such that the planetary spin axis was vertical in the image array, with the north pole at 

the top. Next, the center of the gibbous planetary disk had to be pinpointed in the 512 x 
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512 pixel image. In a procedure called Mars cemer.pro (originally written by Dr. Mark 

Lemmon), a numerical (Roberts) filter was applied to the image to identify sharp contrast 

changes. Then, moving from the edge of the image in toward the sunlit limb, the first large 

jump in brightness in each row of pixels was assumed to be the edge of the disk. These 

limb pixels, taken in triplets working around the edge of the disk, were then used to defme 

the center of a circle, and these center positions were averaged to yield a position, in row 

and column number, for the center of the planetary disk with subpixel precision. As a 

check, the radius of the disk derived from this method was compared to the radius that 

the planet should subtend given its known distance from Earth, and these two numbers 

agreed to within 1 %. 

The center of the disk is of course the subearth point. Knowing the coordinates of 

this point, the latitude and longitude could be calculated trigonometrically for any and all 

pixels on the disk of the planet. From the subsolar point, the scattering geometry could 

Figure 3.3. Results of geometry 

calculations for an HST image (4 Jun 

1997 shown). First, the cer\ter of the 

disk (subearth point) is located 

(white +). Next, the north pole is 

located (black +) from the subearth 

latitude. The white line marks the 

latitude of interest (the MPF 

latitude of 19.2° N), with tick 

marks at longitude intervals of 15° 

from the MPF site (X). Knowing the 

subsolar latitude and longitude (*) 

we can calculate the scattering 

geometry for any pixel in the 

image, and then model its intensity. 

+ 
-•+ —f-



83 

also be calculated, yielding arrays of solar zenith angle, observer zenith angle, and 

(delta_phi) for each pixel. Thus, for any pixel in an image of Mars, we have the 

brightness, the latitude and longitude on the planet sampled by that pixel (with a known 

resolution in km per pixel), and the scattering geometry, i.e., the position of the Sun and 

Earth in the sky with respect to that location on the planet. 

With this information, we could run our radiative transfer code INTSCLD, 

submitting INT4 runs for the solar zenith angle of any location desired, and compare the 

model intensity to the telescopic measurements. (It should be noted though that in this 

case we are interested in the intensity upward from the top of the atmospheric layer in 

the model, not the intensity downward at the bottom as when comparing to IMP sky 

images.) Typically we plot the intensity relative to the incoming solar flux (I/F) along a 

terminator-to-limb cut through an image at a particular latitude (or longitude), comparing 

the observed intensity with the model. 

Figures 3.4 present terminator-limb cuts from the Jul 1997 images, showing the 

intensity along the latitude of the Mars Pathfmder landing site (19.2° N). The three sets 

from 29 Jul 1997 are presented to show the effect of rotation of the planet. (In addition, 

the 15 Jul 1997 set precedes them; although taken 2 weeks earlier, the time of day of 

these observations falls nicely 2 hours before the first set on 29 Jul 1997, extending the 

range of longitudinal coverage.) Note the similarity in shape across wavelength, which 

ranges from 255 nm (lowest profile) to 1024 nm (highest). Several distinct features have 

been labeled, and it can be seen that in addition to those that rotate with the planet, other 

features are characteristic of the terminator or the limb, indicating a way of distinguishing 

between surface albedo features and atmospheric features. 
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Figure 3.4. Terminator-to-Iimb cuts from 15 Jul 1997 (a) and 29 Jul 1997 set 1 (b). 

Wavelengths 255 nm (bottom line) to 1024 nm (top). 
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Figure 3.4. Terminator-to-limb cuts from 29 Jul 1997 set 2 (c) and 3 (d). 

Wavelengths 255 nm (bottom line) to 1024 nm (top). Note rotation of marked features. 
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3.3 Results 

Because of the fact that these observations of Mars are downward looking, seeing 

the atmosphere with the surface of the planet as a background, the ground reflectivity in 

the model is of primary importance. The aerosol properties become a second order effect. 

As seen in Figure 3.1 however, the surface may appear flat and featureless, at blue and 

shorter wavelengths, or show striking albedo variations, as seen in the longer wavelength 

images. The problem in modeling the intensity is to separate the contributions from the 

surface and atmosphere. 

Consider for example Figure 3.5. This is a terminator-limb cut through an image at 

410 nm. The dashed line shows the intensity from a model run, with standard values for 

all aerosol parameters from the IMP solar aureole analysis, and surface reflectance, i.e., 

Hapke single scattering albedo w, chosen to fit the MPF site. The general shape of the 

model is correct, although there is disagreement at each end. This is partly because our 

plane-parallel approximation is not valid; e.g., our model has zero light west of the 

terminator where the Sun is below the horizon, while in reality the Martian sky is 

measurably bright well before sunrise (Maki et al., 1999). In addition, at the high zenith 

angles (solar zenith angle is 90° at the terminator; observation zenith angle 90° at the 

limb), the shape of the intensity profile is strongly dependent on the atmosphere, due to 

high airmass factors involved. As seen in Figure 3.4, by comparing features from images 

which show Mars rotating it is apparent that a large part of the signal near the terminator 

and limb does not change with the rotation of the planet, and is thus characteristic of the 

atmosphere. 

Across the middle of the planetary disk however, the intensity depends most 

strongly on the surface reflectivity and varies distinctively. While the general shape of 

the intensity of the atmosphere plus surface model in Figure 3.5 is correct over the central 
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Figure 3.5. A terminator-to-limb cut through an HST image at 19.2° N latitude. The solid line 

is the 1/F from the image (410 nm), with the X indicating the Mars Pathfinder landing site. 

The dashed line represents the model that best fits the surface reflectivity of the MPF site 

(Hapke_w = 0.21), while the dotted lines show models with 20 % higher and lower values. 

portion of the disk, it obviously does not match every point. This is because each of our 

model runs can have but a single value of reflectance, while in reality the surface albedo 

varies from place to place. Therefore separate model runs are required for different areas 

of the planet. The dotted lines in Figure 3.5 show models with a Hapke w 20 % higher 

and lower than the dashed line model. At this short wavelength, this range is more than 

sufficient to cover all surface albedo features across the disk. 

At longer wavelength a much wider range of Hapke w is necessary to model the 
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light and dark regions across the surface. However, it can be shown that the ratio of 

albedo of surface features at different wavelengths is very regular, i.e., most of the light 

regions are similar in color, as are most of the dark regions. 

In a 1998 HST proposal (included as Appendix D) we demonstrated that selected 

distinct regions of light and dark surface material (e.g., features labeled in Figure 3.4) show 

a regular behavior in the ratio of their albedo in near IR to that in visible wavelengths. 

This indicates that the albedo of most regions could be extrapolated to the shorter 

wavelengths to characterize the surface. It is therefore possible to separate the 

contributions from the ground and atmosphere, by using the spatial surface albedo 

variations in the near infrared images, where the atmospheric contribution is small 

compared to surface reflectance, to estimate the albedo in the blue and near ultraviolet 

images, where the atmospheric contribution to the intensity dominates. 

But what of the aerosol properties? Can they be determined from these HST 

images, if the surface reflectance is known? Could we detect variations across the globe? 

Well, unfortunately most of the parameters do not significantly affect the intensity seen 

from this point of view. As explained previously, the particle size distribution is best 

constrained by forward scattering observations of the solar aureole. Since the atmosphere 

is seen here in backscattering conditions (phase angle 38 to 40°), there is no information 

about the particle size. In addition, the sensitivity of the models to such parameters as 

Rs (SAR) and Xiarge is small from this point of view, and to G and ©min not much 

greater. (For example, a factor of 2 difference in G can be compensated for by a change of 

about 0.01 in Hapke w, nearly independent of wavelength.) 

The sensitivity of the models to different imaginary indexes is small, but not 

negligible. Figure 3.6 shows a terminator to limb cut with three different values of nj. A 

10 % change results in only a few percent change in I/F. The effect is smaller at longer 

wavelengths. By comparing Figures 3.5 and 3.6 it is clear that the sensitivity to surface 
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Figure 3.6. Terminator-limb cut at 410 nm, along with models using the nominal value of ni 

(dashed line) and 10 % higher and lower (dotted). 

reflectance is greater, i.e., large changes in ni would be needed to compensate for small 

changes in Hapke w. 

This leaves the opacity. The effect of dust optical depth is critical to modeling 

the atmosphere. In general increasing dust loading can make the planet appear brighter or 

darker (depending of course on the relative background albedo), but only to a certain 

point. At high enough optical depths, intensity reaches an asymptote as the atmosphere 

becomes completely opaque, and any further dust is inconsequential. This effect is a 

function of wavelength, with the saturation optical depth is higher at longer wavelengths. 
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While we may expect the material properties of the aerosol dust to be globally 

homogeneous, the total extinction opacity is by no means uniform across the planet. Not 

only is the dust loading variable, but the total amount of atmosphere varies significantly 

due to topographic differences. For example, the amount of atmosphere above Valles 

Marineris is much greater than over the Tharsis Rise. As stated in section 2.4, the 

atmosphere can be modeled as one in hydrostatic equilibrium and characterized by surface 

pressure, which of course varies with elevation. The amount of gas determines the 

Rayleigh opacity, but recall that this is small compared to the dust opacity. The 

important factor is that the total amount of aerosol dust above a given region is dependent 

on the surface elevation. 

Thus we see, to attempt to use these HST images to constrain the aerosol 

properties or detect variations across the globe would require not only a fairly precise 

albedo map (which could be determined from reflectance ratios) but also accounting for 

variations the dust opacity as a function of topographic elevation (or surface pressure). 

This much is beyond the scope of the present work. 

However, with this background we can return our focus to the Mars Pathfinder 

site. For this particular location on Mars (19.17 ° N, 33.21 ° E), we have very reliable 

measurements of dust extinction optical depth (again, interpolated from the IMP 

measurements of Smith & Lemmon, 1999). Figure 3.7 show the values used for the 29 

Jul 1997 image sets. Similar measurements were made on 15 Jul (MPF Sol 11), while for 

the 4 Jun 1997 set we assumed a fixed Tdust of 0.5. 

We have seen that the model parameter to which these observations is most 

sensitive is surface reflectance. While albedo maps are available, they are not necessarily 

accurate, given the temporal variability of the surface brightness. Also, our experience 

with the results of Johnson et al. (1999) leaves us skeptical about the surface brightness 

measurements of the MPF site. 
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Figure 3.7. Measured optical depth from Sol 24 of Mars Pathfinder mission, at wavelengths 

450, 670, 883, and 989 nm. Dotted vertical lines represent the times at which the three sets of 

HST images were taken on 29 Jul 1997. 

Therefore, for this portion of the study we chose to hold the aerosol properties 

fixed and concentrate on the surface reflectance. Specifically, we wished to check the 

values for the MPF site that we used in Tomasko et al. (1999). 

With this purpose in mind, and the previously stated assumptions (section 2.4) 

defining the atmosphere, we fit models to this specific location, with Hapke w as the free 

parameter. All atmospheric parameters had standard values from the solar aureole best 

fits (interpolated as necessary to the appropriate wavelengths). 
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Figure 3.8. Values of Hapke w required to match the MPF site in HST images with our standard 

atmospheric model. 

Figure 3 .8 shows the primary results of our model fits for the MPF site. There is 

good agreement for the three illumination conditions of 29 Jul 1997, and nearly as good 

for 15 Jul. No error bars are shown for 29 Jul 97 because the fits were nearly insensitive 

to the atmospheric model, and highly sensitive to the free parameter w (see Figure 3.5). 

However, model errors (both inherent and in parameter assumptions) were magnified at 

high zenith angles. In the 4 Jun and 15 Jul 1997 images, the MPF site is so close to the 

morning terminator that the atmospheric effects dominate, and the resulting error bars on 

Hapke w are required because a wide range of values gave intensities tolerably close to the 

observed. 
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Figure 3.9. Sensitivity of Hapke w needed to match the MPF site with varying imaginary 

indexes. 

(Note: The UV filters 255W and 335W are wide bandpass filters, which should properly 

be modeled with polychromatic calculations. However, as they are well outside the range 

of the IMP spectral coverage, they may be excluded at this point for our purposes.) 

Figure 3.9 shows the sensitivity of these fits to aerosol imaginary index. The 

effect is largest at shorter wavelengths, where the surface is relatively dark, but even there 

the sensitivity is low. A factor of 2 change in ni correlates to only about 10 % change in 

Hapke w. 

Given the consistency between the Jul 1997 datasets, we averaged the results 

from these four most reliable datasets to produce a reflectance function for the Martian 

surface at the MPF site. It is important to stress that unlike the results Johnson et al., 

which simply referenced the surface intensity measurements to the white calibration 

target, our HST analysis includes the illumination from the diffuse sky and thus properly 
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handles the effect of the sky color. In addition, the HST images give us more wavelength 

resolution in the visible, which was important in interpreting the MPF Sol 22 sky patch 

images. The only problem with these HST observations is the large gap between 673 and 

953 nm. In surface spectra from other sources the peak occurs between these two 

wavelengths, so a simple interpolation is not appropriate. Another source of information 

must be included. If we accept the results of Johnson et al. (1999) at 752 nm, we come 

up with a composite Hapke w function which is fairly consistent with published surface 

spectra. 

This composite function, which was used for the analysis of the final IMP solar 

aureole study, was presented in Figure 2.5. While not radically different from the 

Johnson et al. values that we started with, it is however somewhat lower at 968 nm than 

the reflectivities we used in our first paper. Therefore all of the solar aureole results were 

ream and refined using the adjusted Hapke parameters. 

In conclusion, HST images of Mars contain a wealth of information, but we used 

them specifically to provide a valuable check on surface reflectivity. Models are 

relatively insensitive to aerosol properties at high zenith angles (across the center of the 

disk), and by using standard parameter values we can place strong constraints on Hapke 

vi' for specific locations. Although dust extinction opacity is the critical aerosol 

parameter, it was well measured for the MPF site in this time period. We modeled the 

surface radiance of the MPF site using the standard model from the IMP solar aureole 

study, and then reverified that model with the adjusted surface reflectances. We thus 

have achieved a consistency between our two points of view, with the same set of model 

parameters fitting the IMP and HST measurements. 
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4. DISCUSSION: RECONCILING THE VARIOUS RESULTS 

4.1 A consistent model for aerosol properties 

In this final chapter we will discuss how our various determinations of aerosol 

properties and surface reflectance can be reconciled into a single self-consistent model. 

Our goal is to demonstrate not only internal consistency, but also agreement with other 

published findings about Mars. 

To begin with, we have shown that the particle size, the geometric-cross-section 

weighted mean effective radius reff, is well constrained by images of the forward scattering 

peak of the solar aureole. The size we published in Tomasko et al. (1999), reff = 1.6 |j.m 

(± 0.15), is consistent with all types of observations we have analyzed, allowing model 

fits to all. Most of our datasets have little constraint on reff, but several of them strongly 

corroborated our published result. And, as our determination is also consistent with the 

most reliable values published by other researchers over the past 20 years (listed in Table 

1.1), we can be satisfied with this particle size. 

Other parameters, such as the width of the size distribution Veff. the surface area 

ratio Rs, and the transition size parameter between Mie theory and Pollack & Cuzzi non-

spherical particle theory Xiarge> can not be uniquely determined with the measurements 

we have analyzed. Standard values (veff = 0.2, Rs = 1.3, Xiarge = 5) are consistent with all 

of the datasets, although, as indicated previously, variations in these parameters would 

systematically alter our other results. 

The internally scattered light phase function parameters, G and Omin, are arbitrary 

parameters for which we have no prior constraints. The solar aureole panoramas, with 

their wide range of scattering angles, are the only observations we have that constrain 

them well. While the absolute uncertainty in the IMP measurements is a few percent, the 
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relative uncertainty for a sequence of images is significantly less, i.e., while the magnitude 

of the measured intensity profile may shift up or down, the shape of the profile is very 

well constrained. G is constrained by the gradient of intensity in the solar aureole 

panorama, and Gmin by the presence and magnitude of a backscattering peak. 

There is however a coupling between model parameters, and G and Gmin can to 

some extent tune model fits for a given imaginary refractive index. And it is with ni that 

we have seen the greatest problem achieving consistency. 

The variations in our determination of dust imaginary index fall into several general 

categories: small temporal variations from day to day and morning to evening; the 

significant disagreement of early mission morning measurements; differences between the 

sky patch and solar aureole measurements; and wavelength dependent differences of 

these aerosol results from surface soil spectra. 

First, some random scatter is to be expected from day to day. Putting aside the 

possibility of real variations in the absorptive properties of the dust particles for the 

moment, there are of course many sources of error in our measurements and our modeling 

of them. The largest random errors stem from the uncertainty in camera pointing, and our 

various simplifying assumptions, e.g., isotropic distribution of the dust, and a single 

aerosol component. Given these, it is not surprising that there is some scatter. Actually 

there is fairly good agreement, within 10 to 15 % of a mean value at each wavelength, 

except for the morning measurements prior to MPF Sol 22. 

As shown in Figure 2.12, the imaginary indexes required to fit these seven datasets 

are significantly higher at the three longer wavelengths, and somewhat lower at 443 nm. 

(As a secondary result, the corresponding values of G are also out of step with the 

others.) The fact that these morning (image sequence 39) measurements from the first 

three weeks of the mission are inconsistent with the remaining results is more troubling 

than the random scatter, and is cause for careful scrutiny. 
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It should be noted also that these fits were obtained with a constraint of 2.5° on 

the magnitude of the azimuth and elevation corrections. Some of the best fits were rather 

poor (ElMS residuals 3 to 4 %). Better fits could be obtained in some cases, but only at 

the expense of assuming the image frames were up to 4° closer to the Sun than indicated 

by the motor positions. Even larger imaginary indexes result when the pointing shifts are 

unconstrained, but despite the better fits we consider the large shifts required inconsistent 

with the known dynamic characteristics of the IMP hardware. 

The apparent step-like change in ni between Sol 21 and 23 was quite puzzling at 

first, until we realized that the time of day that the morning sequence was executed had 

been changed by mission planners. Prior to Sol 22, image sequence 39 was executed about 

30 minutes later than intended, while starting with Sol 23 it was executed roughly on time. 

This led to investigation of several possibilities for causal relationships, which are 

presented here for the sake of completeness. We had to consider what was system

atically different at this later morning hour. The temperature, for one thing, is higher of 

course. However, the instrument responsivity was calibrated across a large temperature 

range, and in addition the CCD assembly was heated when it got below -20 °C. If there 

was to be a temperature dependent change in the aerosol properties, we must consider 

that although temperature is higher near the surface around the landing site, the bulk 

temperature profile of the atmosphere does not change greatly on such short timescales. 

The elevation of the Sun is obviously different for the different families of 

observations. (Indeed, this is what defined Local Solar Time for MPF mission planning.) 

In fact, the best fit values of imaginary index were well correlated with Sun elevation, as 

shown in Figure 4.1. But how could elevation of the Sun affect the determination of nj? 

Always skeptical about our surface model, we investigated the possibility that 

Hapke w could be variable with Sun elevation. Hapke's reflectance was meant to 

represent a homogeneous surface, but in reality the Martian surface consists of soil and 
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Figure 4.1. Correlation of derived imaginary index nj with elevation of the Sun at observation 

time (final image). Datasets with higher sun elevation yielded higher nj. Note the morning 

measurements (open symbols) separated into two families due to the change in execution time. 

rocks of different reflectivities. Further, the rocks, which are generally darker, stick up 

and cast shadows. As the Sun goes down, more and more of the brighter soil becomes 

shadowed, and the overall reflectance properties of the surface change. 

Figure 4.2 shows the result of a simple model calculation. A theoretical flat 

surface, with a given Hapke h*, was covered with a certain proportion (e.g., 20 % of the 

area) of cylindrical rocks, with a somewhat lower w. The weighted average 'effective' 

Hapke reflectance was calculated as a function of solar zenith angle. Figure 4.2 shows 

that the bulk Hapke w does indeed decrease at lower sun elevations as more and more of 

the bright soil is shadowed. It increases sharply at the end as the sunlight strikes the 

'rocks' normal to their vertical sides. 
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Figure 4.2. Hapke w 

of a theoretical 

surface with dark 

rocks' shadowing 

brighter soil. The 

dashed line represents 

a surface 20 % covered 

with unit-height 

cylinders, and the 

dashed-dotted line is 

for cubes. 

This simple model had no diffuse atmospheric illumination, only a direct solar 

beam. However the derived functionality applies not just to light from the direct solar 

beam, but to all light strildng the surface, including diffuse light from the sky. Therefore 

our radiative transfer code had to be modified to allow calculations with Hapke h* as a 

function of solar zenith angle for ail photons at the surface boundary. 

However, tests of this type of surface against the IMP solar aureole observations 

showed that this effect was insufficient. For any reasonable rock area fraction and 

difference in rock and soil reflectance, the effect on the aerosol imaginary index derived 

was small. The explanation for this lies in the relatively high opacity of the atmosphere. 

With a vertical optical depth of about 1/2, much of the light is scattered out of the direct 

solar beam when the Sun is low near the horizon. To put it another way, when the 

shadows are longest and we might expect the albedo differences of the rocks and soil to 

change their relative contributions, the shadows are also weakened by the fact that the 

direct sunlight is dimmed and much of the illumination reaching the surface comes fi'om all 

directions from the diffuse sky light. 
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In addition, the HST data do not support this variable w on large scales. As 

Figure 3.8 shows, a single Hapke w modeled the area around the MPF site consistently 

(within about 5 %) under widely different scattering geometries (although again, the limb 

and terminator are not modeled properly in our plane parallel model). 

A second theory that we explored was the possibility of variations in particle 

size. While it is unlikely that the average size of the dust in the atmosphere could change 

significantly on a diumal timescale, it is possible that water ice could accrete on the dust 

particles. However, as with our initial determination of rgff, sizes significantly different 

from 1.6 |im led to wavelength inconsistencies in the resulting model fits (in elevation 

correction, number density, etc.) For example, particles with reff = 1.5 |im gave a better fit 

to the troublesome Sol 4 morning dataset at 443 nm, but at 968 nm no reasonable fit could 

be made with this particle size. Similar problems were encountered with larger sizes. 

Errors in optical depth were also considered. Although Smith & Lemmon report 

the uncertainty in single t measurements to be less than 4 %, each measurement was made 

by observing the Sun and thus samples only a single direction in the sky. Other 

observations, including the solar aureole sequences (e.g. the Sol 23 and 24 morning 

datasets), show spatial variations in opacity. (Smith & Lemmon reported higher than 

usual opacities on these mornings.) However, as it happens, at our observation elevation 

(about 12 to 15°), the intensity far from the Sun is nearly insensitive to t (see Figure 4.3), 

and so any reasonable errors would not significantly affect the determination of ni. 

Another possibility considered was a second aerosol component that we were not 

modeling. Other researchers have had reason to conclude that there is a separate 

component of small particles (water ice), in addition to the major constituent (dust) with 

reff ~ 1.6 |im. This could significantly affect the composite phase function, especially in 

the middle scattering angles where the two components would be of similar magnitude. 

This of course would in turn alter the aerosol properties derived from the observations. 
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But before considering this scenario in more detail in the following section, let us 

remain focused on our determinations of imaginary index. Consider; 

A key breakthrough came when we realized that ni was correlated not only with 

solar elevation, but also with the derived elevation correction (for frame 2, which was 

applied to all subsequent frames, as shown in Figure 4.4). This in turn was correlated 

with the minimum scattering angle observed. With higher than intended solar elevation in 

the mistimed datasets, the minimum scattering angle in the images bracketing the Sun was 

larger than desired. Remember, the pointing correction algorithm is model dependent, and 

is less accurate when applied at larger scattering angles, where the phase function depends 

less on the diffraction peak and more on the other scattering components. The large 

corrections resulting from the mistimed datasets should therefore be considered suspect. 

What is the effect of the pointing shifts on the determination of imaginary index? 

Because ni is best determined by the back half of the phase function, and intensity there 

varies gradually with azimuth, the azimuthal component of the pointing uncertainty is 

relatively unimportant. The value of the elevation error however is critical to the 
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Figure 4.4. Correlation of derived imaginary index with elevation correction applied to frame 

2. Datasets with larger (negative) elevation corrections yielded higher ni. 

determination of nj. Figure 4.5 shows how the intensity at 180° azimuth varies with 

elevation. At the elevation of our images, 10 to 15°, the vertical intensity gradient is 

fairly steep (varying 10 to 20 % across the 4° height of the subframe), and an error of 

even 1° in elevation will result in a significantly different ni. 

Given the dependence on pointing correction, some datasets are better than others. 

Any errors in the initial model will in general result in errors in both the azimuth and 

elevation corrections derived. However, if the images were taken at or near the elevation 

of the Sun, then the elevation component will be near zero. 

For this reason, the evening sequences, with their observation elevation 

approximately equal to the solar elevation (see Table 2.2), should have the most accurate 



103 

0.030 - ni = 0.0016 

ni = 0.0032 

Figure 4.5. Intensity 

vs. elevation at 180° 

azimuth from the sun, 

for two different 
0.020 -

imaginary indexes, 

0.0016 (solid) and 

0.0032 (671 nm). 

I / F  

0.010 -

0.000 
0 10 20 30 40 50 60 70 80 90 

Elevation angle (degrees) 

elevation pointing corrections, and therefore the most reliable determination of nj. Most 

morning sequences after Sol 22 are also consistent, although as noted some suffer from 

anisotropy in opacity, as indicated by azimuthal asymmetry in the intensity gradient. 

For the datasets with the Sun not at the elevation observation though, any model 

dependent pointing correction errors will have both the azimuth and elevation 

components, with the magnitude of each error directly proportional to the minimum 

scattering angle. The early mission morning sequences have not only larger than intended 

minimum scattering angle, but also large a elevation component, which seriously 

compromises the determination of ni. 

To summarize the analysis of imaginary index measurements from the IMP solar 

aureole datasets: The pre-Sol 22 mortung datasets were executed late, with the Sun about 

9° higher than intended. Because of the corresponding large minimum scattering angle, 

and the resulting large elevation shifts necessary, we consider the nj determined from 

these datasets to be highly suspect. Therefore these seven datasets are disregarded from 

our final results; Sequence 0039, MPF Sols 4, 12, 13, 14, 15, 19, 21. 
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That is not to say that these datasets are worthless, however. They remain valid, 

high quality measurements, but for the pointing error. It could be argued that since the 

camera head was not moved between exposures through the four different filters, the 

pointing correction should be calculated only once (say for 443 nm, which has the largest 

forward scattering peak), and held fixed for the other wavelengths. When this is done 

however, there is a disagreement between the first two data frames and the model in the 

near IR. This indicates that for some reason the scattering angles between about 10 and 

20° are not being modeled correctly. This will be discussed further in the next section. If 

the pointing in these datasets could be accurately determined without relying on this 

region of the phase function, the rest of the information could be useful in constraining 

particle properties. This remains for future work. 

When these seven mistimed datasets are excluded, the solar aureole results are 

quite consistent. Figure 4.6 shows the derived imaginary indexes for the reliable fits only, 

with la error bars. (Figure 4.7 shows the corresponding single scattering albedos.) As 

seen, the standard deviation for these 20 datasets is about 10 to 20 %. Given the 

uncertainties in the image pointing, spatial variations in opacity, and the coupling with 

other model parameters which are not well constrained (e.g., G), these error bars are 

reasonable. A simple X2 test yields values of 1 or less for all four wavelengths, 

supporting the conclusion that this is a normal distribution about the mean values 

(although admittedly the number of data points is small for this kind of test). 

Thus there is no conclusive evidence for a systematic variation in imaginary 

refractive index of the dust over the course of the first 2 months of the Mars Pathfinder 

mission. Taken together with the agreement of our size with other researchers, this 

indicates that the composition of the dust in the Martian atmosphere is stable on decade 

timescales. 
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4.2 Small particle components and effects on the phase function 

Before tying these solar aureole results in with the Sol 22 sky patch and geologic 

surface spectra, let us address the matter of a small particle component further. 

Throughout the entire analysis thusfar we have assumed that the aerosol content of the 

atmosphere of Mars may be modeled with a single component, that is, a single material 

with a regularly behaved size distribution (which can be modeled with a gamma function). 

Let us consider now a second aerosol component, which may differ from our 

'standard' 1.6 |im particles in their effective size and scattering properties (e.g., refractive 

indexes). 

There are good reasons for doing this. Smith & Lemmon (1999) noted that 

measured opacity was roughly the same from 673 to 968 nm, but was systematically 

higher in the blue, especially in the morning observations. Using their values, our model 

fits showed a discrepancy in the column number density of particles (which of course is 

independent of wavelength) between the blue measurements and the other three 

wavelengths. The discrepancy is only about 5 % in the evening datasets, but more than 

twice as large in the morning. If, on the other hand, we held number density fixed for all 

wavelengths, then the resulting optical depth from the 443 nm model fit was 

correspondingly lower than that measured by Smith & Lemmon. This is an indication of 

a second component of particles, small particles that would affect the opacity, especially 

at shorter wavelengths, without fitting into the allowed number of dust particles modeled 

by our standard 1.6 |im component. Smith & Lemmon indeed proposed just such a small 

particle component. 

In addition, while investigating the discrepancy in the early mission morning nj 

determinations, a second aerosol component was one of the possibilities we considered as 

a cause for the elevated values, as mentioned in the previous section. 
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Figtue 4.8. Single scattering phase function for four particle sizes: 0.01 (flattest), 0.03, 0.1 and 

0.3 nm (steepest). The corresponding size parameters range from x ~ 0.1 to x - 3. 

Smaller particles scatter light of a given wavelength more widely and thus have a 

flatter phase function, i.e., with a less sharp forward scattering peak. (The limit for very 

small particles is the Rayleigh scattering case, in which P(0) = 3/4 (I + cos^O), and the 

scattering probability is the same for 0 and 180°). Figure 4.8 shows the single scattering 

phase function for small particles of four sizes, ranging from O.Ol p.m (x ~ 0.1) to 0.3 |im 

(x ~ 3) as an example. 

We hypothesized that adding the flatter phase function of a component of smaller 

particles could raise the backscattering part of the overall model phase function, and 
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increase the brightness at large scattering angles. This would result in a lower ni required 

to fit the observations. 

Our radiative transfer code was originally designed for only a single non-spherical 

particle component (using the Pollack and Cuzzi method), but it has the capability for 

including particles with a user-defined phase function. We used this option to try some 

two component aerosol mixtures. Although the parameter space is correspondingly more 

complex, an abbreviated investigation was conducted. 

In addition to our standard 1.6 dust, we modeled the small particle component 

on water ice, i.e., a bright material (nj = 0.001) with a real refractive index np = 1.33. 

When mixing particles with two different phase functions, the result is a composite 

weighted by the scattering optical depth (where Tgca = 'Ce.\t)» i e- the scattering cross-

section and the relative abundance of each. Figure 4.9 shows an example of a phase 

function for such a mixture (plus each component). 

We found that with very small particles (refr= 0.01 ^m), while the phase function 

was indeed flatter, the wavelength dependence of this effect was not appropriate, that is, 

due to the wavelength dependence of the scattering cross section, which approaches in 

the Rayleigh scattering limit, the mixture that worked in the blue did not work in the near-

[R, and vice versa. 

Therefore we next tried larger particles. Smith & Lemmon, having tried both 

Rayleigh scatterers and a small particle component, placed an upper limit on recr of 0.3 

|im, citing little difference in fits to the opacities between Rayleigh scattering and the 0.3 

|im particles. They even broke their measurements for extinction optical depth into a 

component constant with wavelength, and a 'Rayleigh-Iike' wavelength dependent 

component, which was rather variable on a diurnal timescale, being significantly larger in 

the morning. Trying their upper size limit, we used these opacity fractions as a guide to 

the relative amounts of large and small particles in our models. 
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Figure 4.9. Single scattering phase function for a hypothetical mixture of large and small 

particles. The dashed line represents the standard 1.6 |im dust particles, while the dotted line 

represents water ice (np = 1.33, ni = 0.001) with reff = 0.3 |im. The solid line represents the 

composite phase function, weighted by their scattering optical depths (tsca ~ tO 'Cgxt, where 

"^e.xt ~ 0.4 and 0.1 respectively). 

For reasonable mixtures of these mid-sized particles, there was no increase in 

backscattered intensity sufficient to result in the lower imaginary indexes needed to bring 

the morning solar aureole datasets into agreement. As explained in the previous section, 

this effect was not the cause of the ni discrepancy. However, the small particle 

component did affect the shape of the phase function, lowering the peak and a boosting 

the 'shoulder* between about 15 and 40° scattering angle, enough to significantly alter the 
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elevation correction, which as we have seen strongly affects the determination of nj. 

(Whether the effect on elevation correction is positive or negative depends on the 

minimum scattering angle.) Modeling this effect properly may thus be one way of 

correcting the unreliable pointing and salvage the early mission morning datasets. 

In conclusion, a single component aerosol model, while a good first approximation, 

is too simple to model all of the observations precisely. By trying to model the phase 

function of what may be a complicated and even variable aerosol mixture with a single set 

of parameters (e.g., G and ©min) we very likely introduce errors, especially given how the 

pointing correction for many of our datasets was dependent on the very part of the phase 

function that may be most strongly affected if there is in fact a second, smaller 

component. Certainly G, a single parameter to describe the middle part of the phase 

function, is not a sufficient parameterization to model the composite phase function that 

would result from mix of disparate aerosol components. 

Inclusion of a second component of small, bright particles in the atmosphere 

allows more precise modeling of the observations. Such a small particle component can 

also account for the higher opacity measured in the blue in morning measurements, as 

noted by Smith & Lemmon, and so reconcile the correspondingly elevated blue number 

density in our solar aureole model fits. Furthermore, the details of the wavelength 

dependence may be used to place constraints on the size range and abundance of these 

smaller particles. The size of the minor component cannot be too small (reff on the order 

of 0.01 |i.m) or they will not show the observed wavelength dependence. On the other 

hand, if their effective radius is a few tenths of a micrometer, they can most significantly 

affect the shoulder region of the phase function, which, based upon the difficulties 

encountered with the pointing corrections, is perhaps the most problematic to model. A 

two component model should therefore be developed for more detailed modeling in future 

studies. 
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As stated in section 1.4, many researchers assume that the aerosol particles are 

similar or identical in composition to the bright surface regolith. We have determined the 

profile of imaginary index (and single scattering albedo) at 12 wavelengths from 440 to 

1000 nm from the Sol 22 sky patch. As the final objective of the present study, and a 

final check of our models, we must compare the aerosol dust with geologic surface 

spectra. 

To make this comparison we must ask, what is the reflectance spectrum of the 

aerosol dust? There are several approaches to this. We might simply consider the single 

scattering albedo of the particles from our best models. This profile indeed has the same 

general shape as many surface spectra. However, single scattering albedo is not directiy 

comparable to geometric albedo or other measures of surface reflectance. 

We might instead consider the measured intensities directly. To normalize the 

intensities for the variation of solar illumination with wavelength, a ratio may be taken 

with the intensities measured on the white calibration target at the same wavelengths 

under similar illumination conditions. This is a commonly employed method of obtaining 

a spectrum, with the resulting ratio being used as a measure of surface reflectance. This 

was done by Bell et al. (2000) for all of the MPF multispectral spots, including the sky 

patch. They presented a flat spectrum for the atmospheric dust, and claimed no evidence 

of any significant features in the near IR. 

However, images of the sky contain not just light reflected as from a surface, but 

transmitted and diffusely scattered light. Furthermore, merely taking a ratio with the 

calibration target, which is illuminated in part by this diffuse sky light, tends to divide out 

any spectral features present in the sky. Therefore this simple measure of reflectance is 

not applicable to the sky patch, and the spectrum presented by Bell et al. is not valid. 
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Instead of dividing by the intensity measured on the calibration target, the sky 

intensity may simply be normalized with the incoming solar flux. This was done by 

Thomas et al. (1999a), and their resulting spectrum shows a weak absorption feature from 

800 to 900 nm. We have corroborated this result, though we find that the feature is even 

larger when instead of using a single value for the solar flux for each image, the solar 

spectrum is convolved with the IMP filter transmission profiles (as in Table 2.5). Our 

result is shown in Figure 4.10. Still, this is not, strictly speaking, a reflectance spectrum. 

To approximate the actual reflectance of a 'surface' of the aerosol dust, we may 

conduct a thought experiment, in which we imagine the sky completely opaque with dust 

(t of 100 or more), and consider the reflectance from above the atmosphere. In this case 

virtually all of the light incident on the planet would be reflected by the dust, not the 

ground. Such a model, using the ni profile from the sky patch, yields reflectances which 

show a peak from 670 to 800 nm, and a significant droop in the near IR (also shown in 

Figure 4.10). But there are limitations to this approach also. The light radiated back fi-om 

the optically thick atmosphere is not simply reflected from a 'surface', but is a 
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complicated mixture of light which has undergone one or more scatterings at some depth 

within the atmospheric layer. Furthermore, the optical depth in the model can only be 

raised so far before the assumptions in the radiative transfer code (e.g., that the 

interparticle spacing is greater than the mean free path of the photons) break down. No, 

because of the close proximity of particles and the complicated interactions in a surface, it 

is not sufficient to simply consider single scattering events separately. 

Perhaps the best approach is to imagine our dust in an optically thick, semi-

infinite layer, and employ a method to convert the single scattering albedo of the aerosols 

to a surface reflectance. To begin with, the diffraction component of the single scattering 

phase function must first be removed, since diffraction plays no significant role in 

scattering by closely packed particles. Next, a similarity relation may be used to convert 

the resulting single scattering albedo to one for an equivalent medium of isotropic 

scatterers (as in Chamberlain & Hunten, 1987); 

coiso = (I -g)a)/(l -go)), 

where g, the asymmetry parameter, is the mean of the phase function as integrated over 

cos 0. Finally, Hapke theory can be used to relate this single scattering albedo for 

isotropic scatterers (Hapke w) to reflected intensity (I/F), which we may calculate for a 

scattering geometry comparable to that of a soil spectrum. 

When this is done, the resulting spectrum is very similar in shape to the I/F 

measured in the sky patch, as well as the reflectance of our hypothetical optically thick 

atmosphere. The spectrum derived from the model fits to the IMP sky patch images is as 

shown in Figure 4.11. When the sky patch imaginary index profile is scaled up to match 

the four standard values from the solar aureole analysis, which are more reliable in 

absolute magnitude, the result is similar in form. Significantly, both show the same 

absorption feature in the near IR as in our preceding approximations. Thus three separate 

methods show this spectral feature in the aerosol dust. 
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Figure 4.11. Surface reflectance derived from aerosol nj compared to surface spectra and pure 

minerals. The solid lines represent the albedo derived from IMP sky patch images (filled 

squares) and solar aureole standard model (filled circles). The solid line with open squares is 

from IMP images of the bright soil on the ground. Two minerals likely to be in the Martian soil, 

hematite and maghemite, are included for comparison. 

How does this compare to the surface, particularly to the bright soil, the most 

probable surface analog to the dust? Some published surface spectra, such as the 

multispectral spots presemed as Bright I and Bright II in Bell et al. (2000) show a small 

(few %) droop longward of 800 nm. A few, such as MSS 361 show the absorption 

feature clearly. However, most surface spectra, such as the one included in Figure 4.11 

(McSween et al., 1999), indicate that the surface reflectance is nearly constant in the near 

IR. 
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So the question remains: Is the droop in reflectance from 800 to 1000 nm seen 

here a real spectral absorption feature of the aerosol dust? As explained in section 2.6, 

the sky patch is extremely limited in spatial extent (effectively sampling only a single 

scattering angle) and the results are sensitive to the value of G as a function of 

wavelength. Due to the uncertainty in G, the shape of the ni profile is therefore not 

particularly well constrained. However, with the n\ profile derived with a constant G, the 

droop in the near IR is precipitous. With a parabolic G function, the sky patch imaginary 

indexes (refer back to Figure 2.16) are flatter in the near IR. But very high values of G 

(greater than 500) would be needed to completely flatten out the sky patch spectrum in 

the near IR, and such high values of G are inconsistent with the solar aureole results. 

To test whether the feature we derived was real or simply within the margin of 

error of our nj determinations, we tried models to the solar aureole datasets with nj 

constrained based upon such surface spectra to be lower at 898 and 968 nm. The results 

were negative. We found that this fixed (lower) nj model, even with the partially 

compensating effects of G and ©min, could not match the full intensity profile of the solar 

aureole data. Therefore we conclude that this the feature is real, and our model of the 

Martian aerosol dust thus differs from most surface spectra. 

In this case there must be something different between the dust suspended in the 

atmosphere and the soil on the surface. One possibility is that it is the presence of the 

purported component of water ice which affects the spectrum of the aerosols. As a 

bright substance, water ice would raise the single scattering albedo of the overall mixture, 

and as co gets close to unity, the sensitivity of the correlation with reflectance increases, 

magnifying the slight decrease seen in single scattering albedo into the significant droop 

seen in reflectance. (For an example of this effect, compare the solar aureole standard 

model profile in Figure 4.11 to the somewhat brighter sky patch profile.) 
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More likely is that there are components in the surface soil which are 

preferentially kept on the surface, and do not show up in the aerosol spectrum. After all, 

while the dust certainly comes from somewhere on the surface, it likely does not 

represent the full range of mineral compositions in the regolith. The dust need not be 

Identical even to the Bright Soil; it may be just one component of it. 

The Bright Soil exists in varying amounts from full dunes to thin coatings on rocks 

and other units. In many cases the spectrum may be influenced by underlying material or 

material intimately mixed in. The simple fact that several of the Bright I and n spectra in 

Bell et al. differ significantly implies that the Bright Soil is a mixture of different 

subcomponents. In fact, Moore et al. (1999) reported it to be 'poorly sorted cloddy 

deposits' from close-up observations with Pathfinder's rover. It is quite possible that a 

certain mineral subcomponent yields the spectral feature seen in the aerosol dust, while a 

different mixture washes out that feature in the surface soil. 

The aerosol dust itself may not be homogeneous. Madsen et al. (1999) measured 

a reflectance spectrum of dust which fell out onto the magnets mounted on the Pathfinder 

lander which shows a spectral shape in the region from 850 to 1000 nm much flatter than 

ours. This may be because they too normalized to the intensity on the calibration target, 

but it may in fact indicate that the dust which settled and stayed on the magnets need not 

be identical to that which fills the atmosphere. For one thing; it may be material which is 

confined to the boundary layer. Certainly it is magnetic, and thus may be only one 

component of the overall aerosol composition. 

Figure 4.10 includes laboratory spectra measured for two minerals, hematite and 

maghemite. They each show a significant near IR absorption feature, although of different 

strengths and at somewhat different wavelength ranges. These minerals have been 

reported as likely candidates for components of the Martian dust (McSween et al. 1999, 

Madsen et al. 1999, etc.). However Madsen et al. also agree that the dust does not 



118 

consist solely of any single mineral component. It is in fact likely composed of aggregate 

particles. 

So, assuming the dust is but one or more subcomponents of the Bright Soil, then 

there must be a differentiation mechanism at work. This mechanism is most likely a 

function of particle size. There has been a great deal of research in the transport 

mechanisms which lift and suspend the dust in the thin Martian air. For example. Toon 

et al. (1977) pointed out that particles as large as tens of micrometers can be lifted by 

eddy diffusion. Dust devils are also a significant lifting mechanism (P. Smith, personal 

communication), and many of these were observed by the IMP. If larger particles can be 

lifted and sustained in the atmosphere, then why don't we observe them in significant 

numbers in our size distribution? There is an apparent gap in the size distribution 

between the very fine dust particles and larger grains and pebbles which never get lofted 

into the atmosphere. Since the dust is almost certainly a product or volcanic and/or 

erosional processes, there may very well be a preferential size. Similarly, if the dust 

particles are aggregates of various mineral grains, then the average size that we see (1 to 2 

)im) may represent the size above which particles cannot long survive the continual 

collisions without breaking down. In such a case, the gap in the size distribution between 

aerosol dust and surface soils would explain why some types are preferentially lifted 

while others are not, giving the aerosols their somewhat different spectral characteristics 

from the various surface materials. The problem remains to separate what the various 

mineral components are. 
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Taking all of the previously presented results into consideration. Table 4.1 

presents our best model for the wavelength dependent aerosol parameters. The bold 

values are derived from the best fits to the 20 most reliable IMP solar aureole image 

sequences. The intermediate wavelength values are interpolations, linear for Omin, 

quadratic for G; while the imaginary index profile is based upon a third order polynomial 

fit to the sky patch results, scaled to match the four solar aureole values whose absolute 

magnitudes are more reliable. This is the 'standard model' that was used as initial 

conditions in the final iteration of searches for best model fits, as well as for the HST 

image analysis presented in the previous chapter. The standard model is not inconsistent 

with any of the datasets presented herein (with the provisional exception of the early 

mission morning solar aureole datasets, because of the pointing uncertainties) and thus 

represents a consistent model for the optical properties of the Martian aerosol dust. 

Table 4.1. Final results for wavelength dependent aerosol parameters. 'Standard Model' 

wavelength imaginary index s.s. albedo G ©min 

443 nm 0.010 0.79 250 126° 

480 0.0075 0.83 200 127 

531 0.0055 0.874 150 128 

600 0.0034 0.922 100 130 

671 0.0024 0.947 75 132 

752 0.0023 0.953 80 134 

802 0.0024 0.953 100 135 

858 0.0028 0.948 140 137 

898 0.0032 0.946 180 138 

931 0.0033 0.946 220 139 

968 0.0035 0.946 260 140 

The relevant functions (appropriateonly for 440 <k< 970 nm) are : 

G = 2676 - 3744 + 1383. ©min = 26.1 * X + 114. 
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In summary, we have learned some very important things about the Martian 

aerosol dust in the course of my doctoral research. Our previously published 

determination of the particle size distribution, with rgff = 1.6 |im ± 0.15, has been 

corroborated, and agrees with those of other researchers. The IMP solar aureole 

observations represent the highest quality measurements of this type to date, with some 

images sampling the forward scattering peak to within 4° of the Sun. 

We have determined the spectral characteristics of the dust and information 

describing the single scattering phase function, as seen in our results for imaginary index 

(and single scattering albedo), G and Gmin given in Table 4.1. This standard model for the 

Martian aerosols may be used, in conjunction with opacity measurements, for energy 

deposition calculations as in meteorological thermal structure studies and climatology, and 

for accurate photometry and mineralogical studies. 

The spectral characteristics of the dust are similar but not identical to published 

spectra of the bright soil on the surface of the planet. The conclusion is that there is a 

differentiation mechanism which causes some component visible in the surface soil to be 

not present in the aerosol dust, or vice versa. 

Finally, there is little or no evidence for significant systematic variation in either 

the size distribution or the imaginary index of the dust over the course of the first 2 

months of the Mars Pathfinder mission. Given the agreement with Viking results from 20 

years previous, we therefore conclude that the composition of the dust in the Martian 

atmosphere is stable on decade timescales. 

Which brings us to the conclusion of the current opus— but not the end of the 

story. Analyzing the IMP sky images for 3 years, I have been intrigued (and at times 

frustrated) by how much information these seemingly bland frames contain. There 

remains significant potential for fhiitful investigation along many lines. 



121 

First, it should be possible to salvage the troublesome IMP solar aureole datasets, 

either with a fixed pointing correction or a more robust phase function which allows 

consistent pointing shifts, e.g., mixed with a small particle component. We cannot 

understate the value of precise pointing information. We must again stress the usefulness 

of the 2-dimensional nature of the IMP subframes nearest the Sun, not only for allowing 

more precise pointing determination, but also for validating good fitting models in 2 

dimensions, allowing rejection of bad models (which may only match the linear spacing of 

isophotes), and showing asymmetries due to spatial variations in optical depth such as 

clouds or dust devils. For future designers of similar sky observations we strongly 

recommend not only imaging close to the Sun, but making the spatial extent of the 

measurements wide in 2 dimensions, so that not only the spacing of the isophotes but 

their curvature as well may be used to constrain the models. 

Next, we could check results of Markiewicz et al. (1999) from vertical cuts against 

our standard model. The data inversion procedures developed by me could readily (with 

minor modifications) consider vertical intensity cuts, although the matter is slightly more 

complicated because the Sequence 0283 images were obtained while holding the camera 

azimuth constant, and due to the tilt of the Pathfinder lander the resulting images span 

several degrees (many times their width) in local-level azimuth. Markiewicz et al. derived 

•"cff = 171 ± 0.29 ^m, and imaginary index slightly higher than ours, although these 

measurements were limited by their vertical nature to scattering angles of less than about 

100°. Also, this initial paper presented results from only one sol. While these derived 

model parameters are not significantly different from ours, it is important at some point 

to verify that our standard model adequately simulates these observations. 

To further refine our aerosol model, it would be desirable to remove some of our 

simplifying assumptions, e.g., the single aerosol component, the single homogeneous 

layer, and/or the plane parallel approximation. A spherical atmosphere model can be used 
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to reduce errors induced in the plane parallel model near the horizon. Such models are 

available, but in the past have been too computationally time consuming. With ever-

faster computers, this problem should disappear. With a spherical atmosphere model, 

pre-sunrise and post-sunset horizon images could be analyzed for evidence of vertical 

structure, to test the hypothesis that the dust is uniformly mixed. 

In addition, it may be possible to better constrain the parameters that we did not 

attempt to constrain; in particular, the width of the size distribution, Vgff. The IMP 

measurements from 440 to 1000 nm are sensitive to only a narrow range of the size 

distribution. The width of the size distribution could be better constrained by including 

shorter wavelength measurements. Clancy et al. (1995) did this with UV measurements, 

and claim a value of 0.5 for Vgff. While this means many more very small particles than 

the size distribution that we used (see Appendix A, Figure 12), it is not, as discussed in 

Appendix A, inconsistent with the IMP observations. 

Finally, HST images of Mars can extend the aerosol results to the entire planet, if 

surface pressure and albedo variations are properly treated. There have been many high 

quality sets of observations over the past several years; we examined only those 

concurrent with the Mars Pathfinder mission. Similar consideration of other HST images 

could extend our analysis both spatially and temporally. 

In conclusion, new and detailed observations of the atmosphere of Mars from 

many varied perspectives are being accumulated, and computational tools for modeling 

photometric intensity are very well developed. With the IMP solar aureole images we 

have put useful constraints on the effective particle size (1.6 ± 0.15 |im) and the 

imaginary refractive index (as given in Figure 4.7 and Table 4.1) of the aerosol dust. It 

calls for only continued hard work and determination to extend these results, to refine 

reliable and consistent models of the Martian atmospheric aerosols to facilitate the 

exploration of our planetary neighbor. 
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Properties of dust in the Martian atmosphere 

from the Imager on Mars Pathfinder 

M. G. Tomasko. L. R. Doose. M. Lemmon, P. H. Smith, and E. Wegryn 
Lunar and Planciarv- Laboraior>. Univcrsiiy of Arizona. Tucson 

Abstract. The Imager for Mars Pathfinder (IMP) returned sequences of images of the 
Martian sky characterizing the size distribution, optical constants, and nature of the 
aerosols suspended in the atmosphere of Mars. These sequences were e.xecuted when the 
solar elevation angle was approximately 15° and consisted of images near the elevation of 
the Sun, spanning a range in azimuth from about 4° to 180° from the Sun. Images were 

obtained at four wavelengths from 444 to 965 nm. From one sequence of observations, 
results are shown from a comparison of absolute photometry of the Martian sky with 
multiple scattering models. Results include the following. (1) The geometric cross-section-
weighted mean particle radius is 1.6 r 0.15 fiTi almost independent of the assumed width 

(variance) of the size distribution. (2) The imaginary refractive index shows a steep 
increase with wavelength from 670 nm to shorter wavelengths, and a shallow increase 

toward longer wavelengths, consistent with the reflection spectrum observed by IMP for 
Martian soil. (3) For each assumed variance, two parameters governing the slope and 
curvature of the portion of the phase function due to internally transmitted light are 
found uniquely as functions of wavelength. (4) The variance of the gamma size 
distribution is difficult to constrain from these observations alone. The shape of the single 
scattering phase functions derived from the IMP observations i.s compared to laboratory 
measurements of powder samples. One sample of irregular particles has a single scattering 
phase function quite similar to that derived for Mars. Overall, the results for the mean 
cross-section-sveighted size and imaginary refractive index as a function of wavelength are 

in remarkably good agreement with the revised analysis by Pollack et al. [1995] of the 

observations made by the Viking lander 20 years earlier. 

1. Introduction 

By absorbing solar radiation, dust in the thin Martian atmo

sphere plays a key role in determining the temperature struc

ture and providing forcing for atmospheric dynamics. Many 

authors over the past 20 years have used a variety of observa

tions from Mariner 4. the Viking orbiters and landers, and the 

Phobos orbuer to constrain the mean effective radius and 

variance of the size distribution of the dust as well as other key 

parameters such as the shape of the particles, the imaginary 

refractive index, single scattering albedo, single scattering 

phase function, and the extinction efficiency as functions of 
wavelength [see Kiilm el al.. 1992; Pollack et al.. 1995; Ockert-

Bell el al.. 1997|, The wavelengths at which these observations 

were made range from 2f).S nm for .Mariner 9 through the 

visible and near infrared on the Viking landers, the Phobos 

orbiter. and the Viking orbiter infrared thermal mapper 

(IRTM) to thermal wavelengths from 5 to 50 jim on the Mar

iner 4 infrared imaging spectrometer (IRIS) instrument. While 

many authors use different forms for the size distribution of 

the dust particles, most evaluated the geometric cross-section-

weighted mean radius and the variance The values 

derived for in the literature range from 0.2 nm from ultra

violet observations [CItyIek and Crams. 1978] to 2.75 #im [Toon 

et al.. WT"?] from observations at thermal wavelengths. Some of 

this variation is likely due to the fact that the observations at 

Copyright I9W by the .-Xmcrican Geophysical Union. 
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longer wavelengths are less sensitive to the smallest particles in 

the size distribution and so tend to give information weighted 

to the larger particle sizes. Some of the variation in the liter

ature aLso stems from the fact that the first analyses of obser

vations from the Viking landers did not adequately account for 

the vignetting of the camera (Pollack et al. [1977. 19791, as 

discus-sed by Pollack et al. [1995|). A brief summary of pub

lished results on the values of r^„ and from various authors 

is shown in Table 1. Even when the values that have been 

retracted are omitted, however, the values of r^„ at visible 

wavelengths range from 0.8 /im [Korablev et al.. 1993 j at high 

altitudes to 1.85 [Pollack et al.. 1995]. At wavelengths in the 

visible and near IR the variance of the size distribution deter

mined by various authors also varies considerably, from U.2 

from Phobos observations [Komhiev et al.. 1993] to 0.5 or larger 

[Pollack et al.. 1995]. When observations from the ultraviolet to 

the thermal infrared are combined, the variance seems to be 

even larger [see Clancy et al.. 1995]. 

The Imager for Mars Pathfinder (IMP) camera observed the 

distribution of brightness in the .Martian sky at wavelengths 

from 444 to 965 nm at various times of day and at various 

locations relative to the Sun throughout its roughly 3 months of 

operation on the surface of Mars [see Smith et at.. 1997]. The 

observations have good photometric calibration and cover 

more than a factor of 2 in wavelength over a wide range of 

scattering geometries. Some of the observations were tuned to 

measure the extinction optical depth over time by observing 

the brightness of the Sun at various solar zenith angles [5m/(/i 

and Lemmon. this issue]. Some of the observations included 

8987 
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Table I. Summary of Measurements of Mean Cross-Section-Weighted Size and Variance of Martian Aerosols 

•Vuthor Parameter fun Comment 

Pollack it al. (iy77j a = (1.4. 6 = 0.15 0.4 U.15 superseded by Pollack et al. [ 1995] due to lack of 
vignetting correction 

Tinm et al. [ 1977] alpha = 2. aamma = 0.5. 
= 0-4 

175 0.42 observations at 5-40 (im wavelength from Viking 
orbiter 

Pollack u/. (147y| same as fuon [1^77] 2.5 0.4 superseded by Pollack et al. |19'I5) due (o lack of 
vignetting correction 

Drtissan Cl al. [IWIJ ulpha = 1. gamma = 1. 1.24 0.25 spectra from ~ 1 to 3 nm wavelength from outside 
= 0.31 (somewhat uncertain) the atmosphere from the Phobos mission 

Korablcv ct al. j UW3] alpha - 2. gamma = 1 0.8 at 25 km. 
1.fi at 15 km 

0.2 : 0.1 solar occultations at 1.9 and 3.7 fim w.-ivelength 
from Phobos mission 

Pollack CI al. 11W5| lognormal 1.85 r 0,3.1.52 r 0.3 0 j : 0.3 Viking lander result replaces Pollack et al. 
(1977. 1979| papers 

Claniyci al. |1945| alpha = 1. gamma = 0.3. 1..S 0.W7 includes observations from the ultraviolet to the Claniyci al. |1945| 
= 0.014 (given as 0.8) thermal IR to constrain width of size distribution 

This work J = l.ft, b = 0.2-0.5 l.fi r 0.15 0,2-0.5 or more preliminary result from IMP observations; no data 
from ultraviolet or thermal IR included 

those at the azimuth of the Sun at various times before sunrise 
and after sunset to constrain the vertical distribution of the 
aerosols. Some observations include stars or Phobos at night 
[Thomas cl til., this issue|. 

Here we concentrate on the observations where the Sun is 
low in the sky in the morning or evening which consist of 

images at about the elevation of the Sun over the range of 
azimuths from very near the Sun to 180° from the azimuth of 

the Sun. In the next sections, we describe the sequence of 
observations analyzed and the photometric and geometric re
ductions performed on the data. In the third section, we de
scribe our approach to single scattering for nonspherical par
ticles and (he multiple scattering calculations we have made to 
compare with the observations. In a fourth section, we com
pare our reduced observations to the models to constrain the 
size and optical constants of the dust particles. A fifth section 

discusses our results in light of other related work. Note that 
we have not included an analyses of observations in the ultra
violet or thermal infrared by other instruments in this first 
publication giving the results from the IMP observations. This, 
as well as a full analysis of all the remaining IMP observations, 
is left for future work. We summarize our results and conclu
sions in the final section. 

2. Observations 
2.1. Image Setjuences 

To determine the properties of the aerosols suspended in 
the Martian atmosphere, sets of images of the sky of Mars were 

taken with the IMP camera. Each data set contains either sLx or 
15 images taken at a constant elevation near that of the Sun 
when it was low in the morning or evening sky (between 12° 
and 28° elevation). The frames are each 14.4° wide and cover 
(he region from 5' or 10° to 180° in azimuth from the Sun. The 

frames were limited to 3.6° in elevation (1/4 of the full field of 

view) to minimize the data volume from this portion of the 
experiment. The first two frames of each set were taken on 

either side of the Sun. This was followed (originally) by four 
more frames centered at about 20°. 75°. 120°. and 170° azimuth 

from the Sun. Beginning on Mars Pathfinder (MPF) sol 12, the 
evening sequence was augmented to complete azimuthal cov
erage by the addition of nine images. This coverage allows us 
to constrain almost the entire single scattering phase function. 

.•\ complete sequence consists of four such azimuthal scans 

taken through different filters centered at 444. 671, 896, and 

965 nm. For two of the latest sequences, an additional filter at 

481 nm was added. .\ total of 28 such sequences were returned 
during the Pathfinder mission. 13 in the morning and 15 in the 
evening. 

The data reduced here were obtained on the evening of 

MPF sol 11. This sequence is of particular interest because it 
comes closer to the Sun than most and so places especially 
strong constraints on particles size. Table 2 describes the key 
observational parameters of the frames in this sequence from 
the housekeeping data in the image headers. 

2.i. Pholometric Reduction 

To understand how we reduced the imaging data, it is nec
essary to understand how the data were processed on board 

the spacecraft before telemetry to Earth. Each frame read out 

of the camera was digitized to a 12-bit gray scale. The IMP 
camera contains no mechanical shutter. Rather, charge is ac
cumulated in the "image" section of the CCD detector during 
the nominal integration period, followed by a rapid shift in 0.5 
ms to the "storage" half of the detector, which is covered by a 
metal foil. The integration time for our images near the Sun 
was only 13.5 ms. so a significant amount of charge was added 

to the signal during the 0.5 ms shift. To correct for this effect, 
a second exposure consisting of zero dwell time in the image 
section and OJ ms shift was obtained with each exposure of 

interest. The 0 ms e.tposure was subtracted from the nominal 
exposure frame on board the spacecraft to correct for charge 
accumulated during the shift of the exposure of interest. To 

prevent the possibility of negative values, a bias of 16 digital 
number (DN) was added in this step. 

This difference image was then cropped to 1/4 of the size (64 
pixels, or 3.6°) of a full frame in elevation by a full frame in 

azimuth (256 pixels, or 14.4°). The center of this subframe was 
four pixels above the elevation of the center row of the full 

frame. The subframe was next compressed in software by per

forming sums of 2 by 2 pixel blocks. The sums were then 
further compressed by the Joint Photographic Experts Group 
(JPEG) hardware compressor by a factor of 24 before telem
etry to Earth. 

.After receipt on Earth, the data were expanded by the JPEG 

decoder. Ne.xt. a model of the dark current at the temperature 
of the detector was used to subtract the dark signal in the data. 
This process is quite accurate, since the dark signal is less than 
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Table 2. Data Frames Used in This Analysis 

Relative 

deg 

Nominal 

Elevation.' 

.Nominal 

deg 

Solar 
Temperature. 

C 

Responsivitv. 
DNvW,m-

(im sr 

Time on 
Julv 15, 1497 

(UT) 
Exposure 
Time, s 

VV4 nm Wavden^ih 
i:.5s 241.3 14.1) 15.14 -14.05 135.42 1408:36,7S0 0.U135 

2W).7 14.1 14.76 -20.2S 136.36 1410:17.45(1 0.0135 
_ ^ 255.4 14.1) 14.41 - 20.40 136jS 1411:51.512 0,1775 

I,Sh.4 13.5 14.01 -21.51 136.su 1413:35.8.35 1.8225 
- 122.'«l 156.3 13.2 I3.5S -17..S2 135.4S 1415:30.163 2.2485 
-175.45 ltl3.4 12.4 13.21 - I4.h7 136.14 1417;U«.357 12690 

17/ nm It'ui 
i:.h4 241.3 14.0 15,.<4 -f.S.44 5S5.37 1407:45.116 0.0135 

- 12.1.' 2hii." 14.1 14.43 -14.()7 5«(i.01 1404:34.732 0.0135 
-ly.i' 255.4 14.0 14.5S -20.2S 5S6.33 1411:0o.7SU 0.0135 

lSh.4 13.5 14.17 -20.40 5.Sti.f)4 1412:55.302 0.2045 
- 122..s:' 15f).3 13.2 13..S2 -15.4,S 5.S4.0S 1414:26.547 0.2530 
- r5 411 1113.4 12.4 13.37 - 14.05 ms-tt'i 1416:26.721 0.2730 

S'to mil ll'di e/entiili 
i:.r.i 241.3 14.0 15.24 -1S.44 1066.(1 1408:10.444 0.0135 

- i:.i5 26(1." 14.1 14..S4 -14.(i7 1063.2 1404:57.200 0.0135 
-23.44 255.4 14 0 14.44 -20.2.S 1061.5 1411:28.612 0.0135 
-"lift 2112.1 13 ti 13.(l4 -17.21 1070.0 1414:54.741 0.1445 
-''2.(i2 l,Sh.4 13.5 14.04 - 20.'«) I054..S 1413:15.140 0.1815 

- r5.42 1113.4 124 13.24 -14.(i7 1063.2 1416:45.(177 0.2690 

' f n S  n r n  l ^ ' a i  e t e i i i i l h  
125n 241.3 14.1 15.07 -14.05 3.<4.03 |40S:57.104 0.0135 

- 12.20 2rifi.7 14.1 14.h4 - 20.2.S 35(1.74 1410:34.036 0.0135 
- 23 54 255.4 14.1) 14..;5 -20.')0 355.h7 1412:07.220 0.0830 
- 'I2.(ih ISh.4 13.5 13.45 -20.')t) .i.s5.(l7 1413:52.142 0.6795 

-122.42 15(1.3 13.2 13.52 -1.S.44 360.1(1 1415:46.184 0.8840 
- r5.4- 1113.4 12.4 13.15 - 14.(i7 .•557,41 1417:23.743 1.0060 

•Piimting mlcirmaium is for ccntcr of lull Irame (column 12".5. row 12j.il aimpuled using Ihc housekeeping Jala (molor slep locations in 
.uimuih and cicvatuml. 

1.3 DN even lor the longest e.tposure in our data set at the 
temperature of about -20"C. The bias of 16 DN was then 
subtracted. 

These data were divided by flat tield images obtained in 
prelaunch calibration to correct for the slight variation in re
sponse over the spatial Held of view. The tlat tield data were 

blocked into 2 by 2 pixel sums to mimic what was done to the 
observation.s. .-\fter divi.sion. bilinear interpolation was used to 
e.xpand the data up to the size of the full subframe. The result 
was divided by the exposure time and by the responsivity mea
sured for the instrument at the temperature of each frame 
[Reul el III., this issue). The result was the absolute intensity of 

the sky in W m" ptm sr measured in each filter. Errors in 
absolute responsivity are estimated to be less than lO'c. No 
responsivity drift was measured in an analysis of the solar 
filters throughout the S3 sol mission and Lemmon. this 
i.ssue]. 

The solar rtu.x through each filter at 1.54 .-XU from the Sun 
was used in our models to permit compulation of absolute 

Table 3. Solar Flux in Each Filter Used in This Analysis 

Central 
Wavelenmh, Bandwidth, Filler Solar Flax al I .-XL', 

nm nm Designation W/m* ;jun sr 

443.h 26.2 LO lS69j 
h7l).S 14.7 L5 1527.4 
,S4h. 1 40.8 L8 446j 
465.3 31.4 Lll SI5.1 

intensities at each pt.xel for comparison with the observations. 

The solar t1u.\ at 1 AU in each of the relevant filters is given in 
Table 3. These values were adjusted for the 1.54 .AU distance 
from the Sun to Mars in the computation of our radiative 
transfer models. 

Some frames very near the Sun. particularly those obtained 
early in the mission, suffered from saturation in a portion of 
the frame. The saturated portions of these frames were elim
inated from our analysis. In addition, some nonsaturjted ad

jacent rows or columns were contaminated by scattered light. 
Laboratory mexsuremcnts of the contribufion due to scattered 
light as a function of the distance from a small, bright, satu
rated source are available at three of our four wavelengths: 
444. 671. and 965 nm [see Reid et al.. this issuej. These mea

surements were used to estimate the fractional contribution of 
scattered light to our measurements made very near the Sun. 
The results are contained in Table 4 and arc discussed below 
along with the description of the uncertainties on particle size 
derived from the measurements nearest the Sun. 

2J. Geometric Reduction 

It is essential to know where the camera was pointed relative 
to the direction to the Sun before the intensities observed can 
be compared with model calculations to determine the optical 

properties of the Martian aerosols. The housekeeping data 
that track the location of each frame are the number of motor 

steps of the azimuth and elevation drives of the camera away 
from the stops. The locations of the stops and the size of the 
motor steps were measured during prelaunch calibration and 
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Table -1. Scattered Light as a Function of Distance From 

Sun at Four Wavelengths 

Distance Scattered 
Wavelenglh. From Sun. Light Scattered Light 

nm dcg Factor Contribution, 'r 

443.6 4,4 1,0 X 10 < 10 
h,fi 1.0 < 10- 0,4 
S,n 2.0 X 10"" 1.3 

1 4,7 :.() X 10"" 1.5 
4.8 3,0 X 10"* 8.7 
ft,ll 1,0 X 10 ' 3.') 
SA) .VI) X 10"" 1.7 

are given in Table 5 along with several other key parameters 
tor the geometry' calculations. 

The elevation and azimuth in the frame of reference of the 
IMP camera of any column and row in the subframes were 
computed as follows. For the center of the frame, the elevation 

is 

el = NelMS :< 0.553" - 6,1= - W - (el BL). (1) 

where Ncl.MS is the number of the elevation motor step and (el 
BL) is the average value of the backla-sh in elevation. The 
•iverage backlash in elevation is given by 

•el BL; = 0.5(4.322 - 0.1473 ;< NelMS 

- 1.7(1 < 10 • X NelMS- - S.68 :< 10" •< NelMS' 

- 1.52 < 10 • X NelMS' - 0.075°). (2) 

The value of the azimuth of the center of the frame in camera 
coordinates is 

az = -NazMS < 0.553" 42.86° - <az BL). (3) 

where Naz.VIS is the number of azimuth motor steps and (az 
BL) is the mean value of the azimuth backlash. This is given by 

'az BL) = 0.5 

(1.001 - 4.43 X 10" x NazMS + 0.146 - 0.05%). (4) 

Mere azimuth is measured increasing in a clockwise direction 
looking down on the instrument from above. 

For locations in the frame other than in the center of the 

frame, the change in elevation and azimuth from the center of 

the frame must be included. The change in elevation is 

delta el = tan ' [(row - 90 - 123.5) tan (0.05621°)!. (5) 

The change in azimuth is given by 

delta az = tan ' 

•[(row - >S - 127.5) tan (0.0562l°)|/cas (el delta el). (6) 

This takes into account the fact that the Hrst and last eight 
pi.Nels of cach row have been deleted because of the relatively 

sharp change in the flat field correction in these columns. .Also, 
the portion of the frame used in these observations e.xtends 
from row W to 153 of a full frame (which e.xtends from row 0 
to 255). 

Ne.xt. the elevation and azimuth of each pixel in the portion 
of the full frame returned must be corrected for the tip of the 
camera mast by 4.18" toward an azimuth 53.8° east of north, tn 
(3) above, the reference direction of azimuth was taken from 

the intersection of the equatorial plane of the camera system 
with the level plane on Mars (a direction 36.2° west of nonh in 
the level plane). For this rotation of coordinates, consider a 

right-handedv, : coordinate system with.c along the direc
tion of the intersection of the equatorial plane of the camera 
system and the level plane and ; increasing upward along the 
camera mast. The components of a vector with azimuth az and 

elevation el in the camera system are 

.t = cos (el) cos (az) 

y = -cos (el) sin (az) (7) 

r = sin (el). 

In the level plane on Mars a new coordinate system can be 

defined by 

•t • = r 

>•' = >• cos (4.18°) - r sin (4.18") (8) 

= y sin (4.18°) r cos (4.18°| 

where t' and y' are in the horizontal plane on Mars and 
increa.ses upward. Now the elevation and azimuth in the Mars 
level frame are given by 

.Mel,. = tan"' [j'/sqrt (.t'- - y'-l] (9) 

and 

MaZ/, = -tan"'ly' r'). (10) 

Here -Maz, is the azimuth from the intersection of the level 

plane and the equatorial plane of the camera system. The 
azimuth relative to north on Mars is given by 

Maz^v = Vlazt - 36.2". (11) 

Finally, the elevation and azimuth of the Sun at the time of 
the e.xposure must be evaluated. For this, we use the calcula
tions provided by the Jet Propulsion Laboratory (JPL) for the 
.Mars Pathfinder landing site. The time of cach exposure and 
the position of the Sun are given in Table 2. 

Unfortunately, subsequent analysis shows we are unable to 
obtain the location of each frame from the timing and house
keeping data to an accuracy better than a few motor steps 
(1.5°-2"'). Comparison of the shapes of the isophotcs in the 

data with isophotes from model calculations permits us to 
refine the camera pointing to -0.1°. The pointing that results 
is somewhat model dependent (see Table 6). and unrealistic 
variations in pointing for different filters must be rejected, as 

Table 5. Data Used to Compute Camera Pointing 

Parameter Value 

Size of motor step in elevation and 0.553°'step 
azimuth 

Location of elevation stop 6.1° from nadir 
Location of azimuth stop 6.71' east of north 
Pixel scale 0.05621°pLxel 
Center of full frame i:i7.5 pixels in azimuth. 

123.5 pixels in elevation 
Size of subframe in azimuth pixels .S-23<) 
Size of subframe in elevation pixels W-lSS 
Vertical axis of mast tipped 4.18° in elevation 

toward azimuth 53.8° 
Left eye toe-in 0.73° in azimuth 
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discussed below. Nevertheless, the need for adjustment to the 
nominal pointing can be seen from Figure la, where the con
tours of a model computed near the Sun and the isophotcs 

from a single frame near the Sun are superimposed using the 
timing and housekeeping data. It is clear that there is an error 
of a few degrees in elevation and azimuth of the true location 

of the frame and the location obtained from the housekeeping 

data. Figure lb shows the superposition of the model and data 
isophotes after a shift to optimize the fit. 

Our procedure is to use the frames near the Sun to deter
mine ihe offset of the true pointing from that computed from 

the housekeeping. The shifts are not necessarily the same for 
the first and second images of a sequence (the frame to the 
right of the Sun and the frame to the left of the Sun), due to 
differences in backlash in moving to the first frame and to later 
frames, but we assume that the offset of the second image in 
the sequence (on the left of the Sun) is the same for all later 
images in the sequence (for which the camera moved farther to 

the left). In fact, whenever model parameters are changed that 

depend critically on location from the Sun (such as particle 
size). we must permit small changes in pointing to optimize the 
fit before deciding whether or not the fit is acceptable. This 
introduces an additional uncertainty in our derived model pa
rameters, but this uncertainty is small. 

3. Model Calculations 
Our goal here Is to derive as much information as possible 

on the properties of the aerosols in the Martian atmosphere by 

comparison of these observations of sky brightness as a func

tion of angular distance from the Sun at several wavelengths 
with model compulations. In order to compute models of sky 
brightness, several types of information arc required. These 
include (1) a method to compute the single scattering of radi
ation as a function of scattering angle for irregular particles, 
(2) a description of the reflectivity of the Martian surface at the 
wavelengths of interest, and (3) a radiative transfer code ca

pable of following multiple scattering in the Martian atmo
sphere. We describe our treatment of each of these elements 

brietly in turn. 

3.1. Single Scattering From Irregular Particles 

Here we generally follow the method described by Pollack 

and Citzzi [198U| in which scattering by particles below a crit
ical size parameter. is approximated by Mie scattering, 
and scattering by larger particles is appro.ximated by a separate 
sum of diffraction, e.xtemal reflection, and a parameterized 
approximation for internal transmitted light. In the first treat

ment of this algorithm, the authors considered one of 
the free parameters to be adjusted in looking for a fit to 
scattering measurements. In later versions of this method [e.g.. 
Pollack CI aL 1995] the transition from Mie scattering to the 

approximate large scattering algorithm is not made a free 
parameter but is made gradually between two fi.xed values of 

the size parameter (3 and 5). In our work we did not treat the 
transition between the two regimes as a free parameter but 
simply adopted a single transition point of = 5. In view 

of other uncertainties in this approximate algorithm, we feel 
the use of a gradual transition rather than a discrete transition 
is hardly justified and is expected to make little difference for 

the rather broad size distributions e.xpected for Mars based on 
earlier work [see Clancy et at.. 1995). 

Other parameters of the approximate treatment of scatter-

Table 6. Change to Nominal Pointing Determined From 
Model Contours for b = 0.2 

Delta 32 Delta el Delta az Delta el 
Wave to LH to LH to RH to RH 
length. Data. Data. Data. Data, 

nm 10" N/cm" deg deg deg deg 

a = 1.2 tun 
443.6 S.44 -1.5 -1,6 -1.5 -2.4 
67U.8 7.71 -0.5 -2j -12 -1.7 
896.1 7.52 -t-0.2 -1,3 -18 -1.5 
965.3 7.39 -1.2 -3.4 -IJ 
Average -0.33 -1,65 -148 -1.78 
Sigma 0.89 0j9 0.S1 0.43 

u = 1.4 fun 
443.6 6.02 -1.4 -2,0 -1.4 -15 
67(I.S 5.81 -0,7 -2.0 -10 -12 
896.1 5.60 -0,6 -2.0 -10 -10 
965.3 5.43 -0.6 -1.6 -11 -2.0 
.Average -0.83 -1.90 -1.88 -118 
Sigma 0.39 0.20 0.32 0.24 

a - 1.6 tun 
443.6 4.00 -1.3 -1.7 -1.6 -17 
670.S 4.60 -0.8 -1.9 -1.9 -10 
8%.l 4.40 -1.5 -11 -1.3 -11 
965.3 4.50 -1,2 -t.7 -1.5 -12 
Average -1,20 -1.83 -1.58 -125 
Sigma 0.29 0.15 0.25 0.31 

a - 1.3 tun 
443.6 3.68 -1,0 _ »•» -1.5 -2.5 
670.S 3.59 -0,7 -1,8 -10 -12 
896.1 3,57 -1,2 -2.2 -1.4 -14 
965.3 3.48 -1.5 -14 -1.2 -17 
Average -1.10 -115 -1^5 -145 
Sigma 0.34 0,25 0.34 0.21 

d = 2.0 tun 
443,6 2.98 -1.0 -1.9 -1.8 -14 
670.8 2.92 -0.7 -1.9 -11 -14 
896.1 2.91 -1.3 -15 -1.4 -15 
965.3 2.85 -1.4 -16 -1.2 -18 
Average -l.IO -123 -1.63 -153 
Sigma 0.32 0.38 0,40 0.19 

ing by irregular particles include a parameterization of the 

shape of the phase function for light that is internally trans
mitted through the particle. In the original work. Pollack and 

Cuzzi adopted a single parameter G, which was related to the 
slope of the natural log of the phase function for internally 
transmitted light. In later modifications the log of the phase 
function for internally transmitted light was approximated by a 
quadratic function with two free parameters [see Showalter et 

aL 1992]. In this treatment a second parameter for the curva

ture of the log of the internally transmitted light is specified by 

Theta„,„. the scattering angle at which the log of the phase 
function reaches a minimum value. In our work here, we use 

the quadratic approximation to the log of the phase function 
for internally transmitted light and give both G and Theta„j„. 
Since Theta„,„ is simply a way to include the quadratic nature 

of the phase function, values of Theta„,„ can be greater than 
180°. In the limit as Theta„,„ is very large, the log of this 
portion of the phase function is linear. The slope of the natural 
l o g  o f  t h e  p h a s e  f u n c t i o n  a t  0 °  s c a t t e r i n g  a n g l e  i s  - 2  I n  ( G)/ i t .  

The Pollack and Cuzzi [1980] treatment includes an addi
tional parameter, R^, the ratio of the surface area of the 
irregular particles to the ratio of the surface area of an equal 
volume spherical particle. The scattering efficiency of the par-
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Figure la. Isophotes of model compared with isophotes of image at 444 nm located to the right of the Sun. 
The placement of the data is as expected for this hlter from header pointing information. 

Atmmum) 

tides with size parameter greater than is increased by a 

factor R < relative to the scattering efficiency of the particles 
smaller than Pollack and Cuzzi do this because the 
scattering cross section for large irregular particles tends to be 
proportional to the surface area of the irregular particles. This 
is not done for the absorption efficiency, as the absorption of 
the large particles tends to be proportional to volume rather 

than surface area, and the comparison spherical distribution is 

taken to be of equal-volume spheres. 
When applied to Mars, this approach tends to change the 

ratio of scattering to absorption occurring in the particles and 
so is similar to a change in the single scattering albedo of the 
particles. In our work here we followed Pollack ei at. [ 1995] and 

fixed the value of /?j at 1.3. 

Azimutn (MO.) 

Figure lb. Same as Figure la but for the pointing of the data frame shifted as required to fit a model of the 
sky brightness at the isophote corresponding to 1000 W/m" fun sr. 
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3J. Surface Reflectivity 

We described the reflectivity of the surface following the 

formalism of Hapke (1981. 1986|. The theory includes a pa
rameter, iv, which describes the single scattering albedo of the 
part of the surface reflectivity that behaves as a deep layer of 

isotropic scatterers. Also included are parameters b and c for 

the asymmetry factor for a part of the surface that scatters as 
a double Henyey-Greenstein function, and parameters 60 and 
h for the magnitude and width of the opposition effect. The 
values of the parameters used to describe surface reflectance 
are shown in Table 7. They are taken from Johnson et al. [this 

issue) for "drift" material observed by the IMP camera at 
wavelengths of 444, 752, and 965 nm. At 896 nm we linearly 
interpolated between Johason et al.'s values at 752 and 965 
nm. At 671 nm we used the values provided by R. Reid (private 
communication. 1997) which he obtained by scaling the reflec
tivity at the observed sites from 752 to 671 nm by using a few 

specilic frames at each of these two wavelengths, and making 
an abbreviated search of the Hapke parameter space with the 
scaled 752 nm intensities used by Johnson et al. 

3J. Multiple Scattering 

Multiple scattering computations of the intensity of the light 
at the ground were made using a layer-doubling and adding 
algorithm based on the method described by Hansen [1969]. 
The method follows that used by Tomasko et al. [1980) in the 
analysis of radiation measured in the atmosphere of Venus. 
The code uses Gaussian quadrature to perform the integrals 
over zenith angle and expands the azimuthal structure in a 
Fourier series. Polarization effects are neglected. In order to 
include sufficient grid points to follow the shape of the solar 
aureole near the Sun. 23-point quadrature is used in the zenith 

in the upward and the downward directions, while up to 64 
coefficients are used in the Fourier series al the shortest wave
length where the size parameters are largest, with 32 coeffi
cients used at the longer wavelengths. Renormalization is used 
to ensure energy conservation, and the singly scattered radia
tion is followed analytically [see Hansen and Travis, 1975). We 
estimate the accuracy of the multiple scattering code to be 
belter than and not to be a limiting factor in the resulting 
analyses. We neglected any correction to our plane parallel 
model calculations for the sphericity effects of the atmosphere. 
Checks using a Monte Carlo code indicate that for our geom
etries the corrections are a few percent or less. 

3.4. Free Parameters and Available Constraints 

The total number of free parameters necessary to describe 
the scattering properties of the aerosol particles is thus 9; the 
real and imaginary refractive indices, the mean effective size 

and variance of the particle size distribution, the total number 
of particles/cm* in a vertical column, and the parameters of the 
irregular particle scattering algorithm R;, as well as the 
parameters of the internally transmitted part of the phase 

function G and Theta„,„. 
The intensity measurements are not adequate to uniquely 

determine all of these parameters, so it is necessary to select 

some of the values. We follow Pollack et al. [1995] in selecting 
fi, = 1.5 and /?j = 1.3. As discussed above, we adopt a fixed 

value for A'ia,gc = 5 for the transition between Mie scattering 
and the nonspherical algorithm. 

The IMP instrument contained filters which permitted the 

solar disk to be directly imaged, and observations of the solar 

Table 7. Parameters Describing Reflectivity of Martian 

Surface 

Wavelength, 
nm w b c 60 h 

443.6 0.185 0.285 0.478 l.OO 0.062 
670.8 0.69 O.llO 0.00 0.55 0.017 
896.1 0.723 0.108 0.00 0.70 0.011 
965.3 0.72 o.no 0.00 0.755 0.005 

Here w Is ihe single scattering albedo of the Isotropic scattering part 
of Ihe Hapke formalism, b is the asymmetry factor for the Henyey-
Greenstein portion of the scattering function, c is related to the size of 
the forward and backscattering parts of the double Henyey-Greenstein 
function. bO is Ihe magnitude of the opposition effect, and h is the 
width of the opposition effect. 

flux as a function of air mass were made and used to determine 
the e.xtinction optical depth at several wavelengths from the 
blue to the near infrared throughout the mission [Smith and 
Lemmon, this issue). These measurements of extinction optical 

depth constrain the total number density of aerosols once the 

other properties of the particles (especially the mean effective 

size, variance, and imaginary refractive index) are selected. 
Hence the total number density is not, strictly speaking, a free 
parameter in this study. It is however, necessary to ensure after 
a fit is found that the number density does not vary with 
wavelength. 

We have chosen to begin this study by using the form of the 
gamma distribution given by Hansen and Travis [1975] to de
scribe the panicle size distribution. Here 

«(r) = e.xp [-r/(a6)). (12) 

where a is the mean crosii-section-weighted radius and b is the 
mean cross-section-weighted variance divided by a' (and is 

hence dimensionless). This has the virtue of containing the 
mean cross-section-weighted size and the variance as explicit 
parameters in the size distribution. The constant c permits the 
total number density to be adjusted for a size distribution of a 

particular shape. 
The free parameters remaining thus total five; the parame

ters a and b of the size distribution and the three wavelength 

dependent parameters n,, G. and Theta„,„. Once these are 
selected, the number density N at each wavelength is found 
from the separately measured extinction optical depth and 
checked for consistency with wavelength. 

As noted above, while housekeeping data include the num

ber of motor steps in azimuth and elevation (each about 0J°), 

the precise pointing of each frame is not available to better 
than two or three motor steps, depending on the direction 
from which the final position of the camera was approached, 
the nature of the preceding command sequence, and the pres

ence of backlash in the azimuth and elevation drives. Thus, for 
precise information about the pointing near the Sun, the data 
set itself must be used to constrain the geometry of the obser
vations relative to the location of the Sun. Fortunately, the 

two-dimensional nature of the imaging data and the shape of 

isophotes in the data and in the model can be used to provide 
this information, at the price of additional degrees of freedom 

to be constrained by the modeling process. 

4. Determination of Dust Parameters 
An iterative approach is required to converge on a solution 

which contains a self-consistent geometry for the pointing of 
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Figure 2. Models (lines) compared to observations (points) 
at 444 nm wavelength on the left-hand side of the Sun using 
pomting information as contained in Table 1. The particle 
number density is constrained to give the extinction optical 
depth measured in separate sequences of solar flux as a func
tion of solar zenith angle. The other parameters of the models 
arc as shown. Changing the imaginary index of refraction has 
the effect of raising or lowering the model curve. The effect is 
greatest at large azimuths and decreases to a negligible effect 
within some l(f from the Sun. 

the frame near the Sun and for the particle size and the other 
free parameters of the scattering model. The process begins by 
choosing all five free parameters and computing the optical 
depth as a function of number density. The extinction optical 
depth determined by Smith and Lemmon [this issue] was then 
used to determine the number density N. The variation of 

intensity in the model is then computed for a region larger than 
the nearest frames on the right- and left-hand sides of the Sun. 
Shifts for the geometry of these two frames are then chosen for 
which an isophote near the Sun in the data most closely 
matches the corresponding isophote in the trial model. In the 

sequences used here, a first image is obtained on one side of 
the Sun, and succeeding images are obtained by moving the 
camera in one direction in azimuth, across the Sun to the first 
image on the other side of the Sun, then farther away from the 
Sun in the same direction until an image is obtained near 180° 

in azimuth from the Sun. Thus, while backlash may cause the 

azimuth and elevation shifts in the first image on one side of 
the Sun and the first image on the other side of the Sun to 
differ by more than T. the relative changes in pointing will be 

much less affected by backlash for the remainder of the se
quence. Hence, if the first image is to the right of the Sun. the 
shifts from the housekeeping locations of all the images on the 
left of the Sun will be nearly the same as that of the first image 
on the left of the Sun. It is this set of data which is used ne.xt 

to constrain the imaginary refractive index and the parameters 

C and Theta„,„ before any more information is sought on the 
size distribution parameters a or b. 

4.1, Imaginary Index and Shape of Phase Function 
Tor Internally Transmitted Light 
for Best a = 1.6 ^nl, A = 0.2 .Models 

Once the pointing shift, a. and b are selected, the choice of 

/I,, G. and Theta„,„ can be well determined. Figures 2-4 show 
the effects on the intensity versus azimuth curves due to vari

ations in these three parameters. An increase in the value of 
the imaginary refractive inde.x, which results in a decrease in 
the single scattering albedo, generally decreases the brightness 
of the model (see Figure 2). The effect is greatest in directions 
far from the Sun (where a large number of scatterings are 

required to turn the path of the incident radiation) and less 
closer to the Sun (where fewer scatterings are required to 
produce the observed intensity). Within some 10° of the direc
tion to the Sun, the effect is quite small, xs single scattering 
dominates in producing the observed brightness. 

The effect of changes in C, the parameter that controls the 

slope of the part of the single scattering phase function due to 

internal transmission through the particles, is shown in Figure 

3. As e.xpected, steeper curves of brightness with azimuth result 
from larger values of G. and shallower decreases of brightness 

with distance from the Sun occur for smaller values of G. 
Similarly, the effect of Theta„,„ is shown in Figure 4. 

Changes in this parameter control the minimum in the bright-
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Figure 3. Same as Figure 2 but for different values of the 
parameter G. This parameter controls the slope of the phase 
function for internally transmitted light in particles with size 
parameters greater than (= 5^ in the size distribution. 
The slope is proportional to In (C). so for large values of G. 
relatively large changes in G are required to produce notice
able effects. 
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Figure -4. Same as Figure 1 but for different values of the 
parameter Theta„,„. This parameter controls the quadratic 
term in the expression for the slope of the portion of the phase 
function due to internally transmitted light. The minimum in 
the observed curve occurs near an azimuth equal to Theta„„„. 
However, since Theta^,„ is only a quadratic term in a function, 
values of Thela„„„ greater than ISO" are permitted. In the limit 
as Theta,gets much larger than 180". the log of the internally 
transmitted light varies linearly with scattering angle. 

•  <  i O  - I S O  - 1  2 0  - 9 0  - < 0  - 3 0  a  
Alimuih {*) 

Figure 5. Best fitting models at wavelengths of h71. 8%. and 
965 nm with model parameters as shown. All the models are 
for mean geometric cross-section-weighted radius of 1.6 /i.m. 
The figure illastrates that for the first two ft.xed moments of the 
size distribution, j and 6. the other free parameters of total 
particle number ,V. imaginary refractive index n,. and linear 
and quadratic parameters G and Theta„,„ for the shape of the 
portion of the phase function due to internally transmitted 
light are sufficient to give very good fits to the IMP observa
tions. 

ncss versus azimuth curve (which for these low Sun and ob
served elevations are nearly equal to scattering angle) as e.x-

pecicd. However, note that as Theta„,„ decreases below ISO" 
the quadratic term in the internally transmitted portion of the 
phase function also has some effect on the slope of the bright
ness versus azimuth curve at smaller distances from the Sun. 
such as between 30° and 90° azimuth from the Sun. 

Because these changes in the shape of the brightness versus 
azimuth curve are so different, unique combinations of these 
three parameters can be determined to fit observations of the 
type used in this study for given values of a and 6 after only a 

few trial.s. The resulting model parameters at all four wave
lengths are shown in Table 8 for fi.xed values of a = 1.6 ^m 

and b = 0.2. The best fitting models having the parameters 
shown in Table 8 are compared with the observations at the 

three longer wavelengths in Figure 5. The fits are extremely 

good, with rms residuals of the order of 1'^. 

4.2. Particle Size for ft = 0 J 

Figure 6 shows the effect of changing only r^„. with all other 
parameters held constant. Note that the entire shape of the 
curve of brightness versus azimuth is affected, not only the 
region very near the Sun. Thus attempts to find constraints on 

particle size by comparing models with observations of bright
ness near the Sun are best made after the parameters n,. C. 
and Theta„,„ are separately adjusted for each particle size to 
give the best fits to the observations far from the Sun. If this is 

not done, the quality of the fits near the Sun may be largely due 

Table 8. Parameters for Best Fitting Models at a = 1.6 nm. b = o
 

II
 

1.5 

Siniile Column Number Asvmmetrv 
WavelcnKth, Imaginarv Scattering Density. Tau Theta„,„. Parameter 

nm Index Albedo X10" cm- Extinction C deg g 

443.6 0.0122 0.755 4.6 0.485 115 138 0.777 
670.S 0.0023 0.949 4.6 0j28 70 145 0.677 
S96.1 0.0036 0.940 4.4 0_528 120 150 0.706 
%5.3 0.0042 0.937 4j 0J39 75 164 0.699 
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Figure 6. Tho effcct at 444 nm of holding all the moticl 
parameters constant and changing only particle size. Note that 
the changes in particle size not only affect the observations 
near small scattering angles but also affect the level of the 
model curve at large scattering angles. Thus compen.sating 
changes in imaginary refractive inde.x are required when e.x-
amining the forward peak to constrain particle size. 

to the choice of n,. G. and Theta„,„ and may not give unique 

information on particle size. 

In addition, for this particular set of observations, the choice 

of c.xact pointing offsets from the housekeeping values can also 

dominate the nature of the lit when the data near the Sun are 

compared to scattering models. Thus it is necessary to sepa

rately tune the pointing parameters as well as n,. C. and 

Theta„,„ before models can be compared to the observations 

near the Sun in an attempt to constrain particle size. 

The results of tuning n,.G. and Theta„,„ as well as pointing 

parameters for the observations near the Sun at each of our 

four wavelengths are shown in Figures 7-10. In each of these 

figures the value of the variance of the size distribution is kept 

ti-xed at h = 0.2. Figure 7 shows the fractional difference 

between the model and the observations at 444 nm in the 

frame nearest the Sun as a function of angular distance from 

the Sun. The pointing shift for the model is adjusted separately 

for each particle size as given in Table 6. The pointing shift is 

adjusted to make the model and data agree at the isophote at 

I = 1000 W m" nm sr. The model and data isophote at this 

brightness are then superimposed. Of the models shown, the 

best fitting model at scattering angles <T is for u = 1.6 ^m. 

.At larger di.stances from the Sun. the best tit drifts off to 

slightly smaller particle size. However, since the influence of 

n,. G. and Theta„„„ affects the models to a progressively 

greater e.xtent at larger distances from the Sun. this drift may 

be primarily an indication that either the.se three parameters 

are not e.xactly optimally chosen or that the true behavior of 

the portion of the phase function for internally transmitted 

light is. in actuality, more structured than the simple quadratic 

parameterization used in our study. In any ca.se. we should 

weigh most heavily the nature of the fit at smallest distance 

0.30 

0 . 2 0  

m Q 

O 1 6urn 

-o o 
S 

0 . 0 0  

2 4  8 1 0 8 1 2 1 8 t 4  1 8 

Scattering Angf* ("} 
Figure 7. A family of models of different particle size at •U4 nm in which the imaginary refractive indc.x has 
been changed to ensure good fits to the observations throughout the range of azimuth angles greater than 
about 20'. The effect of particle size on the forward scattering peak can be seen. mean geometric 
cross-section-weighted particle radius of 1.6 ;im gives the best tit closest to the Sun. At azimuths greater than 
10"'. some influence of the other parameters begins to be felt. Small adjustments to the imaginary refractive 
inde.x and the parameters governing the shape of the phase function for internally transmitted light could be 
made to give a better fit at a = 1.6 fim. where azimuth is greater than some W. 
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Figure 8. Same as Figure 7 but at a wavelength of 671 nm. As these data are saturated at azimuths <7°, the 
constraint on particle size Is not as severe as at 443.6 nm. Nevertheless, a radius of 1.6 /xm is consistent with 
the observations. 

from ihe Sun. The best tilting model at this wavelength is for 
a size slightly less than 1.6 ^im. 

The results at a wavelength of 671 nm are shown in Figure 
S. .Again the best tit closest to the Sun is at a value of a between 
1.6 and 1.4 (im. .At larger distances from the Sun the observa

tions agam drift slightly to smaller particle size. However, it is 
to be noted that these observations do not e.xtend as close to 
the Sun as in Figure 7 because a portion of the frame at 671 nm 
Is saturated. Thus the constraint of particle size provided at 
this wavelength is weaker than that at the shorter wavelength. 

Figure 4 shows a similar plot at 8% nm. The best fit is for a 
between 1.6 and 1.8 ^m. The distance of the observations to 
the Sun is similar at this wavelength to that in Figure 8, as the 
data at 896 nm are ai.so saturated in a portion of the frame. 

Figure 10 shows the results at %5 nm. While the observa
tions are not saturated in the comer of the frame nearest to the 
Sun, the values at the smallest scattering angles seem to be 

affected by light scattered within the camera. No value of the 
particle size is able to fit the shape of the data clo.ser between 
4° and 8° from the Sun at this wavelength. Tests of light scat

tering in the instrument before launch indicated a tendency for 
scattered light to fall rapidly with distance from a bright point 
source at blue wavelengths but to fall more slowly at progres
sively longer wavelengths (see Table 4). The effects of scat

tered light are estimated to be less than I've cxcept in the frame 
at 965 nm closer than 8° to the Sun. When we e.\clude obser
vations at this wavelength closer than 8° to the Sun, the best fit 

is at a between 1.6 and 1.8 /im. 

10 

o . o s  

0 . 0 0  

2.0|im 

O.OS 
a 1 0 1  s  1 a 9  1 2 1 3 1 1 1  4  

r () im) 

Figure 9, Same as for Figure 7 but at a wavelength of 896 nm. The data are saturated at the smallest 
azimuths, but the size of 1.6 fim is consistent with the observations. 
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Figure 7 but at a wavelength of %5 nm. The data are not saturated at the smallest 
wavelength, scattered light affects the observations at azimuths <S°. .-Xgain. a mean 

1 IS consistent with the observations. 

Figure 11 shows the fractional difference between the mod
els and the observations as a function of particle size for each 
of the tour wavelengths. The fractional deviation is evaluated 
at 4.5' for the 444 nm data, at 13" for the data at 671 and 848 
nm. and at 1.^' for the observations at %5 nm. The best tits 
trom these ratios are at 1.55. 1.60. l.SI). and 1.75 ;im at the four 
wavelengths m order of incre.ising wavelength. The fractional 
deviation is most sensitive to particle size at 444 nm because 
these data reach to the smallest scattering angles, so this result 
should be given the highest weight. From these results, we 

estimate the geometric cross-section-weighted radius to be 
1.6 r 0.15 fim. .-X summary of the parameters of the best fitting 
model with h = 0.2 is contained in Table 8. 

In order to permit other investigators to compare our ob-
ser\aiions to other models. Table '•) gives the absolute intensi
ties and scattering geometries for this data set using the ad
justed pointing of Table 6 derived for the best fitting model 
with <; = 1.6 ftm and h = 0.2. 

4J. Constniinl.s on Width of Size Distribution 

Constraints on the variance of the size distribution b arc 
expected to be more difficult to determine than for the other 
scattering parameters we have attempted to find. Pollack et al. 
[1W51 compared observations from Viking to models which 

used a lognormal size distribution with variances of 0.26. 0.51. 

and 0.8. and were marginally able to discriminate against the 
liirgest and smallest values tried. We compared our observa
tions to models which have a variance of 0.2 and 0.5 using the 
form of the gamma function given in (12) for the size distri

bution. Figure 12 shows our two size distributions compared to 
the lognormal distruution from Pollack et al. [I995| in which 
these authors used a geometric cross-section-weighted mean 

particle radius of 1.65 nm and a variance of 0.5. The size 
distributions used by various other authors are also shown in 
the figure. .\11 size distributions have been normalized to the 

same number of particles at a radius of 1.6 ^im. Because of the 
rapidly decreasing cross section for decreasing particle size, the 
IMP observations are almost insensitive to particles with radii 

less than O.S nm. For gamma distributions of the general son 
shown, the steep decrease in number density with increasing 
size makes the IMP observations almost insensitive to panicles 
with radii greater than about j nm. The similarity in the shape 
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>471 MoOtvOaM 41 n* 
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Figure II. Ratios (model/data) of fractional deviations as 
functions of particle size at each of our four wavelengths. The 
steepest curve shows the greatest sensitivity to particle size at 
the shortest wavelength, where the data are available to the 
smallest distance (<5') from the Sun. At longer wavelengths 
the data are only available within some 8" of the Sun. We 
estimate that the geometric cross-section-weighted particle ra
dius is 1.6 r 0.15 nm-
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Table 9a. Observed Intensity Averaged Between 11.5° and 12.5° Elevation at 444 nm 

Solar Azimuth and Solar Elevation* 

279.4 279.2 279,1 279.0 278.9 278.8 

13.2 13.6 14.0 14.4 14.8 15.1 

Rel. Rel. Rel. Rel. Rel. Rel. 
Az. / Az. 1 Az. / Az. 1 Az. 1 Az. / 

-182.8 9.20 -130.2 9.26 -99.9 10.87 -30.8 54.07 -19.4 110.49 5.3 1299.3 
-181.S 9.21 -129.2 9J1 -98.9 10.97 -29.8 56.64 -18.4 120.09 6J 1016.0 
-180.6 9.16 -128.1 9.29 -97.8 11.00 -28.6 59.94 -17 J 134.29 7,5 77195 
-179.5 9.14 -127.0 9.2S -96.7 11.08 -27i 63.50 -16.2 149.24 8.6 597.78 
-178.4 9.16 -125.8 9.33 -95.5 11.23 -26.4 67.61 -15.0 168.78 9.7 471.01 
-177.2 9.16 -124.7 9.37 -94.4 11.33 -25.2 71.96 -13.9 191.37 10.9 375.43 
-niy.l 9.16 -123.5 9.39 -93.3 11.47 -24.1 76.92 -118 22100 110 310.16 
-175.0 <J.17 -1214 9.45 -92.1 11.61 -23.0 82J3 -11.6 26120 13.1 259.35 
-173.8 9.19 -121.3 9.49 -91.0 11.77 -21.8 89.14 -10.5 316.51 14.3 22113 
-172.7 9.16 -120.1 9.53 -89.9 11.97 -20.7 %.98 -9.4 390.64 15.4 I915I 
-171.6 9.21 -119.0 9.55 -88.7 1109 -19.6 105.64 -8.2 488.48 16J 167.88 
-170.4 9.23 -117.9 9.57 -87.6 12.27 -18.5 116.20 -7.1 626.85 17.7 148.43 
- 169.6 9,25 -117.1 9.65 -86.8 1Z42 -17.7 124.80 -6J 753.44 18.4 137.95 

Rel. Az., relative azimuth. / in units of W/(m* ;im sr). 
'Top value is solar azimuth, and bottom value is solar elevation. 

of the size distributions for b = 0.2 and 0.5 for particles with 

radii between 0.8 and 3 jim in the Hansen distribution with 
a = I 6 fim indicates the difficulty we expect to encounter in 

constraining the variance within this range from the IMP ob
servations alone. 

It should be pointed cut that the number density of small 
particles in the gamma function grows so rapidly that the total 
number of particles in these types of distributions is unphysi-
cally large for values of b much greater than about 1/3. Nev
ertheless. the scattering efficiency as well as the geometric 
cross scction of the particles with radii <0.8 fim contribute 

very little to the scattering properties of the whole distribution, 
and so meaningful exploratory calculations of the effects of 
wide distributions can still be made using the gamma distribu
tion. Also, some authors have advocated similar distributions 
having large numbers of very small particles. In fact. Clancy et 

al. [1995| advocated a size distribution based on a modified 
gamma distribution with a = 1.8 /im and b = 0.79, even 

larger than the value o( b •= 0.5 we use below. 

Figure 13 shows the fractional difference from the observa
tions at 444 nm to the best model fit for 6 = 0.2 and a model 
with b = 0.5. Both models fit the data so well that the 

deviations from the observations would be difficult to see on a 
plot showing the observations and the data versus azimuth. 
Rgure 13 shows that the deviations are of the order of 1% of the 
observations except for the region near the strong peak in inten
sity at scattering angles <15°, where they rise to a few percent. 

Here the observed intensities can be affected to the few percent 
level by scattered light. Figures 14-16 show the fraaional devia
tions at wavelengths of 671, 898, and 965 nm for the best fitting 
models with 6 = 0.2 and 0 J. There is no significant difference 
in the ability to fit the observations with 6 = 0.5 so long asu = 

Table 9b. Observed Intensity Averaged Between I U° and 12.5° Elevation at 670 nm 

Solar Azimuth and Solar Elevation* 

279.3 279.2 279.1 278.9 278.8 278.7 

13.4 13.1 i 14. 2 14.6 14.9 15J 

Rel. Rel. Rel. Rel. Rel. Rel. 
Az. I Az. 1 Az. r Az. I Az. / Az. I 

-1810 17.97 -129.4 19.25 -99.2 2174 -30.0 84.05 -18.7 15138 6.1 sac. 
-181.0 18.02 -128.4 19J7 -98.2 2189 -29.0 87.45 -17.7 163.19 7,1 saL 
-179.9 17.92 -127 J 19J3 -97.0 23.01 -27.9 9106 -16.6 177.42 8.2 sat. 
- I7S.7 17,88 -126.2 I9J8 -95.9 23.18 -26.7 96.44 -15.4 193.45 9J 9781.7 
-177.6 17.84 -125.0 19J8 -94.8 23 -25.6 101J9 -14_3 21116 lOJ 929.32 
-176.5 17.84 -123.9 19.41 -93.6 23.46 -24J 106.61 -13.2 235.46 11.6 39134 
-175 J 17,84 -1218 19J2 -915 23.70 -23-5 111"^ -110 263.72 117 338.13 
-174.2 17.87 -121.6 19J9 -91.4 23.96 -212 119.77 -10.9 300J7 13.9 295.04 
-173.1 17,90 -120.5 19.70 -90J! 24.24 -21.1 127 J8 -9.8 347,09 15,0 259.96 
-171.9 17.89 -119 J 19.79 -89.1 24.53 -20.0 I36J0 -8.6 406.77 16.2 231.69 
-170.8 17.90 -118.2 19,87 -88.0 24.76 -18.8 146.12 -7.5 2594J3 17J 208.60 
-169.7 17.93 -117.1 19.92 -86.8 25.03 -17.7 157.68 -6.4 Sat. 18.4 189.29 
-168.9 17.97 -116 J 20.06 -86.1 25.22 -16.9 166.47 -5.6 Sat. 19.2 178.43 

Rel. Az., relative azimuth: sat., saturated. / in units of W/(m- fun sr). 
'Top value is solar azimuth, and bottom value is solar elevation. 
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Table 9c. Observed Intensity Averaged Between 11.5° and 12.5° Elevation at 898 nm 

Solar Azimuth and Solar Elevation' 

279.3 279.1 279. 279.0 278.8 278.7 

13.3 14.1 13.7 14.5 14.8 15.2 

Rd. Rel. Rel. Rel. Rel. Rel. 
.Az. / Az. / Az. / Az. / Az. / Az. 1 

-ISZl 9.73 -99.3 13.00 -83.7 14.78 -30.1 56.20 -18.8 101.42 6.0 sat. 
-181.1 9.72 -98.3 13.14 -82.7 14.97 -29.1 58.43 -17.8 108.01 7.0 sat. 
-ISO.O 9.64 -97.2 13.16 -81.6 15.10 -28.0 61.23 -16.7 117.18 8.1 sat. 
-I7S.9 9.60 -96.1 13.27 -80.5 15.29 -26.9 64.17 -15 J 127.19 9.2 sat. 
-177.7 9.57 -94.9 13.37 -79.3 15.45 -25.7 67.52 -14.4 138.44 10.4 62213 
-176.6 9.58 -93.S 13.51 -78.2 15.70 -24.6 71.07 -13.3 15132 11.5 24193 
-175.5 9.60 -92.7 13.66 -77.1 15.92 -23.5 75.21 -12.1 169.40 1Z6 21152 
-174.3 9.61 -91.5 13.82 -75.9 16.17 -22J 79.89 -11.0 190.20 13.8 188.30 
-173.2 9.62 -90.4 14.02 -74.8 16.49 -21.2 85.33 -9.9 216.96 14.9 168.67 
-172.1 9.61 -89.2 14.23 -73.7 16.84 -20.1 91.50 -8.7 249.65 16.0 15112 
-170.9 9.67 -88.1 14.43 -72.6 17.15 -19.0 97.86 -7.6 S262.3 17.2 137.11 
-169.8 9.69 -87.0 14,65 -71.4 17.50 -17.8 105.46 -6J 9936.3 18.3 125.79 
-169.0 9.73 -86.2 14.82 -70.6 1779 -17.0 m.42 -5.7 58Ji9.2 19.1 119.24 

Rel. .\z.. relative azimuth; sat.. saturated. / in units W/(m' • iim sr). 
'Tup value is solar azimuth, and boilom value is .solar elevation. 

1.6 nm and the values of n,. G. and Theta„,„ are adjusted 
slightly for the different values of 6 as shown in Table 10. 

4.4. Consistency of Panicle Properties Wilh Wavelength 

For the gamma distribution with b = 0.5, the number of 

small particles continues to increase with decreasing particle 
size so that the total number density becomes infinitely large. 
To prevent this, we have truncated the distribution for particles 
with r < 0.5 fim. At smaller particle size, very large numbers 
of particles are present, but the cross section contributes little 
10 the scattering propenies of the distribution. Note from 
Table 10 that the total number which can contribute to the 
scattering of the distribution (particles with radii >0.5 )i.m) is 
constant to within a few percent in our four wavelength bands. 

5. Discussion of Results 

We begin by examining the pointing shifts that were re

quired to tit the models to the observations. Figure 17 shows 

the pointing shifts in azimuth from the painting obtained from 

the housekeeping motor step data and the nominal backlash 

model. We see that the first image in the sequence (on the 

right of the Sun) requires about the same azimuth shift at our 

longest and shortest wavelengths for particle sizes of I.5-I.8 

fim. and azimuth shifts that are more than about 0.5° different 

for sizes outside this range. The same is true for the image on 

the left of the Sun. but the azimuth shift is a few tenths of a 

degree greater for these data. It is not surprising that the 

azimuth shifts might be a few tenths of a degree different for 

Table 9d. Observed Intensity Averaged Between 11.5° and 12.5° Elevation at 965 nm 

Solar Azimuth and Solar Elevation' 

279.4 279.3 279.1 279.0 278.9 278.8 

13.2 13.5 14.0 14.4 14.7 15.1 

Rel. Rel. Rel. Rel. Rel. Rel. 
Az. I Az. / Az. I Az. I Az. I Az. I 

-1813 7.91 -129.7 8.70 -99i 10.83 -30.3 48.77 -19.0 87.92 5.8 4518 
-181.3 7.92 -128.7 8.74 -98J 10.95 -29.3 50.59 -18.0 93J8 6.8 388.4 
-1S0.2 7.S7 -127.6 S.7I -97.3 11.00 -28.2 53.19 -I6.S 101.02 7.9 327.2 
-179.0 7.85 -126 J 8.74 -96.2 11.10 -27.0 55.88 -15.7 109,48 9.1 ms 
-177.9 7.83 -125 J 8.77 -95.1 11.18 -25.9 58.68 -14.6 119.18 10.2 237.6 
-176.7 784 -124.2 8.SI -93.9 11 JO -24.7 61.94 -13.4 130.23 IIJ 206.28 
-175.6 7.84 -123.1 8.85 -918 11.43 -23.6 65.48 -12 J 144.19 115 180.99 
-174j 7.84 -121.9 8.90 -91.7 11.61 -215 69.71 -11.2 161.52 13.6 161.97 
-173.3 786 -120.8 8.96 -905 11.73 -21.4 74.32 -10.0 18198 14.7 144.83 
-1712 7.85 -119.7 9.00 -89.4 11.91 -20.2 79J8 -8.9 209.38 15.9 130.80 
-171.1 7.89 -118 J 9.08 -88J 1107 -19.1 85.01 -7.8 240.8 17.0 118.54 
-170.0 7.91 -117.4 9.15 -87.1 1125 -18.0 91J8 -6.6 281.0 18.2 109.30 
-169.2 7.94 -116.6 9.24 -86_3 1142 -17.2 96.49 -5.9 315.6 18.9 103.75 

Rel. Az.. relative azimuth: / in units of W/(m* ;im sr). 
'Top value is solar azimuth, and bottom value is solar elevation. 
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Figure 12. Particlo size distributions for effective radius 1.6 /xm and two values of the variance {b = 0.2 
shown with inverted tnangles. and b = 0.5 with triangles) of the Hansen gamma function used in this work 
shown compared with various other size distributions derived by other authors (as labeled) for dust on Mars 
(see .ilso Table 1). The size distributions have all been scaled to have the same number den.sity at a radius of 
1.6 Jim. Note that the two distributions we used in this work almost span the range of size distributions in the 
literature, as indicated by the heavy vertical lines. At the large particle end of the spectrum the smallest 
number density is for the distribution with mean cross-section-weighted size of 1.25 >im from Drossan el al. 
[1991], which the authors show as being a significantly better fit than that of Toon etal. [1977] but which they 
admit is somewhat uncertain. The distribution with the greatest number of particles at the large size end of 
the spectrum is that derived by Toon ei al. [1977] from measurements in the thermal infrared and which refer 
to particles in the size range from 3 to 6 nm. larger than the size of 0.8-3 iim. where our observations from 
l.MP are most sensitive. The apparent discrepancy with the Toon et al. distribution could be removed by 
normalization at 3 ^m radius instead of at 1.6 fim. All other distributions are remarkably close to those we 
used in the region between 0.8 and 3 fim particle size, where our observations are sensitive. 
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the first and second images in a sequence, since the direction 
in which the camcra moved in reaching the first image from 
earlier positions and the direction of motion from the first to 
the second image may well not have been the same. We have 
assumed that the shifts for all the images after the second were 
the same as for the second image, since the motion in azimuth 
was in the same direction for subsequent images in the se
quences. In fact, the consistency of this plot of pointing shifts 
for different particle size provides confirmation of the size 

determined separately from the quality of the fits in the image 

nearest the Sun. 
Figure IS shows the elevation shifts as a function of particle 

size for the longest and shortest wavelengths for the image to 

the right and left of the Sun. Again, the optimum shifts are less 
than 0.5' different for the two wavelengths for particles be
tween about 1.5 and 1.8 (im. The shifts are again systematically 
a few tenths of a degree different for the first and the second 
images. The amount of backlash in an image depends on the 

direction and distance the camcra was driven to obtain this 
image, and this depends on the pointing of the camera for the 
preceding image. The location of the camera prior to the first 
image in our sequences is unknown, but the direction and 
distance between succeeding images are similar. Thus the 

pointing shifts between the first and second images of our 

sequences might be expected to be different, while the pointing 
shift for all images in the sequence after the first are e.itpected 
to be rather similar. 

The size of the pointing shift.s required for the best fitting 

models is three to four motor steps for all the images on the 
left of the Sun in both azimuth and elevation. This is slightly 
larger than the expected accuracy of one to two motor steps 
but not alarmingly so. We note that the independent analysis of 
IMP image sequences consisting of vertical cuts near the azi

muth of the Sun analyzed by Markiewicz et al. [this issue) 
required similar adjustments by about 2° in the absolute point

ing of the camera from the housekeeping data. 
Figures 13-16 demonstrate the good agreement to the ob

servations possible at each wavelength separately for the 

gamma function size distributions with mean geometric cross-

section-weighted size of 1.6 pun and variance equal to 0.2 or 
0 j. The number densities required are consistent for both 
distributions so long as the broader distribution is truncated 

below about 0.5 fim radius, below which the cross section of 
the particles contributes little to the scattering from the distri
bution. 

It is interesting to e.xamine the single scattering phase func
tions of the best fitting models. Figure 19 shows the different 

components of the single scattering phase function of the par-
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Figure 13. Fractional deviations of the models with variance 
6 = 0.2 and 0.5 with the observations at 444 nm. The fits to the 
observations are essentially equally good for b = 0.2 and 0.5 
with the same geometric cross-section-weighted radius. The 
values of the best fitting parameters are shown. 

tides at 444 nm. The portion of the phase function due to Mie 

scattering for size parameter <5 is given by the curve with 

open circles. The part of the phase function due to diffraction 

is given by long-dashed lines. The pan due to external reflec

tion and the parameterized quadratic function for internal 

transmission as well as the total resulting phase function are 

also shown. Notice that the total phase function contains es

sentially none of the ripples of the Mie curve at large scattering 

angles. Notice also that the slopes of the portion of the phase 

function for internally transmitted light are rather similar to 

the general slope of the other portions of the phase function, 

especially to that for external reflection. 

Figure 20 shows the portions of the single scattering phase 

functions due to internally transmitted light for each of our 

four wavelengths. The backward peak in these curves gradually 

decreases as the wavelength increases. Note that the slopes of 

the internally transmitted light are rather similar for the four 

wavelengths. 

Figure 21 shows the total single scattering phase functions at 

each of our wavelengths. Each curve is separately normalized. 

The height of the forward scattering peak increases with de

creasing wavelength as expected. The rest of the curves are 

rather similar. No obvious remnants of the ripples common in 
Mie scattering are contained in the curves at large scattering 

angles. The asymmetry parameters for these phase functions 

are given in Table 8, while the asymmetry parameters for the 

size distribution with b = 0.5 are given in Table 10. The values 

are rather consistent with those given by Pollack et al. [1995], 

since they used a similar method for computing single scatter

ing from nonspherical particles and derived a size similar to 

that derived here. The asymmetry parameters derived by other 
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Figure U. Same as Figure 13 but at 671 nm. 
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Figure 15. Same as Figure 13 but at 898 nm. 
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Figure 17. Azimuth painting shifts versus particle size at our 
shortest and longest wavelengths for the Image to the right side 
of the Sun and on the left of the Sun. Note that the pointing 
shifts would need to be wavelength dependent for sizes much 
less than 1.5 or more than 1.7 /xm. an effect that is not con
sistent with the operation of the IMP camera. 
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Figure 16. Same as Figure 13 but at 955 nm. 

authors who had to rely on observations made from outside the 
atmosphere [C/U;ICT unil Leu, IWl) are significantly different. 
This may bo due to the need to determine the reflection prop
erties of the surface and to separate the effects of the surface 
from the scattering properties of the dust in the atmosphere 
when attempting to determine the phase function of atmo
spheric dust from observations made outside the atmosphere. 

Figure 21 also shows as points the laboratory measurements 
made by It-wf ei al. [1997] of the single scattering phase func

tions of a few mineral powders. The size of the particles in the 

powder distributions was several microns, of the order of the 
size derived for the .Vlartian aerosols, ft is interesting to note 
that several of the powders have single scattering phase func
tions that are an order of magnitude too steep or too shallow 
betueen scattenng angles of 15" and 120^ The shallowest curve 

measured by West et al. is for silicon carbide, a material with 
a high value of the real refractive inde^c and sharp, angular 
shapes. The steepest phase function shown is for aluminum 
silicatc. a particle that has a comple.x shape which includes 
concave as well as conve.x surfaces. Of the few minerals mea

sured by West et at. [1997], the phase function measured for 
calcium carbonate is the most similar to the phase functions 
derived here for Martian aerosols and is. in fact, in good 
agreement with the Martian observations. The calcium carbon
ate particles measured seem to consist of clumps of still smaller 

particle.s. This preliminary comparison is by no means suffi

cient to conclude that the single scattering phase function has 

determined the composition of the Martian dust, but it is 
hopeful that future laboratory measurements may place useful 
constraints on some physical properties of the particles. 

In Figure 22 we show the wavelength variation of imaginary 
refractive indc.x and single scattering albedo for our models 
with b = 0.2 and 0.5 compared with the results of Pollack et 
al. [1995]. Notice that the imaginary refractive indices derived 
for our models with b = 0.5 are systematically larger than 
those for b = 0.2. Larger values of the imaginary refractive 

inde.N are required to produce the same single scattering al

bedo for the smaller particles in the small size tail of the 
broader distribution. Notice that the values of the single scat

tering albedo derived for the broader and the narrower distri
bution are in reasonable agreement. Notice also that the values 
of the imaginary refractive Inde.x for 6 = O.S are in reasonable 

agreement with the average of the refractive indices derived by 
Pollack et al. [I995| at the shortest wavelengths for the same 
value of/). At longer wavelengths the single scattering albedos 

are higher, and the e.xact value derived for the imaginary re-

Table 10. Parameters for Best Fitting Models at a = 1,6 jim. b = 0.5, n, = 1.5 

Number Density/cm-

Wavelength, 
nm 

Imaginary 
Index 

Single 
Scattering 

.•Mbedo 
r > 0.001 

fim 
r > 0.5 

itsn 
Tau 

Extinction G 
Theta„„„. 

deg 

Asymmetiy 
Parameter 

9 

443.5 0.0185 0.724 1.9E08 4.24EC6 0.478 119 148 0.746 
670.S 0.0027 0.940 2.SE08 4.46E06 0_SI7 20 158 0.653 
S96.1 0.0050 0.922 3JE08 4.17E06 0.517 30 163 0.675 
965.3 0.0052 0.925 3.SE08 4.20E06 0JI8 26 180 0.679 

Read I.9E08 as 1.9 x Iff". 
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Figure 18. Same as Figure 17 but for elevation pointing 
shifts. Particle radii between 1.6 and 1.8 fim require pointing 
shifts that vary less than about 0.5° between our longest and 
shortest wavelengths. 

fractive index depends significantly on the albedo used for the 
ground. This may account for the small difference between our 
results and those of Pollack et al. near 670 nm. We .see a rise 
in the Imaginary refractive inde.x longward of 670 nm, corre-
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sponding to the small decrease in reflectivity of Martian soils 
due to the presence of iron minerals in the soil. 

All things considered, our values of geometric cross-section-
weighted mean radius and imaginary refractive index are in 
remarkably good agreement with those of Pollack et al. [1995] 

based on observations by the Viking landers. The particle size 
derived here is expected to be more tightly constrained, since 
our observations reach to within 5° of the Sun while the Viking 
observations are limited to 12° from the Sun. We have seen 
that beyond 10° from the Sun the slope of the phase function 

for internally transmitted light can be adjusted to compensate 
for slight differences in particle size. Also, the IMP data cover 
the full range of azimuths relative to the Sun and so have been 
able to determine more fully the shape of the backscattering 

portion of the phase function resulting from internally trans
mitted light. 

Our determination of particle size can be compared to that 
determined by other authors using various other data sets (see 
Table 1). Drossart et al. [1991) planned to use observations by 
the near-infrared spectrometer for Mars (ISM) on the Phobos 
spacecraft in the wavelength range from I to 3 fxm to deduce 
the variation of dust on .Mars with time, but this goal was not 
achieved because of the short life of the spacecraft. The ISM 
observations from outside the atmosphere require modeling of 
the reflectance properties of the surface as well as modeling of 
the scattering from nonsphcrical dust particles, a complex task 
with more degrees of freedom than could be reliably deter
mined from the ISM observations alone. Nevertheless, Dros
sart et al. [19911 were able to say that particles with a cross-
section-weighted size of 2.75 fim, as derived by Toon et al. 
[1977] at longer wavelengths, did not fit their observations 

Figure 19. The total single scattering particle phase function 
at 4-U nm derived with Tcff - 1.6 fim and b = 0.2 (solid curve 
with black dots), as well as the components that combine to 
produce this curve. The components are due to diffraction 
(long dashes), e.xtemal reflection (medium dashes), internal 
transmission (short dashes), and scattering from spherical par
ticles smaller than A" = 5 (solid curve with open circles), ̂ ch 
of the curves is normalized separately in this figure. 

444 nm 

671 nm \ 

898 nm 

965 nm 

6  0  9  0  1 2 0  

Seatttring Angt« (*) 

1 5 0  

Figure 20. The part of the phase function for mtemally 
transmitted light derived at each of our four wavelengths (as 
labeled) for = 1.6 /nm and b = 0.2. 
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nearly as well as a model with about half that size (mean 
cross-section-weighled radius of 1.24 /im) but admitted that 

their determination of particle size was somewhat uncertain. 
Korabkv m ill. (1993| used solar occultation observations at 

wavelengths of 1.9 and 3.7 jim by the Phobos spacecraft to 

determine the variance and the geometric cross-section-
weighted mean particle radius as a function of altitude. Their 
measurements indicated a slight decrease in particle radius 
with mcreasing altitude. They determined a variance of 0.2 r 

0.1 md found particle mean effective radii decreasing from 1.6 
to O.S nm over the altitude range from 15 to 25 km. The value 
at their lowest altitudes is the same as the value we derive here. 

T(H>n el al. (1977] used observations in the thermal infrared 
(5-JO Mm wavelength) to constrain the particle size. Al these 

wavelengths the particles that contribute most to the thermal 
emission have radii of 3 and 6 fim. These authors claim only to 
have constrained the slope of the size distribution between 
about 1 and 10 fj.m from their work and give a slope of -4 for 
the size distribution in this region. This is in reasonable agree
ment with the slope of the two size distributions we used (see 
Figure 12). 

Cliiricx CI al. [19')5] used a range of observations from the 
ultraviolet to the thermal infrared and concluded that the 
aerosol size distribution needed a large number of particles at 
small particle sizes to fit observations across a broad wave

length range. Their mean effective size was 1.8 fim. compara
ble to ours. In the particle size range from 0.8 to 3 jim radius, 
which is most important in fitting our observations, this size 
distribution Is quite similar to the one we investigated here 
with h = 0.5. and so we would guess that it will be able to fit 

the IMP observations as well. It is beyond the scope of work in 
this paper to compare our models with observations other than 
the tirst IMP observations. Once we have reduced and ana
lyzed the entire set of IMP observations, we plan to turn our 
attention to the additional constraints that other data sets at 
longer and shorter wavelengths may add to the IMP con
straints. 

We Include our observations in Table 9 in a form that per
mits other Investigators with access to thermal observations to 
compare our measurements with their results and perhaps to 
permit more effective constraints on the shape of the size 
distribution at large particle size. This will be necessary to 
place strong constraints on the visible to infrared opacity ratio 

that Is important for thermal balance calculations. 
\Vc can compare our results with those of .Uarkiewiz el al. 

[this Issue], who independently analyzed IMP observations of 
vertical cuts of sky brightness near and opposite the azimuth of 
ihe Sun. We find very good agreement with the mean geomet
ric cross-section-weighted radius derived by these authors. 
Nevertheless, we do not agree that the variance can be as well 

constrained as these authors claim. We believe that their con

straints on particle size variance resulted from their not sepa
rately tuning the other parameters in their models to compen
sate as they changed the variance in their size distribution. We 
found that when such a retuning is done, a wide range of 

variances produce quite good fits, [n addition, since their ob
servations were obtained near midday, no scattering geome
tries more than 90° from the Sun were observed, and so con
straints on the backscattering portion of the phase function are 

e.'cpected to be much weaker in their observations than in those 
analyzed here. 

While the first analyses of the Viking lander observations 
appeared to give rather different sizes than those derived from 

Taul at 671 
Caldum Car&onatt M«aaurtm«nts 
Total at 965 
Total at 898 
Total 444 
Silicon Car6i<]« 
AnQmony Oxidt 
Canum Ouda 
-Aluminum Silieatt 

1 

e o 

• m m 
£ 
& 

1 

01 
e 

m w 

I ' c 
(0 

1 

I 20 t SO 1  to 0 ) 0 « 0 9 0 
Scanning Angle (') 

Figure 21. The total single scattering phase functions de
rived for four wavelengths for r,„ = 1.6 ixtn and 6 = 0.2. The 
phase functions at 444 nm (short dashes). 671 nm (medium 
dashes). 898 nm (dots and dashes), and 965 nm (long dashes) 
are shown. .Also shown for comparison are the phase functions 
determined from laboratory measurements by West et al. 
[1997| for mineral powders of silicon carbide (triangles), anti
mony o.xide (diamonds), cerium o.tide (inverted triangles), cal
cium carbonate (dots), and aluminum silicate (squares). 

these IMP observations, this is not the case after the vignetting 
of the Viking camera is corrected [Pollack et al.. 1995). When 

this correction is made, the mean cross-section-weighted par
ticle radius derived by Pollack ei al. [1995] of 1.52 - 0.3 and 
1.85 - 0.3 /xm are in e.xcellent agreement with the value ob
tained here. It seems to us rather remarkable that the mean 
effective particle size of the suspended Martian aerosols is so 
similar in the Viking and IMP observations made more than 20 

years apart. This suggests that effective means e.Yist to regulate 
the size of the suspended particles in the atmosphere. The 

relative constancy of particle size during and between Martian 
dust storms has been noticed by Toon el al. (19771. This is not 
what would be expected if simply sedimentation caused the 
largest particles to settle out of the atmosphere more rapidly 

than smaller particles. These authors ascribe this effect to the 

importance of eddy diffusion in maintaining the particles in the 
atmosphere. If eddy diffusion can maintain the particle size so 
well under conditions as different as during and between dust 

storms, perhaps it is not surprising that the mean particle size 

has remained stable over the two decades since Viking. 
In the future we plan to reduce the entire data set of aerosol 

observation sequences, as well as the observations of the sky 
opposite the Sun obtained in the complete IMP filter set dur
ing landing site panorama image sequences. In this way, we can 

search for any correlations of particle properties with the van-
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Figure 22. The value of the imaginary refractive inde.x (left scale, circles) and the single scattering albedo 
(right scale, triangles) as a function of wavelength for the models with a = 1.6 and b = 0.2 (solid 
symbols) and 6 = 0.5 (open symbols). .At larger values of 6 the values of imaginary refractive index are larger, 
but the single scattering albedoes for the two values of b are more nearly equal. The values determined by 
Pollack el al. [1995] are shown with error bars (circles and squares for imaginary inde.x on sols 97 and 211. 
respectively, and open triangles and open inverted triangles for single scattering albedo on sols 97 and 211. 
respectively). Note that our values bracket the values derived by Pollack et al. for observations observed 20 
years earlier e.xcept at the longest Viking wavelength, where the calibration of the Viking observations was 
reported as being somewhat uncertain. 

ations in extinction optical depth observed during the Path-
linder mission. In addition, we will be able to determine the 

variations of the imaginary refractive index at each of the IMP 

filter wavelengths. 

6. Conclusions 

Our conclusions can be summarized as fallows. We find the 
mean geometric cross-section-weighted particle radius for the 
Martian aerosols to be 1.6 ~ 0.15 p.m. This value for the 
particle size is more precisely determined than from Viking 

lander measurements, since the new observations are available 

to within 5" of the Sun while the earlier measurements were 
limited to within 12° from the Sun. The variance of the size 

distribution is difficult to constrain due to the ability of changes 
in other particle properties to permit fits over a range of vari
ances. Fits are possible over at least the range of variance from 

0.2 to 0.5. The imaginary refractive index as a function of 
wavelength is shown in Figure 22 for variance of either 0.2 or 
0.5. The imaginary refractive index and the effective particle 
radius are in remarkably good agreement with the observations 

from the Viking lander as well as with the occultation results 

from the Phobos spacecraft. The long-term stability of the 
aerosol properties suggests an effective mechanism for regu
lating particle size, possibly by eddy diffusion, as has been 
suggested by other authors [Toon et al.. 1977). The portion of 

the phase function due to internally transmitted light has been 
determined as a function of wavelength and is well parameter
ized by a quadratic function in the log of the phase function. 
The asymmetry parameter of the single scattering phase func

tion varies from about 0.65 to 0.78. depending on wavelength 

and the assumed width of the size distribution. The shape of 

the single scattering phase functions derived here are similar to 

at least some laboratory measurements made for mineral pow

ders in the size range of several microns, but further work using 

candidate minerals expected to exist on Mars would be quite 

useful. The few c.xisting laboratory measurements suggest that 

neither particles with sharp edges nor complex particles includ

ing concave surfaces will fit the observations. The best agree

ment to date is for clumps of smaller particles, but a much 

wider range of partible types remains to be measured. 
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APPENDIX B 

Table of model parameters from best fits to solar aureole results 

The following pages contain tables of the model parameter values from the 
final cycle of best fits to the 28 IMP solar aureole sequences. They are divided 
into two tables for the morning (Sequence S0039) and everung (Sequence 
S0036) observations, and sorted by wavelength. 

The fixed model parameters for these fits are as follows: 

A = reff = 1.6 |im 

B = veff = 0.2 

RSURFACE = Rs = 13 

XLARGE = 5.0 

The detailed meaning of the column headers is as follows: 

1. MPF Sol, i.e. Martian day counted from the Pathfinder landing (Sol 1) 

2. Wavelength of the IMP image set in nm 

3. RMS residual of the full dataset, as defined in section 2.3 

4. Tau = extinction optical depth, interpolated from measurements 
of Smith & Lemmon (1999) 

5-9. Derived parameters which gave the best model fits to each image set 



Sol 

Sol 04 

Sol 12 
Sol 13 
Sol 14 

Sol 15 
Sol 19 
Sol 21 
Sol 23 
Sol 24 
Sol 26 
Sol 33 
Sol 39 
Sol 56 
Sol 04 
Sol 12 
Sol 13 
Sol 14 
Sol 15 
Sol 19 
Sol 21 
Sol 23 
Sol 24 
Sol 26 
Sol 33 
Sol 39 
Sol 56 
S o r 0 4  
Sol 12 
Sol 13 
Sol 14 
Sol 15 
Sol 19 
Sol 21 
Sol 23 
Sol 24 
Sol 26 
Sol 33 
Sol 39 
So]^56 
Sol 04 

Sol 12 
Sol 13 
Sol 14 
Sol 15 
Sol 19 
Sol 21 
Sol 23 
Sol 24 
Sol 26 
Sol 33 
Sol 39 

Sol 56 
Sol 39 
Sol 56 

148 

Final Best Rts i .6nm S0039 

Wavelength Residual (%) Tau s.s. albedo Imaginarylndex theta_min # density 

443 
443 
443 
443 
443 
443 
443 
443 
443 
443 
443 
443 
443 
671" 
671 
671 
671 
671 
671 
671 
671 
671 
671 
671 
671 
671 
89 8 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
968 
968 
968 
968 
968 
968 

968 
968 
968 
968 
968 
968 

968 
481 
481 

4.0 

3.9 
3.6 
2.8 

4.3 
1.9 
3.9 
2 .6  
3.0 
6 . 1  

3.2 
1.3 
2.4 
1.3 
2.6 

1.9 
1 . 8  

3.2 
1.4 
3.1 
1 . 8  

1 . 8  
2 . 1  

2.4 
1.7 
2.1_ 
4.4 
1.3 
1.5 
1 .4 

2.0 
1.7 
3.0 
3.5 
2.6 

2 .0  
2.7 
2.1 
1.4 

"2.8 

2.9 
3.1 
3.6 
1 .8  
2.5 
4.3 
2.5 

3.3 

2.2 
2.0 
2.0 
1.4 
2.0 
2.2 

0.514 

0.582 

0.543 

0.503 
0.549 

0.565 

0.620 
0.571 

0.578 
0.717 
0.519 

0.597 

0.596 
0.476 

0.522 

0.503 

0.456 
0.487 
0.519 
0.563 
0.548 
0.545 
0.550 
0.508 
0.561 
0.584 
0.470 

0.506 

0.491 
0.455 
0.483 
0.500 
0.545 
0.555 
0.557 
0.588 
0.502 
0.598 
0.585 
0.470 
0.503 
0.487 
0.455 
0.479 
0.497 

0.539 

0.552 

0.558 
0.589 

0.502 

0.600 
0.585 

0.590 
0.594 

0.801 
0.782 
0.796 
0.780 
0.794 
0.780 
0.791 
0.810 
0 .811  

0.779 
0.795 
0.781 
0.919 
0.929 
0.935 
0.921 
0.932 
0.922 
0.920 
0.953 
0.963 
0.951 
0.926 
0.945 
0.937 
0.908 
0.923 
0.913 
0.911 
0.908 
0.914 
0.911 

0.940 
0.954 
0.938 
0.924 
0.929 
0.940 
0.897 

0.914 
0.914 
0.914 
0.911 
0.911 

0.914 

0.936 
0.948 
0.930 
0.91 1 
0.924 
0.941 

"6 .833" 
0.818 

0.00866 
0.01000 
0.00899 
0.01018 
0.00916 
0.01011 
0.00934 
0.00809 
0.00800 

0.01019 
0.00906 
0 .01012  
0.00385 
0.00331 
0.00300 
0.00375 
0.00315 
0.00371 
0.00384 
0.00210 
0.00161 
0.00221 
0.00350 
0.00251 
0.00292 
0.00592 
0.00482 
0.00557 
0.00570 
0.00590 
0.00544 
0.00570 
0.00360 
0.00265 
0.00374 
0.00470 
0.00436 
0.0^358 
0.00745^ 
0.00600 
0.00600 
0.00600 
0.00620 
0.00620 
0.00600 
0.00425 
0.00338 
0.00473 

0.00626 
0.00516 
0.00388 
0.00729 

0,00824 

500.0 
307.8 
579.7 
338.3 
569.9 
343.4 
600.0 
484.4 
284.0 

381.1 
2 6 6 . 6  
231.3 
370.0 
147.4 

200.0 
1 18.4 
148.1 

180.5 
206.8 
246.7 

175.9 

312.3 

207.5 
141.1 
110.3 

500.0 
243.0 
258.0 
178.9 
199.0 
340.2 
242.1 
345.5 
225.4 
307.1 
260.7 
218.5 
168.6 
424.7 

201.9 

263.5 

173.9 

229.9 
318.8 
239.7 
382.2 
238.7 
270.2 
242.0 
225.3 
207.7 
207.3 
153.0 

122.3 
126 .0  
125.6 
127.6 
123.1 

1 2 1 . 8  

125.2 
124.8 
125.0 

125.1 

130.9 
136.1 

" I 2 6 ' 6  
126.5 
130.0 
128 .0  
125.1 
124.0 
127.4 
128.1 
129.9 
130.8 
126.9 
138.2 
138.9 
125.9 

134.7 
134.7 
136.5 
133.7 
130.0 
137.6 
133.1 
136.4 
137.5 
131.9 
146.2 
144.7 

130.1 

138.1 

139.4 
140.4 

136.5 
133.5 
145.4 
134.9 
138.8 
140.4 
133.6 
148.5 
148.7 

4.82 
5.48 
5.10 
4.74 
5.15 

5.32 
5.83 
5.34 
5.40 

4.89 
5.60 
5.62 
4.18 
4.57 
4.39 
4.00 
4.26 
4.55 

4.94 

4.77 

4.73 

4.79 

4.45 
4.89 
5^10 

4.00 
4,28 
4.17 
3,86 
4.1 1 
4.24 
4,63 
4.67 
4.67 
4.95 
4.25 
5.05 
4^92 
3.97 
4.23 
4.09 
3.82 
4.03 
4.18 
4.53 
4.61 
4.65 
4.93 
4.23 
5.03 
4.89 

131.5 
134.9 

5.48 
5.53 
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Final Best Rts l .6j im S0036 

Sol Wavelength Residual (%) Tau S.S. albedo Innaginarylndex G theta_min # density 

Sol 11 443 2.3 0.532 0.780 0.01019 139.7 136.5 5.02 
Sol 12 443 2.4 0.460 0.781 0.01012 129.3 136.1 4.34 
Sol 13 443 1.6 0.510 0.789 0.01045 185.4 125.8 4.81 
Sol 15 443 2.1 0.525 0.779 0.01022 239.9 126.7 4.95 
Sol 19 443 2.9 0.502 0.769 0.01100 137.7 131.5 4.75 
Sol 22 443 2.0 0.487 0.775 0.01050 179.3 127.6 4.60 
Sol 23 443 1.9 0.505 0.778 0.01029 267.0 124.8 4,76 
Sol 24 443 2.0 0.509 0.774 0.01063 163.6 124.8 4,81 
Sol 25 443 1.7 0.498 0.775 0.01050 169.0 126.7 4,70 
Sol 26 443 1.8 0.546 0.793 0.00919 382.7 120.6 5.13 
Sol 28 443 1.8 0.512 0.771 0.01081 160.7 123.0 4.84 
Sol 32 443 1.6 0.459 0.780 0.01013 186.3 128.4 4.33 
Sol 38 443 2.0 0.523 0.788 0.00959 212.5 126.2 4.92 
Sol 55 443 2.0 0.617 0.787 0.00963 296.1 1 19.7 5.81 
Sol 11 671 1.3'  0.526 0.949 0.00228 84.8 142,4 '  4.58 
Sol 12 671 2.4 0.478 0.951 0.00217 77.3 142.1 4.1 6 
Sol 13 671 1 .4 0.524 0.945 0.00250 100.0 132.0 4.57 
Sol 15 671 1.5 0.532 0.937 0.00288 111.9 130,0 4.64 
Sol 19 671 1.5 0.505 0.945 0.00250 68.0 137.1 4.40 
Sol 22 671 1.6 0.485 0.943 0.00259 97.7 135.9 4.23 
Sol 23 671 1.7 0.501 0.943 0.00258 129.2 131.3 4.37 
Sol 24 671 1.8 0.502 0.951 0.00220 109.2 130.2 4.37 
Sol 25 671 1.4 0.498 0.941 0.00273 90.9 132.4 4.35 
Sol 26 671 1.5 0.542 0.949 0.00231 157.7 127.7 4.72 
Sol 28 671 1.4 0.508 0.948 0.00234 96.6 130.9 4.43 
Sol 32 671 1.3 0.468 0.934 0.00305 111.5 135,1 4.09 
Sol 38 671 1.2 0.518 0.957 0.00190 121.0 128.3 4.50 
Sol 55 671 1.5 0.623 0.958 0.00183 134.7 126.7 5,41 
Sol 11 ^ 898 1.9 0.532 0.948 0.00306 113,7 152.3 '  4.46 
Sol 12 898 1 . 8  0.482 0.949 0.00295 139.5 145.1 4.04 
Sol 13 898 1.8 0.531 0.941 0.00339 141.0 139.4 4.46 
Sol 15 898 1.3 0.545 0.935 0.00392 184.1 136.0 4.59 
Sol 19 898 1.3 0.500 0.941 0.00310 106.4 141.6 4.20 
Sol 22 898 1.5 0.497 0.950 0.00290 205.5 142.2 4.17 
Sol 23 898 1.6 0.518 0.938 0.00374 199.4 136.8 4.36 
Sol 24 898 1,6 0.521 0.939 0.00363 170.8 136,2 4,39 
Sol 25 898 1.3 0.511 0.949 0.00300 200.0 140,0 4.29 
Sol 26 898 1.3 0.559 0.944 0.00328 300.6 132,0 4.70 
Sol 28 898 1.3 0.524 0.940 0.00358 159.9 136,1 4.41 
Sol 32 898 1.3 0.478 0.938 0.00374 194. t  143.9 4.03 
Sol 38 898 1.4 0.539 0.949 0.00301 217.3 132.1 4.52 
Sol 55 898 1.3 0.639 0.961 0.00222 325.0 129.2 5.34 
Sol 11 968 2.2 0.533 0.946^ 6700348 96.5 '  157.4 4.45 
Sol 12 968 1.7 0.488 0.956 0.00282 173.7 145.4 4.06 
Sol 13 968 2.1 0.527 0.933 0.00371 166.2 141.0 4.40 
Sol 15 968 3.0 0.546 0.941 0.00389 206.1 138,8 4.56 
Sol 19 968 2.4 0.503 0.933 0,00407 98,9 146,7 4.21 
Sol 22 968 2.6 0.498 0.939 0.00399 157,2 145,7 4.16 
Sol 23 968 2.2 0.514 0.938 0.00408 202,2 138,9 4.29 
Sol 24 968 2.5 0.517 0.941 0.00391 176.5 138,9 4.31 
Sol 25 968 2.4 0.509 0.943 0.00375 164.6 142,5 4.24 
Sol 26 968 2.9 0.556 0.942 0.00379 301.5 133,8 4.64 
Sol 28 968 2.4 0.522 0.935 0.00435 149.2 139,0 4.36 
Sol 32 968 1.9 0.481 0.935 0.00433 180.5 147,3 4.02 
Sol 38 965 1.8 0.538 0.946 0.00352 245.8 133.6 4.48 
Sol 55 965 2.4 0.633 0.965 0.00218 390.5 131.2 5.25 
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APPENDIX C 

Recalibration of the IMP 443 nm images and results 

A significant IMP calibration issue came to light after our previous paper was 

revised and accepted for publication. A 10 % error in the calibration of the IMP blue-

stereo filters (LO and RO, at 443 nm wavelength) was discovered (P. Smith, personal 

communication). Because the solar aureole image sequences included the LO filter, this 

error affected our initial results for the wavelength dependent particle parameters, most 

importantly the imaginary refractive index published in Tomasko et al. (1999). In 

addition, the sky patch multispectral spot used the RO filter (rather than LO). The 

appropriate correction is presented below. 

The error was discovered when stereo pairs that contain the sky were compared 

after radiometric calibration and showed that the right eye image was systematically 

brighter than the left by a factor of 1.206 ± 0.010 (M. Lemmon, personal communication, 

1999). Specific image sequences tested included S0030, S0031, S0032, and S0033 on Sol 

2, SO 182 on Sol 18, SO 184 on Sol 32, and SO 183 on Sol 75. Similar ratios were observed 

for soil and radiometric calibration target images (specifically sequence 172 on Sol 18) 

after accounting for the different scattering geometries for the calibration target. The ratio 

was nearly independent of temperature (different by about 1 % at -7 °C compared to -40 

°C) and independent of sol. 

A search of the calibration log and the raw calibration images showed that 

the LO and RO absolute responsivities at room temperature had been transposed in the 

reduction of calibration data, and are therefore transposed in Smith el a/. 1997a and Reid 

eta/. 1999. 
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As a result, we recommend correcting the calibrated IMP images by multiplying 

all LO images by 1.098 and dividing all RO images by the same factor. The correction 

factor of 1.098 (square root of the above left-right discrepancy) is only slightly different 

from the ratio of the reported responsivities (1.092 at 0°C), and this correction has the 

property that simultaneous sky images yield the same intensity as measured by each 

eye. 

The primary effect of the calibration error on the preceding aerosol properties 

study is that the intensities published in Tomasko et al. (1999) for 444 nm (Table 9a) are 

too low by 10 %. This affected the results for the wavelength dependent particle 

parameters for the best fitting models (Table 8), most significantly the imaginary 

refractive index. With the transposed responsivities the LO images appeared darker than 

they should have, thus leading to an nj which was too high by about 20 %. 

All image sets analyzed in the present work have been reduced using the corrected 

responsivities for the IMP blue channel, filter 0 Left and Right. 
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APPENDIX D 

Mars Environmental Conditions (dust) Characterization for Future Missions 

Images of the Martian sky taken by the Imager for Mars pathfinder (IMP) have been reduced, and 

the results accepted for publication. Dust opacity over the Sagan Memorial station was determined for 

manv different days at many times of day throughout the Mars Pathfinder mission (P. Smith and M. 

Lemmon, accepted for publication by JGR Sep 1998). In addition, properties of the dust particles, 

including size distribution and single scattering albedo were determined and published for one particular 

dataset (M. Tomasko et al., accepted for publication by JGR Sep 1998). Since that paper was submitted, 

similar analysis has been completed on virtually all of the IMP atmospheric imaging datasets, covering 

Sol 4 through Sol 56 of the Pathfinder mission. 

Recent work completed under this contract has focused on images of Mars taken by the Hubble 

Space Telescope during and just before the Pathfinder landed mission. A reduction code has been 

developed which can determine the longitude, latitude, scattering geometry, and absolute intensity for 

every pixel m the HST images. Cuts can be taken across the disk of Mars from terminator to limb at given 

latitudes, and compared to our models of the radiative transfer in the Martian atmosphere for those 

scattering geometries. 

We have been successful in modeling the intensity of the atmosphere plus surface over the central 

portion of the disk, allowing for some flexibility in interpolating surface reflectivities (Hapke w 

parameter) from Johnson et al 1997. Our goal now is to separate the contributions from the ground and 

atmosphere, and we have determined it is possible to do this by using the spatial surface albedo 

variations in the near infrared images, where the atmospheric contribution is small and fairly well 

known, to estimate the albedo in the blue and near ultraviolet images, where the atmospheric 

contribution to the intensity dominates. Specifically, we have demonstrated that selected distinct 

regions of light and dark surface material (see features in Fig. A) show a regular behavior in the ratio of 

their albedo in near IR to their albedo in visible wavelengths (see Fig. B). This gives us confidence that 

the albedo of most regions on the surface can be extrapolated to visible wavelengths. Once the surface 

reflectivity is determined, it is a straightforward matter to determine the dust opacity at any 

wavelength, for any latitude between ±20°, and any longitude in these images (see Fig. Q. 

For the future we propose to (1) determine the surface reflectivity for as much of the surface of 

Mars as we can (and we can identify any features for which this method will not work by noting the 

irregular behavior of their surface reflectivity with wavelength, though these should make up only a 

small fraction of the surface); (2) for those regions with well behave surface spectra, extrapolate the 

surface reflectivity at visible wavelengths; and (3) use this reflectivity information to model the dust 

opacity required to match the absolute intensities in the images as a function of location on Mars. 
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Figure captions; 

A) A terminator to limb cut through a near [R HST image of Mars at the latitude of the MPF landing site 
(19.2° N). Surface features dominate the intensity signal at these long wavelengths, and surface albedo 
variations can clearly be identified. 4 bright regions (labeled A - D) and 4 dark (E - H) are indicated, 
along with the Pathfinder site (MPF). 3 models of the brightness are overplotted, using the standard 
atmospheric model for dust at the MPF site published by Tomasko et al., but with varied surface 
reflectivity (Hapke w of 031, 0.42, and 0.48). 

B) For the 9 features identified in Fig. A, relationship of the surface reflectivity at 953 nm to that at 
shorter wavelengths (673 nm, 588 nm, and 502 nm). Note the regular behavior, with the possible 
exception of features E (Lunae Planum) and H (Rutherford crater). 

C) .Another terminator to limb intensity cut at 19.2° N, overlaid with models with fixed surface 

reflectttivty, but 3 different dust opacities to (0.3, 0.5, and 0.8), showing the sensitivity of models to Tq. 
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