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ABSTRACT 

During 1988-89, the 1.5 m telescope on Mt. Bigelow, Arizona, combined 

with the Lunar and Planetary Laboratory echelle spectrograph, recorded 20 spec

tral CCD images of Mars during early spring, mid- and late summer, and autumnal 

equinox in its southern hemisphere. These images contained absorption features 

which permitted latitudinally resolved measurements of water vapor column abun

dance in the martian atmosphere on these four occasions, corresponding to the 

areocentric longitudes (Ls) 208, 320, 340, and 3600
• This dissertation describes the 

acquisition, analysis, and modeling of this data set. 

Photochemical models at different latitudes predicted ozone column abun

dance at Ls = 2080 when initialized by the observed water vapor abundances. 

Matching simultaneous ozone abundances, also measured from the ground, required 

eddy diffusivities at altitudes between 5 and 15 km that were at least two orders of 

magnitude lower than the values greater than lOB cm2 sec-1 assumed above 30 km 

altitude, especially at south polar latitudes. 

Legendre polynomials and interpolating parabolas described the observed 

spatial and temporal behavior of the martian water vapor for Ls = 320, 340, and 

3600
• Integrating the fits with latitude derived visible disk and globally averaged 

abundances as a function of time. A budget based on these abundances suggested 

the southern hemisphere subsurface to be a source, and therefore a reservoir, of wa

ter vapor during this season. The large magnitudes and signs of effective meridional. 

diffusivities for the data implied the water vapor's disappearance to be more likely 

due to condensation and adsorption into local sinks than to atmospheric transport. 

When compared with Viking water vapor data, the Catalina abundances hinted 
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that dust was a mechanism for shielding water vapor from ground-based observa

tion and that northward transport was more efficient during a dusty southern spring 

and summer than during a dustless one. 

Finally, a one-dimensional analytical meridional diffusive model and a two

dimensional diabatic circulation water transport model confirmed the idea of a 

southern hemisphere subsurface source and sink for the Catalina water vapor, and 

more efficient northward water transport during dusty southern spring and summer. 

Moreover, both transport models suggested that the large amount of water seen from 

the ground during 1969 was not sublimed from a south polar residual cap of water 

ice. 



22 

CHAPTER 1 

INTRODUCTION 

1.1. INTRODUCTION 

Why would anyone care where and when water appears in vapor form in an 

atmosphere, even the Earth's atmosphere, let alone the pitifully thin atmosphere 

of Mars? ,,\Vhy would a person spend years at such a pastime, risk alienating his 

spouse, tear himself away from his clinging child every day, subject himself to the 

gibes and taunts of senior faculty simply to observe, predict and/or explain why 

more water vapor is observed on one side of a tiny circle of light than on the other 

side when seen in a night sky lit with millions of such lights, most of them !nuch 

brighter and human in origin? 

This chapter tries to explain why. It introduces the work described in this 

thesis. The first section reviews water and life and asks about their connection when 

a planet's biosphere is thought of as a single organism. Since the biosphere doesn't 

seem capable of influencing the presence and distribution of water seasonally, a 

variable necessary to life on the Earth, water abundance, seems left to chance. The 

second section describes the Earth's water cycle. The final section briefly reviews 

what is known about martian reservoirs and the martian water cycle and introduces 

this thesis, which reports measurements of martian water abundance as a function 

of latitude during southern hemisphere spring and summer and interprets them in 

terms of water reservoirs and atmospheric transport. 
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1.2. "VATER AND LIFE 

For fifty thousand years we have contemplated the strangeness of our uni

verse and we have yet to contemplate anything more wondrous than life. Its presence 

makes our immediate surroundings special. It may be unique, and is certainly rare, 

in a universe that must be filled with objects on which life might have been shel

tered, but wasn't. If we had access to the ensemble of all such environments we 

would immediately direct our attention to the one case of successful genesis and 

ask why it was unique, sure of solving the puzzle. In an inevitable, but happy, 

circumstance, this one example of interest lies around us, accessible. It awaits our 

attention. 

The setting in which life arose and thrived in this neighborhood of the 

universe focuses on a middle-sized, middle-aged ball of hot plasma, a star, circled 

by a largely unseen population of smaller and colder objects, made of rock and ice: 

planets, satellites, asteroids, and comets. The planets and satellites orbit this sun 

in two sets, inner and outer, while tens (hundreds?) of thousands of asteroids and 

millions (billions?) of comets can penetrate everywhere. Dedicated examination of 

craters on the surfaces of the least altered planets and satellites substantiate what 

might have been guessed from the last three words of the previous sentence: the 

smallest bodies continually strike the larger, and did so with unmatched frequency 

during the first half billion years of the solar system's formation. 

When these bodies impacted, their constituents comingled with those of the 

planets on which they landed. The molecules an impacting planetesimal added to 

the planet depended on the distance from the sun at which it formed. The further 

away this region, the colder it was and the more likely it was that the re~u1ting 

body contained volatile constituents, molecules likely to stay in gaseous form at 
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warmer temperatures. If the compositions of these planetesimals resembled those 

of contemporary objects with similar orbital characteristics and, perhaps, origins, 

then they would have contained substantial quantities of the water molecule. The 

presence of this molecule in liquid form seems indispensable for the origin and 

continuous existence of life on Earth. Two facts would strike an objective observer 

when viewing the five planets of the inner solar system for the first time: the Earth's 

profusion of liquid water and its profusion of life. It would come away convinced 

that they're connected. 

But when one contrasts the two phenomena the connection seems more 

the result of chance and opportunism; surely life could arise in some form with

out water? Life is exaggeratedly and excessively complex on all spatial scales; its 

complexity is self-similar. Water is a simple molecule of three atoms. A typical 

protein has 9000 atoms and a three-dimensional structure that allows it to act as 

molecular scaffolding for the mating or separation of other molecules just as huge, 

and no others. A million different types of protein molecules can exist in a single 

living organism. The DNA molecule may have 200,000 atoms and stores the coded 

instructions for the processes of life itself within every cell of a multicellular be

ing. A single living organism usually cannot successfully pursue a career without 

forming alliances with other totally unrelated organisms that span a whole range of 

chemical complexity. Some of these organisms, the bacteria, are possessed of such 

chemical virtuosity that if a chemical synthesis or conversion exists in inanimate 

nature, a bacterium can probably be found that can duplicate it. And yet all of 

the processes of life, at least in this part of the universe, depend on large amounts 

of an amalgam of two hydrogens and an oxygen to such an extent that life cannot 

exist in any of its many-billion morphologies without them. 
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Life is not a property of substance easy to define. A galactic observer, 

steeped in the physics and chemistry of stars being born in collapsing clouds of 

gas and dust, maturing to a middle age, and dying in yarious spectacular fashions, 

simultaneously dispersing their constituents to seed future births, would conclude 

that the ability to produce identical copies of itself distinguishes the living entity 

from the nonliving. Nothing about this definition requires the existence of water. 

Water does not record within its structure, even temporarily, the chemical infor

mation needed to generate life. Energetically, life exists because certain organisms 

use the sun's energy to reduce carbon in order to make the fuel oxidized by every 

living thing to power its existence. Water certainly provides a source of hydro

gen to accomplish this reduction, but other sources of hydrogen exist. The Jovian 

atmospheres are filled with reduced species; why have we not detected life there? 

Either the above definition must be incomplete or water's simplicity decep

tive. Its existence is hardly surprising; it unites the two most abundant reactive 

species in the known universe. The extremely electronegative oxygen atom captures 

two atoms of only mild electronegativity and forms a bond so polar as to be almost 

ionic in character. This union prevents, or greatly hinders, either of these two 

species from reacting with anything else, like carbon, because the water molecule is 

fairly stable, with a free energy offormation of -230 kJ mol-1 at room temperature. 

Carbon dioxide is even more stable (6..Go f = -395 kJ mol-I) but hydrogen is so 

much more prevalent in the universe that most of the oxygen binds with hydrogen 

first, not carbon or nitrogen. Any oxygen bound as water must be released by 

inputting a decent amount of energy. 

Because of the positive correlation between the oxidative state of most 

species and their negative free energy of formation, one can look at the universe 
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in chemical terms as running toward a state of maximum oxidation. The more 

oxidized states allow the negative electrons of the universe to exist closer to the 

positive protons of nuclei than they would around a hydrogen atom, for example. 

Within this scenario, water represents both a small oxidation of hydrogen and an 

immense reduction of oxygen, an attempt by the hydrogens to satisfy the electron 

deficiencies of oxygens, at the cost of less than 0.1% of their number. That such a 

union arises so logically and naturally demonstrates that geometry and enumeration 

are physical principles as subtle as discreteness, exclusion, and uncertainty in the 

way they organize the universe's constituents. 

In its liquid and solid forms water exhibits behavior that greatly aids and 

perhaps enables life's processes. The statement "water is a very polar molecule" is 

analogous in significance to "humans have opposable thumbs." Its polarity engen

ders an entirely separate chemical bond, the hydrogen bond, between the positive 

and negative parts of different water molecules. It allows high melting and boil

ing temperatures. 'With its polarity, water can easily dissolve chemical species and 

facilitate their entrance into the liquid state. This connects the liquid state with 

the gaseous state, in which such chemical constituents can be rapidly transferred 

from place to place. It leads to a packing arrangement that mal(es liquid water 

denser than the solid phase allowing bodies of water to freeze from the top. The 

bonding is strong enough to give water a high surface tension and allow colloids and 

suspensions to exist for long periods of time. In its solid phase it can even swallow 

molecules whole and unaltered under wide conditions of pressure and temperature 

within cagelike structures called clathrates. In short, water provides an active, re

sponsive, and mobile medi'um for the processes of life. Life, at least in this corner of 

the gala.."<y, cannot exist in a vacuum, in a gas, bonded within a condensed matrix, 
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or in a plasma. Individual living organisms require a liquid water cladding simply 

to be. 

This isn't the whole story though, not by a long shot. The sun wasn't 

always beaming 1350 Watts per m2 toward the Earth; if our understanding of a 

star's workings are correct, it used to emit but two-thirds of this energy. Yet life 

has existed throughout most of the sun's lifetime. Life can't just be a collection of 

individual organisms reacting to their surroundings. Four billion years of living sta

bility in the midst of orbital, thermal, radiative, and chemical change has produced 

a new living organism: life-as-a-whole, the biosphere. As a biosphere, the surface of 

the Earth acts as a member of the species of planetary organisms, controlling its at

mospheric composition and thus temperature and pressure with chemical feedbacks. 

The organisms of the Earth have taken over the atmosphere to such an extent that 

most atmospheric molecules have biological sources and sinks that add and subtract 

them from the gaseous state over times rapid when compared to geological time. 

By manipulating their concentrations, the biosphere has evolved to be capable of 

influencing the surface temperature and stabilizing gaseous water chemically near 

the Earth's sunace by shielding the surface from ultraviolet radiation and cosmic 

rays. The biosphere today can be a source for all these chemicals because it can 

produce the reduced form of an element and leave the oxidation of this element to a 

very oxidizing atmosphere. It can act as a sink for an element by using the element 

as a fuel for an oxidative or reductive process. 

Yet it seems clear that water is needed to maintain these homeostatic mech

anisms on a global scale. It is too useful. As a gas, it is a perpetual ambiguity, 

reflecting the differing character of the two atoms it unites. It is a frozen armistice 

between the electrical positive and negative: instead of cancelling these opposites, 
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it preserves their differences. A simple system of chemical checks and balances can 

be projected anywhere at a molecular level. Because water is oxidized enough to 

be stable under the pressure, temperature and content of a typical planetary at

mosphere it permits the retention of large amounts of hydrogen when such would 

escape readily from the planet's gravitational field. Yet its susceptibility to ultravi

olet light sets loose its energetic cousin, the hydroxyl radical, a non-discriminatory 

reactor that functions as an atmospheric cleanser. When water vibrates and ro

tates, as molecules are wont to do readily when subjected to planetary thermal 

radiation, water's dipole moment produces a strong coupling to the electromag

netic field. The strength of this coupling makes its detection straightforward. It 

also makes it a strong greenhouse gas. In fact, the Earth's greenhouse is largely due 

to water. On the other hand, water ice's high albedo allows polar ice and snow to 

reduce the amount of solar energy retained by the Earth, if needed. Thus water can 

both warm and cool the surface of the Earth, as needed, and permits the operation 

of feedbacks that can control this process. Somehow, someway, water must be an 

agent of life. 

Among the atmosphere's species, water's gaseous concentration is unique 

in not being controlled by the biosphere. (Except for the example of methanogenic 

bacteria, which need H2 in order to reduce oxygen and make water. Could the 

prevalence of these bacteria during the early Earth have made the existence of water 

at the start unnecessary, allowing the Earth to gradually accumulate its inventory of 

water? Another possible counterexample are DMSO-producing bacteria which seem 

able to encourage cloud condensation. And what about the effect of transpiration 

in increasing the amount of water and influencing climate?) Since water is closely 

associated with living processes and indeed accounts for most of the bios·phere's 
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mass, including regulating the surface temperature within a range amenable to life, 

the very presence of the atmospheric molecule most closely associated with life is 

the result of inanimate physIcal chance. 

More relevant to this work, water's distribution to all parts of the biosphere 

and the atmosphere also has a blissfully inanimate rythym. The Earth as an object 

on which physics and chemistry operate has a water cycle of supply and transport 

that operates from one year to the next with the degree of regularity necessary to 

continuously support life. If certain aspects of the details of thiG cycle are unsatis

factory, the biosphere must simply work around them, or attempt to change them. 

Mechanisms by which the biosphere can control this. transport process have yet to 

be demonstrated. Since the biosphere has continued to exist for billions of years it 

seems that either the Earth was lucky enough to inherit an inanimate cycle very 

successful in distributing water just where it was needed to perform the tempera

ture, chemical, or structural task desired, which seems unlikely, or that biological 

controls mechanisms exist but haven't been discovered yet. 

The details of this cycle may contribute to, or even explain, the rarity of 

life in other members of a galactic ensemble of similar possibles. The transport and 

migratory processes within and between planetary atmospheres and the spheres 

belonging to the other physical states of water: liquid, biological, solid, and ad

sorbed impose its abundance pattern on a planet. These various states each have 

their corresponding cycling timescales, ranging from the rapid to the sluggish and 

each can influence the development and progression of life. How can we hope to 

study changes that happen over climatological or geological time periods? Over 

longer timescales, for example, especially those during which large amounts of wa

ter move into and out of the Earth's polar regions, changing albedos can cause 
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secular temperature change by altering albedo. To this date, our data set is limited 

to observations extending over thousands of years for the Earth, and but a few tens 

of seasons for :Mars. 

The mechanisms by which an atmosphere moves species from place to place 

over its surface do not change in character from eon to eon; they are seasonal phe

nomenon, that owe their existence to an instantaneous balance of forces and ener

gies between the Sun and the planet that cannot be created by life, only, perhaps, 

moderated. Perhaps it is not their strength, but their timing which the biosphere 

influences. In any case, it is these transport mechanisms which should be studied 

and which can be studied. 

The atmospheres of the Solar System other than the Earth's, while differ

ent in composition, temperature and pressure, are controlled by the same balance 

of forces and energies as on the Earth. Studying these atmospheres, which are 

similar to ours in certain respects and different in others, helps us learn about our 

own atmosphere. In particular these atmospheres provide diverse examples for the 

transport of atmospheric species, not only water, over the surface of the planet and 

their delivery and accumulation into reservoirs. This thesis presents the results of 

such a study for the martian atmosphere. This atmosphere has much to recommend 

it. It is thin and cold, thus its volatile constituents, water in this case, are read

ily observable by Earth-based telescopes. The atmosphere's composition, mostly 

carbon dioxide, simplifies modeling its energy balance, necessary for modeling its 

transport. 

Other than the Earth, the place in the known universe where it is evident 

that large amounts of liquid water have flowed is Mars. Measuring water vapor in 
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Mars' atmosphere in order to study its water cycle forms the goal of the work de

scribed in this dissertation. It describes observations of the latitudinal distribution 

of the planet :\Iars' atmospheric water abundance. Then it models the planet's ver

tical transport and photochemistry to predict the latitudinal distribution of martian 

ozone abundance in order to compare with ozone observations made simultaneously 

with the water measurements. Finally it uses models of its atmospheric transport 

to learn more about water reservoirs and assumptions about reservoirs to constrain 

the transport. The duality of this operation will be a recurring theme in this work. 

1.3. THE EARTH'S WATER CYCLE 

The water cycle on the Earth has three parts corresponding to the three 

physical states of water: gas, liquid, and solid. Each state of water has its own 

cycling time, the time a typical water molecule remains within this reservoir before 

it suffers a change of state. These times are proportional to the water inventories of 

each reservoir. 'Water is evaporated, transported, and condensed by the atmosphere 

in times ranging from a day to ten years. In times of order a thousand years it 

has a separate section that transports water through the world ocean. Another 

section, the cryosphere, encompasses the movement of water as ice especially on the 

Antarctice ice cap or permafrost at high northern latitudes over times of thousands 

to millions of years. 

Since the cycle operates on different time scales, it is forced on different time 

scales. Seasonal variations are forced by the Sun's oscillating declination as a year 

proceeds. The transport of water to and from regions in gaseous form responds 

to these variations by changing its character and strength. Climatic variations 

over time periods decades to centuries in length are very controversial and may 
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be forced by sporadic events such as volcanic eruptions, the Southern Oscillation, 

and ant,hropogenic emissions and land-use changes. Cryospheric variations 011 the 

Earth are forced by cyclical variations in the Earth's orbital eccentricity, obliquity, 

and argument of perihelion over intervals tens of thousands of years in length; 

they correspond to the times over which water is cycled through the cryosphere. 

Biospheric variations may be forced by the opening and closing of major ocean 

basins, collisions between continents that raise major mountain chains, alterations 

of the oceanic circulations, and variation in the frequency of impacts caused by 

extraterrestrial objects. And finally atmospheric variations may be forced by the 

addition and subtraction of major species such as oxygen or water to the terrestrial 

inventory over periods of hundreds of millions to billions of years. Each of the 

longer timescales is mostly, but not completely, impervious to the effects occurring 

on shorter timescales, analogous to the way that a cow is not senstive to the exact 

placement and distance of the cloud of flies that buzz around it, but it is somewhat 

aware of their existence and might even respond to the swarm by moving somewhere 

else in the field. Hence when discussing the cow's position in the field, the flies 

cannot be ignored. 

The connection is even stronger for the seasonal water cycle and the behav

ior of water during longer time periods because the transport physics that occurs 

on seasonal time scales is all the physics there is. Thus a better analogy would be 

how the motion of individual flies affects the position not of the cow, but of the 

swarm. 

Humans desire a good knowledge of the Earth's water cycle not only because 

of its scientific interest, but also because abundant quantities of the molecule water 

make life possible. The atmospheric branch of the Earth's water cycle determines 
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which regions of the Earth's surface dry up and which grow into lush forests. To 

know if Mars ever supported life in the past or will ever support it in· the future, 

we need an equally coherent understanding of the martian cycle. Studying the 

operations of Ivlars' water cycle can teach us about its atmosphere's circulation 

patterns, how its atmosphere and surface interact, and the magnitude of the polar 

and subsurface water reservoirs. It can identify specific regional reservoirs of water. 

This has great relevance for future efforts to search for evidence of life in the present 

and past. It also has great relevance to explaining the vast releases of liquid water 

that left their traces on the surface sometime in the planet's past. And finally if 

humans are to inhabit the planet Mars for any length of time, mission planning will 

require water reservoir maps. 

In the tropics, the Earth's atmosphere entrains water vapor in its mean 

meridional circulation, the so-called Hadley celis, and propels it toward the equator 

from both hemispheres to release its stored latent heat, fueling the equatorial storms 

termed the Earth's "firebox". At mid- and high latitudes, the traveling storms that 

constantly circle the globe dominate; their mixing action transports water vapor 

toward the poles. Storm systems held stationary because of topography have a 

more ubiquitous, but more minor, effect, present at most latitudes, and also act to 

mix water toward higher latitudes. 

These three patterns of meridional atmospheric motion represent three dif

ferent ways to organize the water vapor flux, the product of wind velocity and water 

vapor amount. More exactly, they represent the three terms contributing to the rate 

of water abundance change as written below (Sellers, 1965). If if denotes a time 

average of a quantity x at a given latitude and x, is its deviation from that time 

average, if [xl denotes an average over a latitude band at a given time and x* is 
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its latitudinal deviation, then the rate of increase of water vapor over a latitudi

nal band due to meridional transport, Cm (units = cm-2 sec-1 ), has the following 

dependence on the horizontal wind speed u and the water vapor abundance Wa 

(1) 

where L is the length of the given latitude band and A is its area. We must average 

the quantities u and Wa with respect to altitude before inserting them into (1). 

The first term are due to the mean meridional circulation, the second to station

ary eddies, and the third to traveling eddies. Identifying and distinguishing these 

three meridional water transport mechanisms is thus dependent on our mathemat

ical model of transport and is useful only if the separate transport terms actually 

represent separate physical effects. 

We begin this study of martian water transport with this formulation in 

our minds and test it as we proceed. 

Water conservation in an atmospheric column balances the rate at which 

the water vapor abundance as water is added to and subtracted from the column. 

Sublimation of subsurface ice plus desorption from the regolith (E) and atmospheric 

transport of water vapor from neighboring columns (Cj) add water to the column. 

Precipitation (r), condensation and adsorption (D), and transport out of the column 

(co) subtract water from the column. The rate at which moisture increases in the 

column is thus 

9a = E + Cj - r - D - Co 

=E-D-D..c 
(2) 
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where 6.c = Co - Cj denotes the net flux of water vapor out of the column and we 

have neglected precipitation (Sellers, 1965). 

For the Earth, the rate at which water storage increases in the column, ga, 

is usually much smaller than the other terms of (2). This is even more true for·Mars 

because its atmosphere cannot hold as much water relative to its pressure as the 

Earth's atmosphere can hold relative to its pressure; colder temperatures make this 

true. Extending the time period dt O\'er which one applies the equation 'only 'makes 

this assumption more valid. Over a whole yea:..' the quantity ga should average to 

near-zero. We find that 

D -E= -6.c (3) 

or the atmosphere carries away the amount of water lost by a column of the sub

surface over the course of a year. On the other hand, the atmosphere delivers the 

amount of water added to a column of subsurface during the year. Equation (2) 

above is balanced predominantly by the sources and sir1.ks, not by storage in the 

column. 
.. ~ 

On the Earth, the oceans balance the deficit of water carried away by the 

atmosphere over the tropics by an oceanic flow of water toward the equator from 

high latitudes. Precipitation and runoff feed this flow; the ability to gather such 

fundamental data as current speeds as a function of ocean location and depth in a 

straightforward fashion creates this understanding. The ocean itself can be thought 

to consist of several different reservoirs each with its mixing time. A 75 m deep 

surface layer is mixed on timescales of a few days to a few months. The thermocline, 
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a 400-500 m thick layer of lower temperature is mixed on times cales of decades. The 

even colder deep ocean is mixed in times of a thousand to ten thousand years. 

The water cycle on the Earth is fairly described by the many gears of a 

clock, each turning at a different rate, but turning together nonetheless. Seasonally 

water evaporates from the ocean, is carried poleward by the atmoshere to contribute 

to polar ice and equatorward by the ocean to donate its latent heat to the equa

torial Hadley cells. Runoff carries water that falls as rain on the continents to the 

oceans, cutting the continents, dissolving their sediment and carrying the products 

to the oceans. In the atmosphere water rises and punctures the tropopause either 

in mid-latitude convective cells or at the equator within the rising branch of the 

tropical Hadley cell. In the stratosphere water begins to be significantly photolyzed, 

decomposing to very reactive molecules that provide a natural check on ozone levels 

and permit erythemal wavelengths to penetrate to the surface where they influence 

the mutation rate and thus, perhaps, the evolution of the biosphere. 

1.4. WATER ON MARS 

Does Mars ha'ue a water cycle in the terrestrial sense? If so, what are 

the major reservoirs and how does the cycle operate? There are no oceans on 

Mars to provide a returned liquid to balance the movement of water through the 

atmosphere. There is no way to observe how much water might be transported 

within the subsurface by a ground water return flow or by adsorption and desorption. 

But even on the Earth, where probes to measure current velocity can be inserted 

into the oceans, the water cycle results from the short-term conservation of water 

within the atmosphere-biosphere-ocean system, no trivial task, when one keeps in 

mind water's continual variability within this atmosphere on all timescales. Hadley 
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cells and atmospheric turbulence move water vapor through the troposphere in 

times ranging from hours to months. To a very good approximation water, neither 

created nor destroyed, simply moves from phase to phase at single locations and 

from place to place while in a single phase. Thus scientists principally study the 

water cycle by recording the movement of atmospheric water vapor. This method 

can be employed for Mars. 

Ground-based observations, pursued for two decades now, have shown the 

water abundance of the martian atmosphere to change spatially and temporally on 

a seasonal timescale. Maxima in global water abundance occur twice yearly, just 

after the summer solstice in either hemisphere. The perennial northern cap, which 

remains in condensed form throughout the height of summer solstice, seems to be a 

resel'voir of water ice. Moreover, the northern subsurface, and probably the southern 

subsurface, seem to be water reservoirs. Abundant geological evidence shows that 

torrents of water have flowed from subterranean aquifers at various times during 

the planet's past, and that sapping and even surface runoff have created networks of 

channels similar to such channels on the Earth. The nature, location, and history of 

such aquifers is shrouded in mystery. How the water made its way to the surface in 

such quantity is also a mystery. Models of regolith desorption cannot release enough 

adsorbed water from the martian regolith to explain the geological' evidence, when 

subjected to the temperature oscillations that would occur as the orbital elements 

cycle. The references for this paragraph: Barker et al., 1970; Tull, 1970; Barker, 

1976; Jakosky and Barker, 1984; Farmer et al., 1977; Kieffer et al., 1976; Jakosky, 

1983; Haberle and Jalwsky, 1990; Baker, 1982; Sqyres, 1984; Baker et al., 1991; 

Toon et al., 1980. 
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We are uncertain about the amount of water actually contained within the 

subsurface, permafrost and regolith, increasingly implicated as a major repository of 

water. The amount condensed onto the seasonal carbon dioxide caps, which would 

be released as the seasonal temperature wave moves poleward, is also uncertain. 

As B. J akosky pointed out, distinguishing between the contributions of regolith 

reservoir and seasonal ice cap to spring and summer water abundance measurements 

is difficult because their temporal response to seasonal warming is similar (J akosky, 

1983). 

It is uncertain if carbon dioxide covers the south pole permanently or oc

casionally uncovers a residual cap of water frost, as in the north. Viking infrared 

observations over the south polar cap produced no evidence for a residual water 

ice cap; CO2 survived at the sou~h pole all year long during the Viking year (Ki

efi'er,1979) and during the Mariner 9 year (Paige et al., 1990), supporting the idea 

of a permanent CO2 south polar cap. However, during the 1969-70 apparition of 

Mars observations showed the atmosphere to contain 6 times as much water vapor 

planetwide during southern summer as was seen by Viking in the southern hemi

sphere at the same season in 1976 (Barker et al., 1,970). By comparison to and 

analogy with the Viking northern hemisphere summer water abundances this water 

might have come from the south polar cap (Jakosky and Barker, 1984; Rizk et aI., 

1991). If one accepts the 1969-70 measurements as valid, then, together with the 

ground-based record, they imply that the southern CO2 cap disappears in some 

years and not in others, occasionally exposing a residual H2 0 ice cap (Jakosky and 

Haberle, 1990). 

The fact that water vapor is observed at all in the martian atmosphere 

indicates that water is either being redistributed from reservoir to reservoir, or 
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originating and returning to the same reservoir. If the latter, then Mars could 

not be said to have a watel' cycle like the Earth's, even one that operates over 

the long term. If the former, then Mars would have to have a water cycle on 

some timescale, unless irreversible transfers of water from reservoir to reservoir are 

occurring seasonally in the planet's atmosphere. At the present time we cannot 

decide between these possibilities for Mars. 

Deciding between these possibilities cannot really be done d~finitively with-
It 'J 

out modeling the release, transport, and loss of water vapor to, within, and from 

the martian atmosphere over a period of many years, the task of a martian climatic 

model. Producing results that are believable malces such models difficult to formu

late and run because they should include all three terms in equation (1) above. Such 

models could conceivably answer the questions about martian water reservoirs and 

the martian water cycle posed above simply by being run over a time of thousands 

of years. 

The general circulation of the martian atmosphere has been studied, cul

minating in sophistication with the :tvlats Genera1.circulation Model (Pollack et al., 

1990), which has modeled the relative importance of the various tlrculation mecha

nisms as a function oHime and latitude in the martian atmosphere. Unfortunately 

this model has not yet been applied to the problem of water transport. The most 

sophisticated water transport model running for Mars at the time this work was 

in progress was the two-dimensional diabatic circulation model developed by R. M. 

Haberle at NASA Ames (Haberle etal., 1982; Haberle and Jakosky, 1990). This 

model calculates the transport accomplished by the first term on the right-hand 

side of (1). 
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This dissertation addresses the issues discussed above. Ground-based mea

surements of water vapor abundance in the martian atmosphere were acquired dur

ing 1988-89 (Rizk et al., 1991). Photochemical models at different latitudes pre

dicted ozone column abundance at La = 2080 when initialized b~r the observed water 

vapor abundances. Matching simultaneous ozone abundances, also measured from 

the ground (Espenak et al., 1991), required eddy diffusivities at altitudes between 

5 and 15 km that were at least two orders of magnitude lower than the values 

greater than lOB cm2 sec-I, assumed above 30 km altitude especially at south polar 

latitudes. 

A budget based on the observed water abundances suggested the southern 

hemisphere subsurface to be a source, and therefore a reservoir, of water vapor 

during this season. The large magnitudes and signs of effective meridional diffusiv

ities for the data implied the water vapor's disappearance to be more likely due to 

condensation and adsorption into local sinks than to atmospheric transport. When 

compared with Viking water vapor data, the Catalina abundances hinted that dust 

was a mechanism for shielding water vapor from ground-based observation and that 

northward transport was more efficient during a dusty southern spring and summer 

than during a dustless one. 

Finally, a one-dimensional analytical meridional diffusive model and R. M. 

Haberle's two-dimensional diabatic circulation water transport model, mentioned 

above, confirmed the idea of a southern hemisphere subsurface source and sink 

for the Catalina water vapor, and more efficient northward water transport during 

dusty southern spring and summer. Moreover, both transport models suggested 

that the large amount of water seen from the ground during 1969 was not sublimed 

from a south polar residual cap of water ice. 
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CHAPTER 2 

WATER ABUNDANCE MEASUREMENTS 

This chapter describes four telescopic measurements of martian water abun

dance during an 8-month period from June 1988 to February 1989 and compares 

them with other observations, which it also describes. It points out that even 

though remote missions like Viking and Mars Observer gather dependable data 

globally, they are limited to the mission durations which tend to last no more than 

1 martian year. They do not monitor the martian water cycle continuously enough 

to detect variations from martian year to year. Thus continuing and expanding a 

ground-based program of martian water measurements is an acceptable alternative 

less expensive. 

2.1. INTRODUCTION 

A scientific measurement is like a painting in at least one important way. 

Both exist in an environment created by the set of other measurements or other 

paintings. Before being judged on its own merits, each must be located within this 

setting. This is especially true for the observations reported in this chapter because 

no one has questioned their performability for two and a half decades, as long 

as they've been performed. And since the Viking orbiters tracked martian water 

abundance variability through a complete seasonal cycle, the seasonal behavior of 

martian water has been no mystery. At the climax of the Viking mission, the human 

species moved forward from ground-based observation, which could be compared 

to standing on tiptoe, one eye open, peering through a smudged and dirty window 
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to study a streetlight twenty miles away. It had actually sent its proxies right up 

to the naked bulb to do the looking. "With such tools at our disposal 20 years ago, 

why today are we still perched on our toes? 

The simple answer: no spacecraft launched or planned to be launched to 

Mars at the present time has as its goal the continuous climatic monitoring of the 

martian atmosphere. We know more about the Moon, an airless, waterless body 

that could not support a human outpost without continual resupply, than we do 

about Mars, a planet with an atmosphere and clear evidence of a complex geological 

past on the surface, including volcanoes and running water. The chances are slim, 

but nonzero, that Mars might actually have evolved life at some time in the past and 

that the remnants of this event might be lying on or beneath the surface, waiting for 

us. The previous chapter mentioned how remarkable this is. Conditions endemic to 

the formation of life might have existed in the past of a planet that is located not at 

the center of the Galaxy, not circling some insignificant red or yellow star so obscure 

that humans could conceivably spend millions of years of sub-light travel looking 

for it, but is our neighbor, a body with such a thin atmosphere (made of IR-active 

and remotely diagnostic CO2 , no less) that, except during its huge (and interesting) 

global dust storms, the surface is always visible. It is a body remotely accessible 

with no advances in technology; all we have to do is go. Clearly, humanity, a species 

frozen in time-honored modes of combat and struggle, struggle with itself, struggle 

with other species, struggle with its own atmosphere, that views its Universe as a 

place of hostility and confrontation, does not deserve such a golden opportunity. 

After landing on the Moon, we revealed our goal in launching vehicles and 

humans outside the confines of the atmosphere. It was not curiosity, nor wonder 

that drove us forth, but merely the desire to get a jump on a perceived adversary. 
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Did we really want so little and value the marvel of what we'd done to so small a 

degree that after we'd achieved our photo opportunity, we threw away not only the 

tools of our accomplishment themselves, but even the very capacity to make them? 

It seems that we did. The deed lies during a time when most of us now entering 

the field were children, but we had eyes and brains and what we saw left us in a 

state of astounded and helpless perplexity. It was inconceivable that, having spent 

so much money, knowledge, and effort to land humans on the Moon, we would not 

spend a fraction of that cost to study Mars remotely with equal fervor. 

The American effort to reach the Red Planet was crowned in the next 

decade by the resounding successes of the Mariner series of space probes, especially 

Mariner 9, and by the two Viking spacecraft, conceived and launched in the heady 

Apollo era of space exploration to search for life on Mars. At the time it surely 

seemed only a preliminary reconnaissance, preparing the way for a more intensive 

study of the martian atmosphere and surface on a par with the lunar exploration. 

However, even as Viking was fulfilling its ambitious mission profile, a significant 

decision changed the direction of the American space program to stand and fall 

with the Space Shuttle and all else was sacrificed to ensure the success of this 

ambitious project. A working operational capability to launch spacecraft to remote 

places in the Solar System, the expensive initial investment in which had already 

been made, was thrown away. 

In the final quarter of the twentieth century, a budget dominated by the 

costs of launching the Space Shuttle to near-Earth orbit a few times a year and 

building an orbiting space platform with an inspiring name to accomplish uninspir

ing science has made the technically routine task of launching unmanned vehicles 

to study our solar system practically impossible. The next American spacecraft 
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to study Mars, the Mar8 Ob8er'/Jer, is scheduled to arrive in late 1993, almost 14 

years after the last data from Viking were recorded. This 14-year hiatus equals 7 

martian years worth of dust storms, seasonal oscillations in atmospheric pressure 

and water content, and polar cap recessions and advances, temperature swings and 

circulation systems that have gone unstudied, except from the Earth. Acquiring 

such information with spacecraft would have meant permanently stationing them 

in low Mars orbit and keeping them there, a propositi<,:>n the American space pro

gram has rejected to this day. If these seasonal phenomenon did not change from 

year to year, then perhaps this would not be as important, but there is evidence that 

year-to-year variation is common. 'What causes these variations involves the same 

physics and chemistry that operate in our own planet's atmosphere. We should be 

trying to understand them. Only from the ground have we continued to do so. 

Remote observations are limited in duration, sporadic and expensive. A 

typical mission nominally last one martian year. The time between missions seems 

to be about 7 martian years. $ 1 billion is a typical mission expenditure and returns 

four seasons' worth of water abundance information for every area of the planet. 

Ground-based observation can continually monitor the water column abundance. 

Its spatial coverage is more limited, but is capable of being global. Its true strength 

is in providing an inexpensive means of recording water abundance as a function 

of latitude to compare season to season. Ground-based observations provide an 

adequate and essential means to plug up a gap left by the scarcity of remote probes. 

Therefore, despite the existence of the techniques described in the next section, 

pursuing a ground-based program of seasonal water observations for Mars should 

not only be continued, but expanded. 



45 

2.2. PAST, PRESENT, AND FUTURE ~IARTIAN WATER VAPOR MEASUREMENTS 

This chapter's first section briefly describes experiments to measure water 

on Mars. The goal has always been to measure it over as much area as much 

of the time and with as a high a spatial specificity as possible. Compared to 

ground-based observations, spacecraft observations provide much more complete 

spatial coverage and may eventually detect subsurface water. By emerging from the 

Earth's obscuring atmospheric ocean of water vapor, they exploit the more intense 

vibration-rotation bands in the near-infrared, first by using the sun's reflected light 

to identify absorption features, just as with ground-based techniques, and, second 

by using bands further in the infrared in emission to gather altitudinal profiles when 

temperature information is simultaneously collected. By going to the extremes of 

the electromagnetic spectrum, gamma rays and radio waves may make it possible 

to detect subsurface ice and water. The history of martian water studies is thus a 

history of increasing sophistication, allowing even more complete exploitation of the 

electromagnetic spectrum. Figures 2.1 through 2.5 set the spectroscopic, spatial, 

and temporal scenes at the beginning of the story. Plotting the various experiments 

within the space spanned by these variables provides a convenient point of focus 

from which to review them. 

2.2.1. Viking Orbiters 

The Viking Mars Atmospheric Water Detector (MAWD) exploited the 1.38 

/-lm (7250 cm-I ) band (the VI + V3) (marked with a 'V' in Fig. 2.1) in absorption 

of surface-reflected solar radiation to perform a nearly continuous, nearly global 

map of martian water vapor column abundance over a two-year period from 1977 
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Figure 2.1. Schematic of H20 vibration· rotational transitions and corresponding 
absorption features. The 211 vibrational band used by ground·based ob
servers depicted within dashed lines. Bands by various e}.-periments marked: 
Viking MAvVD with ;V'j Phobos Fabry·Perot interferometer with 'F'j Pho· 
bos grating spectrometer with 'P'j Mars Observer P1URR with 'M'. 



47 

Figure 2.2. Mars: equatorial view, central longitude = 1450 W. Visible and/or 
contoured are Viking 2 Lander Site (cross), Elysium: 0 km, Elysium Mons: 
5 km, Olympus :Mons: 5 and 20 km, Tharsis: 5 km, Ascraeus, Pavonis, and 
Arsia :t\-Ions: 10 km and Valles Marineris geographic outline. Based on USGS 
Topographic Map of Mars. 
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Figure 2.3. ~\Iars: northern hemisphere, central latitude = i5° N, central longitude 
= 200 0 'V. Visible and/or contoured are Sinus Sabaeus: 5 km, Elysium: 0 
km, Elysium Mons: 5 km, Viking 2 Lander Site (cross), Viking 1 Lander 
Site (dark square), North Pole residual cap outline, Olympus Mons: 5 and 
20 km. Tharsis: 5 km, Ascraeus JllIons: 10 km. Based on USGS Topographic 
Map of Mars. 
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Figure 2.4. l'vlars: southern hemisphere, central latitude = -500 S, central longitude 
= 00 ,"V. Visible and/or contoured are Viking 1 Lander Site (dark square), 
Tharsis: 5 km, Valles Ivlarineris geographic outline, Argyre Depression: 2 km, 
South Polar residual cap outline, Hellas Depression: -1 km, Sinus Sabaeus: 
5 km. 
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Figure 2.5. Timeline of some previous and future martian water vapor measure
ments. Bottom scale in years A. D.; top scale in Ls degrees. Previous ground
based measurements not marked but have continued since 1964, Viking and 
Mars Observer measurements marked with horizontal lines, Phobos mea
surements marked with crosses, Catalina measurements marked with short 
vertical lines. 
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to 1979. The period covered about five martian seasons, starting with northern 

hemisphere summer, during which water abundance behavior was observed twice. 

The designers of MAWD decided to work in absorption instead of emission 

because uncertainties in the thermal emission of the planet's surface and atmosphere 

require one to simultaneously measure these infrared fluxes at many wa.velengths and 

determine atmospheric temperatures in order to decouple the water information, 

something still true today. It is exactly this approach that will be followed by the 

PMIRR on I'vlars Observer (see below). The designers of MAWD selected the 1.38 

J1.m band above because it is the strongest vibration-rotation band available that 

lies within a region where solar emission is still strong and there are no obscuring 

CO2 bands (Farmer 1972). By judiciously choosing the individual lines in this band 

away from other lines, they could employ a spectrometer of moderate resolution 

and low diffractive order, which simplified the design and the cost, an advantage 

for the conservative and parsimonious philosophy adopted for flight missions. 

The instrument focused on five specific wavelengths, three positioned to 

measure gaseous water absorption and two positioned to measure continuum ab

sorption. It collected its radiation from a raster mirror with a 15-step, 4.5-sec raster 

cycle. The beam (with a field of view of 0.92°by 0.12°; the distance ranged from 

1514 km to 32800 km) was brought to a focus on a fixed plane grating (1200 lines 

mm -1) in a Pfund-Littrow mount using reflecting optics. The "Littrow" part of the 

design means that the same reflecting element, in this case an on-axis parabaloid 

mirror, served both as collimator and focusing element. The "Pfund" part of the 

design refers to the fact that the beam was directed to the collimator through a hole 

in the grating, mounted in line with the collimator's optical axis, and then focused 

back through the grating hole to the detector. Using such a folded design saved 
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space, mass, and money, important properties for a flight instrument. However, 

using the same mirror to do double duty as collimator and focuser does not com

pensate for the coma of the mirror the wayan Ebert-Fastie design, which uses two 

reflecting elements, would. But making the slit length small, which preserves only 

paraxial rays, renders this drawback of negligible importance. Spectral resolution 

was 1.2 cm -1, giving a resolving power of 6000. The radiation was detected with 

PbS detectors cooled to 200 K. Spectroscopic constants (line strengths, pressure 

broadening coefficients) were measured in the laboratory using the same experi

mental configuration. The signal to noise ratio was 120 for just one integration of 

280 ms for each 3 by 24 km swath. The minimum detectable water content was 1 

ppt fJ.m (martian water abundance, analogously to terrestrial water abundance, is 

measured by the thickness of the resulting liquid layer were the total water content 

of the column to condense). 

Observing from a spacecraft orbiting the planet allowed MAWD to avoid the 

large terrestrial water absorptions that plague not only ground-based water-vapor 

observations but also many other types of observations made through terrestrial 

telescopes looking through the atmospheric ocean of water vapor above them. It 

contended with solar features by recording solar spectra of a diffuse reflecting plate 

illuminated by the Sun (Farmer et at., 1977). It covered all areas of the planet 

not in darkness during during the period of the Viking Orbiter observations at a 

resolution of 3 by 24 km at the periapsis of 1500 km (See Fig. 2.6). Certain areas 

(the northern polar region, the Tharsis ridge and areas east of it, Valles Marineris, 

and the areas of the two landing sites) were covered at a higher resolution. The 

reported MAWD abundances were limited to the local time period between 10:00 

am and 4:00 pm. 
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Figure 2.6. Fig. 1 in J akosky (1983). Latitudinal and seasonal map of water 
column abundance as measured by Mars Atmospheric 'Water Detector on 
Viking orbiters. 
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MAvVD also demonstrated how important simultaneous observations of dif

ferent parameters of a planetary atmosphere could work toward syngerstically im

proving the results of individual measurements. As Fig. 2.6 shows, the Viking 

observations revealed peak northern polar summer abundances of water, 5 to 10 

times those at lower latitudes, that reached a maximum at about Ls= 115° (northern 

summer solstice is Ls= 90°) (Jakosky and Farmer, 1982). Simultaneously, during 

this period, the Viking IRTM recorded surface temperatures at the north polar cap 

which were consistent with a residual cap made of H20 frost, not the CO2 frost 

which covered the cap throughout most of the year (Kieffer et al., 1976). The resid

ual northern polar cap was thus implicated as an H20 reservoir, one capable of 

doubling the amount of water in the martian atmosphere on a seasonal timescale. 

2.2.2. Phobos 

Two instruments capable of measuring water vapor with altitude flew on 

the Soviet Phobos spacecraft, which reached Mars in early 1989. Both used sunlight 

collected in occultation with the same biaxial flat elliptical mirror and imaged by 

the same 75 cm focal length Cassegrain telescope with a diameter of 5 cm. One was 

a Fabry-Perot interferometer working in absorption behind a predispersing grating 

at 0.936/-lm (2111 + V3) (marked with an F in Fig. 2.1), which, unfortunately was 

mounted upside down within the spacecraft and thus rendered unable to complete 

its mission, and the other, working in absorption at 1.9/-lm (5332cm -1) in the (1I2 

+ 1I3) band (marked with a 'P' in Fig. 2.1), was a grating spectrograph using PbSe 

detectors which managed to acquire a vertical profile of water vapor concentration 

between 5 and 45 km on 13 March 1989 in the martian atmosphere (Krasnopolsky 

et al., 1989). Th~ resolving power of this instrument was 103 • The instrument's 
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vertical resolution was 3 km when in circular orbit and 10 km from a high periapsis 

eccentric orbit. Some 33 occultations were performed between 8 February and 23 

March 1989, straddling the martian equinox (L8= 0°). The results published for the 

13 March occultation were later revised and a new vertical profile circulated (V. A. 

Krasnopolsky, personal communication). It is not shown for reasons of propriety. 

It represents the only vertical profile of H2 0 in the martian atmosphere to date. As 

of this writing a full description of the experiment, data reduction, and analysis is 

still to be published in Icarus. 

2.2.9. Mars Observer 

The instruments aboard the Mars Observer capable of detecting water rep

resent a qualitative improvement over the above due primarily to their ability to 

acquire global vertical water profiles day and night and to detect subsurface ice. 

These experiments are the Pressure Modulator Infrared Radiometer (PMIRR), the 

Gamma Ray Spectrometer (GRS), and the Thermal Emission Spectrometer (TES). 

PMIRR is designed to detect water vapor, GRS to detect subsurface ice, and TES 

to detect the presence of water ice cloud particles. The spacecraft will observe the 

planet from a polar orbit that ranges from 376 km (south pole) to 430 km (north 

pole) (Albee and Palluconi, 1990). The orbit is sun-synchronous, passing over every 

point on the planet every day at 2 pm and 2 am. The geometry of a polar orbit 

biases the spacecraft to devote much more data collection time to the poles than to 

the equatorial regions (Albee and Palluconi, 1990). 

PMIRR will measure the density of water as a function of altitude between 

o and 35 km in the martian atmosphere with a planned altitude resolution of 5 km 
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(half a scale height) by limb sounding. If successful, it will be the most sophisti

cated water mapping done for Mars and represents the techniques of LIMS (Limb 

Infrared Monitor of the Stratosphere) and SAMS (Statospheric and Mesospheric 

Sounder), used to probe the Earth's stratosphere, applied to Mars. All latitudes, 

longitudes and seasons will be covered. It is designed to measure temperature, dust 

and condensates, atmospheric pressure, water vapor concentration, and the polar 

radiation balance. The longitudinal resolution will be 28°while the latitudinal reso

lution 4° (McCleese et ai., 1986). It operates at 6.9 J-lm (1450 cm-1), in the V2 band 

wing (marked with an 'M' in Fig. 2.1). Its field of view is 3.1 by 15.6 mrad. This 

translates to a 5 km vertical by 25 km horizontal footprint at the limb of Mars and 

a 1 km by 5 km footprint at nadir. 

Pressure modulator radiometry works by observing the target gaseous 

species in emission and passing its radiation through a cell filled with target gas 

whose pressure is altered with a certain frequency, in this case, a 50 Hz amplitude 

modulation of an 800 Hz chopped signal. The pressure modulation changes the 

transmission properties of the cell not very much in the core or on the far wings 

of a water emission line but changes it quite a bit on the near wings. This modu

lated signal can be discriminately detected and leads to a system resolving power 

controlled by the Doppler widths of the lines in the cell, typically 106 • Moreover, 

because there is no slit involved, as in a spectrograph, all the light collected by the 

6 cm diameter telescope aperture can be used, although for PMIRR this light is 

carved into 9 channels, only one of which, Channel 4, is used for detecting water. 

Thus the instrument has the throughput and resolving power of 9 echelle spectro

graphs or is equivalent to a Fabry-Perot interferometer with none of the fuss: no 

problems with alignment or stability. What's the catch? 
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There are actually two catches, first that you need to know something 

about the atmosphere-its constituents and their concentrations-so that you can 

choose the active gases and the transitions intelligently, no problem for Mars, and 

second that the best data comes from limb views where the path length is long 

and the background is that of cold space (Drummond et al., 1980); unfortunately 

this geometry restricts the horizontal resolution. The limb footprint is still 5 by 

25 km though, which is an immense improvement over previous mappings. To 

extract constituent information, it also helps immensely to acquire simultaneous 

temperature and pressure information, which, of course, will be done. To maximize 

signal to noise it helps to select a wavelength region with a high density of lines. To 

probe the appropriate regions of the atmosphere one should choose lines of a strength 

as to result in photons from a region where optical depth is around unity hitting 

the detector, i.e., one should maximize the weighting function for these altitude 

regions. One of the 8 channels of the instrument is devoted to H2 0 vapor, using a 

pressure modulator cell 10 cm long with 18 mbar of H2 0 inside. Coupled with the 

results from the CO2 temperature channels, they will provide H2 0 concentrations 

as a function of height and dust optical depths too. 

TES is a Michelson interferometer that encompasses the wavelength region 

from 6.25 to 50 J.lm with a spectral resolution of 5-10 cm- I . Its description has not 

been published, therefore we are limited to a brief summary. The investigation's 

goals are characterizing and mapping surface minerals, rocks, and ices, dust, and 

cloud particles, studying the polar cap deposits, measuring thermal inertia and 

albedo, and measuring temperature, pressure, water vapor and ozone profiles. The 

instrument has separate channels for solar reflectance (0.3 to 3.9 J.lm) and planetary 

radiance (0.3 to 100 J.lm), thus it will be able to determine Mars' radiation balance. 
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The mission's profile includes the goal of measuring water vapor abundance over 

the surface of the planet. 

GRS is designed to detect neutrons and I rays emitted by materials be

tween energies of 0.2 to 10 MeV at and beneath the martian surface, and thus map 

the elemental composition of the martian sub-surface to a depth of 1-2 m (Boyn

ton et al., 1991). It is capable of detecting hydrogen, which in effect would be 

a detection of water, since water ice is the dominant hydrogen-bearing substance 

on Mars. The neutrons and photons the instrument detects are generated when 

cosmic rays between 100 MeV and 10 GeV in energy chip away neutrons from the 

elements comprising the martian surface, near-surface, atmosphere, and Mars Ob

server spacecraft on which is mounted the GRS detector on a boom extending 6 m 

away from the experiment's electronics and main spacecraft body. The neutrons are 

detected with scintillators, plastic sheets that announce ionizing events by emitting 

sparks of light, subsequently detected by a photomultiplier (PMT). The scintilla

tors do double duty as shields that, through non-coincidence detection, purge the 

signal of IS and neutrons generated in response to cosmic rays by the spacecraft 

itself. The I rays are detected in a 5 em cube of ultra-high purity Ge, electrically 

a reverse biased diode that sweeps electron-hole pairs generated by the impact of 

a I ray to their respective terminals where they are detected as a signal whose 

voltage also reflects the energy of the original photon. Each count contributes to a 

histogram extending over some 4000 to 16,000 channels. Since every element has 

a characteristic I ray energy spectrum, well-known after decades of nuclear accel

erators probing every conceivable nuclear isotope, the spectrum can fingerprint the 

elemental composition of the surface and, it is hoped, by measuring the strength of 

the peaks, be sensitive to the density of each element. 
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The main wrinkle in converting the number of counts comprising each spec

tral peak the GRS will produce into elemental concentrations will be deriving the 

proportionality between the strength of signal and amount (Boynton et al., 1991). 

By the very nature of the ambient excitation source no absolute calibration is pos

sible, but something very near can be had by assuming that the GRS accounts for 

all major elements in each 280 by 280 km pixel, determing relative abundances and 

normalizing each inventory to 100%. For H2 0 ice, by comparing the ice-rich polar 

regions with the ice-depleted equatorial regions a similar sort of absolute calibration 

can be made. However, even achieving a relative inventory is a challenging task: 

the detector external hardware and atmosphere between source and detection must 

be accounted for, as well as the differential instrument response to different ener

gies, and one must know something about the secondary neutron spectrum which, 

through neutron capture or inelastic collision, will excite the atoms that emit most 

of ;'s. Since one must know the composition and amounts of the nuclei present to 

get this spectrum, an iterative solution must be used, in which the inventory is first 

guessed at, then successively refined. Assuming a nominal H20 ice content in the 

martian subsurface of 1%, the GRS will be able to detect relative H2 0 amounts 

of latitudinal resolution of 3°to an error of 10% when the data is averaged over a 

year, or do a 13°latitudinal map with 10% uncertainty for a temporal resolution of 

one-fourth of a year. 

If GRS succeeds in compiling such maps of sub-surface ice, it will answer 

important questions about the status of the regolith as a water reservoir, where the 

water is in the regolith and how this compares with theoretical predictions based 

on thermal mobilization of ground ice (Fanale et al., 1986). 

2.2.4. Ground-based near-IR 
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Ground-based observations of martian water vapor have been confined over

whelmingly to the 2Vl + V2 + V3 band of transitions located around 8200 A (12200 

cm- l ) (circled by a dashed line and examined in detail in Fig. 2.1). Over the 

last twenty-five years, they have proceeded in sophistication from simple detections 

to globally-averaged measurements of column abundance to latitudinally-resolved 

measurements of column abundance. The looming terrestrial absorption features, 

occupying spectral regions as much as 0.35 A in width, prohibit measurements of 

Mars at or near opposition: extracting the small martian absorptions from the wings 

of the large terrestrial absorptions requires a generous wavelength offset, provided 

by the Doppler shift caused by the relative velocities of Earth and Mars. Since the 

lines are observed by the absorption of reflected solar light, features present in the 

solar spectrum may complicate the spectrum. Simultaneous spatial information is 

acquired by using a spectrograph. The spatial resolution of this data is generally 

limited by the seeing, which, at 1 arcsecond, translates to at best a disk some 500 

km in diameter and usually more like 1000 km at the sub-Earth point of Mars when 

the requirements for a good Doppler shift are folded in. 

After many attempts to detect water vapor spectroscopically in Mars' at

mosphere carried on at least since the 1930's at the Ivlt. Wilson 100" reflector, the 

first detection, red-shifted some 0.42 A longward of their terrestrial cousins, was 

reported in a letter to The A8trophY8ical Journal in 1963 (Spinrad et al., 1963). 

The exposure time for the plate-recorded spectrogram taken in coude at the Mt. 

Wilson 100-inch reflector was 4! hours. The plate scale or dispersion was 5.6 

A mm- l • The absorptions were observed to be stronger over the poles than at 

lower latitudes, probably due to the longer air path. Equivalent widths of these 

lines were measured using microdensitometer tracings of the original plate spectra. 
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Calibrating the sensitometric scale was done by measuring the equivalent width of 

medium-strong Fraunhofer lines and comparing to tabulated values. The long expo

sure times for these observations necessary to expose the IV-N plates (an emulsion 

of high contrast, dynamic range and detective quantum efficiency, but lower speed 

and grain size, which is sensitive to longer wavelengths and easily hypersensitized 

to improve its speed by a factor of 14-20), combined with the problematic weather, 

meant that typically at most one good spectrum on a plate could be acquired on 

any particular observing run. In general, an observer must ask for three or four 

days to get one night's worth of data, true to this day. Further observations from 

Mt. 'Wilson eventually resulted in a globally averaged measurement of 14 ± 7 ppt 

J.lm on 12 April 1964 (L s= 280°). The effective airmass was assumed to be 3.6. 

Over the next few years, observations were made from the McDonald ob

servatory 82" reflector, with increasing success and sophistication, and climaxed in 

a series of systematic and regular observations carried on from the McDonald ob

servatory 107" reflector, commissioned especially for planetary work, that continue 

to this day (Spinrad et al., 1966; Schorn et al., 1967; Schorn et al., 1969; Owen and 

Mason, 1969; Tull 1969; Barker et al., 1970; Tull 1970; Barker 1976; Jakosky and 

Barker, 1984). The telescope was designed to work more easily in coude by being 

mounted off the polar axis in an asymmetric fashion (Smith 1968). This reduced 

by one the number of reflections necessary to transmit the target beam to the spec

trograph. These observations had as their goal not simply detecting the presence 

of the water, but accurately and regularly measuring the globally-averaged abun

dance. To accomplish this the astronomers involved tried to achieve a resolution 

five times better than that needed for simple detection (Tull 1969). If a typical 

Doppler shift for Mars is 0.4 A, this resolution was on the order of 0.08 A. The 



62 

results of these observations are summarized in Fig. 2.7. They demonstrate the 

oscillation of atmospheric water vapor associated with the martian seasonal cycle 

of northern cap water vapor release conclusively demonstrated by Viking. They 

also show a large amount of water existing in the atmosphere during the waning 

phases of the 1969 martian southern hemispheric summer. During this period the 

McDonald astronomers typically detected equivalent widths of better than 7.5 rnA 

(Barker 1970). 

2.2.5. Ground-Based Microwave 

Other measurements geared toward detecting and measuring water on 

Mars, made from the ground, are also of interest. Correlating microwave obser

vations made by the JPL Goldstone radar between -14 and -22°S during 1971 and 

1973 by high smoothness and high reflectivity led to the identification of sub-surface 

regions of liquid water or brine (Zisk and Mouginis-Mark, 1980). The locations re

ported for these regions, around -15°S and 91°W, and -16°S and 3300 W, were close 

to the regions of Solis Lacus and Noachis-Hellespontus, proposed by Huguenin etal. 

as anomalous sources of water vapor (Huguenin and Clifford, 1979). The location 

of these oases, the equatorial regions of the planet, are extremely surprising based 

on calculations of the survivability of subsurface ice deposits over geological time 

periods. 

A later, more sophisticated radar map of the martian surface was performed 

in 1988 by D. O. Muhleman and four other observers (Muhleman, 1989). They 

beamed 350 kilowatts of microwave power with a wavelength of 3.5 cm at the planet 

and used the Very Large Array (New Mexico) to detect the scattered signal. Not 

only did they fail to see the features reported by Zisk and Mouginis-Mark in the 
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Figure 2.7. Fig. 4(a~f) from Jakosky and Barker (1984). \Vhole disk average 
water abundances measured by ground-based observation (points) compared ~ 
to whole disk averages based on Viking data (line). 
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map derived above, but none of the bright markings visible on the planet's disk 

correlated with obvious geological landmarks such as Valles Marineris, Argyre, or 

Hellas. 

2.3. THE CATALINA-MT. BIGELOW OBSERVATIONS 

During 1988-89 on four occasions before and after opposition (2-6 June, 3-5 

December, 8-10 January, and 14-16 February) which occurred 22 September 1988, 

several researchers (W. K. Wells and B. Rizk in June, C. Stoker, R. S. Freedman, 

and B. Rizk in December and January, and VV. K. Wells and B. Rizk in Febru

ary) performed spectroscopic observations of Mars with the intention of measuring 

water vapor column abundance as a function of latitude. Using the Lunar and 

Planetary Laboratory's echelle spectrograph bolted to the 1.55 m Catalina Obser

vatory Cassegrain telescope atop Mt. Bigelow, Tucson, Arizona, they recorded a 

total of 20 CCD images which were subsequently reduced and analyzed. These im

ages covered a section along the spectral axis limited by 8175 and 8200 A. The early 

June 1988 run occurred simultaneously with measurements of martian ozone col

umn abundance with latitude from the NASA Infrared Telescope Facility (IRTF) 

by the Goddard Space Flight Center (GSFC) Infrared Heterodyne Spectrometer 

group led by M. Mumma. The ozone measurements were performed by Mumma, 

F. Espenak, T. Kostiuk, and D. Zipoy (Espenak et al., 1991). 

The profiles covered the geographical region from 0 to 55°W martian longi

tude and from -85 to 45°N latitude. This includes Sinus Meridiani and Margaritifer 

Sinus, Argyre Planitia and the eastern half of Valles Marineris. It also includes 

Chryse Planitia, the Viking 1 lander site. The terrain lies as low as -3 km in the 

north rising to 0 km near the equator and to 3 km in the south. Based on Viking 
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global distributions of annual average water vapor abundance, one would not ex

pect this area of the planet to be an unusual source of water compared to others at 

similar longitudes (Jakosky and Farmer, 1982). 

Ground-based observers have used the 8200 A band, which corresponds to 

transitions from the ground vibrational state of water to the 211 excited vibrational 

state, because it is the strongest band occurring in the visible or near-IR within an 

atmospheric window of transmission for electromagnetic radiation. Within this 

band, given the spectral bandwidth of the spectrograph, which is limited by the 

width of the CCD chip to some 22 A, one must choose the positioning to include the 

best possible arrangement of lines. Possible strong transitions in the 211 band were 

therefore evaluated and graded for usability for detecting martian water absorptions. 

Table 2.6 presents these grades for the several lines. They were evaluated for freedom 

from smaller water lines (which could be stronger than the Ivlars features if they 

originated from the terrestrial atmosphere), freedom from nearby solar lines and 

strength. Theoretical spectra were calculated using software belonging to M. G. 

Tomasko and L. R. Doose of the Lunar and Planetary Lab and running on a Perkin

Elmer main-frame computer. Such a spectrum is displayed in Fig. A.4. 

Six candidate lines from 8176 A to 8198 A were identified, lines for which a 

martian absorption feature should be visible. Examining the solar atlas showed that 

four lines appeared uncontaminated enough by small solar features to be usable; of 

these, two appeared and were measured on every spectrum; these two correspond to 

the transitions producing the absorption features at 8189.3 A and 8197.7 A in the 

sea-level solar spectrum (Moore et al., 1966). The other two either didn't appear on 

every spectrum or were weaker absorptions with too Iowa signal-to-noise to make 

a convenient and accurate measurement. 
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2.4. ACQUIRING THE DATA 

Key spectroscopic constants are listed in Table 2.1 and Tables 2.2-2.5 con

tain details describing the telescope and spectrograph, almanac data, and various 

parameters associated with the observations. The slit was aligned parallel to the 

rotation axis of the planet and placed at the center of the visible disk as shown 

in Figs. 2.8-2.11. Four OOD spectral images were obtained during early southern 

spring (L8= 208°), five at mid-summer (L8= 320°), seven at late summer (L8= 

340°) and four at autumnal equinox (L8= 360°). The local (martian) time for the 

June observation was 3 pm while for the other three runs it was around 9:30 am. 

The spectral resolution ranged from 70 to 90 rnA, putting the instrument's resolving 

power at 105 , while the spatial resolution was limited by seeing, which ranged from 

1 to 2 arcsec. The spectral resolution was slit-limited. It could therefore have been 

improved somewhat by using a narrower slit, but with an unacceptable reduction 

in signal to noise ratio for the standard star spectra. Integration times for the stan

dard star images were typically 25 to 60 min while for the Mars images they were 

8 to 17 min. 

Most of the OOD frames were cropped at 854 pixels along the spectral 

axis by 250 pixels along the spatial axis. The extra 54 pixels included a prescan 

that recorded three voltage levels associated with the OOD read-out electronics. 

They represented a baseline sensitiye to temperature fluctuations that could be 

compared from image to image. Mars was never wider than 100 pixels (3 December 

1988) including seeing, thus the stored width of 250 pixels allowed the decker, a 

brass mask that could be opened and displaced in front of the slit to control the 

length of the slit that was visible, to block off a slit length of 160 pixels. Unexposed 
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Table 2.1. Spectroscopic Data'" 

line 1 3 4 6 

Allir (A) 8176.975 8186.371 8189.272 8197.704 

lIo.ir (cm- 1) 12229.46 12215.42 12211.10 12198.54 

Ao (A) 8179.2220 8188.6197 8191.5281 8199.9637 

110 (cm- 1) 12226.1016 12212.0703 12207.7344 12195.1758 

Amouncilin (A.) 8177.578 8186.974 8189.882 8198.316 

line strength 
(296 K)(·1Q-23 cm molec 1) 3.05 1.06 2.80 2.72 

Lorentz width 
(296 K, 1 atm)(cm- 1) 0.095 0.099 0.094 0.102 

• Vacuum wavelengths and frequencies, lower state energies, line strengths, and Lorentz widths 
taken from GEISA tables (Chedin et ai, 1986). 

swaths above and below the slit of 40 pixels each recorded the background OOD 

levels and could be used to correct for this level if necessary. 

Several aspects of these observations contributed toward achieving the goal 

of spatially resolving water abundance at different latitudes on the planet. First 

and most important was the use of spectra of rapidly rotating 0 and B stars to 

characterize the gigantic terrestrial absorption features. Thus the factor of five 

spectral enhancement mentioned above in connection with the McDonald observa-

tions relatiye to simple detection, was not as crucial because using this method, 

the martian lines should have been measurable up to the half ma.ximum point of 

the terrestrial absoption, where the difficult-to-reproduce terrestrial core begins. 

All that was needed was a Doppler shift large enough to place the martian feature 

outside of the terrestrial core region. Obviously the stronger the line the wider this 

regi.on, but the weaker the line the less detectable it would be. It's a trade-off. 

If the full-width at half ma.\:imum of a typical terrestrial feature is 0.150 A, then 
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Table 2.2. Image Data 

date Image Name UT Start Exposure Center Time Airmass 
(hr, min, sec) (sec) (UT min) 

4 June 1988 marslOI 100753 600 607.5 2.03-2.14 
marsl02 1025 600 630 1.86-1.95 
marsl03 11 14 600 679 1.58-1.62 
marsl04 11 47 600 712 1.47-1.50 

3 Dec 1988 mars200 222 600 147 1.16-1.1 7 
mars201 247 900 174.5 1.15 
mars202 3 15 900 202.5 1.16 
mars203 423 1100 272 1.23-1.27 
mars204 455 900 302.5 1.31-1.36 

9 Jan 1989 mars305 1 33 500 97 1.08 
mars306 i 46 500 110 1.08 
mars307 246 500 170 1.13-1.14 
mars308 256 500 180 1.14-1.15 
mars309 355 500 239 1.28-1.32 
mars310 407 550 251 1.33-1.37 
mars311 4 19 550 263 1.38-1.42 

16 Feb 1989 mars401 147 500 111 1.08 
mars402 2 14 500 134 1.12-1.13 
mars403 224 500 144 1.14-1.16 
mars404 238 600 158 1.17-1.19 

the martian line must be placed at least 0.08 A away from its center. In practice, 

the actual displacement needed to be at least 0.21:\ to enable measurement and at 

least 0.17 A to allow detection (refer to Figs. E.1-E.6). The speed and efficiency of 

the telescope-spectrograph combination relative to the McDonald 107" coude sys

tem and the response the CCD detector relative to the ammoniated plates used in 

previous Earth-based observations was also important, as is discussed in Appendix 

A. The dry observing conditions experienced were also important as is discussed 

below and demonstrated in Table 2.8. 
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Table 2.3. More Image Data 

date Image Name Sub-Earth pt. (0) sub-solar pt. (0) 
long. lat. long. lat. 

4 June 1988 mars101 21.5 -23.4 67.7 -11.6 
mars102 25.6 -23.4 71.9 -11.6 
mars103 37.6 -23.4 83.9 -11.6 
mars104 45.6 -23.4 91.9 -11.6 

3 Dec 1988 mars200 19.7 -25.7 341.0 -16.2 
mars201 26.4 -25.7 347.7 -16.2 
mars202 33.2 -25.7 354.5 -16.2 
mars203 50.2 -25.7 11.5 -16.2 
mars204 57.6 -25.7 18.9 -16.2 

9 Jan 1989 mars305 10.2 -23.4 330.8 -8.47 
mars306 13.3 -23.4 334.0 -8.47 
mars307 28.0 -23.4 348.6 -8.47 
mars308 30.4 -23.4 351.1 -8.46 
mars309 45.8 -23.4 6.41 -8.45 
mars310 47.7 -23.4 8.36 -8.45 
mars311 50.6 -23.4 11.3 -8.45 

16 Feb 1989 mars401 5.8 -16.9 330.5 -0.19 
mars402 11.4 -16.9 336.1 -0.19 
mars403 12.8 -16.9 337.6 -0.19 
mars404 16.3 -16.9 341.0 -0.19 

The spectral region was selected after a detailed examination and evaluation 

ofthe 211 and 301 vibration-rotation bands, the strongest water bands in the visible 

spectrum. All lines belonging to these bands greater than 10-23 cm molecule-1 in 

strength as recorded by the GEISA compilation (Chedin et al., 1986), were listed 

and graded on a five-point scale for freedom from nearby water lines. Such lines, 

though of small innate strength, are of comparable equivalent width to the desired 

martian features. They're relatively uncorrectable despite the standard spectra 

because the signal to noise ratio for small lines is much smaller than for the large 
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Table 2.4. Telescope and Spectrograph Data 

Parameter Value 

Diameter of Primary (cm) 154.15 

Effective focal length (cm) 2081 

F ratio 13.48 

Telescope scale at focus (arcsec mm- l ) 9.91 

Rayleigh criterion at 8200A (arcsec) 0.134 

Pixel Size (pm) 15 

Diffraction limit at 8200A (pixels) 0.90 

Typical Plate Scale (A mm- l ) 1.99 

Slit Width (pm) 18.2 

Slit Width (arcsec) 0.18 

Typical Spectral Resolution (pLxels) 3 

Typical Spectral Resolution (rnA) 90 

terrestrial lines. Since correcting involves dividing by the standard spectra, small 

variations in the signal due to noise have a much greater relative effect on small 

terrestrial lines. Such lines have no Doppler shift, in contrast to lines in the solar 

spectrum, which have almost the same Doppler shift as the martian lines, and they 

would lead to significant error in equivalent width measurements if poorly corrected. 

The highest density of lines given a grade of 4 or 3 (very good and good), 

including the only one with a grade of 4+, appeared in the 211 band within a 21 

A region centered around 8188 A (see Table 2.6). By contrast, only one 301 line 

received a preliminary grade higher than 3. Zones clear of solar features of at least 

0.3 A in size to each side were sought around each line. Barker (1976) cites work 

e:-""Ploring possible solar features in the neighborhood of 8200A, mostly due to eN. 
Line 5 is said to be unusable (which is supported by this work), because it is blended 

with a 2 mA feature. Lines 1, 4 and 6 supposedly contain weak solar features (less 
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Table 2.5. Almanac and Physical Data 

date 4 June 88 3 Dec 88 9 Jan 89 16 Feb 89 

equatorial diameter (arcsec) 10.50 12.86 8.91 6.63 

polar diameter (arcsec) 10.45 12.81 8.87 6.60 

phase 0.850 0.898 0.880 0.892 

phase angle (0) 45.5 37.3 40.5 38.5 

La (0) 207.50 319.57 339.92 359.52 

sub-Earth latitude -23.4 -25.7 -23.4 -16.9 

(0) at Oh tiT 

sub-Earth longitudes 22-46 20-58 10-51 6-16 

(0) during obs. 

sub-solar latitude -11.45 -16.2 -8.49 -0.21 

(0) at Oh ,(;T 

sub-solar longitudes 68-92 341-19 331-11 331-341 

(0) during obs. 

No. of meas. in nightly average 12 10 21 8 

local time at sub-E. lat. 3:05 pm 9:25 am 9:23 am 9:39 am 

(Mars hr : min) 

Earth-Mars distance (AU) 0.891 0.728 1.050 1.413 

Doppler shift (A) at 8190A. -0.323 0.378 0.440 0.455 

(pixels) (O.02985A ph:el- 1) 10.8 12.7 14.7 15.2 

seeing (arcsec) 2.10 1.2 2.2 1.9 

seeing (pL"(els) 14 8 15 13 

bin width (pL"<els) 7 4 8 7 

noise eq. width (rnA) 0.4 0.6 0.4 0.5 

standard stars a Peg 71 Tau 71 Tau 71 Tau 

( Oph ( Ori 60ri 

longitudinal variation = 350.892 (0 / day) 

c = 299793 km sec-1 

1 AU day-l = 1731.481 km seC 1 
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4 June 1988 L : 2080 sub-earth latitude: -23.4 
5 

Image! Image 2 

sub-earth longitude: 21.5 sub-earth longitude: 25.6 

I--t 
I orc sec 

Image 3 Image 4 

sub-earth longitude : 37.6 sub-earth longitude: 45.6 

Figure 2.8. Image geometry for each image of 4 June obseryations. Superimposed 
are outlines of various martian features. Line around Tharsis bulge is 5 
km altitude contour. Canyon outline of Valles Ivlarineris also shown, as is 
Argyre Basin outline, Viking 1 lander site (dark square), and 5 km contour 
near Sinus Sabaeus. Latitude/longitude lines are 10° apart. Labeled are 
sub-Earth (central) longitudes for each configuration. Slit and terminator 
positions indicated. 



3 December 1988 

Image 1 

sub-earth longitude: 19.7 

Image 4 

sub-earth longitude = 50.2 

L : 3200 sub-earth latitude = -25.7 s 
Image 2 

t--t 
t orc sec 

Image 3 

sub-earth longitude = 26.4 

Image 5 

sub-earth longitude = 57.6 

J!'igure 2.9. Image geometry for each image of 3 December observations. 
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9 January 1989 

Image 1 

L = 3400 

s sub-earth latitude = -23.4 

Image 2 . Image 3 

sub-earth longitude = 10.2 sub -earth longitude = 13.3 sub-earth longitude = 28.0 

Image 4 I-! 

I arc sec 
Image 5 

sub-earth longitude = 30.4 sub-earth longitude = 45.8 

Image 6 Image 7 

sub-earth longitude = 47.7 sub-earth longitude: 50.6 

Figure 2.10. Image geometry for each image of 9 January observations. 
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16 February 1989 L = 360 0 sub-earth latitude: -16.9 s 

Image I Image 2 

sub-earth longitude = 5.8 sub-earth longitude = II. 4 

I-f 
I arc sec 

Image 3 Image 4 

sub-earth longitude = 12.8 sub-earth longitude = 16.3 

Figure 2.11. Image geometry for each image of 16 February observations. 



than 1 rnA) in the wings (which is supported by this work in the cases of Lines 1 

and 6) but are usable. 

The longitudinal region probed by the slit during these observations is 

located within the quarter of the planet into which the south polar cap projects 

to the greatest extent (0-90°). If large amounts of water were to be released into 

the atmosphere of the southern hemisphere during the 1988 southern summer, as 

Barker et al. reported in 1969, this observation geometry placed the telescope in the 

most favorable position to witness it. The length of Mars' day, 24.6 hrs, translates 

to a rotation of 350.89° every Earth day. All sub-earth longitudes are visible every 

40 days and selecting the desired longitude meant adding to these longitudes the 

expected number of UT hours figured in degrees of longitude at which the planet 

would be placed in the sky so as to minimize airmass and applying for the correct 

several-day time period. One of the many advantages of working at the Catalina 

Observatory 61" was the ready availability of telescope time even if dark, i.e., if the 

moon was not in the sky, the most highly sought-after time. 

The standard stars were very bright rapidly rotating 0 and B stars located 

on or near the ecliptic plane. The rapid rotations of these stars combined with their 

high temperature lead to Doppler variation over their disk so great that it smears 

out their spectral lines and converts them into very broad-banded and spectrally 

uniform sources in the sky that light the Earth's atmosphere from behind over the 

narrow bandwidth (22 A) covered. The narrowness of the slit used during these 

observations (18 pm or 0.2 arcsec on the sky) combined with the seeing expanded 

the theoretically point-like stellar images by up to factors of 10 or more of the slit 

width. This could dilute a star's brightness and increase the necessary integration 

time by a factor of 100. Also important was to select a standard star with an 
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Table 2.6. List of Graded 211 Lines 

Ao (..\.) Aair (A) 110 (em- l) transition comment 

8323.5250 8321.242 12014.1406 616-515 (P6) 4; Q7 not listed 

8320.4166 8318.139 12018.6289 514-413 (P5) 4; Q6 not listed 

8307.3620 8305.092 12037.5156 505-404 (P5) 1; P2, P5 (0.os9A) not listed 

8296.4476 8294.160 12053.3516 423-322 (P4) 4; Q4 (0.015A) 0.9 em-laway 

8290.2279 8287.940 12062.3945 414-313 (P4) 2; Q4 not listed 0.2em- laway 

8284.3044 8282.024 12071.0195 312-211 (P3) 4; P5 not listed 1.5cm-laway 

8281.8628 8279.600 12074.5781 321-220 (P3) 4; Q3 (0.019A) 1.3em-laway 

8276.6308 8274.354 12082.2109 303-202 (P3) 2; P2 not listed 0.3cm- laway 

8258.7864 8256.515 12108.3164 212-111 (P2) 1; Q5 not listed 0.07cm- laway 

8245.7464 8243.488 12127.4648 101-000 (PI) 2; P7 (tiny) 0.24em-la.way 
Q4 (0.033A) 0.53cm-1away 

8236.1748 8233.906 12141.5586 321-322 (Q3) 4; R3 not listed 0.9cm-l away 

8233.5444 8231.289 12145.4375 110-111 (Q1) 3; R2 not listed 0.57cm- laway 

8230.5770 8228.32 12149.8164 441-440 (Q4) 0; Q5, Q4, Q3, Q2, and Q5 grouped 

8230.5082 8228.32 12149.9180 330-331 (Q3) 0; together, all fairly strong 

8229.2118 8226.962 12151.8320 221-220 (Q2) 4; P6 not listed 0.8cm- laway 

8199.9637 8197.704 12195.1758 101-202 (R1) 4+; Q2 (small); clear to 2.9cm- l 

8195.3725 8193.113 12202.0078 110-211 (R1) 3; P5, P6, R3, Q5; [sol. on top] 

8191.5281 8189.272 12207.7344 212-313 (R2) 4; Q4 not listed 0.7cm- laway 

8188.6197 8186.371 12212.0703 202-303 (R2) 4; R6 not listed 0.9cm- laway 

8184.1013 8181.848 12218.8125 221-322 (R2) 3; Q3 not listed OAcm-laway 

8179.2220 8176.975 12226.1016 303-404 (R3) 3; P4 not listed OAcm-laway 

8172.2349 8169.995 12236.5547 414-515 (R4) 2; Q6 mixed, Q7, R3 

8166.7862 8164.540 12244.7187 312-413 (R3) 1; R3 mixed, R5 

8164.5931 8162.350 12248.0078 321-422 (R3) 2; R5 (0.116A) 0.5icm- laway 

8163.6662 8161.434 12249.3984 505-606 (R5) 3; P7 unlisted O.lcm- laway 

8160.2468 8158.019 12254.5312 423-524 (R4) 3; Q8 unlisted OAcm-laway 

8156.8927 8154.63 12259.5703 616-717 (R6) 1; R6, R6, R3 mixed 

8144.1670 8141.936 12278.7266 514-615 (R5) 4; Q6 0.2cm- 1away unlisted 

• Line classification, O=very poor, 1=poor, 2=mediocre, 3=good, 4=very good (Data taken from 
Chedinet aI1986). 
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airmass as close as possible to the airmass of Mars as near in time to the spectrum 

as possible. 'With seeing that was generally 2 arcsec, integration times of half and 

hour or more were required for each standard exposure compared to integration 

times of no more than five to fifteen minutes for the Mars images. Therefore the 

goal of acquiring standard star images at airmasses identical to the martian airmass 

was impractical, even if the standard was located at the correct right ascension. The 

brightest possible stars were selected from the 10 stars widely distributed in right 

ascension listed in Table 2.7 ~Tith magnitudes less than 3. 

Table 2.7. Rapidly Rotating 0 and B Stars near Ecliptic 

Star YBS # BK# RA (h:m:s) Dec (o:m:s) Mag v (km sec- 1 ) 

TJ Tau (Alcyone) 1165 359 34648.0 2404 13 2.87 210 

£ Od (Na'ir al Saif) 1899 677 53452.2 -555 01 2.76 119 

( Ori (Alnitak) 1948 700 5 40 16.7 -1 56 49 2.05 140 

(J CMi (Gomeisa) 2845 934 72631.6 81847 2.90 260 

a: Leo (Regulus) 3982 1262 10 07 52.0 12 00 50 1.35 370 

a: Vir (Spica) 5056 1525 132441.5 -11 0643 0.97 172 

(J Lib (Zuben E.schamali) 5685 1665 15 16 29.7 -92054 2.61 230 

( Oph 6175 1805 16 36 31.5 -103240 2.70 400 

(f Sgr (Nunki) 7121 2025 185433.2 -26 1842 2.02 225 

a: Peg (Markab) 8781 2477 23 04 11.3 150836 2.49 156 
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Not to be ignored was the weather, over which an observer never has control, 

but which supplied relatively dry nights for all four observations, particularly the 

night of January 9. In Table 2.8 is displayed a list of the water content of the 

atmosphere in precipitable millimeters as measured by meteorological soundings and 

mapped and recorded by the National Meteorological Data Center in Asheville, NC. 

These water amounts should be compared to the depths of the terrestrial absorptions 

displayed in Fig. 2.13. The dryness of each night relative to normal is expressed as 

a percentage on line 4. 

Table 2.8. Atmospheric \-Vater Content during Observations. 

date 4 June 38 3 Dec 88 9 Jan 89 16 Feb 89 

UT (h) 10 3 3 2 

Precipitable \Yate:- (Qo) 12,020 6540 2920 7535 

(ppt tlm) 

% of normal 86 69 35 95 

Relative Humidity (Sounding)(%) 18 19 19 29 

Relative Humidity (Mtn.) 35 38 89 76 

Abundance above ~Itn.t (Q) 3430 1860 832 2150 

(ppt tlm) 

Typical Airmass (17) 2.03-2.14 1.23-1.27 1.08 1.17-1.19 

TJQ 7150 2330 899 2540 

• Precipitable water and relative humidity interpolated between soundings recorded in Tucson 
area every 12 hours. 

t Q calculated assuming scale height of water H = 2 km, Catalina Observatory altitude = 2510 
m, and isothermal atmosphere. 
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The photons collected in this measurement were dispersed by an R4 echelle 

spectrograph with the grating used in an off-plane mounting. The light that contains 

the image of the slit, having been made parallel by the collimating mirror (mirror 

!vI2 in Fig. 2.22) strikes the grating so that the image of the slit is in a plane 

parallel to planes perpendicular to the rotation axis of the grating that contain the 

grooves of the grating and such that the wavefront of the light is at a nonzero angle 

with respect to vertical planes containing the grooves of the grating and parallel 

to the grating's axis of rotation. Fig. 2.22 is taken from Hunten et al.(1991). Fig. 

2.23-2.25 display engineering views of the echelle spectrograph for further reference. 

The term R4 means that the tangent of the blaze angle is 4, i.e., that the 

blaze angle, the angle between the faces of the grating grooves the light is reflected 

from and the plane parallel to the grating flat, is 76°. The actual blaze angle for the 

LPL echelle is 72.5°(Brown et al., 1982). Its grating is ruled at 79 lines per mm and 

is mounted in a novel mounting based on a Czerny-Turner mounting, which uses two 

off-axis parabaloid mirrors to collimate and collect the light from the grating with 

on-axis incidence of the beam. This arrangement is modified in this spectrograph 

by introducing an extra flat between the grating and the camera mirror in a position 

complementary to the grating which allows the wavelength range to be scanned in 

a very stable fashion by cranking a threaded rod which translates the flat mirror. 

Onto the base of this mirror a shaft is connected the other end of which is pivoted 

at the grating. The grating is secured to this pivot. As the mirror translates along 

the long axis of the spectrograph, the shaft is forced to revolve around its swinging 

center located right under the grating, thus forcing the grating to rotate. As it 

rotates, its wavelength range is explored. This design effectively reduces the number 

of moving parts to 2, the threaded rod and the shaft-grating assembly. Achieving 
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stable and reproducible wavelength tunability becomes a question of threading the 

rod accurately and mounting the pivot to a close tolerance. These are both tasks 

efficiently accoJ"l1plished by machinists. 

The JO (' J' filter plus clear filter) filter arrangement, with a central wave

length at 8151 A and a response curve given in Figure A.l, was used to block all 

visible light outside of a 168 A wide region around the center from the grating. The 

crank settings were varied slightly from run to run to emphasize either the 8176 A 

line 1 or the 8197 A line 6 or to include both in the spectrogram. These settings 

ranged around 3000. A plot of crank setting versus central wavelength for the JO 

filters is presented in Figure A.2. The small size of the total spectrograph, the use 

of silvered mirrors, the minimization of reflections, the use of an echelle grating in 

high dispersion all combine to give this spectrograph a figure of merit, defined as 

the luminosity-bandwidth product, comparable to instruments used behind much 

larger telescopes (Schneider et al., 1987). 

Flat fields were accomplished by recording images of the white underside 

of the telescope dome when 150-Watt Philips 'Westinghouse Bulb Agro-Lite Indoor 

Plant Lights lamps were directed towards it. Not nearly enough light could be 

gathered in a reasonable period of time in high-resolution mode using this method, 

so the slit was opened fully in order to image flat fields. Typically three or four 

flat fields were recorded for each night and averaged together. The flat fields thus 

reflected the instrument response only approximately; using a wide slit had the effect 

of smoothing out high-frequency bumps and wiggles in the instrument response. 

This was not a crucial matter for the work described in this paper; before measuring 

equivalent width all of the Mars spectra were divided by standard star spectra to 

produce a flat continuum in the neighborhood of the terrestrial water line wings. 
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Bias images were also recorded. These were readouts of the COD chip when 

no light was received by the chip and were simply intended to measure the voltage 

levels to which each well was biased. This level fluctuated with temperature and a 

measure of this was recorded for the images of the December, January, and February 

runs by recording a prescan of three voltage levels for each image. These prescan 

columns were averaged and subtracted from each pixel in every image before any 

bias subtraction. Then all of the bias frames were averaged together and subtracted 

from each flat field, standard star, and Mars frame. If no prescan was recorded for 

an image, as in the first run, then the degree to which temperature variation changed 

each image's average data number was gauged by averaging several rows of pixels 

near the edge of the image within a zone masked by the slit decker. 

2.5. REDUCING THE DATA 

This section describes how CCD frames recording martian spectral images 

(images with a spectral x axis and a spatial y axis) were reduced to extract the 

equivalent widths of the martian water features which were positioned as absorptions 

in the wings of terrestrial absorptions belonging to the same transition. In the 

following the term data number, used in the previous paragraph, is proportional to 

the number of electrons collected by each CCD potential well during an exposure. 

Each CCD electron bucket contains many electrons that reflect the influence of 

effects other than those of interest. The process of reducing the data attempts to 

purge a CCD image of their undesired influence. It accomplishes this by subtracting 

and dividing the martian images by calibration images that record the bias voltage 

applied to every pixel of the CCD, and then by images that record the response 

of the spectrograph-plus-CCD to spectrally flat light. The images are oriented so 
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that their spatial axis is perpendicular to the spectral axis, then sliced up along the 

spectral direction in strips half a seeing disk wide, these strips averaged into one

dimensional spectra and finally divided by similarly prepared spectra that belong 

to stars whose spectral flatness allows them to create spectrograms containing only 

the terrestrial water lines. At each stage the image is "reduced" because the effects 

of another umvanted influence is removed. At the end of the process the martian 

absorptions are laid bare, ready to have their equivalent widths measured. 

Every step in the above process was accomplished with the Image Reduction 

Analysis Facility (IRAF) an immense (90.101 MBytes) program composed of a 

smorgasbord of different packages designed to reduce digitally recorded remotely 

sensed data, astronomical or geological, photometric or spectral. IRAF has its own 

command language and the ability to perform system (shell) commands while in 

the program. It can display images on the screen both as digital photographs, one

dimensional cross-sections and two-dimensional contours. Hard copy can be output 

to a laser printer. Various statistical analyses can be performed. Processes can 

be automated by a script facility. Each image or spectrum carries a header file 

whose sole job is to record details of the file's history and genealogy, including the 

birth of its original ancestor. And last, but not least, images and spectra can be 

added, substracted, multiplied, divided, exponentiated, averaged, smoothed, purged 

of cosmic ray hits or bad pixel columns, either separately, against one other, against 

constants, or compared to previously created calibration files. IRAF commands can 

operate on many files automatically simply by listing the names of these files in 

another file and operating on this file. Programs of IRAF commands called scripts 

can be created interactively so that large portions of the image reduction process 

can be automated. 
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The steps in the data reduction process will therefore be described by the 

IRAF commands used to perform the step. Clearly, a very concise description 

would consist of a commented list of the IRAF commands typed into the computer 

together with their arguments. The following discussion is fairly described as such 

a list plus explanations. An impartial investigator should be able to take this 

explanation, operate on the raw Mars images recorded, and generate the equivalent 

widths reported below. 

Data reduction began with images typically 250 by 850 pixels in size with 

the spectral direction tilted at an angle of some 45°to the vertical direction. Vertical 

(column) refers to the direction along the slit, the spatial direction, while the hor

izontal (row) direction is the spectral axis. The slit was aligned with the spin axis 

of Mars for all images of the planet. Table 2.2 lists the martian images recorded for 

each date of the observing program. Data numbers for any image were held below 

10000 counts because of the nonlinearity of the CCD chip above this n~mber (Fig. 

A.3 ). A bias image integrated data number for 1 second at each pixel when the 

shutter to the CCD camera was closed. A fiat field recorded a 3-4 minute exposure, 

with the slit wide open (0.5 mm), of the underside of the dome lit by two or more 

lamps. Images of Mars were generally exposed for 5-15 minutes while standard star 

images could be exposed for as long as half an hour to an hour. 

Two CCD cameras with their resident chips are owned by U. Fink's group 

at LPL and were available to record the spectrograph images. The one with the 

smaller liquid nitrogen dewar is called the short camera: it was used for the first, 

second, and fourth runs; the long camera was used for the third. Various columns 

on each chip record data numbers of arbitrary magnitude, with no relation to the 
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Table 2.9. Bad Pixel Columns 

Columns 

Short Camera 130-131 134 160 176 180-181 

188 196 202-203 214 220 

223 265 2i5-276 287-290 31i 

333 375 406-407 446 463-465 

468 486 510 544 615 

630 637-638 720 739 769-770 

815 

Long Camera. 53 120 139 236 263 

2i2 370 3i8 389 39i 

500-503 612 625 637 669 

i12-716 

actual light level the chip is exposed to, on any readout of the CCD. They are called 

bad pixel columns and are listed in Table 2.9. 

The first step was to remove these bad columns and this was done with 

the IRAF command noao:proto:jixpix (Le., the command jixpix located in the proto 

directory of the noao package.) Then images:imstat was used to compute the average 

of similar columnar strips of prescan voltage within the first 54 columns of each 

image. The prescan recorded three different voltage levels, in three IS-column wide 

swaths, whose magnitude was sensitive to temperature fluctuations. The average 

computed by imstat was substracted using images:imarith from each image. No 

prescan was recorded for the June data; here data number averages were computed 

of horizontal strips along the extreme top edge of each image, located within dark 

areas blocked off by the decker and assumed to reflect the CCD dark counts. These 
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were used to correct for temperature fluctuations. No separate dark count images 

were recorded during any of the runs. 

The bias frames were then averaged image8:imcombine and subtracted from 

all Mars, standard star, and flat field images image8:imarith. The Mars and stan

dard star images were then divided by an average of the flat field images taken 

during the same night. They were cropped image8:imcopy to the same size to re

move excess background area, the equality in size being convenient when applying 

the two-dimension coordinate transformation to all images that rectified the im

ages, i.e., removed the spectral line tilt and curvature, and rotated the spectral 

lines to be parallel to the spatial a.."{is. Before this step, the images were rotated to 

remove the very small physical misalignment of the CCD chip within the dewar im

age8:imrotate. The rotation angle was typically 0.15° counterclockwise. The quality 

of the rotation was checked by examining spectral cross-sections (cross-sections par

allel to what would be the spectral direction after the rectifying step) straddling a 

spatial peak of continuum intensity from a Mars or star image. The correct rotation 

angle produced an identically sloped continuum on either side of the peak within 

the horizontal cross-section. Finally the spectral axis (x) and the desired units (A) 

were communicated to each image header noao:twod8pec:8etdi8p. This ended the 

first part of the data reduction. 

A succession of standard emission lamp images are usually interspersed be

tween the other images taken during a run in order to establish a wavelength scale 

for a night's spectrograms. A Thorium-Argon lamp and accompanying emission 

atlas was available, but unfortunately suffered from a paucity of strong lines in the 

wavelength region of interest. Therefore, the decision was made to use a less accu

rate, but more dependable calibration scale: the tabulated wavelengths, corrected 
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to the altitude of the observatory, of the large terrestrial absorption features present 

on every single 1'Iars and standard star image. The full width at half max of these 

absorptions was large, typically 10-20 pixels, or 300-600 rnA while the widths of the 

Th-Ar emission features were 3 pixels, or 90 rnA. Since the centroid of a symmetric 

absorption or emission feature can be judged to an accuracy of at least one-fiftieth 

or one-hundredth of its width, the use of the terrestrial features degraded the preci

sion of the wavelength calibration by a factor of 10, to an accuracy of 10-20 mA(see 

Fig. 2.12). 

However since the terrestrial features were not only located on the same 

image for which they provided the scale, but were also strong, numerous (at least 

7 occurred on eve!'y row), and well-distributed throughout each image, deriving a 

wavelength scale from their centroids did not suffer from systematic errors which 

potentially and aperiodically plagued the Th-Ar scale such as abrupt shifts in chip 

position. 

Ignoring flexure-induced alterations in the spectral images and because only 

accurate wavelength differences were desired, the transformation from a spectro

gram with tilted spectrallines and an x axis in pixels to one with rectified spectral 

lines and an x axis calibrated in A was accomplished once for one image and then 

applied to successive images. Adopting this procedure implicitly accepted the inex

actness of the coordinate transformation created by small movements of the CCD 

chip inside the dewar. Ivlore often than not, the calibration that resulted would 

have an arbitrary offset on the scale, but since the Doppler shifts of the martian ab

sorptions were measured with respect to their terrestrial counterparts, extra offsets 

were disregarded: the relative scale was, to a very good approximation, the same 

within the 0.5 A distance between the Mars line centroid and terrestrial centroid. 
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Figure 2.12. Histogram of Doppler shift of each measurement divided by theoret
ical Doppler shift. 

A 10-pixel shift, probably typical over the course of a night, translates to a 0.3 A 

wavelength shift. 
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Rectifying and calibrating of the images consisted of first determining an ap

propriate coordinate transformation and then applying it to all of the Mars and star 

images. Spectral images of the Moon, if acquired, were preferred because they filled 

the slit and put absorption features everywhere on the slit not blocked by the jaws 

of the decker. If Mars images were used for determining the transformation, then 

they and the star images were cropped to the same size and to include the same pix

els. The coordinate transformation was determined using commands appearing in 

noao:twodspec. First the wavelengths of the 15-20 water absorptions were corrected 

to the density of air at the altitude of the Catalina Observatory and listed in a table 

in a format accessible to IRAF. Using the command noao:twodspec:longslit:identijlj 

the centroids of the 10 or so major absorption features appearing on each were 

located by IRAF in pixel column number and written out to a table. The one

dimensional transformation necessary to convert the pixel number of each centroid 

to the assigned wavelength was computed in terms of a fourth-order Chebyshev 

polynomial. Next, the command noao:twodspec:longslit:reidentify stepped vertically 

through the image and using the table generated by identify as a starting point, 

searched for, and found the same absorption features displaced into new locations 

because of the tilt of the spectral lines. As in identify, the centroids of the ab

sorption features were paired with the assigned wavelengths from the table acting 

as atlas and one-dimensional fits determined. A vertical step of 5 rows would add 

some 20-25 new lines in a typical 100-150 row calibration image, each with 7 pixel 

column numbers paired with their respective wavelength assignment in A. The new 

pair lists would be added to the table generated by identify. 

Having acquired some 100-200 mappings of the form (x, y)~ (A, y) the 

command noao:twodspec:longslit:fitcoords took the series of one-dimensional trans-
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formations and applied them toward a two-dimensional fit which could convert any 

pixel row and column number into a wavelength in A and column number. The 

command noao:twodspec:longslit:transform applied this transformation to all im

ages needing to be rectified. At this step one could set the dispersion of the final 

rectified and calibrated images. This was chosen so as to approximate as closely as 

possible the dispersion in the original raw CCD frame and typically set to 0.0299 A 

mm -1. The tilt of a spectral image had the side effect that an absorption feature 

which did not appear at one edge (top or bottom) might come into view at the other 

edge. In two instances, the first and the second runs, partial information belong

ing to one of these lines at edge, the 8177 A line (line 1) (wavelength in sea-level 

spectrum), was available at the top of the frame. 

Using the command noao:proto:toonedspec the Mars and star images were 

binned into one-dimensional spectra arrayed vertically, in the spatial direction. The 

number of rows contributing to each bin in a Mars image was equal to half the seeing 

disk as measured in pixels for that night's seeing. The bin width for each night's data 

is given in Table 2.5. For a standard star image, all of the spectral data available was 

added to give a single spectrum. Half the seeing disk was deemed to be the minimum 

spatial resolution element to a good approximation (about 10%). The process of 

summing also reduced random fluctuations in data number for each pixel, the noise. 

The more bins were summed for a night, the better the noise reduction and resultant 

signal to noise ratio. Because the raw signal was usually higher for a Mars image 

than for a star image, the star spectra possessed higher noise. After summing, the 

spectra were normalized by the continuum levels, identified at several points along 

the spectra (noao:onedspec:continuum). The spectra, after being normalized, had y 

axes increasing upward from 0% to 100% transmission while the x axes, calibrated in 
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A, increased to the right. The spectra were now in a position to measure equivalent 

width. The appearance of representative images from each night at this point are 

displayed in the photographs (Figure 2.13). 

The command images:fitl d was also used at this point in order to provide 

a fit to the continuum along the slit in terms of a high-order Legendre polynomial 

to be used later to weight the airmasses for each pixel. 

The above machinations essentially had the purpose of sanitizing the spec

tra, leaving se\'eral spectra for each of several images for each night in the form 

where each spectrum contained several large absorptions reflecting the abundance 

of water in the atmosphere forward of the grating with tiny absorptions Doppler

shifted toward lower wavelength for the June run and toward higher wavelenghth 

for the other three runs. Each spectrum had been affixed with a wavelength scale at 

the bottom and a transmission scale on the side, which were internally consistent to 

a very good accuracy, but, due mostly to random inconsistencies in the various fits 

generating the wavelength scale, were not quite aligned with each other. Since the 

next step involved dividing each Mars spectrum by an appropriate star spectrum to 

remove the absorptions belonging to the Earth's atmosphere, each Mars spectrum 

would have to be shifted in order to align the terrestrial feature on it with that on 

the star spectrum. In fact, not only would this have to be done for every spectrum, 

but for every line on every spectrum, because differences in actual and predicted 

positions of the 10-20 rnA residual error in the wavelength scale derived from the 

terrestrial water absorption cores held between the lines on the same spectrum, just 

as they did between the lines between different spectra. 



Figure 2.13. CCD image and slit-averaged spectrum shown for each night. 
Martian lines are visible, Doppler-shifted to right of much larger 
terrestrial absorption features in last three spectra, especially for 
very dry night of 9 January. Compare depthS of terrestrial fea-

. tures with depth of solar Na feature near 819.5 nm, approximately 
constant over 4 nights. 

92 
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Therefore, the centroids of each terrestrial core with a Mars satellite that 

was to be measured plus those on the standard star spectra were accurately deter

mined by the mark (m) feature of noao:onedspec:identify. The search radius for the 

measurement was set so that only the deep core, not including the additive effect of 

any possible martian absorption, or Doppler-shifted solar feature would obfuscate 

the centroid determination. Then the spectra were shifted by the difference between 

the locations of the deep cores between the Mars and star spectra images:shiftlines. 

Scripts were used to accomplish this process for many shifts at once. 

Having shifted the spectra so that the terrestrial cores on the Mars spectra 

were aligned with those of the standard star spectra the IvIars spectra were now 

divided by the rapidly rotating 0 and B star spectra raised to the ratio of the object 

airmass to the standard airmass to remove the large absorption features belonging 

to terrestrial water. The command that performed this division and subsequently 

measured the equivalent width was noao:onedspec:splot using the Ie' feature. rrhis 

feature is the simplest of four techniques used by splot to compute equivalent width. 

It fits the continuum by a line assigned by eye and integrates the absorption with 

respect to this sloping line and divides by the continuum level. The corrections 

assumed that each absorption was given by an expression similar to 

(~) = exp[-TII 1]] , 

where Ie is the intensity before absorption by terrestrial water in the path of the 

beam, III is the intensity after absorption, T is the optical depth and 1] is the airmass. 

Spectral traces displaying this process are presented in Appendix E. 
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After the terrestrial absorptions were removed, the martian water absorp

tions, shifted by the Doppler effect from the terrestrial residuals, were identified 

and their equivalent widths integrated, the continuum being assigned by eye. The 

Doppler shifts were simultaneously measured relative to the terrestrial core. A high 

and low level in the assignment of the continuum level was estimated and consid

ered to be the 1 0' error plus and minus. The errors estimated as 1 u errors were 

probably closer to 20', but by being conservative, a more complicated error analysis 

was avoided. A noise equivalent width (NEQ) was also measured by comparing 

the same spectral region in different spectra and measuring the equivalent width of 

random "absorption" features. Usually the NEQ was smaller than the continuum 

error, but whelllarger it was adopted as the continuum error. The largest source of 

error was the relatively poor signal to noise ratio of the standard spectra: for work 

at our spectral resolutions at the wavelength range of interest, these magnitude-2 

stars required much more integration time to produce half the counts. The noisiness 

of the standard star spectra acted to increase the dispersion of the water abundance 

measurements: they were as likely to be underestimated as overestimated. The sig

nal to noise of the resulting individual spectra varied, depending on the amount of 

water, but was typically one to ten, from weakest to strongest measurable absorp

tion. The average column abundance profiles reported here represent averages of 

from 8 to 21 individual equivalent width measurements per point and thus result 

in signal to noise ratios improved by a factor of 2.8 to 4.6. This improvement in 

effective measurement error is due to the use of the CCD as an array detector. The 

resulting equivalent widths are presented in appendix F for each night. 
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, 2.6. ANALYZING THE DATA 

After successfully acquiring an ensemble of equivalent widths at various 

locations on Mars' disk at different times of Mars' year, the observer and data 

reducer has one more task: convert these equivalent widths to average column 

abundances of vapor. This task is accomplished by assuming that the line shape of 

the martian absorption had a Voigt profile, almost certainly a luxurious refinement, 

and integrating the equation relating equivalent width to column abundance, the 

so-called curve of growth equation, to solve for column abundance: 

w" = 1:(1- T,,)dv 

= 1:(1- e-rV/J.&)dv 

= 1:(1- e-uvN/J.&)dv 

where T" is the transmission at frequency v, 1'" is the optical depth at frequency v, N 

is the column abundance of H2 0 molecules, f.t is the airmass factor, and u", the cross 

section. The cross section is given by u" = Sf(v - vo), where S is the line strength 

and f(v - vo) is the shape factor, which expresses how the magnitude of the cross 

section depends upon frequency (J~oo f(v)dv = 1). The line strength S is defined 

with respect to all of the molecules in the column, i.e., S = exp-[hv/dTo](So/Zo) 

where To, the temperature at the reference level for which line strength is tabulated, 

is 296 K for the GEISA tables. 

The line shape f, was assumed to be that of a Voigt line profile, which 

includes the effects both of Doppler and pressure broadening: 
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2 

-3 100 
e-X dx 

f(v - va) = Olr/r.7:2y 2 [ II-II )2' 
-ooY + x-~ 

The integration variable x is defined by x = ulurn , where Urn = J2kT 1m and u 

ranges from negative to positive values whose absolute magnitude is large enough 

to fully explore the line without demanding an excessive amount of computer time. 

Its value ranged from -10 to 10. In the above equation y = OlLIOlD. The Lorentz 
1 

line width parameter OlL is given by OlL = Ol!. (t) (11)2 where Ol!. is the Lorentz 

broadening parameter, P is the pressure characterizing the target absorptions in 

the martian atmosphere, Po is the reference pressure, and T is the temperature 

characterizing the target absorptions. The Doppler line width parameter OlD IS 

given by OlD = urnvo/c where c is the speed of light. 

In the equation for curve of growth above we want to know N, the column 

abundance, for a certain measured equivalent width TtV, certain assumed or guessed

at pressure and temperature P and T characterizing the atmosphere, a certain 

airmass factor J.1, characterizing the geometry of the observation, certain laboratory-

,measured and theoretically derived quantities Ol!. and So characterizing the water 

transition. Since the equation gives a closed-form expression for a known quantity, 

W, with the unknown N, imprisoned in the exponent of an integral expression, 

we cannot solve for N directly. Therefore, the whole expression was treated as 

an equation with a root and the method of determining a root by bisection was 

applied to find N using the root bisection routine given in Numerical Recipes. In 

the process the integrals for f and TtV were solved by Simpson's rule also using 

routines given in Numerical Recipes. A sample set of inputs and outputs for the 

program accomplishing this, called colabulld, is given in Table 2.10. 
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Table 2.10. Sample colabulld Input-Output" 

Input 

Sub-Earth point latitude -23.4 Sub-Earth point longitude 13.34 

Sub-solar point latitude -8.47 Sub-solar point longitude 334.0 

Spectrum row number 59 Polar Width (pixels) 68 

Curves of Growth'? no Curve of Growth File cgjan9c3 

Spectral Line ::-iumber 4 Slit Dist. From Center (arcsec) 0.3 

Effective Pressure 2800.0 Effective Temperature 202.5 

Average Over Row :"iumber? yes ~!easured Eq. Width (rnA) 1.9 

Low Pbcel RO\lr of Average 51 High Pixel Row of A. verage 58 

Calculate Column Abund.? yes Initial Abund. Guess (pp. J.lm) 20.0 

Planet Radius (arcsec) 4.44 Slit Angle Counterclockwise (0) 0.0 

Direction of Incr. PLxel Row South File of Flux Intensity albfit306 

Output 

Latitude of Target Point (0) -69.3 Longitude of Target Point 2.33 

Earth Zenith Angle (0) 46.4 Solar Zenith Angle 63.5 

Airmass of Outgoing Beam 1.444 Airmass of Incoming Beam 2.218 

Avg. Airmass of Outgoing Beam 1.240 Avg. Airmass of Incoming Beam 1.788 

A verage Target Latitude -58.79 Average Target Longitude 5.669 

Airmass Used in Calculation 3.028 Lower State Energy (cm- 1) 79.50 

Line Index 4 Line Frequency (cm -1 ) 12210.188 

Line Strength (em molec- 1). 3.68. 1O-l:! Lorentz HWHH (296 K)(cm-1) 0.094 

Doppler Width at T (cm- 1) 0.0114 . Lorentz HWHH (T, P)(cm-1) 0.0003 

Abundance of H20 (ppt J-Im) 7.90 

• One of 639 similar runs. 

A curve of growth for one particular run of the program is displayed in Fig. 

2.14. 
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Curve of Growth 

Line 4 (8189.3A) at T = 200K 

.3 1 3 10 30 100 

log 10 [ 1JNS / (XDV7r ] 

Figure 2.14. Sample curve of growth verifying the integration procedure for the 
progTam colabund. Data plotted in units of Doppler width. 

We analyzed the data by assuming atmospheric temperatures equal to those 

simulated by the Mars General Circulation Model at similar seasons and under sim

ilar assumed dust optical depths (Pollack et al., 1990). The pressure was assumed 
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to be half the surface pressure appropriate for the time of year and elevation of the 

point being considered. Line strength and pressure-broadening data were obtained 

from the GEISA tables (Chedin et al., 1986), which were available in a convenient 

format. Abundance differences introduced by using these line strengths as compared 

with the values published by Farmer (1971) at similar temperatures are negligible. 

Voigt profiles were assumed for the martian lines and the abundances retrieved 

from the measured equivalent widths. The martian airmass used was the average 

of the airmasses of each of the pixels, weighted by the relative flux of the contin

uum for that pixel row. We averaged the abundances measured by each acceptable 

line in each night's image for each L8and latitude, weighting the averages so that 

measurements with higher absolute errol' would be less strongly weighted. 

Figures 2.15-2.18 display the results. 

At L8= 208°, the H2 0 abundance peaks over the equatorial regions and 

decreases to near zero at high latitudes. The beginning of spring in the southern 

hemisphere preceded this observation by 46 martian days. The 3 December abun

dance profile, at L8= 320°, or southern mid-summer, still exhibits the equatorial 

peak, although it is somewhat diminished, while over high southern latitudes one 

or two additional maxima occur (~ -55 to -70°5). At L8= 3400 the southern hemi

sphere peak has been reduced by roughly a factor of 2. Finally, in mid-February, 

at southern autumnal equinox (L8= 360°), the Mars water abundance profile looks 

similar to the early southern spring profile. The equatorial peak that is a relatively 

constant feature of all four of the profiles is not as high as in June. 

The data translate to the appearance and subsequent disappearance of 4 . 

1011 kg of water on Mars poleward of 30°5 during the 1988-89 season. As can be seen 

from Figs. 2.15-2.18, the MAWD profiles and the Catalina profiles approximately 
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Figure 2.15. Line and spectrum-averaged water abundances as function of lati
tude for 4 June 1988 compared to MAWD profiles for same L" (solid lines). 
Boundary of south polar cap indicated (arrow). Abundance error bars cor
respond to 20- errors in a.verage over night. Spatial error bars are seeing 
errors estimated by half width at half maximum of standard star seeing disk 
recorded nearest in time to Mars image. Column abundance measured in 
precipitable microns, equivalent to 3.3.1018 cm -2. Viking data correspond 
to contoured abundances presented in Fig. 5 of Jakosky and Farmer (1982) 
(R. M. Haberle, personal communication). 
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Figure 2.16. Line and spectrum-averaged water abundances as function of latitude 
for 3 December 1988 compared to MA'VVD profiles for same La (solid lines). 
See Fig. 2.15 for explanation. 
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Figure 2.17. Line and spectrum-averaged water abundances as function oflatitude 
for 9 January 1989 compared to MAWD profiles for same L" (solid lines). 
See Fig. 2.15 for explanation. 



103 

30 

-. 360 0 (Southern Autumnal Equinox) 0 s -
t\l ::r: 
S 20 
::t 

..j.J 
p.. 

++ 
p.. 

'--' 

Q) 
C) 

~ 
cd 

10 + '"d 
~ 
~ 

~ 

o 
-50 o 50 

Figure 2.18. Line and spectrum-averaged water abundances as function of latitude 
for 16 February 1989 compared to MAvVD profiles for same L" (solid lines). 
See Fig. 2.15 for explanation. 
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agree with each other for L9= 208 and 360°, but for L9= 320 and 340°, the Catalina 

measurement~ show twice as much water in the southern hemisphere as did Viking. 

Systematic sources of error such as uncertainty in the strengths of the spectral lines 

and residual scattering we expect could explain no more than 5-10% of the difference 

between the two data sets. In comparison with previous Earth-based work (Fig. 

2.7), the visible disk abundances from the four nights: 10.3, 12.0, 11.4 and 8.5 ppt 

j.lm, are very much in accord with the global abundances reported for the years 

1970-71, 1972-74, 1975-76 given the up to 10 ppt j.lm scatter in these measurements 

(Jalmsky and Barker, 1984). During 1969, martian global water abundances ranging 

as high as from 30 to 45 J.lm around L9= 3400 were observed (Barker et al., 1970). 

The scatter in the Catalina abundance measurements and Doppler shifts of 

the martian absorption features relative to the terrestrial features is shown in Figs. 

2.19 and 2.12. 

In Fig. 2.19 we have displayed a histogram of the ratio of each individual 

abundance measurement to the average measurement for the specific L9and latitude 

to which it contributed. We expect the histogram to assume the shape of a Poisson 

distribution. In Fig. 2.12 we have displayed a similar histogram for the ratio of each 

measured Doppler shift relative to the terrestrial core to the theoretical Doppler 

shift. These we expect to have the shape of a very sharp Gaussian. Thirteen 

measurements of zero water abundance were made and they are plotted at zero on 

both histograms. Those measurements plotting at more than twice the value of 

the average are primarily measurements of very low abundances. vVe conclude that 

there is a considerable amount of scatter in the martian water abundances that 
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is not a result of the measurement process, but represents real variation in water 
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abundance from longitude to longitude at the same latitude. 
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Figure 2.25. Echelle spectrograph: bottom view 
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Figure 2.25. Echelle spectrograph: bottom view 
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CHAPTER 3 

VERTICAL MIXING IN THE MARTIAN LOWER ATMOSPHERE 

DURING SOUTHERN SPRING 

3.1. INTRODUCTION 

This chapter describes a project to constrain the eddy diffusivity of the 

lower martian atmosphere. It incorporates water column abundances observed on 

4 June 1988 as a function of latitude and described in the first chapter into a 

series of one-dimensional photochemical models at different latitudes. The models 

calculate the ozone abundance as a function of latitude. The predicted meridional 

ozone abundance profile is compared to one measured by ground-based observation 

within the same two to three day period as the water abundances. The model 

inputs eddy diffusivity as a function of altitude as an additional parameter and by 

its success in matching the latitudinal ozone abundance distribution tests the input 

eddy profile's success at each latitude. The third major model parameter is the 

water scale height. 

The Infrared Heterodyne Group (IHG) of Goddard Space Flight Center 

(GSFC) measured the ozone profile from the Infrared Telescope Facility (IRTF) 

on Mauna Kea, Hawaii, reproduced in Fig 3.2 (Espenalc et al., 1991). The wa

ter abundance profile input equals that measured for Mars on the night of 4 June 

1988 from Catalina Observatory (Rizk et al., 1991). Fig. 3.3 displays the best 

matched eddy profile which drops from a value near 108 cm2 sec-1 near 40 km 

to one near 106 cm2 sec-1 near 10 km. Fig 3.4 compares the success of twelve 
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different combinations of eddy diffusivity, water scale height, H2 mixing ratio, and 

topside boundary condition on odd-hydrogen (odd-H) and odd-oxygen (odd-O) flux 

in matching the IRG data. The first section of this chapter briefly reviews mar

tian photochemistry, the significance of the eddy diffusivity to vertical transport 

in planetary atmospheres, and previous martian photochemical models, the second 

describes the present model, the third presents the results, the fourth discusses the 

results, and the fifth presents the conclusions. Appendices H, I, and J describe 

the one-dimensional vertical diffusive transport model, the model's photochemistry, 

and plots model results in detail. 

The chapter concludes that tendency toward low polar 0 3 abundances is 

naturally e:ll.."Plained by altitudinal profiles of eddy diffusivity in which it decreases to 

relatively low values between 5 and 10 km altitude, the region above the boundary 

layer. Also, the more well-mixed the water vapor in the model was assumed to 

be, the better matched was the data, but the difference between well-mixed and 

saturated profiles became more negligible, the more stratified the altitudinal eddy 

diffusivity profiles became. The martian atmosphere during this opposition was 

distinctive in the relative lack of dust in the atmosphere as compared to other 

years. 

3.2. REVIEW 

This section briefly reviews martian photochemistry, the atmospheric prop

erty known as eddy diffusivity, or eddy diffusion coefficient, and previous martian 

photochemical models. Several works have reviewed one or more aspects of this 

subject in the last 20 years (Lindzen, 1971; Hunten, 1974; Hunten, 1975; Barth, 

1985; Holton, 1986). 
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The state of martian photochemistry seems advanced and detailed, given 

that only two in situ stations have ever existed on the planet for any length of time. 

The subject is certainly not devoid of observation (Barth, 1973) but it would be 

fair to characterize the knowledge gained in this field as having relied heavily on 

one-dimensional photochemical transport modeling. Aeronomers have been very 

successful at modeling the martian atmosphere because one of the two natural 

mechanisms that control ozone concentrations in the Earth's own stratosphere-the 

odd hydrogen cycle-seems to operate on Mars. The reactions are thus, for the 

most part, well-studied, with measured rates readily available. It helps matters 

that the makeup of Mars' atmosphere is so simple: 95% CO2 , 3% N2 , a bit of Ar 

and the rest trace species, including CO (700 ppm), O2 1.3.10-3 , H2 0 « 10-4 ), 

and 0 3 (rv 10-9). The present photochemical model of the martian atmosphere 

plausibly explained four aspects of Mars' aeronomy and one of its surface which 

were mysterious. 

The first mystery: why mixing ratios of CO and O2 in the martian atmo

sphere both at low and high altitudes had values of the order of 10-3
• This was 

surprising because under the action of ultraviolet light of wavelength less than 2270 

A, which bathes Mars unattenuated to an altitude of 25 km, CO2 is dissociated into 

o and CO, the 0 is readily converted into O2 and the reconversion 

200 + O2 + !vI ~ 2002 + ivI 

is an extremely slow one (M, the third body, is CO2 in Mars' predominantly CO2 

atmosphere) (k=5 .10-37 cm6sec-1 is the rate constant at 220K). A strong oxidizing 

agent could accomplish the oxidation of CO back into CO2 at low altitudes but it 
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was difficult to imagine that any such agent would survive the hard UV environment 

at high altitudes. Scientists required a very efficient transport to lower altitudes to 

explain the depletion of CO and O2 at high altitudes. 

A second mystery emerged after the Viking Gas Chromatograph Mass Spec

trometer (GCMS) observed no organic compounds in the martian soil (Biemann 

et al., 1977). Meanwhile, two of the three Viking Life Science experiments, which 

were trying to detect the presence of life on the surface of Mars, detected levels 

of activity that surpassed the baseline thresholds for detection of life established 

before the mission. All three experiments assumed the hypothetical martian life 

to be based on carbon and thus ready to eat organic compounds at a moment's 

notice. The experiments all delivered food into soil samples gathered at the two 

landing sites and tried to detect the presence of metabolic activity that didn't go 

away after a sterilizing heat treatment. Two of them, the Carbon Assimilation 

Pyrolytic Release (PR)(Horowitz et al., 1977) and the Labeled Release (LR)(Levin 

and Straat, 1977) detected activity radioactively after feeding any organisms in the 

martian soil either HC-Iaced CO2 gas (PR) or dilute water-dissolved nutrient of 7 

elementary organic compounds (LR). The third, the Gas Exchange (GEX) (Oyama 

and Berdahl, 1977) tried to detect activity with a gas chromatograph after adding 

a concentrated mixture of organic compounds and inorganic salts. All three exper

iments were extensively calibrated against the low biological acitivty of Antarctic 

soils. 

The PR had established 100 ppm as an upper 3 (j limit on non-biological 

activity by ground calibration. All of the samples it tested on Mars produced weal( 

responses but significantly exceeded this level of activity, with amounts of fixed 

14C ranging from 130 to 880 ppm. However, a relatively high (90 0 C) sterilizing 
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temperature did not diminish the responses, indicating that, whatever was causing 

the 140 to be fixed was not biological. The PR was the only experiment of the three 

in which water was not added to the soil. 

The LR also detected an asymptotically positive response to the addition 

of the nutrient. This response was weakened or negligible when the samples were 

first heated to 160° O. Heating to 46° largely inhibited the response while heating 

18° had little effect. This experiment produced the response most like that of a 

living organism. 

The GEX tried to detect life by maintaining a cycle of successively and re

peatedly adding nutrient and then flushing the chamber. It distinguished between a 

biological and an abiological response by expecting a biological response to increase 

after each cycle and a non-biological one to diminish. Activity was observed here 

also, mainly in the form of the release of quantities of O2 gas. This release seemed 

clearly related to the addition of water to the soil: it was guessed that the water 

was being 'stripped of its hydrogen by a superoxidizing compound in the soil. 

In fact, well before the flight of the Vikings, it had been guessed on the basis 

of Mariner 9 data cited above that the martian environment was oxidizing enough 

to continuously convert CO to 002 (McElroy and Huntenj Parkinson and Huntenj 

Hunten, 1974). It was believed that an important by-product of this conversion 

was the constant creation and snow-out of H2 O2 , hydrogen peroxide, at the rate 

of 2.109 cm-2 sec-1 (Hunten, 1979). Not only would such a compound and its 

relatives (OH and H02 ) burn off organics in the martian soil (Hunten, 1979), but 

would oxidize the rocks and soil itself, creating superoxidants, radically oxidized 

silicates, aluminosilicates, iron silicates, and who knows what else. Such compounds 

are capable of explaining the positive activity detected by PR and LR, although 
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LR could also be explained biologically (Levin and Straat, 1981). Because the non

biological chemical explanation requires fewer assumptions and agrees with results 

about the martian atmosphere derived from a completely separate discipline, it is 

overwhelmingly favored as the explanation for the PR, LR, and GEX results at this 

time. 

The third mystery also emerged as a result of the Viking mission. The 

Mariner 9 experiment observed concentrations of hydrogen and oxygen in the upper 

atmosphere that allowed scientists to calculate what the escape rates of hydrogen 

and oxygen were from the upper atmosphere (Barth, 1975; McElroy, 1972). It was 

found that the escape rate of hydrogen was 1.2.108 em -2 sec-I, and that of oxygen 

6.107 cm-2 sec-I, exactly half as fast, to within the errors of the measurements. 

The results were interpreted as indicating that water was escaping as a unit from 

the martian atmosphere at a rate equal to the oxygen rate, 6.107 cm-2 sec-I. 

The fourth mystery was the behavior of ozone on Mars, known since the 

observations of the Mariner 9 UV spectrometer in 1971-72, which mapped the 0 3 

abundance as a function of time and latitude over four seasons (Barth et al., 1973). 

It discovered a seasonal cycle which seem anticorrelated to water abundance behav

ior: when water was high, ozone was low and vice versa. 

All four of these mysteries are now widely accepted as being explained 

by the existence odd-hydrogen catalytic photochemistry occurring in Mars' atmo

sphere. The agent that converts CO and odd-oxygen back into CO2 seems to be 

OH, a radical which is one of several compounds with the general formula HO x 

called the odd-hydrogen family. Other members include H, H02 and H2 0 2 (which 

can be thought of as an OH dimer). Intrafamilial conversion is quite rapid. Re

plenishing the supply of the not-very-stable OH becomes the less demanding task 
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of producing any of the other family members. This is accomplished by splitting 

H20, seasonally available to the atmosphere, by UV light to produce OH and Hand 

storing the results as H20 2 and H02. Because of the fluctuating martian tempera

ture these are also seasonally variable. They precipitate to the ground during cold 

spells to be released when the temperature rises again. Thus, splitting one water 

molecule is effective at generating OH both in the short- and long-term. Moreover, 

it is these hydroxides and peroxides that are implicated as generators of the super

oxides thought to be responsible both for the absence of organic compounds on the 

martian surface and the seemingly positive results of some of the Viking life-science 

experiments. 

The regulation of the escape rates of Hand 0 at the exobase so that they 

are always in the ratio of 2 to 1 is explained simply as a result of the fuel that 

provides the chemical energy to drive the catalytic cyc1e-H20 subliming from the 

surface into the lower atmosphere to be photolyzed into Hand OH or so converted 

by reacting with OeD). The mechanism regulating the escape rates is a feedback 

involving the reaction 

If too much hydrogen escapes from the topside, the extra oxygen leads to reduced 

odd-H, which hinders the rate of the above reaction which is second-order in the 

concentration of odd-H. The rate of H2 production, the main carrier of H to the 

upper atmosphere is reduced, and thus the escape rate of H will be slowed. This 

mechanism was proposed by McElroy and Donahue (1972), and verified by photo

chemical calculations performed by Liu and Donahue (1976). 
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Putting together a model involves solving the equations of continuity and 

of the flux, 
fJ<jJ· fJ¢· 
_I + _I = n.(P. _ L.) 
fJt fJz I 1 I 

where ni is the density of the ith species, ]( is the eddy diffusion coefficient, H 

is the scale height, Pi and Li are the volume production and loss rates for species 

i. The production and loss terms are supplied by cataloguing the source and sink 

reactions for each species. To start with, many species are produced as a result 

of photochemical dissociation of another species. The appropriate cross sections 

must be multiplied by the solar flux and integrated with respect to frequency and 

altitude, then added to the terms keeping track of the production of the species in 

question from chemical reactions. One has to decide which reactions to include and 

which to leave out in order to speed convergence on a solution without sacrificing 

any of the essential chemistry. Because of the rapidity of the odd-H and odd-O 

internal reactions, the modeler can probably safely assume intrafamilial equilibrium 

to be more rapidly attained than transport timescales. This reduces the number of 

species whose transport needs to be included. Boundary conditions appropriate to 

the desired physical conditions are imposed if necessary, e.g., a chemically passive 

surface (no flux at z=O), observational constraints on minor species (the mixing 

ratios of CO and O2 fixed), and escape fluxes for Hand 0 at the topside (1.5.108 cm2 

sec-1 and 7.107 cm2 sec-1 respectively). The numerical method for simultaneously 

solving the equations must be selected from an array of computational schemes 

ranging from a finite-difference Runge-Kutta-type of iteration, or a faster, but more 

complicated implicit matrix inversion. 
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A problem is that this whole scheme requires high (compared to Earth) 

values of the eddy diffusion coefficient to extend the highly oxidative enviroment to 

high altitudes. Typical terrestrial values are 105 cm2sec-1 in the troposphere, 2.103 

cm2 sec-1 in the stratosphere (much of it in the grips of a thermal inversion) and 

105 - 106 cm2 sec-1 for the upper stratosphere and mesosphere. For Mars, when 

calculations based on the odd hydrogen cycle and related reactions are performed, 

values approaching 108 cm2 sec-1 are required to produce species profiles that agree 

with the observed abundances. 

Such high values of K are not out of line with theoretical estimates based 

on speeds computed for vertical winds generated by thermal tides. Using a mixing 

length argument, 

where v (:::::: 50 cm sec-I) is a characteristic vertical velocity and I (~20km) is 

a characteristic vertical wavelength. K is thus estimated to be 5.107 cm2 sec-1 

(Zurek, 1976). The theory behind such estimates is not highly developed, however, 

and values between 105 to 108 cm2 sec-1 have been garnered from both empirical 

(extinction optical depth due to ice crystals or dust cloud dissipation times) and 

theoretical consideration. It is even possible that K fluctuates temporally, seasonally 

and/or diurnally over the above range: its value has not been well- constrained. 

The eddy diffusivity represents the ratio between the flux of a species and 

the spatial gradient of its mixing ratio multiplied by the background atmosphere's 

density 

of 
J( = ¢/na oz 
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It gauges the vigor with which the atmosphere mixes itself. The stronger the mixing 

the higher the eddy diffusivity. The larger the eddies the more efficient the trans

port. One should not be misled by the name, which suggests that this transport 

occurs by diffusion by turbulent eddies, as opposed to, say, advection. Huge eddies 

can exist within an entity as large as an atmosphere and act to stir it on a global 

scale; they're called Hadley cells. Yet no one would suggest that diffusion causes 

the Hadley cells; they're primarily an advective process. When we adopt a single 

eddy diffusivity to represent the strength of an atmosphere's vertical mixing in a 

one-dimensional photochemical model, we expect it to accurately act as a proxy for 

all processes that mix the constituents of that atmosphere, whether or not these 

processes involve diffusion. So we treat eddy diffusivity as a transport parameter 

best determined experimentally. 

It is important to realize, however, that diffusion is an indispensable element 

of the transport no matter what mechanism generates the largest eddies: meridional 

advection, convective instability caused by gravity wave breaking, planetary waves, 

baroclinic eddies, or some other stirring mechanism. Moreover, our ideas about 

eddy diffusivity may be unduly influenced by the example of the Earth's middle 

atmosphere, especially the stratosphere, where eddy diffusivities are very low. In 

this region, the vertical transport seems to be dominated by the Hadley cells, which 

is to say that the mean meridional circulation generates the large scale atmospheric 

stirring. But small-scale diffusion remains necessary to actually disperse species on 

a more local spatial scale and it may be that small-scale turbulence generated at 

high altitudes and latitudes by wave breaking may be a more universal mechanism 

for mixing atmospheres vertically. 
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An example serves to demonstrate this point. Consider a pool with an inlet 

and outlet to which a pump is attached. To efficiently mix a trace species such as 

a colored dye throughout the pool one turns on the pump and pours the dye into 

the stream emerging from the pump outlet. If this outlet is located at one corner 

of the pool pointed parallel to the long side, then the dye gets quickly ent.rained 

in the stream and carried to the other end of the pool. If there were no diffusion 

then the dye would circle the pool as a coherent ribbon of color and eventually 

return to the environs of the pump outlet. No net transport would have occurred. 

However, there is local mixing: at the same time as the stream carries the fluid 

toward the other end of the pool, local mixing everywhere in the pool spreads the 

blue out in the perpendicular, width-wise, direction. It also spreads it out in the 

parallel direction, but in this direction, the stream does this much more rapidly. In 

the atmosphere, the mean meridional circulation is analogous to the pump outlet 

stream, small-scale eddy diffusion to the local mixing of the pool. The vertical 

direction in the atmosphere is the one perpendicular to the pump stream and the 

meridional direction is the one parallel to it. 

To get some dye from the pump outlet to the opposite corner of the pool 

which is also at a much higher altitude in our imaginary ~tmosphere, it is quicker 

to employ the pump outlet stream to get the dye to the other end of the pool and 

then let diffusion take the dye to the other side of the pool. If one were to rely on 

diffusion to perform the whole trip, it would take much longer. The net transport 

is made even more efficient in both the pool and the Earth's atmosphere by the fact 

that the mean meridional circulation is not exactly parallel and perpendicular to the 

pump outlet stream (or to the surface of the Earth), but curves at the ends and has 

components along both directions. In the atmosphere the circulation rises at the 
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equator (in the stratosphere) moves meridionally at mid-latitudes and descends at 

the pole. Along the stream the effect of eddy diffusion operates, dispersing species 

through the atmosphere. 

Such a mechanism operates in the Earth's stratosphere, in the troposphere 

near the equator and probably in the mesosphere near the equator. But at higher 

altitudes and latitudes, small-scale turbulent mixing is generated directly when 

gravity waves break near 90 km altitude during winter and near 70 km during sum

mer. The large vertical shears imposed by these vertically propagating oscillations 

in wind speed, temperature, and pressure, cause the atmosphere to be unstable at 

high altitudes. When these instabilities collapse and overturn they mix the meso

sphere. The resulting eddy diffusivites approach values of 106 cm2 sec-I, much 

greater than the values of 103 cm2 sec-1 characterizing the stable stratosphere. On 

Mars the best-fitting eddy diffusivities hover around 108 cm2 sec-1 for comparable 

regions of the atmosphere. Such eddy diffusivities, huge by terrestrial standards, 

seem also to characterize an atmosphere turbulent due to gravity wave brealdng 

between 40 and 100 km. 

Figure 3.la plots temperatu.re as a function of altitude for similar pres

sure regions of the martian and terrestrial atmospheres. Figure 3.lb compares the 

terrestrial eddy diffusivity profile commonly accepted as applying to the Earth's 

stratosphere and mesosphere as adopted from Hunten (1975), with a martian eddy 

diffusivity profile that has been widely used in previous photochemical models. For 

now, let us put aside the question of whether or not the martian profile is 108 

c~2 sec-1 all the way to the surface, which the modeling discussed in this chap

ter addresses. The obvious difference between the two atmospheres as displayed 

in Fig. 3.1 is that the martian diffusivity is some 3 orders of magnitude greater 
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than the terrestrial, implying either that the martian mechanism for generating the 

turbulence to mix atmospheric species vertically is different from the terrestrial, is 

stronger than the terrestrial, or both. 

The first mechanism mentioned above in this connection was the diabatic 

circulation. Also known as the mean meridional or Hadley cell circulation, it seems 

to dominate the mixing processes parameterized by the eddy diffusivity for the 

Earth (Holton, 1986); it is thus associated with eddy diffusivities of 103_105 cm2 

sec-1• The larger values of 106 cm2 sec-1 at higher altitudes are associated with 

gravity wave breaking. Planetary wave actvity, especially the low-wave number 

modes 1 and 2, seem important at high latitudes and seem able to mix species 

well into the stratosphere, but their effects are intermittent. Baroclinic eddies seem 

largely responsible for getting material from the troposphere into the stratosphere, 

but their contribution to mixing seems to stop at the tropopause. On balance the 

diabatic circulation seems most important for the pressure region covered by Fig. 

3.1. 

The martian diabatic meridional and zonal circulations look much like 

their terrestrial counterparts (Haberle et al., 1982; Haberle, 1986; Chamberlain 

and Hunten, 1987; refer to 2-D modeling cited in Chap. 4), although martian hori

zontal winds typically attain larger velocities. One roughly expects waves generated 

in the lower atmosphere to propagate into the upper atmosphere with similar or 

greater readiness as terrestrial waves. Thus the turbulence generated when these 

waves break should be similar in magnitude to those generated by waves in the 

Earth's atmosphere. So why the disparity of eddy diffusivities? 
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Figure 3.1. Temperature plotted as a function of pressure and eddy diffusivity as 
a function of altitude for Earth and Mars at similar pressure levels. Eddy 
profile for the Earth taken from Hunten (1975). 

The rough similarities between the martian and terrestrial circulations may 

be only that, rough. The atmospheric temperature of the region corresponding to 
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the pressures of the Earth's stratosphere through which the martian waves prop

agate has a negative altitudinal gradient, not a positive one like the stratosphere, 

as Fig. 3.1a shows. Martian waves should break at lower altitudes, pressures at 

which terrestrial waves cannot perturb the temperature gradient of the atmosphere 

to become unstable. The most common instability condition is that the Richardson 

number Ri be less than 1 where it is defined as 

where () is the potential temperature and u the horizontal velocity. Moreover the 

speedier zonal circulation on Mars, when westerly, may contribute toward allowing 

slower modes that would not be allowed on the Earth by the Charney-Drazin theo

rem. In the Earth's atmosphere, according to Leovy's 1982 analysis (Leovy, 1982), 

the semidiurnal modes (2,2,4) and possibly (2,2,3) would not be allowed to prop

agate and break in the upper atmosphere, but would be allowed on Mars. These 

modes require threshold winds of 145 and 190 m sec-I, unattainable in the terres

trial atmosphere. Leovy calculated that the resulting eddy diffusivities should equal 

4.5.107 and 1.4.108 cm2 sec-1 respectively, if these modes are excited on Mars. Clas

sical tidal calculations have successively derived the menagerie of oscillatory modes 

the atmosphere can support (Andrews et al., 1987). However which physical mech

anism can excite which mode is not a problem which has been subjected to exact 

analysis. The rate at which this area progresses will be mostly regulated by how 

accurately oscillations in the atmospheric variables of T, p, u, v, and w at various 

altitudes can be measured. 
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The philosophy that photochemical modellers have historically adopted, 

that regards the eddy diffusivity as an experimentally determined parameter not tied 

to any single physical mechanism is due to the lack of a solid theoretical foundation 

to calculate its magnitude, specifically to relate the exciting physical mechanism to 

the strength of the turbulence it generates. The eddy diffusivity has the dimensions 

of a velocity multiplying a distance, so on dimensional grounds it can always be 

equated to the product of the velocity and length scale that characterize either 

the physical environment in which the mixing occurs or the physical mechanism 

believed to generate the mixing or both. If one believes a scale height to be the 

relevant environmental length scale, then 

J(~wH 

where w is the velocity characterizing the vertical motion of the "eddies" doing 

the transporting and H is the scale height, the characteristic length scale of the 

concentration gradient. For the Earth w ~ 0.1 cm sec-1 corresponds to the eddy 

diffusivities displayed in Fig. 3.1b, while w ~ 100 cm sec-1 for Mars. 

More sophisticated is the following parameterization, associated with the 

particular stirring mechanism of the terrestrial diurnal tide, assigned a length scale 

of 25 km/27r and a velocity scale of 20 cm sec-I, 

J( ~ 0.5 .20.4. 1Q5e(z-90km)/2H 
N 

for z < 90 km on the Earth (Lindzen, 1971). It assumes transport to be due 

to eddies generated by pure adiabatic, sinusoidally oscillating, coherent internal 
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gravity waves where the diurnal component of the vertical velocity increases with 

increasing altitude as 1/n1/ 2 , where n is the density, up to a maximum velocity of 

20 em sec-l. The height dependence is imposed based on energy conservation, so 

that tnu2, where u is the horizontal velocity, stays constant with altitude. The 

quantity N is the number of wave oscillations that occur before the wave becomes 

incoherent, or breaks, a number of the order of 1 to 10. 

A more recent parameterization by the same author also exploits knowledge 

of the mechanism which seems to generate turbulence at the Earth's mesopause and 

upper mesosphere by assuming it to be gravity waves and thermal tides (Lindzen, 

1983). Its new features were to approximate the vertical velocity by employing the 

WKB approximation 

tV ~ A), -1/2 expi J ~d%' 

to derive an e:h."pression for the temperature perturbation due to the passing of the 

wave, and then to calculate the breaking altitude by equating this gradient to the 

adiabatic gradient. Above this breaking altitude, the following expression for the 

eddy diffusivity applied: 

klU-cl4 [1 3( 1 )dU] 
K ~ N3(1 + Z2/P)3/2 2H - 2 U - c dz 

Another recent parameterization in terms of the gradient of the meridional transport 

was suggested by another author 
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(Holton, 1986). Here 'W2 represented the coefficient in a second-order expansion 

of the vertical velocity field of the mean meridional circulation (diabatic, Hadley 

cell circulation) derived from a two-dimensional transport model similar to the one 

used in Chapter 4. The above author reasoned that since the net tracer vertical flux 

in the stratosphere was due to advection by the mean-meridional circulation which 

tended to build up the column abundance of a tracer and increase the latitudinal 

concentration gradient which increased the net transport of this species possible by 

the smoothing out of concentration gradients parameterized by the eddy diffusivity. 

For Mars, as mentioned above, Leovy (1982) used various scaling arguments 

to calculate the eddy diffusivities associated with various tidal modes in Mars' 

atmosphere. His conclusion was that eddy diffusivity is so much higher in Mars' 

atmosphere because the factor of two lower threshold velocities required for gravity 

wave breaking (a tidal mode is basically an internal gravity wave if one ignores 

its meridional component) and the higher zonal velocities on Mars relative to the 

Earth would allow the semi diurnal tidal to break on Mars but not on the Earth. 

According to the expression for eddy diffusivity used by Leovy, which was based on 

Lindzen's expression: 

]{ rapidly increases the lower the wavelength of the mode. 

Many fine models of martian photochemistry have been constructed and re

ported upon in the last 20 years. The subject received a boost in the mid-70's by the 

controversy over the effect of high-flying supersonic aircraft and the anthropogenic 

release of chlorofluorocarbons on ozone concentrations in the Earth's stratosphere. 
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Many of the same people who have advanced knowledge of the stratospheric ozone 

chemistry contemporaneously studied martian photochemistry. Tables 3.1 and 3.2 

compare the assumptions made by previous photochemical models of the martian 

atmosphere with the model described in this work. 

Table 3.1. Previous Photochemical ~vlodel Parameter Comparison 

Model 

Liu 
and 
Donahue 
(1916) 

nH:O(Z) K(z) 
cm2 sec- i 

Saturated 4 . 108 

above 30 km 

H2 MLxing 

Ratio 

1.1.10-5 

<l!Odd-O 

(topside) 

(cm-2 sec-i) 

-7 ·1011@ 40 km 

Comments: Water Amount 15 ppt JJm 

H 20'!, well-mbced, IH202 = 7.10-9 

7 ·10--1 ::; leo::; 3.2 .10-3 ,10 2 = 1.3.10-3 

Shimazaki Well-ML"(ed 101, 108 6.9.10-1 

1.4.10-5 
7 . 101@} 180 km 

and 
Shimizu 
(1919) 

Comments: Water Amount;:::: 0, 0.1, 1 ppt 11m 

Lindner 
(1988) 

H202 not allowed to exceed saturation value 

Saturated Stratified 2.10-5 -7 . 101l@ 40 km 

Comments: Water Amount Very Low 

This Work 
(1991) 

H202 saturated, log P (mm Hg) = 11.98 - 3422/T 

leo = 1.5.10-3 , 102 = 1.3.10-3 

Third-body efficiencies: CO2 (rei. to Ar)=4.6, 02=2.0, N2=2.0 

Saturated 107, 108 8.5.10-5 -7 .101l@ 40 km 
and and and 
Well-Mixed Stratified 2 . 10-5 

Comments: Water Amount Fixed by Observations 

H20:!. well-mbced, det~rmined by photochemistry 

leo = 8 . 10--1, 102 = 1.3.10-3 

<l!Odd-H 

(topside) 

(cm- 2 sec-i) 

(II)108 
(H2) 2.101 

-5.108 

-5.108 
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3.3. OBSERVATIONS AND MODEL 

9.9.1. Observations 

The data upon which the modeling will be based consists of latitudinally 

resolved measurements of martian 0 3 column abundance at the Infrared Telescope 

Facility on Mauna Kea by the Goddard infrared heterodyne spectrometry group 

from 2-6 June 1988 (Espenak et al., 1991). And a latitudinal profile of martian H2 0 

column abundance was simultaneously acquired from at the Catalina Observatory 

1.5 m north of Tucson on 4 June 1988 (Rizk et al., 1991). Fig. 3.2 presents these 

data as adopted from both of these references. The Catalina observations were 

described in the previous chapter. A brief description of the Mauna Kea program 

follows. 

The Goddard infrared heterodyne spectrometer works by mixing the in

coming IR telescope signal in absorption, a line from the 9.6 pm 0 3 band in this 

instance, with the coherent light from a CO2 laser whose frequency is very close to 

that of the signal, the beat frequency landing in the radio region of the electromag

netic spectrum. Filtering, mixing, amplification, stabilization and detection are all 

conveniently accomplished with standard radio electronics and the signal is recorded 

by either an array of 64 low-resolution 25 MHz-wide bins or 64 high-resolution 5 

MHz bins. The resolution of the latter is 6 . 106 at 10 pm. For comparison, the 

Doppler width at such a frequency (no pressure broadening) is about 25 MHz at 

typical martian conditions. Thus the technique allows five points at the very least 

to straddle a single martian 0 3 vibrational-rotational line. 

Having recorded such a line at various points on Mars' disk, enabling spatial 

mapping of the 0 3 column abundance, one can now extract the abundance by 
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Figure 3.2. 0 3 and H20 Observations, early June 1988. Left scale: H20 column 
abundance as a function of latitude in ppt p.m measured from Catalina Ob
servatory 4 June 1988 (Rizk et al., 1991). Right scale: 0 3 column abundance 
as a function of latitude in p.m atm measured from the IRTF (Mauna Kea) 
2-6 June 1988 (Espenal\: et aI., 1991). Solid histogram: Average H2 0 col
umn abundance measured by Viking during same season. Solid Curved Line: 
Legendre polynomial fit to Catalina data. 
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modeling the lineshape as a function of temperature (T), pressure (P), and density 

of ozone with altitude (no3(Z»: the atmospheric transmittance 

- fklldu 
T" = e 

where k" is the absorption coefficient and u is the column density; 

k,,(P, T) = S(T)b,,(P, T) 

where S is the integrated line intensity and b is the line shape function. The 

quantities aL and aD are the Lorentz and Doppler half widths at half maximum: 

and a L, Sand Vo are t'aken from standard tabulations of molecular line parameters 

such as GEISA or AFGL (Abbas et al., 1979). It was originally hoped to record an 

0 3 absorption strong enough to retrieve the profile of 0 3 density with height. Since 

the 0 3 altitudinal density profile is known to be sensitive to the altitudinal profile 

of eddy diffusivity, such a data set would theoretically have been more successful at 

constraining the value of eddy diffusivity with height. 

Unfortunately, the ozone absorptions measured at the beginning of June 

1988 were barely detectable and fell far short of the absorptance necessary to pick 

out 0 3 density at different altitudes. On the other hand these abundances were 

measured over several different points of the martian disk. It is hoped that by com

paring these abundances with abundances predicted by a series of one-dimensional 
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photochemical models driven by the H20 abundances measured simultaneously that 

some constraint on the strength of the lower atmosphere's vertical mixing might be 

deduced. 

9.9.2. Present Model 

The present model's parameters are summarized in Table 3.2 and can be 

described succinctly as follows. It solves the one-dimensional eddy diffusive trans

port equation (see appendix H) driven by photochemical sources and sinks for three 

species: odd-hydrogen (odd-H) as a family, odd-oxygen (odd-O), and hydrogen 

peroxide (H2 0 2 ), at fifteen different latitudes (-900S to 500 N at 1Q0intervals). The 

water content of each model was fixed by the latitudinal abundance profile in Fig. 

3.2. Two possible profiles of water density with altitude were input as parameterized 

by average scale heights determined by a saturation condition or by the assumption 

of efficient mixing. Three eddy diffusivity profiles, displayed in Fig. 3.3, have been 

input as of this date. The topside constant flux boundary conditions on odd-H and 

odd-O were adopted from values that have been published in the literature based on 

detailed computation of their production above 40 km (Kong and McElroy, 1977; 

Lindner, 1985) and set equal to -5.108 cm-2 sec-1 for odd-H and -7.1011 cm-2 sec-1 

for odd-O. The model's sensitivity to these boundary conditions was checked. For 

H2 02 following the so-called Hanson-Donaldson condition, the flux was set equal to 
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At the surface a zero net flux was assumed for all three mobile species. The mixing 

ratio of H2 was fixed at either 8.5.10-6 or 2.10-5 • In all, 12 runs of the model were 

performed and the parameters characterizing each are listed in Table 3.3. 

Table 3.2. photochem runs 

Model nH~o(z) K(z) H2 )'lLxing c{>Odd_O (40 km) ~Odd_H(40 km) 

Ratio (cm- 2 sec- l ) (cm- 2 sec- l ) 

0 Saturated Stratified 8.5.10-6 -7.1011 -S·106 

p Well·~lL\:ed Stratified 8.5 ·10-1} -7. lOll -S . lOS 

q Stratified 1Q6cm2 sec- l 8.5.10-6 -7.1011 -5.106 

r ~Vell·)'lL'(ed 108cm2 sec l 8.5.10-6 _7.1011 _5.108 

s Stratified 107 cm2 sec- l 8.5.10-6 -7.1011 -S .106 

Well·~rLxed 107cm2 sec l 8.S·1O-6 -7 -lOll -S .108 

U Saturated Stratified 2.10-5 -7. lOll _5.108 

v Well·~rLxed Stratified 2.10-5 -7.1011 -S .106 

w Saturated Stratified 2.10-5 -7.1011 -S .107 

x Well·MLxed Stratified 2.10-5 -i .1011 _5.107 

Y Saturated Stratified 2.10-5 _7.1010 -S .107 

z Well·ML'(ed Stratified 2.10-5 _7.10 10 -5.107 

Total odd-H (H, OH, and H02) and total odd-O (0, OeD, and 0 3 ) are 

transported vertically in the above model and the minor species belonging to each 

family apportioned at each level based on the relative rates of reactions in which the 

family members take part. The chemistry of the model is summarized in Appendix 1. 

Production profiles for odd-oxygen and odd-hydrogen based on the work of McElroy 

and McConnell (1971) and Kong and McElroy (1977) are input at the beginning of 

the program and the mixing ratios for CO and O2 are fi."<:ed at 8· 10-4 and 1.0.10-3
, 

respectively. The altitudinal temperature profile is based on the Mars Reference 

Atmosphere as reported in Barth (1985). It is displayed in Fig. 1.3. The profile is 
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s'ec -1) 

Figure 3.3. Altitudinal eddy diffusivity profiles input into vertically mixed pho
tochemical model computed by program photochem. Model run labels 
defined in Table 3.3. 
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assumed to have the same slope at all altitudes: but the surface temperature is varied 

with altitude based on the output of a Mars GeM run appropriate for this time of 

year and dust loading (J. B. Pollack and R. M. Haberle, personal communication). 

The program uses a semi-implicit finite difference numerical iteration scheme to 

come to convergence. The reactions used are listed in Table 1.1. The solar spectrum 

is displayed in Fig. 1.2 and the cross-sections for the relevant species are displayed 

in Figs. 1.1. 

3.4. MODEL RESULTS 

Fig. 3.4 summarizes the model results. The major result is that adequately 

fitting the 0 3 profile at all latitudes required that the eddy diffusivity attain values 

no larger than 106 cm2 seC1 between 10 and 20 km altitude. It was also.seen that 

the smaller the eddy diffusivity, the better the fit to the polar data. The generally 

low 0 3 abundances measured by the Goddard group were generally fitted much 

better by assuming the total water column abundance input into the model to he 

well-mixed rather than saturated. This requirement mal(es the first result even 

stronger because the water mixing ratio profile is more likely to be a saturated one 

at the poles, requiring an even more suppressed vertical mixing to explain the low 

polar 0 3 abundances. 

Lowering (raising) the topside boundary condition on the flux of odd-O 

(odd-H) slightly improves the fit, but the model does not seem to be very sensitive 

to a changing boundary condition. Likewise, raising the mixing ratio of H2 improves 

the fit somewhat, as might be expected, but again the requirement for suppressed 

mixing as revealed by the latitudinal variation of the fit is unchanged. 



4 June 1988 Mars Ozone, L5 - 208 0 

4 

2 

I 
Stratified Eddy Profile 

fa. = 6.6·10-0 
~od4-q = -5.105 em-a sec-I 

11 -2 -1 
~od4-o = -7,10 em sec 

model op 

~01-.J,--l..--L...-'-....1......I-1-.J,--l..--L.......1.......I-J.......J 

o 
S 

-+-'I 
<tl 6 

S 
34 

OJ 
CJ 
j:l 2 
<tl 

"0 

-50 a 50 

§ a L......J.......L.......I...-.\--I.,.~.I........I......L.......L..-I.--L.....I..-J 
-50 a 50 

~ 
6 Stratified Eddy Profile 

-0 
fa. = 2·10 

~044-q = -5.107 cm-a sec-I 

LL -a -I 
~od4-o = -7,10 em sec 

model wx 

-60 a 60 

6 

2 

6 

0
8 2 -I 

1 em sec everywhere 
fa. = 8.5'10-0 
= -5·10s em-l sec-I 

= -7.1011 em-l see-1 

model qr 

-50 a 

-60 0 

-60 o 

50 

50 

50 

139 

Figure 3.4. Results of 12 model runs defined in Table 3.3. Vertical eddy profiles, H2 
mixing ratio, topside flux boundary conditions on odd-H and odd-O input 
displayed on each plot. Solid lines denote saturated water profile, dashed 
lines denote well-mixed water profile. 
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3.5. DISCUSSION· 

The validity of the model outlined in this chapter requires two basic as

sumptions to be satisfied. Both involve the strength of the martian meridional 

mixing. The model assumes that this mixing is weak below 40 km and strong above 

40 km. A weak meridional mixing is required below 40 km if the continuity equa

tion presented earlier applies to the problem. A strong transport above 40 km is 

required if the topside flux boundary conditions for odd-O and odd-H are valid. 

The assumption of a weak lower atmosphere meridional mixing can be 

justified by reference to the one- and two-dimensional meridional transport studies 

described in Chap. 4. They suggest that a diffusivity of 5.108 cm2 sec-1 seems to 

characterize the meridional mixing of water vapor during southern spring in a dust

free atmosphere. This makes the timescale for meridional mixing over a distance of 

10° 

(592.105)2 
7"meridional ~ 5. 108 ~ 7· 10

6 
sec 

and the timescale for vertical mixing 

even for the lowest eddy diffusivity used in the model. Thus the lower martian 

atmosphere during this time of year could be said to be meridionally isolated. 

The assumption of a strong meridional mixing above 40 km seems not 

so necessary after several diagnostic runs showed little sensitivity to the topside 

flux boundary conditions on odd-O and odd-H. Nevertheless this assumption is 



141 

supported by studies (see for example Leovy, 1982) that suggest the 40-100 km 

region to be altitudes where martian tides and gravity waves break. IvIixing in both 

the meridional and vertical directions is expected to be strong here. 

Fits to the column abundance of 0 3 over south polar latitudes were the 

most important constraints on lower atmosphere eddy diffusivities. The predicted 

0 3 abundances over the equatorial regions were the least sensitive to variations 

in the model's input parameters. This indication that the polar atmosphere was 

hardly mixed during 1988 can be contrasted with results from the one-dimensional 

diffusive meridional transport model described in the next chapter, which required 

meridional diffusivities of the order of 1011 cm2 sec-1 to explain the increase in 

global water abundance observed during 1969-70 by ground-based spectroscopy. 

Such a high meridional diffusivity, 3 orders of magnitude higher than the meridional 

diffusivities implied by the two-dimensional diabatic circulation model, also suggest 

that the vertical eddy diffusivities were high, of the order of 108 , if a proportionate 

scaling between the meridional and vertical diffusivities can be applied. This result 

suggests that the martian atmosphere may mix with efficiencies that vary over 3 

orders of magnitude from season to season. 
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CHAPTER 4 

THE CATALINA OBSERVATIONS, SEASONAL H2 0 RESERVOIRS, 

AND MERIDIONAL TRANSPORT 

This chapter examines the water observations reported in the second chap

ter in more detail. The abundances as a function of latitude are fitted to Legendre 

polynomials, interpolated as a function of time, and the profiles integrated to cal

culate the visible disk abundances. The increase in average abundance from spring 

to summer imply that most of the water observed disappearing in the southern 

hemisphere during the second half of the summer season did not originate in the 

northern hemisphere. The timing of its disappearan,ce indicates that it did not get 

transferred to the southern seasonal CO2 cap. One- and two-dimensional meridional 

atmospheric transport models lead to the same conclusion, as well as implying that 

the water did not get transferred to the northern hemisphere, nor to the southern 

polar region, but was largely deposited either as ice at high southern latitudes or 

adsorbed water at middle latitudes into the sub-surface before the time that the 

seasonal C02 cap normally reforms. It also concludes that since a major differ

ence between the 1988-89 southern summer and southern summer in 1977 was the 

lack of global dust storms during 1988-89, the more southward displacement of the 

peak water abundance during the more recent opposition is likely to be due to an 

enhancement of the northward transport of water during the Viking year by the 

meridional circulation associated with the dust storm. 

Moreover, preliminary models of the release of water from a south polar 

residual cap suggest that the southern polar cap cannot be a significant seasonal 
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source for atmospheric water vapor unless atmospheric mixing times are decreased 

and meridional diffusivities are increased during southern summer by some three 

orders of magnitude over values that agree with the 1988-89 data. One-dimensional 

diffusive modelling can match the time behavior of global water abundances during 

1969 only with high meridional diffusivities. Though there seems no reason to 

doubt this data set's validity solely on the grounds of its time behavior, if it is true 

then it implies the existence of a heretofore unstudied mechanism for amplifying 

the strength of the meridional and probably the vertical mixing of the martian 

atmosphere by at least two orders of magnitude as well as sporadically releasing 

water in the martian southern hemisphere. 

4.1. REVIEW 

This section briefly reviews how previous observations of Martian water 

abundance have been interpreted in terms of seasonal water reservoirs. The obser

vations divide into two sets: ground-based measurements of whole disk abundance 

that have been published from 1964 to 1983 and the Viking MAWD (Mars At

mospheric Water Detector) longitudinally, latitudinally, and temporally resolved 

measurements from 1977-79. The two data sets both demonstrate that, twice a 

year, atmospheric water abundance increases and observe the northern increase to 

be larger than that in the south (with the exception of the 1969 observations by 

Barker et al., 1970). The nature, magnitude, and direction of water transport in 

the martian atmosphere looms largely over any discussion of water reservoirs. 

4.1.1. Ground-based Observations 



144 

Earth-based observers have monitored martian water abundance regularly 

for more than two decades (Tull, 1970; Barker, 1976; Jakosky and Barker, 1984). 

Fig. 2.7, from Jakosky and Barker (1984), reviews the record, and compares the re

sults from each opportunity with whole disk abundances recorded by Viking. They 

exhibit considerable scatter, up to 50%, even during periods when no global dust 

storms obscure the full column. Is such scatter inherent in the data-taking process? 

Probably not. The McDonald points average equivalent widths from many lines 

taken together and calibrate the integrations with solar lines of known strength. 

Moreover points for the 1970s and beyond, which were registered electronically, ei

ther photoelectrically or with a CCD, show the same scatter and magnitudes as 

points recorded in the 1960s, which were derived from photographic plate measure

ments. Longitudinal variation in the global water abundance due to topographic 

differences is a possible explanation, as found by the Viking MAWD (see Fig. 8 

in Jakosky and Farmer, 1982). Substantial longitudinal asymmetry were seen in 

the water abundances averaged over the martian year 1977-79. Effective latitudi

nal averaging of water abundance gathered from the ground reduces the amount 

of scatter that longitudinal structure could create, however. Obscuration by dust 

storms during the southern spring and summer can certainly explain the scatter. 

During the 1969-70 apparition Earth-based observations showed the atmo

sphere to contain 6 times as much water vapor planetwide very late in the southern 

summer as was seen by Viking in the southern hemisphere at the same season in 

1976 (Barker et al., 1970). High global abundances were observed during the 1972-

74 year (see Fig. 2.7) but not as high or occurring as late in the season as during 

69-70. Martian global water abundances ranging as high as 30 to 45 J1.m around LII= 

3400 were observed then, corresponding to equivalent widths of better than 7.5 rnA. 
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In comparison to and analogy with Viking and ground-based northern hemisphere 

summer water measurements the source of this water is believed to be the south 

polar cap (Jakosky and Barker, 1984). If one accepts the 1969-70 measurements 

as valid, then, together with the ground-based record, they imply that the south

ern CO2 cap disappears in some years and not in others, occasionally exposing a 

residual H2 0 ice cap (Jakosky and Haberle, 1990). They would refute the idea of a 

permanent south polar CO2 cap. 

The 1969-70 measurements of extremely high global water abundances dur

ing southern summer were recorded with photographic plates. More recent ground

based measurements by this group relied on electronic means (E.S. Barker, personal 

communication). Questions that have been raised about the early data relate to the 

use of plate detection for the anomalous abundance data versus electronic detection. 

However the authors above have reanalyzed their original data and calibrated it us

ing equivalent width measurements of solar lines of known strength. Since larger 

equivalent width measurements possess higher signal to noise and Barker et al. 

included many lines in their analysis, it becomes difficult to credit experimental 

objections to the high abundances derived in 1969-70. 

However the anomalously high 1969-70 southern hemisphere water abun

dance measurements are unusual in another respect: the timing of the abundance 

maximum (D.A. Paige, personal communication). In northern summer the maxi

mum global water abundance during the Viking year occurred around L8= 115° as 

measured by MAWD, about 20-30° after northern summer solstice. The analogous 

water abundance maximum in the south should be at 295-300°. In fact none of 

the other Earth-based observations or the Viking observations clearly support this 

trend, probably due to the degree of dust opacity during this season. However all 
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of the observations, with one exception, agree that from L8= 320 to 360° the water 

abundances should be decreasing, not increasing, with time (Figs. 3 and 4a-f in 

Jakosky and Barker, 1984). This tendency is easily explained by gradually decreas

ing atmospheric temperatures in the polar regions diminishing the holding capacity 

of the atmosphere for water vapor. It would also be predicted if polar surface tem

peratures were lower than atmospheric temperatures; this would create an inversion 

and not allow evaporated water to be mixed into higher regions of the atmosphere. 

The only exception to this prediction is the 1969-70 data set. These ob

servations show an increase in average abundance from 290 to 340° to anomalously 

high values of up to 44 ppt /-lm globally averaged, followed by a precipitous drop in 

abundance by L8= 1O-200to 5 to 10 ppt /-lm. The physical mechanism that could 

explain this abrupt rise in global water abundance at a time when the pole would 

have been cooling is unclear (see below). 

4.1.2. Viking Observations 

The Mars Atmospheric Water Detectors on the Viking Orbiters observed 

the Martian water cycle through one and a half Martian years. As Fig. 2.6 shows, 

the Viking observations revealed peak northern polar summer abundances of water, 

5 to 10 times those at lower latitudes, that reached a maximum at about L8= 

115° (northern summer solstice is L8= 90°). Simultaneously, during this period, 

surface temperatures at the north polar cap were consistent with a residual cap 

made of H20 frost, not the CO2 frost which covered the cap throughout most of the 

year (Kieffer et al., 1976). The residual northern polar cap was thus implicated as 

an H2 0 reservoir (Jakosky and Farmer, 1982), one capable of doubling the amount 

of water in the Martian atmosphere on a seasonal timescale. On the other hand, 
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the water column abundance maximum as a function of latitude moved to southern 

latitudes during southern summer and back to northern latitudes during northern 

spring and summer (Jakosky and Farmer, 1982). Such high water abundances as 

were seen in the north were not observed in the south; there, temperatures on the 

cap remained at levels characteristic of CO2 frost. 

During the Viking years of 1976-77 between L8= 208 to 3500
, two global 

dust storms were observed to veil much of the Martian surface. At the inception 

of each storm, the global water abundance was observed to drop precipitously to 

less than half of its pre-storm value (Jakosky and Farmer, 1982). The peale optical 

depths, which occurred at LII= 209 and 2900 were 3 and 4, respectively. At LII= 2080 

(pre-storm) and 3600 the optical depths were 0.8 and 0.6, respectively, while for LII= 
320 and 3400 they were 1.4 and 1.3, respectively (Pollack et al., 1979). The latter 

two LII periods occurred within the declining phase of the second global dust storm 

observed by Viking. It is reasonable to infer that the dust was capable of shielding an 

amount of water equal to much of the difference between the present observations 

and the Viking observations during southern hemisphere summer (Farmer et al., 

1977; Jalcosky and Farmer, 1982) (also, see below). 

B. Jakosky (1983a,b) attempted to match the water abundances observed 

by MAWD over the martian year by a one-dimensional model that simulated re

golith exchange of water, water subliming from the northern polar cap, and being 

transported through the atmosphere latitudinally by the equivalent of eddy diffu

sion. He concluded that much, if not most, of the water observed in the north could 

be explained by desorption/adsorption from the regolith. Regolith diffusivities in 

his model had values ranging from 0.1 to 3.0 cm2 sec-I. His martian atmosphere 
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transported substances in the meridional direction diffusively with a vigor mea

sured by a diffusivity that ranged from 4.109 to 4.1010 cm2 sec-I. His model also 

agreed with observations for zero regolith diffusivities and ma.. .... imum atmospheric 

meridional diffusivities. The work concluded that in matching the observed sea

sonal water abundance behavior it was difficult to distinguish between residual cap 

water, regolith water, and seasonal cap water because, to first order, they had the 

same response to seasonal warming. Any diffusive model such as his would natu

rally find that water originating in the north polar cap would not return to this cap 

but would disappear at lower latitudes into the regolith or get transported into the 

south where it would be likely to condense on the seasonal cap of CO2 • If diffusion 

is a fair description of the average transport process for water in the northern hemi

sphere then a steady movement of water out of the northern residual polar cap is 

implied. 

One way to transfer water back into the north polar region would be through 

the poleward flow associated with a polar warming, the martian version of the terres

trial sudden stratospheric warming. A model reported by Barnes and Hollingsworth 

(1987) was able the reproduce the timing and magnitude of a warming observed 

during northern winter solstice in 1977 by Viking. However it required a large forc

ing to overcome the relatively greater dissipation of the dusty martian atmosphere. 

Whether such flo'ws, if they happen on Mars, could transport water would depend 

on its scale height and latitudinal distribution. "Whether they could replace the 

water transported out of the polar region is a further uncertainty which needs to 

be resolved. 

Further modelling by Haberle and Jakosky (1990), this time using a two

dimensional advective model developed to study meridional and vertical transport 
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of dust in the martian atmosphere (Haberle et al., 1982), found that it was not so 

easy for the diabatic circulation to transport water vapor very far from the polar 

region to lower latitudes. They concluded that the northern residual cap could not 

be the sole source for all of the water (7.1014 g) seen during the northern hemisphere 

during northern summer. 

From the above discussion it is possible to conclude that the northern cap 

is losing water to the regolith. The polar warming mechanism for putting water 

back on cap does not seem likely to be effective-it occurs during a time of the 

martian year when the quantity of water in the northern hemisphere is negligible. 

(Supplying the water from the southern tropical or subtropical regions, which, as 

Fig. 2.16 shows, does contain substantial water during this season, perhaps by dust 

storms, runs into an angular momentum problem: parcels of air starting at a certain 

southern latitude can't move past northern latitudes with angular momentum equal 

to the latitudes at which they were raised). 

4.1.9. Catalina Observations 

In this chapter we will consider the water vapor abundances measured at 

Catalina Observatory during 1988-89 and several questions relating to the discussion 

above. What was the reservoir that supplied the water observed and where did 

they disappear? What was the role of the southern polar residual cap, the regolith, 

the seasonal cap, and transport from the northern hemisphere? What do these 

observations imply in general about transport and mixing of water in the martian 

atmosphere? The work reported in this chapter will address these questions on 

seasonal times cales and hint at the answers for longer timescales. 
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It may seem that interpreting these data is straightforward. During its 

summer season the martian southern hemisphere should heat up when exposed .to 

solar insolation at a higher zenith angle operating for a longer part of the day. 

The surface heats up and mobilizes water molecules in inverse proportion to their 

ability to cling to each other and to the molecules comprising the surface layers of 

whatever compounds rocks and soil are made up on Mars. And the atmosphere heats 

up due mostly to absorbed solar radiation and partly to absorbed surface infrared 

radiation, increasing its capacity to maintain water in gaseous form at equilibrium. 

H2 0 in frozen or adsorbed form leaves these states to enter the gaseous state, thus 

becoming observable as absorptions in the background provided by the reflected 

light of the Sun, and detectable from the Earth. At the end of southern summer, as 

temperatures cool due to the decreasing zenith angle and time-spent-in-the-sky of 

the Sun, the water leaves the gaseous state in the southern hemisphere and reenters 

frozen or adsorbed states. This scenario implies that the southern sub-surface is a 

seasonal source and sink of water vapor, and, if the behavior of water observed in 

1988-89 is typical, a climatic source and sink of water vapor. 

This may be a valid conclusion, but several questions must be answered 

first. There is water somewhere in Mars' atmosphere year round. Both the ground

based and Viking data sets show this. Could this water, left in gaseous form at 

the end of the southern summer, have moved southward, carried by atmospheric 

circulation, such as the well-known Hadley circulation, and then moved back at the 

end of the southern summer? On the Earth, a pair of these cyclical meridional 

circulations (cells) straddle the equator, carrying air toward the equator at the 

surface and sending it poleward in the upper troposphere, dumping it toward the 

surface near 30 0 N and S. Near the poles the cells send air down onto the polar 
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caps and rise near the arctic circle. A weaker mid-latitude reverse cell ekes out a 

precarious existence between the equatorial and polar cells. Each year, the latitude 

of the rising branches of the equatorial cell performs an oscillation, penetrating 

the solstitial hemisphere, causing the branch of the cell belonging to the winter 

hemisphere to move over the equator. Possessing a surface flow moving from winter 

to summer hemisphere and a high-altitude flow from summer to winter, the cell, 

if vigorous enough, can transport an atmospheric consituent in either direction, 

depending on this constituent's altitudinal and latitudinal concentration profile. 

The chapter will conclude with a section which adopts the answers to these 

questions and then reviews and speculates on how the answers apply in the longer 

term. It will by no means be a definitive statement about most or even any of 

the questions raised above, but will identify various ideas about what Mars' history 

has been like, ideas that can be said to differ on a scale ranging from decreasing 

to increasing subsurface volatile potential and mobility. We hope that, though this 

work cannot provide any hint of the amount of water that can exist in the subsurface, 

it might indicate that subsurface water and, indeed, subsurface vola.tiles, can be 

mobile and exchangeable on Mars. 

4.2. THE CATALINA OBSERVATIONS IN DETAIL 

This section presents the Catalina observations in more detail, compares 

them with the Viking observations, and analyzes them more completely. The lati

tudinal water column abundance profiles are fitted to sums of Legendre polynomials 

and the curves integrated to calculate the global abundances of water implied by 

the profiles. The abundances of water at 10° increments of latitude are plotted as a 

function of time and interpolated by parabolas; the rates of disappearance implied 
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by this interpolation are calculated. The timing of the water disappearance is com

pared to the time at which the seasonal CO2 cap I1ppears. It is found that the last of 

the water observed during 1988-89 in the southern hemisphere disappeared before 

the nominal inception of the seasonal cap. Was the South Pole a reservoir (source 

and/or sink) for the water? The shape of the latitudinal profiles, the amount of 

water detected, and the latitude of the abundance peak are contrasted with Viking 

and other ground-based observations in considering this question. The difference 

between the amount of water detected during 88-89 and by Viking supports the idea 

that a dusty atmosphere can shield water vapor from remote detection. This sec

tion supports the idea that the water that was observed in the southern hemisphere 

seems to disappear at or near the same latitudes at which it peaked. 

4.2.1. Curve Fits to Latitudinal Profiles 

In Figs. 4.1 and 4.2 are displayed analytical fits to the data presented in 

Figs. 2.15-2.18. They were computed by decomposing the data into the sum of a 

series of Legendre polynomials of a number of terms deemed optimal to represent 

the data faithfully. The number of terms necessary to fit each meridional profile is 

indicated on the graph. Table 4.1 lists visible disk abundances, calculated by using 

the coefficients determined by the fit to average the abundance over a latitude 

range that included the visible disk. The whole disk abundances, calculated by 

extending the range to include the whole disk and assuming that it contained the 

water observed in the visible disk with no excess, is also listed. Finally, the total 

mass of H20 south of 300 S at each of the four L8 's is given. It is interesting to 

note that between L8= 2080 and L8= 3200
, 3.95 .1014 g H20 appeared south of 30 
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os, equivalent to 2.7 ppt J1. m of new water (1,45 .1014 g = 1 ppt J1. m averaged over 

the planet). 

Table 4.1. Global "Vater Amounts 

Q1lalltity -I .J IIIl $~ a Dec 88 9 Jail SO 16 F~b 89 

Visiblr: Disk Abundance (ppt. /Jill) 10.2i 11.99 11.38 8.-16 

Wholr, Disk Abundance (ppt. /Jill) 9.0i 10 .. )9 10.05 i.-1i 

~[ass of H20 South 10 14g 1.66 :5.61 3.26 1.42 
of :l(lOS 

4.2.2. Rates of H2 0 Disappearance 

The abundance fits of the previous section were used to generate parabolic 

curves for the observed disapperance of water from Ls = 320 to 360° at each lat

itude observed (-90 to 50°) in 10° increments. Fig. 4.3 shows the results. Since 

three points determine a unique parabola according to the Lagrange's interpolating 

formula: 

where the t is time and N is abundance, the fits are differentiable. When differ

entiated they produce the rates of decrease at each latitude as a function of day 

number (Fig. 4.4) or Ls(Fig. 4.5). 
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Figure 4.1. Legendre polynomial fits to water abundance as a function of latitude 
for Catalina data for L8= 208 and 3200

• Points are data, histograms are 
Viking abundances, curved lines are fits. 
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4.2.9. Meridional diffusivities from Disappearance Rates 

The latitudinal and temporal fits to the southern summer Catalina abun-

dances derived above permit characterizing the disappearance of the martian water 

vapor by meridional diffusivities. One simply assumes that meridional diffusivity 

completely explains the latitudinal and time behavior (a poor assumption, as most 

of this chapter tries to show, one way or another). 

We know coefficients describing the latitudinal water vapor distribution 

at three different times during southern summer (L8= 320, 340, and 360°) and by 

fitting parabolas through the abundances at 10° latitude intervals, we have acquired 

linear fits to the rate of water disappearance at 14 different latitudes (the lack of 

data at 50° N make this latitude the exception). By applying the diffusion equation 

to solve for the meridional diffusivity, we have 

where we used our handy Legendre expansions of the abundance profiles and the 

properties of the Legendre operator. 

After applying the above to calculate the 42 different meridional diffusivities 

(14 latitudes at 3 times) associated with the ratio of abundance time derivative (a;:) 

to meridional abundance curvature ( :x [( 1 - x 2 ) ~~]) we get the diffusi vi ties plot ted 

in Fig. 4.6. 
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Figure 4.2. Legendre polynomial fits to water abundance as a function of latitude 
for Catalina data for Ls= 320 and 3400

• Points are data, histograms are 
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The above figure can be made more intelligible by plotting the absolute 

values of the diffusivities on a logarithmic plot as a function of latitude. This is 

done in Fig. 4.7, and the positive and negative diffusivities marked differently. 

They show a general trend to larger diffusivities required to explain the data, the 

more poleward the latitude. The absolute values are then plotted in a logarithmic 

histogram in Fig. 4.8. 

They plot in three different groups, the lowest of which, based on the mod

elling reported later, seem to be directly associated with transport processes. The 

two clumps associl:\ted with higher values of meridional diffusivity centered approx

imatelyat 3.109 and 1.5.1010 cm2 sec-I, if they can be legitimately associated with 

separate and coherent physical processes, are probably not transport processes. A 

good guess might be condensation of water into ice and adsorption of water onto 

the regolith. Hints to nature of the processes may be available by correlating the 

peaks with the latitude and time of most of the diffusivities plotted within them. 

4.2.4. Timing of H2 0 Disappearance 

Fig. 4.2 shows that in 1988-89 water vapor in Mars' southern hemisphere 

was observed to largely disappear by La 3600 south of _600
, the nominal extent of 

the seasonal polar CO2 ice cap. Yet, by comparison with observations of the retreat 

and recondensation of the cap during previous years (James et at., 1979; James 

and Lumme, 1982; James et at., 1987; James et ai., 1990) observations during the 

1988-89 opposition (P. B. James, personal communication) and comparison with 

synoptic records of cloud and haze formation as a function of horizontal location 

and time in the martian atmosphere (Kahn, 1984), one can conclude that the H20 

in the south disappeared before the seasonal cap began to form. 
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The seasonal polar cap in the southern hemisphere, therefore, does not 

seem to be a repository for water which can explain the seasonal fluctuations in 

southern hemisphere atmospheric water vapor. Jakosky pointed out the difficulty 

of distinguishing between the regolith and the seasonal polar cap as the source of 

atmospheric water vapor in the northern hemisphere. These observations suggest 

that in the southern hemisphere water vapor can be deposited under the seasonal 

cap or on top of the cap once it has formed, but that it cannot be commingled with 

the meter or so of dry ice that forms the bulk of the cap. Substantial quantities 

of water vapor are not contained in the atmosphere near the seasonal caps at the 

time that they condense. The very substantial C02 condensation flow toward the 

South Pole and poleward southern latitudes (see Pollack et al., 1990) cannot carry 

substantial amounts of water toward the poles. 

Moreover, the lack of entrainment of H2 0 within the CO2 seasonal cap 

suggests a mechanism by which water can enter the high latitude subsurface: any 

water deposited on top of the either seasonal cap during winter will enter that 

hemisphere's atmosphere the next spring as water vapor to be condensed under 

the cap, if it does not get carried away from these latitudes either toward the pole 

or toward lower latitudes by the atmospheric circulation. Being able to move the 

water to the existing seasonal caps in order to be able to deposit it there while 

not being able to move the water out of the region of the caps depends on three 

physical effects: the vigorous wintertime martian mean meridional circulation, a 

more sluggish summertime meridional circulation and the tendency for water being 

sublimed from the top of the seasonal cap to recondense on the cold layers by a 

sea-breeze type of circulation away from the cap at low altitudes and toward it at 

high altitudes that tends to roll the water coming off the cap back on to it. A more 
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sluggish springtime circulation has a more diffusive character and the more diffusive 

in character the transport mechanism the more this water would tend enter the 

subsurface at the latitudes where it began the spring season: those of the seasonal 

cap. The seasonal caps act as cold traps that pin atmospheric water vapor to high 

southern latitudes and enhance its transport into the subsurface beneath them. The 

difference in timing between the disappearance of the water and the appearance of 

the seasonal polar caps thus arguably implies that a major repository of southern 

hemisphere water is the subsurface in the latitudes of the seasonal cap, relatively 

near the edge of this cap. 

4.2.5. Longitudinal dependence of 2nd night's 5 profiles 

As was mentioned above, it is reasonable to infer that the dust raised by 

the two global dust storms in 1976-77 was capable of shielding an amount of water 

equal to much of the difference between the present observations and the Viking 

observations during southern hemisphere summer (Farmer et al., 1977; Jalwsky and 

Farmer, 1982; Martin, 1984). Observers reported no global dust storms and two 

local dust storms for the 1988-89 opposition. These two storms were not planet

encircling. One occurred between 3-30 June 1988 centered in the HeHas region 

(-45°S, 290 0 W), 1500 0f longitude from the region of our observation while the other 

was observed to occur northeast of Argyre at an approximate longitude of 200W and 

between -400 and -60 0 S starting from 23 November to sometime in December after 

our observation of 3 December (D. C. Parker, personal communication; L. J. Martin, 

personal communication). The first storm would not have affected our observations, 

but the second should have and in fact comparison of water abundances in the three 

spectra taken within the expected latitudinal and longitudinal area of the storm with 
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the two taken outside the region of the storm show that the average abundances 

outside the storm area between -40 and -600 S are some 50% higher than those that 

would have probed the area of the storm (Fig. 4.9). The abundances reported in 

Fig. 4.1 bet"ween -40 and -600 S are averages of these five spectra and thus may 

underestimate the abundance of water by some 25-35% in this latitude region. The 

reported error bars do not indicate this uncertainty, merely the equivalent width 

measurement error. Also, during mid-October 1988 an optical depth of ~0.6 was 

inferred in the Tharsis region on the basis of KAO infrared observations (Pollack 

et al. , 1990). In summary, any 1988-89 water measurements seem less likely to 

have been shielded by dust than the Viking measurements. 

4.2.6. South Polar Residual Cap Sink? 

At least two aspects of the Catalina data argue against the south polar 

residual cap as the source or ultimate resting place of the water that disappeared 

in late southern summer: the lack of a peak in the abundance profile located over 

the latitudes of the south polar region and the relatively small global abundance of 

water measured. If one assumes, by analogy with the release of water vapor observed 

two years running in the northern hemisphere by MAWD (1977-79), that Ls = 295 

°is when the maximum abundance of H20 would occur in the southern hemisphere 

if a south polar residual cap of water ice were uncovered, then by L8= 320 0, one 

should still see a peak in water vapor abundance at very polar southern latitudes 

(80 - 900 S). Such a peak was observed as late as Ls= 147° in the north (Jakosky 

and Farmer, 1982). The analogous time during southern summer would be Ls= 

327°. Yet at Ls= 320°, water abundance is observed to decrease as one approaches 

the south pole, not increase (Fig. 2.16, 4.1). One would therefore conclude that 
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most of the water observed during southern mid-summer in 1998-89 does not seem 

to be diving into the south pole. 

In addition, the global abundance of water seems to be too low to be com

mensurate with a residual cap source. The peak abundance in the MAWD data at 

L8= 147 °near the north pole was about 40 ppt J.Lm. In 1969-70 global abundances 

of from 25-44 ppt J.Lm were at times greater than L8 330°. Similar abundances 

were not observed in 1988-89. Then, the visible disk abundance attained values no 

greater than 12 ppt J.Lm (Ls = 320°) and although peaks as high as 20 ppt pm were 

observed, they were as likely to be found at mid-latitudes (_55°) as near the pole. 

The average water abundance peaked at high latitudes, but not polar latitudes. 

Thus the data argue against 1988-89 being a year in which there was a large release 

of water from the south polar residual cap. 

4.2.7. Atmospheric Transport Source? 

Comparing the visible disk abundances with each other argues against 

transport being responsible for the 2.7 ppt J.Lm observed to appear south of 30 

oS between Ls= 208 to 320°, and the 2.9 ppt J.Lm observed to disappear from L8= 

320 to 360°. An equatorial peak in the meridional abundance profile was a robust 

feature of all four abundance profiles. The total visible disk abundance rose 1. 72 

ppt J.Lm from Ls= 208 to 320°, while the equatorial peak was observed to diminish 

in size. If one assumed that all of this water migrated to southern latitudes, an 

assumption we will see is probably invalid in the next section, then it could have 

been responsible for at most (2.7- 1.72) / (2.7) = 36% of the water which appeared 

poleward of 30 oS. Most of this water could only have been due to sources of water 

other than redistribution of water vapor already in the atmosphere at L8= 208°. 
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Given that the subsolar latitude at La= 320° was -16° (Table 2.5), it is unlikely that 

this new water originated from north of the equator: such water should already have 

been mobilized and released by previously occurring warmer temperatures. Most 

of the 2.7 ppt J.lm of new water observed to appear in the southern hemisphere 

south of 300 S can be seen, on observational grounds alone, to be due to sources 

indigenous to the southern hemisphere. This, however, does not rule out that such 

water was deposited on the seasonal caps or in the subsurface north of 60° S, by 

transport from the north previous to southern spring 1988. Moreover such water 

could have migrated northward and then disappeared before La= 320°. But in this 

case it would not have been observed either on La 208 or 320° and we are permitted 

to ignore it for the purposes of this calculation. 

Like'wise, atmospheric transport northward in the waning phases of south

ern summer can account for at most (1.62 - 0.61)/(1.62) = 62% of the decrease 

south of 300 g from La= 320 to 3400and (1.27 - 2.91)/(1.27) = -129% or basically 

0% of the decrease from La= 340 to 3600. The latter result demonstrates the limi

tation inherent in this computation: it does not account for any water that would 

have appeared in the south, migrated northward and disappeared there into the 

subsurface. It is assumed that the amount of such water is negligible during most 

of the summer based on the observation that, within the error bars, the equatorial 

peak remains fairly constant throughout the series of observations. In fact this is 

not a good assumption-the observation that the equatorial peak increased from La 

320 to 340 and then decreased from 340 to 3600, an effect which, real or not, is most 

clearly shown in Figs. 4.4 and 4.5, is likely to be due to water being transported 

northward from southern latitudes because the sub-solar latitude moves from -8.5 

to 00 in going from La 340 to 3600. Insolation conditions favor the increase of the 
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equatorial peak, not decrease. At the least, it should stay constant from 340 to 

360°, as the curves representing the Viking rates of disappearance in Figs. 4.4 and 

4.5 show. 

Thus the question of the degree to which atmospheric transport is responsi

ble for the decrease of water abundance south of 300 S remains open. It is one of the 

questions which the next chapter attempts to address. It should be noted, however, 

that, on observational grounds (Figs. 4.1-4.5) Occam's razor would find the idea 

that water disappeared into the subsurface south of 30S more attractive than the 

notion that it went northward and then disappeared into the subsurface, especially 

given the relative insolation conditions. It seems more economical to explain the 

increased abundance in the equatorial peal( from La 320 to 340° by mobilization of 

more northerly subsurface water. 

4.2.8. Latitude of water abundance peaks 

One further difference between the 1988-89 data and the Viking MAvVD 

data concerns the latitude of the equatorial water abundance peal(s. Except for La= 

320°, these peaks for the 1988-89 data are more likely to be located some 10-15° 

southward of the Viking peaks. Moreover, with the same consistency, the Viking 

data is likely to exhibit a grea.ter water abundance northward of 30° N than the 

1988-89 data. This suggests that the circulation patterns during the Viking year 

were more efficient at transporting water northward than during 1988-89. First, 

dust increases the size of the equatorial Hadley cell so that it is situated nearer the 

maximum latitudinal water abundance gradient, which maximizes the transport of 

water vapor possible. Moreover, the dust heats the atmosphere and extends the 

region where water saturates and condenses further into the northern hemisphere. 
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Given that a major difference between these two years, a decade apart, was 

the prevalence of global dust storms in 1977-78 and the lack of them in 1988-89, it 

implies either that during a year when the circulation is enhanced, a global storm is 

more likely to occur, or that dust is a means of enhancing the meridional circulation, 

something for which there is substantial computational evidence (Haberle et al., 

1983; Pollack et al., ). In either case, it constitutes evidence that when the merdional 

circulation is enhanced during southern summer on Mars, something which is not 

rare, water vapor is more likely to be transported northward. 

4.3. THEORETICAL AND COMPUTATIONAL SIMULATIONS OF MARTIAN TRANS

PORT 

In this section, various ideas suggested by the data and presented in the 

previous section are tested with computational and analytical models of the trans

port of water in the martian atmosphere. The first subsection uses an analytical 

one-dimensional diffusive model of the meridional transport of water on Mars to 

determine the diffusivity required to produce the gross changes in the water abun

dance magnitudes at difference latitudes which were observed from LII 320 to 3600
• 

The diffusive character of this transport is assessed by initializing the model with 

the latitudinal profile measured at either LII = 320 or 3400 and comparing the shape 

of the resulting profile with that observed. The second subsection uses the one

dimensional model to predict the latitudinal profiles and time behavior of the global 

column abundances observed during a release of water from the south pole residual 

cap similar to that which happens in the northern hemisphere. 

The third subsection presents the result of a series of three numerical ex

periments using R. M. Haberle's two-dimensional water transport model for the 
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martian atmosphere, described in Appendix: M. The first of these experiments be

gins with an initial water abundance profile similar to that measured at L8= 208, 

320, and 340°, and compares the resulting profiles with those subsequently mea

sured at L8= 320, 340, and 360°, respectively. It is similar to the analytical problem 

posed in the first subsection. The second attempts to model the sudden release of 

water from a hypothetical residual polar cap of water ice subsequent to its being 

laid bare by the complete sublimation of the CO2 over it. The third experiment 

tests the idea that water can more efficiently be transported northward by a mean 

meridional circulation enhanced by the presence of a lal'ge amount of dust in the 

atmosphere. 

4.3.1. One-D Diffusi·ve Model: Initial Ab'undances = Observed 

The one-dimensional diffusive transport model, solved on the surface of 

a sphere, is described in Appendix: 1. It is introduced in more detail in the next 

subsection. This model was applied toward calculating the resulting latitudinal 

water profiles at L8= 320, 340, and 360° when the initial abundance profiles are set 

equal to those at L8= 208, 320, and 340°. 'Water is neither added to nor subtracted 

from the atmosphere and moves solely by means of diffusion from one latitude to 

another. Two different diffusion coefficients were implemented: 5.108 and 5.109 

cm2 sec-I. The first is the same as the sub-grid scale horizontal eddy diffusivity 

adopted in the two-dimensional transport model whose results are presented in the 

third subsection of this section. The second is a horizontal eddy diffusivity probably 

more representative of the magnitude of the meridional transport when the effect 

of the mean meridional circulation (Hadley cells) on the strength of the horizontal 

mixing is included. The results are presented in Figs. 4.10-4.15. 
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Figure 4.10. ID diffusive model initialized by measured abundance profile from 
L,,= 208° run until L8= 320°, 180 sols. Meridional diffusivity D = 5.108 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 20 days. 
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Before interpreting these results we reiterate that the model is diffusive and 

includes no sources or sinks, but merely gauges the ability of diffusion, in this case 

turbulent exchange of ail' parcels between different latitudes, to reproduce observed 

water abundance profiles when initialized by previous observed profiles. Two in

teresting points are made by this very crude approximation. First, a horizontal 

diffusivity of 5.108 cm2 sec-I, by at least an order of magnitude, is unable to move 

enough water from the north to the south to explain the sequence of two observations 

at L8= 208 and 3200 (see Fig. 4.1). On the other hand, a meridional diffusivity of 

5.109 cm2 sec-1 transfers the maximum amount of water possible during the period 

between these two dates. 

Second, no diffusive model, no matter how high the diffusivity, will explain 

the sequence of observed profiles from L8 320 to 3400 and from 340 to 3600
, because 

the abundance gradient is positive, not negative, northward. The direction of water 

transport predicted by a diffusive model will always be toward the south. But even 

here, it is clear that the lower of the two meridional diffusivities cannot move large 

enough quantities of water to explain the differences between the three successive 

profiles; the higher diffusivity, associated with processes not involving small-scale 

turbulent mixing, is required. 

4.9.2. I-D Diffusive Model: SO'uth Polar Resid'ual H2 0 Cap Release 

This subsection describes a model for the rise in abundance observed in 

1969-70 from the Earth (Barker et al., 1970) by a hypothesized abrupt sublimation 

of south polar cap residual water. These observations, displayed in Fig. 2.7, show 

an increase in average abundance in the 290 to 3400 time period to anomalously 

high values of up to 44 ppt pm globally averaged, followed by a precipitous drop in 
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Figure 4.11. ID diffusive model initialized by measured abundance profile from 
Ls= 3200 run until L.9= 3400

, 35 sols. Meridional diffusivity D = 5.108 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 7 days. 
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abundance by La= 10-200 to 5 to 10 ppt I'm. In this section, contrary to the evidence 

presented by the temporal progression of global water abundance observed during 

other years, it is postulated that the steady rise in abundance from the summer 

solstice to autumnal equinox is just what would be seen if a hypothetical south 

polar residual cap of wet ice lost its covering of dry ice, losing its ability to maintain 

itself at a temperature near 148 K. The surface, unable to cool itself by subliming 

dry ice, would heat up due to absorbed solar radiation and the downward transfer 

of sensible heat from the atmosphere. The altitudinal temperature profile near the 

surface would rapidly rise to become superadiabatic, efficiently mixing the water 

vapor into the column of atmosphere above the water ice cap as fast as it could be 

sublimed. The atmospheric circulation could then take it out of the polar regions. 

One bottleneck for this process is the amount of water a column above the 

polar cap could hold without saturating. The existence of a maximum abundance 

over the pole approximately equal to 100-150 ppt I'm (by analogy with the north 

pole), makes the efficiency with which transport removes water from the south pole 

the rate-limiting step. As this transport mixed the water to higher latitudes, the 

global average abundance of water vapor would rise, producing a curve similar to 

the 6 global abundance measurements made from the Earth after La= 3300 in 1969-

70 (Jakosky and Barker, 1984). What values of meridional diffusion coefficient and 

sublimation flux are required to match this data? 

The one-dimensional model cited above was used to model this situation. 

The time at which the cap was uncovered was assumed to be LII= 3000
, well after 

summer solstice. The idea is that the residual cap was uncovered fairly late in the 

season. Such a, perennial cap is covered by CO2 frost most years, but every now 

and then an especially hot summer uncovers it. It is difficult to sublime all of the 
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Figure 4.12. 1D diffusive model initialized by measured abundance profile from 
L,,= 3400 run until L,,= 3600

, 40 sols. Ivleridional diffusivity D = 5.108 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 8 days. 
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CO2 off the cap; even in a summer when it happens, it takes most of the summer 

to do it. Thus the cap is uncovered not at the hottest point of the orbit, but when 

the constantly subliming CO2 completely disappears. CO2 will sublime as long as 

energy balance demands a sublimation term to balance a predicted temperature 

greater than 148 K. 

The rate at which H2 0 is released once uncovered can be estimated by as

suming it to be given by Knudsen's rule (Rizk et al., 1991). The resulting expression 

for the flux of H20 molecules is 

where P is the vapor pressure of H20 at the relevant temperature and f has the 

units of cm-2 sec-I. If values for these parameters for the appropriate temperature 

range (180-225 K) are input, fluxes of f = 1016_1019 cm-2 sec-1 are estimated. The 

initial water vapor abundance everywhere on the planet in the model was assumed to 

be zero, which does not reflect reality, but does not change the result significantly. 

As the H2 0 is released the abundance increases and saturates the air above the 

south pole. The transport to other latitudes is represented by a diffusivity D and 

a sink is assumed to exist at the north polar cap. 

The solution, a function of time and latitude, is written as a sum of Legendre 

polynomials out to order 50, 

50 

N(x,t) = 2: bn(t)Pn(x) 
n=O 
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Figure 4.13. 1D diffusive model initialized by measured abundance profile from 
L8= 2080 run until L8= 320°, 180 sols. Meridional diffusivity D = 5.109 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 20 days. 
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where x = sinc/l where c/l is the latitude, Pn(x) are the Legendre polynomials, and 

the bn are given by 

where the an characterize the spatial dependence of the south polar source. It and 

other relevant parameters are defined in Appendix L. 

The quantity measured from the Earth is actually N, the column abundance 

averaged over the disk. Though this quantity could be computed by the model for 

any slit orientation for any planetary tilt, it was computed for the pole-parallel 

equatorial view. This convenient approach involves some error because it does not 

tal\:e into account the geometry involved in viewing the planet with a finite slit. 'We 

assume this error to be negligible. As long as the slit used to view of the planet is 

much longer than it is wide, this assumption is adequate. The results are presented 

in Figs. 4.16-4.18. They plot the latitudinal abundance profiles together with the 

global average abundance as a function of time. The observations of 1969-70 were 

matched by values of diffusion coefficient D and sublimation flux f of 2.1011 cm2 

Figures 4.16 and 4.17 clearly can match the measurements of average global 

abundance as a function of time, but require the polar column abundance to be 

unrealistically high. Therefore they can be rejected. Smaller values of the flux f 

cannot drive the global average abundance to increase quickly enough. Another 

parameter of the model, the rate of loss provided by the assumed north polar sink 

(assumed to be a cap the size of the southern perennial cap), was the inverse time 

constant for the decrease of the column abundance above the north pole to lie of 
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Figure 4.14. ID diffusive model initialized by measured abundance profile from 
L8= 3200 run until L8= 3400

, 35 sols. Meridional diffusivity D = 5.109 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 7 days. 
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its initial value. The best fit value of this constant was found to be 5· 10-4 sec-1 , 

or a time constant of 2000 sec. This is very unrealistic, but can be scaled up by the 

ratio of the area of the northern seasonal cap to the southern perennial cap and still 

provide the same loss rate if the sink is assumed to be the northern seasonal cap 

instead of a cap the size of the southern perennial cap. Though it would have been 

more correct to do so, the northern seasonal cap was not used in the model as a sink 

because sources and sinks of similar sizes simplified the coding of the model. The 

value of the loss rate controlled the value of the global average abundance which 

the model asymptotically approached. 

Extensive experimentation with the diffusive model found that the inverse 

time constant l/T for the north polar sink controlled the rise time of the water 

abundance, f, the release rate at the south controlled the final average abundance, 

and D and f jointly controlled the column abundance above the pole. Since all three 

of these quantities were deemed constrained by the series of observations plotted as 

crosses in Figs. 4.16-4.18, the result could not be achieved with a lower diffllsivity. 
~ 

The results of this diffusive model indicate that if wa,ter vapor is assumed to 

enter the atmosphere at a polar source, transporting it to other latitudes by diffusion 

requires a very high meridional diffusivity. When compared to the one-dimensional 

results presented in Figs. 4.10-4.15 using the same model, it is a transport coefficient 

2-3 orders of magnitude higher than those required to characterize the atmospheric 

transport that seemed to apply to southern hemisphere summer during 1988-89. 

When compared to the two-dimensional results shown below, it again seems very 

high. 

The ratio of the best-fit flux to fluxes estimated by Knudsen's rule suggests 

that the surface coverage of water ice in a perennial southern wet ice polar cap, if 
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Figure 4.15. 1D diffusive model initialized by measured abundance profile from 
Ls= 3400 run until Ls= 3600

, 40 sols. Meridional diffusivity D = 5.109 

cm2 sec-I; no sources or sinks. Initial and final profiles double-weighted, 
intermediate profiles single weighted; results plotted every 8 days. 
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one exists on Mars, would range from 1%, if the sublimation temperatures during 

the hypothesized 1969 release were closer to 220 K, to 100%, if the temperatures 

were closer to 180K. The middle of this range of wet ice coverage, 10%, seems 

intuitively appealing. 

4.9.9. Two-D Advective Model: Initial Ab'undances = Observed 

The model simulating the diabatic circulation of the martian atmosphere is 

reviewed in Appendix M. It has been described in more detail elsewhere (Haberle, 

1981; Haberle et al., 1982; Haberle and Jakosky, 1990). This model was used first to 

simulate the transport of water by the diabatic circulation at three different periods 

during the martian year, those corresponding to Ls208-320, 320-340, and 340-360°. 

For each case the circulation was cold-started at the first Lsand run to steady state 

for a period of 30 martian days, assuming the planet to be frozen in place and 

rotating at the distance and obliquity appropriate for that L8. Each of the three 

runs was then warm-started with the initial water abundance profile set equal to 

the profiles observed at that L8 from Catalina in 1988-89. Tables 4.2-4.4 summarize 

the values of various parameters and characteristics associated with each numerical 

experiment. It is important to note that the altitudinal water abundance profile 

was that of a constant mixing ratio, i.e., a scale height equal to the background 

atmosphere. In Figs. 4.19-4.24 are presented contours in the meridional plane of 

the zonally symmetric values of u, the zonal velocity, v, the meridional velocity, T, 

the temperature, and 'ljJ, the mass stream function of the background atmosphere, 

with which the run was initialized. 

Interpreting these contour plots of u, v, T, and 'ljJ, the mass stream function 

means, for our purposes, understanding the mean-meridional circulation systems 
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Figure 4.16. ID diffusive model initially zero abundance at all latitudes; south 
polar source = 7.1016 cm-2 sec-I; north polar sink = 5.10-4 sec-I; model 
run from L8= 3000 run until La= 3620

, 110 sols. Meridional diffusivity D = 
5.108 cm2 seCI ; (a) latitudinal abundance profile plotted every 20 days; (b) 
global average abundance as a function of time. 
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they predict given the insolation incident on the martian atmosphere at the par

ticular season (L8= ~08, 320, or 340°) for which they apply. Each of the 3 sets 

of 4 contours displayed in Figs. 4.19-4.24 are the result of running the diabatic 

circulation model with the planet fixed in areocentric longitude and radius for 30 

sols, essentially to equilibrium. The T, u, v, and ~-fields which resulted are in a 

steady state-they would not change significantly with continued operation of the 

program. Since all of these variables are coupled to each other by the equations 

listed in Appendix M, it means that the information conveyed by each of the 4 

contours is, in a sense, derivable from the others; they all convey the same general 

message about the mean-meridional circulation during the time period for which 

they apply. 

To start with, the temperature and zonal velocity fields are, to a good ap

proximation away from the martian tropics, related by the thermal wind equation, 

a relationship between the zonal velocity u, and the temperature T which is de

rived assuming hydrostatic equilibrium and geostrophy. Geostrophic balance is the 

formal assumption that the pressure gradient force and the Coriolis force are equal 

in magnitude and opposite in direction, resulting in wind velocities that do not 

accelerate in magnitude. The resulting equation, 

JOU = _ RoT 
oz H oy 

reveals that in the southern hemisphere a positive northward temperature gradient 

results in a westerly flow that increases in magnitude the higher in altitude one 

goes. The same is true in the northern hemisphere for the opposite meridional 

temperature gradient. This explains why the latitudes of maxima in the zonal 
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Figure 4.17. ID diffusive model initially zero abundance at all latitudes; south 
polar source = 7.1016 cm-2 sec-I; north polar sink = 5.10-4 sec-I; model 
run from La= 3000 run until La= 3620

, 110 sols. Meridional diifusivity D = 
5.109 cm2 sec-I; (a) latitudinal abundance profile plotted every 20 days; (b) 
global average abundance as a function of time. 
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velocity contours, the jet streams, are located above the latitudes of temperature 

contour density maxima. 

We also notice that the altitudes and latitudes of zonal wind minima tend 

to be meridional wind maxima, a consequence of conservation of mass (Figs 4.19, 

4.21, and 4.23). The contours of meridional velocity, in their turn, correlate very 

well with the mass stream function contours, which trace out the circular streamline 

patterns of the Hadley cells (Figs. 4.20, 4.22, 4.24). For example, in early spring 

(Ls = 208°), two cells are predicted, whos~ rising branches are located close to the 

sub-solar latitude, a region of maximum solar insolation and the site of a broad 

temperature maximum (Fig. 4.20). 

If we compare the Hadley cell pattern predicted by the model for Ls= 208, 

320, and 3400 in Figs. 4.19-4.24 we see distinct differences. Two cells, equatorial and 

southern high-latitude, are predicted by the model at Ls = 2080
• At Ls = 3200

, no 

trace of the high-latitude cell is to be found, while the equatorial cell has intensified. 

By Ls= 3400
, the strength of the equatorial cell has significantly diminished while 

a new poleward cell shows signs of impending formation in the south. The location 

and strength of the cells, are, as advertised, strongly correlated with the location 

and strength of meridional temperature gradients on the planet, evidence that the 

mean-meridional circulation is an indirect flow system similar to the sea-breeze or 

mesoscale wave type of circulation described in Appendix M. 

Predicting cell placement and strength does not immediately lead to knowl

edge of the strength and direction of net water transport. Hadley cells are vortices 

turned on their sides with upper and lower branches that travel in opposite direc

tions. Because the amount of air displaced northward has to equal that flowing 

southward to conserve mass, a well-mixed tracer with no latitudinal gradient will 
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Figure 4.18. 1D diffusive model initially zero abundance at all latitudes; south 
polar source = 7.1016 cm-2 secI; north polar sink = 5.10-4 sec-I; model 
run from Ls= 3000 run until LII= 3620

, 110 sols. Meridional diffusivity D 
= 2.1011 cm2 secI; (a) latitudinal abundance profile plotted every 20 days; 
(b) global average abundance as a function of time. 
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experience no net transport when acted upon by a Hadley cell. We can deduce 

from this that a tracer's net transport either northward or southward decreases in 

proportion to the degree with which it is well-mixed. In the absence of a latitudinal 

gradient, if the atmosphere gets cold enough to saturate water vapor at a low alti

tude (say 5-20 km), implying a water scale height lower than that of the ambient 

atmosphere, then net transport will occur in the direction of the lower branch of 

the Hadley cell. 

If, on the other hand, a latitudinal gradient in water vapor abundance 

exists it will be smoothed by the Hadley cell if the water is well-mixed. In this case 

net transport will occur down the gradient and the cell acts like a large turbulent 

eddy. If most of the water is confined below 5 km (the altitude of the cell center 

throughout most of the spring and summer, as predicted by the model; see Figs. 

4.20, 4.22, 4.24) then the cell will either smooth the latitudinal gradient if the 

greater abundance occurs in the upstream flow or enhance the gradient if water is 

more abundance downstream. 

In Fig. 4.25 we display the H20 saturation altitudes as a function oflatitude 

and time throughout most of southern spring and summer. We see that at most 

times and places, the martian atmosphere is predicted by the 2D model to be 

unsaturated up to 30 or 40 km, making the assumption of a constant mixing ratio 

more believable. These results agree with the results of the photochemical models 

described in the previous chapter, which found a greater tendency for the predicted 

ozone profiles to match the observed when the water scale height was that of the 

background atmosphere and not a saturated scale height. Transport of water in such 

an atmosphere would be diffusive in character; the mean meridional circulation's 

effect can be approximated as an increased meridional diffusivity, and net transport 
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would then occur in directions opposite to the direction oflatitudinal gradients. Past 

La= 3200, especially south of -500 S, the model predicts a substantial amount of low

altitude saturation. As stated above, the direction of net transport by the mean

meridional circulation depends on the strengths and directions of the latitudinal 

water abundance gradient and Hadley lower branch. 

Therefore, we can get a good idea of the direction and strength of the 

net water transport before we examine the meridional profiles as a function of time 

predicted by the model. We must compare the location and strength of mean merid

ional cells with the magnitude and placement of latitudinal water vapor gradients. 

At La= 2080, we have two cells, the equatorial one centered at about 50 N and the 

poleward one centered at _600 S. We will assume that most of the atmosphere at this 

time is well-mixed (see Fig. 4.25 and 3A-the results of photochemical modeling). 

The strongest water abundance gradient, however, occurs between -25 and _450 S, 

within a region relatively stagnant with respect to the mean meridional circulation 

(Fig. 4.1). We would predict some net transport of water southward, but not a lot. 

Southward-traveling water would have to make it across the dead zone between the 

two cells and the only way to do this would be by traveling or stationary eddies, not 

modelled by the 2D model. It has to carry the water across this region by sub-grid 

scale eddy diffusivity, parameterized at 5.108 cm2 sec-1 in the mode. The gradient 

between 5 and 400 N is much closer to the center of the equatorial cell and that 

region should experience a net transport of water vapor northward. 

At L8 = 3200, according to the model, the southern near-polar cell has com

pletely disappeared; the equatorial cell has grown stronger and moved a hair closer 

to the equator, centered now at a couple of degrees north. The meridional water 

abundance profile shows no strong gradients, but though most of the atmosphere 
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could be considered well-mixed, substantial regions cannot, specifically south of -

60°. However within this region, where at L8= 208° was a cell whose lower branch 

traveled northward, there is no mean meridional circulation to speak of. Thus in 

the south no significant net transport of water should occur. The north also would 

experience no net transport of water despite the existence of a strong cell because 

the magnitude of the water vapor gradient is not very high. 

At L8= 340°, a poleward southern cell is starting to reappear and the water 

scale height shows a marked tendency to saturate low in the atmosphere south 

of -50° S. Thus a· significant amount of water vapor net transport should occur 

northward from L8= 340 to 360°. Kear the equator, the equatorial cell is situated 

practically on top of a broad latitudinal water vapor abundance maximum. Not 

much net transport of water should occur in the latitudinal direction and what 

there is should simply enhance the broad maximum of water vapor, an interesting 

effect. 

In Figs. 4.27-4.29 are presented the latitudinal profiles of water abundance 

at successive L8values throughout each run computed by the model run. As can be 

seen, they agree very well with the predictions that can be made by the diagnostic 

plots of u, v, T, and 'ljJ, coupled with knowledge of the water vapor saturation alti

tude. From L8= 208 to 320° a strong prediction is made of no significant net water 

transport southward from the north, implying that the large difference between the 

208 and 320° measurements is predominantly due to water indigenous to the south

ern hemisphere. To see this, one has simply to compare the the latitudinal water 

abundance profile predicted by the model with that measured at L8= 320°. 

This conclusion is supported by the subsequent runs, from 320 to 340° and 

340 to 360°. The amount of discrepancy between predicted and observed profiles 
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is large at LII = 3200 and significant at La = 3400
, suggesting that most of the 

water observed in the south disappea:red into the south as well. The amount that 

disappeared is not likely to have been transported. The 2D model also calculates 

how much water vapor would be expected to be deposited as ice in contact with 

the surface and these are displayed in Fig. 4.26 for all three runs. Each run 

starts with different initial conditions, thus the distribution of ice has three distinct 

morphologies in the plot. Fig. 4.26 shows that the model predicts that most of the 

water vapor that disappears in the model runs from 320 to 340 and 340 to 360 is 

deposited as ice at the same latitudes in which it existed in vapor form. 

Table 4.4. Individual 2-D Run Parameters: Runs 2 and 3 

Parameter Run2al 

Time Period (L/) 300 

Warm/Cold Start Cold Start 

Dust/~o Dust Dust 

Initial Water Abundance Profile 

CO~ Ice Cap Disappears: \Vater Sublimes Into Southern Atmosphere 

Parameter Run3al 

Time Period (L$ 0) 208 

Warm/Cold Start Cold Start 

Dust/~o Dust Dust 

Initial Water Abundance Profile 

Run2a2 

300-380 (20) 

Warm Start 

Dust 

0 

Run3a2 

208-320 

Warm Start 

Dust 

4 June 88 profile (L$= 208°) 
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Table 4.2. Parameter Values for all Runs 

Par~m~t~r 

Time mr- (sec) 

Latitudr: intel'val (0) 

\',mical Layers 

Tropopause P·ressure (uyn cm-~) 

Topography? 

CO~ Su~limed? 

Heating Calculated 

C02 ~[a.;s Budget Calculated 

Friction Calculated 

.-\.dvecti\'e time step 

Horizontal Diffusivity (cm~ sec-I) 

Soil \'olump. Specific Heat p Cp (erg cm-3 K-l) 

Soil Thermal Conductivity (erg cm-1 sec1 1\-1) 

H~O Ice "olume Specific Heat p Cp (erg cm-3 1\-1) 

H20 Ice Thermal Conductivity (erg cm- 1 scc- 1 1\-1) 

Soil Albedo 

C02 Frost Albedo 

H20 Ice Albedo 

~Iaximum Dissipation Time (sols) 

Minimum Dissipation Time (sols) 

Maximum Richardson Number 

~[inimum Richardson ~umber 

Value 

18·1.94 jll 1 i 

13 

80.0 

No 

Yes 

Once a day 

Twice a day 

Every 5th step (96 times/day) 

Every 5th step (96 times/day) 

5·W~ 

10; 

;400.0 

1.3·10;" 

3.6.105 

0.25 

0.60 

0.35 

5.0 

0.1 

10.0 

2.5 

4.9.4. T'Wo-D Advective Model: South Polar H2 0 Release 

Another numerical experiment attempted by the two-dimensional diabatic 

circulation model was the same problem described in section 3.3.2 above, the sudden 

release of H2 0 vapor from a hypothetical residual water ice cap which is uncovered 

relatively late in the southern summer. The time of CO2 loss was, as before, assumed 



Table 4.3. Individual 2-D Run Parameters: Run 1 

Parameter Runia 1 

Time Period (L, 0 ) 208 

Warm/Cold Start Cold Start 

Dust/:\'o Dust No Dust 

Initial Water Abundance Profile 

Parameter Runlbl 

Time Period (L, ° ) 320 

';Varm/Cold Start Cold Start 

Dust/~o Dust No Dust 

Initial Water Abundance Profile 

Parameter 

Time Period (L, 0) 

Warm/Cold Start 

Dust/:-io Dust 

Initial Water Abundance Profile 

Parameter 

Time Period (L,o) 

Warm/Cold Start 

Dust/No Dust 

Initial 'Vater Abundance Profile 

Runlc1 

340 

Cold Start 

No Dust 

Runldl 

360 

Cold Start 

No Dust 

RunIa2 

208-320 

Warm Start 

No Dust 

4 June S6 profile (L .• = 208°) 

Runlb2 

320-3-10 

Warm Start 

No Dust 

3 Dec 88 profile (L,= 320°) 

Runlc2 

340-360 

Warm Start 

No Dust 

9 Jan 89 profile (L,= 340°) 
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to be Ls= 3000 and the model was run from La= 300 to 360 O(see Tables 4.2, 4.3). 

The circulation during this period is displayed in Figs. 4.30-4.31. As in the first 

three 2D runs, they show a strong equatorial Hadley cell sitting atop an atmospheric 

region which is assumed to contain no water vapor. The model is initialized with 

a great deal of ground ice at the south pole (the equivalent of 10000 ppt I-'m and 
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Figure 4.19. Zonal and meridional flow velocity contours at indicated intervals 
for Ls= 2080 from 2D model cold start after 30 sols. Solid lines: positive 
contours, dashed lines: negative contours, dotted lines: 0 contour. Zonal 
velocity positive out of paper (eastward), meridional velocity positive north
ward. Lower altitude limit = 0.5 km. 
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no water, vapor or ice, at any other latitude. Near the south pole, a weak cell has 

developed because of the temperature contrast between the polar cap, kept cold by 

the continual sublimation of CO2 , and the surrounding ground, with a temperature 

greater than 230 K at this time of year. The lower branch of the this cell blows off 

the polar cap. 

A strong thermal inversion exists over the pole, but once the CO2 is com

pletely sublimed, the pole can heat up and a superadiabatic gradient should allow 

the water to get off the ground. The model predicts temperatures at the pole after 

sublimation of 220 K, which decrease steadily as the summer progresses to L8= 

3600
• However the warming that allows the H2 0 to sublime into the atmosphere 

also decreases the temperature gradient by almost an order of magnitude. Thus 

the water cannot go anywhere. This explains the subsequent meridional profiles of 

water vapor abundance displayed in Fig. 4.32. They indicate that the 2D model 

has real problems with two aspects of the proposed scenario. First, the model can't 

get enough water into the atmosphere. Second, the model can't move this water 

anywhere. 

4.9.5. T'wo-D Advecti'ue Model: Transport Amplification by Dust 

The Catalina 1988-89 water measurements suggested a third numerical ex

periment. 'When compared to the Viking profiles for similar seasons, a general 

displacement of the latitude of peak water abundance of some 10-150 is observed 

(see Figs. 4.1 and 4.2). Since the major environmental difference between 1977 

and 1988-89 was the occurrence of two global dust storms from L8= 208 to 3350 in 

1977 and the lack of major dust storms in 1988-89 (Parker and Beish, 1988), and 

since we have already seen from run 1 above that water is carried northward by the 
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Figure 4.20. Temperature and mass stream function contours at 10 K interval 
for temperature and indicated intervals for mass stream function for L8= 
2080 from 2D model cold start after 30 sols. Solid lines: positive contours, 
dashed lines: negative contours. Mass stream function postive flow: clock
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equatorial cell (Figs. 4.20, 4.27) it is only natural to presume that the dust storms 

caused an enhancement in the equatorial cell that led to an increase in the net 

water transport northward. The 2D model was run to test this scenario. As before, 

the parameters describing the run are listed in Tables 4.2 and 4.3; the results are 

presented in Figs. 4.33-4.37 (diagnostic, water abundance, saturation altitude, and 

water ice plots). 

The dust optical depth for this run was fixed at 4.5 and the model run from 

L8= 208 to 360°. The equatorial cell was indeed strengthened by the increased dust 

loading as can be seen by the circulation predicted at L8= 208 0, after running the 

model in place for 30 sols. The center of the cell is moved slightly northward to 

¢> = 10° N where it is closer to the latitude of the water gradient observed in Fig 

4.1. The dust heats the atmosphere by absorption of solar energy in a well-studied 

effect and suppresses saturation in the lower atmosphere, as Fig. 4.35 shows. The 

water abundance profiles show a general shift of the latitude of the peak of the 

broad equatorial water abundance maximum northward by some 10-15°. Finally 

Fig. 4.36 compares the amount and latitude of ice deposition predicted by Run 

la (L8= 208 - 360 0 without dust) and this run. It can be seen that water ice is 

deposited in greater quantity some 15° further north than in the run without dust. 

4.4. DISCUSSION 

The very first chapter introduced an idea central to this work, that a 

planet's water cycle can be approached from two points of view. Either assume 

a knowledge of the mechanisms, direction, magnitude, and timing of the net water 

transport in order to reveal the location of water reservoirs. Or assume the location 

and potency of these reservoirs and work in the reverse direction. Both methods 
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Figure 4.21. Zonal and meridional flow velocity contours at indicated intervals 
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have been exploited in this chapter. We have arrived at various results concerning 

Mars' water reservoirs and transport. 

Also stated in the first chapter was the idea that these methodologies have 

implications on more than one time scale. Seasonally, water is released from a reser

voir during a particular season into the atmosphere where it is either transported 

by the relevant circulation mechanisms to other parts of the planet or not trans

ported at all to end up where it started. At other seasons, the reverse may happen 

and the cycle tend to an equilibrium, or it may not and the cycle move toward 

a disequilibrium. The cycle may be in disequilibrium on a seasonal timescale and 

equilibrated on astronomical or geological timescales. In any case the same reser

voirs and the same transport mechanisms are involved, must be involved, as on a 

seasonal timescale. Only their relative magnitudes and dispositions change, perhaps 

cyclically, perhaps in a secular fashion, but the major transport mechanisms and 

reservoirs will stay the same from year to year. Studying the martian water cycle 

over any timescale becomes a question of elucidating these transport mechanisms 

and discovering these reservoirs. 

This section discusses the implications of the previous two sections' results 

from the reservoir and transport points of view on seasonal and longer times cales, 

the latter being labeled "climatological" timescales. Obviously we will have more 

confidence in conclusions about the seasonal issues than on climatological issues, 

because the Catalina data were acquired over a time period stretching from early 

martian southern hemisphere spring to fall equinox, less than half a martian year, 

and none of the modelling runs were extended over longer time periods either. On 

seasonal times cales we will discuss several aspects of the modelling that perhaps 

need discussion and review its results. 
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Figure 4.22. Temperature and mass stream function contours at 10 K interval 
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3200 from 2D model cold start after 30 sols. Solid lines: positive contours, 
dashed lines: negative contours. Mass stream function postive flow: clock
wise. Lower altitude limit = 0.5 km. 



203 

Previous ground-based measurements and the Viking MAWD data, when 

combined with the Catalina data (and the hopefully soon-to-be-acquired Mars Ob

server data), have established something of a climatological data set. Moreover, 

the present martian cryosphere has important asymmetries, the surface shows the 

scars of major volatile redistributions, and the isotopic ratios show asymmetries in 

fractionation that imply large amounts of water and carbon dioxide have interacted 

with the atmosphere in a form much more exchangeable than today. When the 

observations and modelling of the water cycle on seasonal timescales are compared 

with these other data, then they too may become the basis for arguments about its 

long-term behavior. 

4.4.1. Seasonal Reservoirs and Transport 

If the water observed from Catalina at L8= 320 0 0riginated from the peren

nial reservoir of polar cap water ice, its abundance profile should have looked some

thing like that of the Viking MA WD profiles for the northern hemisphere (Farmer, 

1977; Jakosky and Farmer, 1982). These showed a dramatic increase in the water 

abundance around L8= 115°, when the residual cap, on the basis of temperature 

measurements, was deduced to have lost its carbon dioxide cover. The northern 

maximum in water abundances observed by Viking occurred as a sharp peak of 

about 100 ppt pm near 80-900 N. This peak gradually smoothed out in latitude over 

the course of the northern summer maintaining a gradient in water abundance that 

decreased toward lower latitudes, until profiles which were latitudinally uniform in 

water abundance were being recorded by L8= 150°. By this time peak abundances 

in the north had decreased to around 20 ppt pm. 
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If a southern residual cap made of water was uncovered during 1988-89, then 

it seems likely that the rate at which water sublimed from it would be proportional 

to the surface area of the cap, a factor of five smaller than the northern residual 

cap. If our ability to observe water in the Martian atmosphere from the Earth 

is inversely proportional to the size of the cap because of the joint smearing of 

atmospheric transport and seeing, then one would expect peal\. abundances to be 

inversely proportional to the size of the cap. The tendency for temperatures near 

the southern cap to be hotter during summer solstice would be counteracted by 

the greater altitude of the southern polar cap. Moreover, the total amount of 

radiation transferred to the southern hemisphere, though more intense at its peal(, 

would equal that transferred to the northern hemisphere. By analogy with the 

MAWD observations of the northern hemisphere summer, if a similar release of 

water occurred from the southern residual cap during southern hemisphere summer 

during 1988-89, then a dramatic peak of at least 40-50 ppt J.Lm would have been 

observed around L8= 295° near the south pole and at high latitudes, dropping to 

at least 15 ppt J.Lm by L8 = 330°. 

The southern maximum observed in 1988-89 was broader than the Viking 

maximum in 1977; it extended from -50 to -800 S. Had a maximum abundance of 45 

ppt J.Lm been observed in 1988-89, as was reported for the 1969-70 opposition, this 

would have strongly argued for the disa.ppearance of at least part of the southern 

CO2 cap and a supply of H2 0 from a residual water cap. If the amounts that 

were measured correspond to amounts that would have been measured during the 

Viking year in the absence of global dust storms, then this suggests, on morphologi

cal grounds alone, that the southern CO2 cap did not completely sublime during the 
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1988-89 southern summer. Further support comes from comparison to the ground

based record of martian water global abundance (Fig. 2.7). The global abundances 

measured during the Catalina observations agree with global abundances around 

L8 =320-3400 measured during years when the south polar cap recession was ob

served to have a rate similar to that during the Viking year or the Mariner 9 year, 

when the south residual cap retained a CO2 ice cover (James et al., 1979; James 

and Lumme, 1982; James et al., 1987; James et al., 1990). Moreover, the latitudi

nal distribution of the water in Fig. 4.1 during southern summer is spatially much 

broader than would be expected on the basis of the MAWD northern hemisphere 

profiles if the residual cap were the source of the water. 

The first observation of the post-solstice 1988-89 southern hemisphere was 

made by L8= 3200
, 25 L8 degrees after the expected ma.'{imum in southern water 

abundance from an assumed residual cap release. The data show water at high 

southern latitudes. The peale abundances are at the minimum level that agree with 

the scenario of an uncovered southern residual cap (see Appendix G). However, 

the averaged data show no water abundance gradient positive toward the southern 

pole. One of the individual images shows such a gradient, but, as discussed in 

section 3.2.5, this is believed to be the indirect effect of a dust storm near Argyre. 

The other four images from December either exhibit no gradient or exhibit gradients 

that fall off toward the southern pole and peale at mid-latitudes (50-55 OS). 

The first section of this chapter suggested, on observational grounds alone, 

that at least 60% of the water seen appearing in the southern hemisphere by south

ern mid-summer could not be explained by redistributing water already existing in 

the north, because its average abundance actually increased from L8 208 to 3200
• 

This water must have originated there. When the rates at which water disappeared 
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are plotted as a function of time in Fig. 4.3, they show that the atmospheric columns 

over latitudes south of 300 S lose water vapor less rapidly the more closely L8 3600 

is approached, while the reverse is true for latitudes north of 300 S. On morphologi

cal grounds, this suggests that the respective mechanisms responsible for the water 

disappearance are different. 

Another purely observational result that can be deduced from the data 

concerns the timing of the water disappearance south of -600 S: it precedes the 

nominal period when the bulk of the CO2 condenses back into the seasonal polar 

cap. The fact that the water in the south was observed to disappear before the 

seasonal CO2 cap began condensing is taken as observational evidence that water is 

buried under the seasonal CO2 cap and not incorporated within it. If, the following 

spring, one observes water coming off the seasonal cap as it sublimes, and not 

from the surface beneath it, then it is likely that this water originated from more 

northernly latitudes, probably from the northern hemisphere, and condensed onto 

the seasonal cap during the northern spring and/or summer. 

Though crudely simplifying the physics of water transport in the martian 

atmosphere, the analytical one-dimensional meridional diffusion model served as 

a check on the gross behavior of the more realistic, but more complicated, two

dimensional model. Its most obvious limitations were that it was oblivious to ad

vective transport processes and ignored non-polar sources and sinks. The latter 

could have been amended, but was not in the two problems modelled. The use of 

diffusion as an approximation to the transport physics is not as limiting as might 

be imagined, even when advection is the primary transport mechanism. This is due 

to the similarity of the Hadley cells to large turbulent eddies and is discussed in 

section 3.3.3. 
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The two problems modelled demonstrated the double-edged nature of this 

study referred to in the introduction to this section: the first started by assuming 

the strength and nature of the water transport by fixing the meridional diffusivity in 

order to constrain the location of a water reservoir. It argued against the northern 

hemisphere being a source or sink for southern water during southern spring and 

summer. The second run, on the other hand, assumed the water reservoir to be 

the south pole and, by matching ground-based data reported in 1969, derived a 

meridional diffusivity necessary to match the data. 

The results for the first 1D run showed that to match the Catalina data, an 

enhancement of a nominal sub-grid scale meridional diffusivity of 5.108 cm2 sec-1 by 

at least an order of magnitude would be required to explain the gross changes in the 

magnitude of the water abundance observed between the Catalina snapshots of the 

meridional water abundance profiles. In other words, an extra physical mechanism 

such as Hadley cells, traveling or standing eddies, or the condensation/sublimation 

CO2 flow, is needed to explain the gross magnitude changes in the Catalina data. 

However, except during the period from L8= 208 to 320 0
, the longest hiatus en

compassed by the Catalina data (and therefore the most suspect), the changes in 

abundance from snapshot to snapshot brought about by diffusion are in the wrong 

direction to explain the succession of meridional profiles. 

The second 1D run modelled a situation where diffusion was more likely 

to apply: the dispersion of water vapor released during the unveiling a hypothet

ical perennial cap of water ice buried beneath the dry ice cap. Six ground-based 

global abundances measured during 1969 (Barker et al., 1970) drove the model; it at

tempted to fit two unique features of this data set, the magnitude of the abundances 

and their monotonic increase with increasing L8until the equinox. The assumptions 
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were crude, but simple: a late release (L9= 300°), no abundance greater than 150 

ppt pm allowed above the pole, and a north pole sink. The run's major result: a 

diffusion coefficient greater than 1011 cm2 sec-1 was required to match the data, at 

least two orders of magnitude over the nominal sub-grid scale diffusivity assumed 

in 2D models such as that adopted in this work. 

The three two-dimensional numerical experiments were based on approxi

mating the general meridional circulation with the diabatic circulation, the so-called 

Hadley cells. The Hadley cells dominate the mean meridional transport state of the 

atmosphere near the equator, but at mid-latitudes on the Earth, they do not; large

scale eddy-driven transport does. Appropriating a term often used to describe the 

fundamental unit of turbulent transport, atmospheric scientists call any deviation 

from the mean meridional motion an eddy. Baroclinic waves, planetary waves, 

gravity waves and tides-these are all large-scale eddies, because for all intents and 

purposes they act like very big turbulent cells when transporting species in the 

meridional direction. Their meridional oscillations also involve vertical oscillations 

and thus they contribute greatly to the mixing described by the vertical eddy dif

fusivity which appeared in the third chapter. 

Simulations with the Mars GeM show that approximating the transport 

with the diabatic circulation seems to be a valid approach between 400S and 400N 

(Pollack et aI., 1990). In addition, these simulations show that even during win

ter, but especially during southern summer, large-scale eddies (planetary waves, 

baroclinic waves, stationary waves) are largely absent. Any resulting meridional 

transport these waves might generate is suppressed. Thus simulating the general 

circulation by the diabatic circulation during southern summer is probably a valid 

approach. 
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Figure 4.28. vVater abundance as a function of latitude and time predicted by 2D 
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Another point made in section 3.3.3 was that though the dominant process 

on which the diabatic circulation is based is advection, because of the cellular nature 

of this flow and the necessity of conserving mass, the direction and amount of water 

transported depends on its altitudinal and latitudinal distribution. The diabatic 

circulation acts like an enhanced form of diffusion when the water is well-mixed 

in the lower atmosphere; in this situation net transport simply occurs down the 

latitudinal gradient of water abundance. This was the fundamental assumption 

behind the 1D analytical model. When water is not well-mixed, i.e., if it saturates 

low in the atmosphere, then the Hadley cells do not act diffusive in nature-they 

either displace maxima and minima in the latitudinal abundance distribution in 

latitude or they incre~se the maxima and decrease the minima. 

The three two-dimensional numerical experiments supported and extended 

the results of the one-dimensional runs. The first showed that atmospheric transport 

could not explain the succession of latitudinal water abundance profiles measured 

from Catalina. First, the water appearing in the south from L8= 208 to 320° was 

not likely to be have been carried from more northern latitudes. The model implied 

the existence of seasonal sources and sinks of water in the south. It predicted that 

water that disappeared in the south from L8= 320 to 340° and L8= 340 to 360° 

would be mostly condensed on the surface as ice. It couldn't have been deposited 

into the seasonal CO2 cap because, as has already been stated, this cap does not 

condense until after L8= 360°. No indication of poleward transport of this water 

is demonstrated by the model. The rest of the water, the water between -60 and 

-30°8, by implication, must have been adsorbed into the regolith. The results 

indicate that water in the martian southern hemisphere exists largely as permafrost 

south of -60°, in adsorbed form at mid-latitudes, and in vapor form between -30°8 
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and 300 N. It is well-known that models simulating subsurface adsorbed water and 

ice predict that it cannot survive in the subsurface over the timescales of the orbital 

oscillations (Fanale et al., 1986). Though surely an oversimplification, this paradigm 

is supported in the data, though not in an active way, i.e., one couldn't use the data 

to make the primary case for this view. Also, it serves as a straw man for further 

discussions of martian water reservoirs. 

The second two-dimensional numerical transport experiment showed that 

trying to explain the 1969 observations of large global abundances that increased 

as the summer waned by water that sublimed off of the south polar residual cap 

at Ls= 3000 runs into two big stumbling blocks. First, there is a problem simply 

in subliming enough water from the hypothetical perennial cap-the model predicts 

that temperatures drop too fast as the autumnal equinox approaches. Second, the 

atmospheric circulation is orders of magnitude too sluggish at this time of year to 

get the water away from the south polar cap. The only possible physics included 

by the model that could do the trick, the huge temperature contrast between the 

south polar cap and the surrounding regions, which drives a mini-cell between the 

cap and more equatorial latitudes, goes away when the cap is simulated to lose its 

CO2 cover and heats up. Again, as in the first 2D experiment, the results support 

and are supported by the 1D modelling cited above. 

The third two-dimensional numerical transport experiment showed that 

the idea that a dusty atmosphere enhances interhemispheric transport of water 

northward (to between 20 and 500 N latitude) at this time of year is a reasonable one. 

Both the latitudinal maximum in water vapor abundance approximately centered 

around the equator and the locale of water ice deposited by the model were shifted 

northward some 10-15°. This is the same displacement by which the corresponding 
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maximum in the the Viking data water vapor profiles and the Catalina profiles are 

separated. The dust model run from Ls= 208 to 320 also showed no tendency to 

enhance transport of water southward, further supporting the idea that northern 

water carried southward during southern spring could explain the Catalina data. 

4.4.2. Climatological Reservoirs and Transport 

This subsection starts from the conclusions reached in the previous section 

and speculates on their long-term implications for atmospheric transport mecha

nisms and the behavior not just of wet ice, but also dry ice reservoirs. 

At first glance, the problem of Mars' atmosphere seems no problem at all. 

After all, it is not difficult to predict the planet's present atmospheric temperature 

as a function of altitude, a central preoccupation of the study of planetary atmo

spheres. The surface of the planet sits under a thin shell of carbon dioxide equal 

to the amount of gas contained by the Earth's atmosphere above an altitude of 

34 km. It is cold there, temperatures typically oscillating between 140 and 240 K 

(-130 to -30°C). The greenhouse effect delivered by Mars' complement of IR-active 

gases can muster a temperature rise of only a few Kelvin above the radiative equlib

rium temperature of 216 K. The comparable region of the Earth's stratosphere, by 

contrast, is heated almost to the melting point of water by energy collected when 

stratospheric ozone absorbs ultraviolet light from the Sun. Mars' ozone mixing ratio 

is only 0.3% of the Earth's at 35 km. The fact that, as often as not, the martian 

atmosphere contains dust, which can heat the atmosphere, can complicate things. 

But the major terms in the heat balance involving the surface temperature should 

be those of solar insolation and CO2 sublimation at the poles, and solar insolation 
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everywhere else. Terms involving the transfer of sensible heat to and from the sur

face or radiative heat from the surface, are practically negligible on Mars, unlike 

the Earth, except perhaps during a dust storm. The seasonal temperature waves 

penetrate to the poles, periodically releasing large amounts of CO2 that can increase 

by one-third the pressure of the atmosphere, especially from the southern cap, just 

as one would predict. 

It doesn't take a very complicated theory to predict the pressure of the 

planet's atmosphere; its pressure during this phase of its orbital oscillation is very 

close to the vapor pressure of dry ice at polar temperatures, immediately suggest

ing that the planet's surface pressure is controlled by the complement of carbon 

dioxide at the poles and that its surface pressure fluctuates as polar insolation fluc

tuates. Called here the LMM theory (after Leighton, Murray, and Malin; Leighton 

and Murray, 1966; Murray and Malin, 1973), it successfully explains the martian 

CO2 atmosphere's pressure by assuming it to be controlled predominantly by the 

sublimation and condensation of the dry ice in the polar regions. This negative 

feedback tends to buffer polar temperatures. Excess heat can be carried away by 

converting CO2 ice to CO2 vapor and heat deficiency balanced by reversing this 

phase transformation. The idea that Mars' polar regions contain enough CO2 to 

within a factor of 2 or 3, to stabilize polar temperatures is a natural consequence of 

this theory. It nicely explains and agrees with the existence of polar caps made of 

CO2 ice on Mars. In fact the authors predicted the martian polar caps to be CO2 

ice before definitive evidence of this was obtained from spacecraft data. 

A consequence of LMM concerned the fact that the amount of CO2 In 

the martian cryosphere is within a factor of a few of the amount in gaseous form. 

The theory would predict and indeed, did predict, that this is no coincidence; it is 
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explained by the expectation that the poles must contain all of the C02 that has 

Qutgassed over the course of the planet's history. Another key condition suggested 

by the model was that at no time would all of the dry ice exchangeable with the 

atmosphere all be in the vapor phase. CO2 can only exist in permanent solid form 

near the surface at the poles on Mars; elsewhere it is too warm. Thus the amount 

of CO2 released to the surface, it is predicted, can equal only some 15 to 30 mbar 

(Murray and ~'>'Ialin, 1973). When one combines this prediction with that of the 

amount of water that has escaped from Mars assuming the present rate, some 2 m, 

one deduces ratios of C to 0 to H similar to solar vabes (Leovy, 1973). 

When one combines this theory with more detailed dynamical models of the 

Martian atmosphere and the very successful one-dimensional photochemical mod

els, it would not be surprising if one leaves the subject with the impression that one 

has explained Mars' atmosphere through time. Atmospheric scientists have a good 

idea of what constituents the atmosphere contains and starting with these gases in 

their measured amounts they can do a good job of predicting what temperatures 

Mars should have at different seasons given its distance from the sun, its period 

of rotation, the measured solar flux, its albedo, and some reasonable assumptions 

about the surface emissivity. Using these temperatures plus the planetary rotation 

to drive winds over the surface of the planet, they get wind speeds and directions 

in fairly good agreement with what has been observed (Pollack et al., 1990). Plau

sible mechanisms for the initiation and propagation of the dust storms have been 

suggested (Gierasch and Goody, 1973; Leovy et at., 1973). The fact that Mars' 

atmosphere is mostly CO2 and not CO and O2 , plus the observed anticorrelation 

between ozone and water, can be successfully explained as by-products of the op

eration of the odd-hydrogen catalytic cycle. Combining these three theories, which 
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limit the amount of CO2 that can have outgassed, successfully predict winds, tem

peratures, and pressures using known physics, and successfully predict the column 

abundance of ozone in the atmosphere using known chemistry, one would predict 

that Mars should never have been warm enough to support the existence of liquid 

water on its surface. In fact one of the above papers concluded: 
... it would seem unlikely that Mars has devolatilized at all like the earth, or ever 

experienced an earthlike environment on its surface. (Murray and Malin, 1973) 

The elements of the story of Mars' atmosphere and cryosphere as told by 

this point of view goes something like this. Mars is a cold, dry, barren place 1000 

times drier than the Earth and 100 degrees colder, with little nitrogen or oxygen 

in the atmosphere. There's some CO2 but not much of that. There seems to be 

a lot of CO2 frozen out at the polar caps able to exchange seasonally with the 

atmosphere. There's a trace of water in the atmosphere and a lot seems to exist 

at the north polar cap and probably at the south though we can't see it. However 

liquid water cannot exist at the surface because Martian temperatures are much 

too cold. And even if temperatures were high enough, the vapor pressure of water 

would be too high for the amount contained in the atmosphere; it would quickly boil 

away. The CO2 in the atmosphere is maintained against photochemical dissociation 

by the miserly harnessing of the powerful chemical forces the dissociation products 

of the water molecule can bring to bear plus an enormously vigorous stirring of 

the atmosphere that seems to be caused by the breaking of atmospheric waves in 

the middle atmosphere between 40 and 100 km. In maintaining the carbon dioxide 

atmosphere, the martian atmosphere pays a price: it must allow some of its precious 

hydrogen to escape as water. Gradually the martian atmo-cryosphere becomes more 

oxidized. The amount of water needed to maintain the CO2 , if present escape rates 

have operated throughout Martian history, equals a liquid layer a few meters deep 
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have operated throughout Martian history, equals a liquid layer a few meters deep 

over the whole planet. The gradual outgassing of the complement of water Mars 

would have received by being one of the solar nebula's terrestrial progeny, or its 

violent release from the interior by smaller body impacts over the course of its 

history, would easily supply this. 

What does this narrative imply about Mars' history? Here we have a planet 

in deep freeze under contemporary conditions of solar insolation which are almost 

surely more intense by a good fraction than the lower solar intensities that must 

have bathed its surface over much of its history, if our ideas of stellar development 

are correct. There is no plate tectonics; it is too cold for that. There are no 

oceans; it is too cold for that. There are no active volcanoes, no observable hot 

spots, no mid-ocean ridges, no earthquakes. It is a planet seemingly starved for 

energy to free its store of locked-up volatiles and soften its surface. Not only can 

it not heat its own surface to accomplish these things with its present atmospheric 

inventory, but even if all of the CO2 stored in frozen form in the polar caps was to 

be converted to gaseous form it would probably only provide at most another few 

mbar of CO2 • Since there is no evidence for carbonates or any other form of stored 

CO2 , then according to this picture, this should be all the CO2 that Mars ever had. 

In short, the existence at the present time of a viable negative feedback mechanism 

which operates to simultaneously maintain the temperature at one pole near the 

sublimation point of dry ice by changing the amount of CO2 in the gas phase has 

led by temporal cosmological reasoning (our time is not special) to the idea that 

this condition has been operating throughout martian history. 

What does it imply about the martian water cycle? It suggests that the 

placement of water on Mars is dominated by the placement of CO2 , since the dry 
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Figure 4.35. Altitude of water vapor saturation as a function of latitude for in
dicated time for run 3, warm start at L8= 208, run until Ls= 3200

• Water 
abundance as a function of latitude initialized to measured Catalina profile 
at L8= 2080

• Saturation altitudes between 30-40 km indicate well-mixed 
water vapor profile, lower saturation altitudes indicate water vapor confined 
near surface. Run 3 similar to run la except for presence of r = 4.5 optical 
depth dust atmosphere. 
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ice polar temperature buffer provides a natural cold finger for the condensation 

of water ice. Eventually, all of the water ice on the planet should be at the pole 

where the dry ice buffer operates. The natural martian wet ice reservoirs are the 

poles. This idea is supported by the fact that the north pole does indeed contain a 

perennial cap of wet ice. If the theory holds, then this was a location where a dry 

ice cap previously existed and will exist again. We do not see it there today because 

either it has just disappeared or it is just about to reform. If the first, then the wet 

ice cap is in the process of disappearing also. If the latter, then the northern wet 

ice cap is the holdover from a previous set of orbital elements which was too large 

to sublime completely. 

This theory has problems, questions it has difficulty explaining. In listing 

them we will gradually build up an alternate picture of where the major martian 

water reservoir is located and what controls the martian water cycle. vVe proceed 

according to the philosophy mentioned in the introduction to this section, chapter, 

and thesis, that reservoirs are inextricably linked to atmospheric transport. If one 

studies the transport and learns what it is capable of, then one is likely to shed 

light on where the reservoirs are. 

The first problem is the location of the polar wet (H2 0) ice. Viking showed 

it to be located mostly at the north pole while most of the dry ice seems to be at 

the south pole. Viking demonstrated this definitively in two ways: 1) it observed 

temperatures at the north pole to greatly surpass the sublimation point of dry ice 

simultaneously with the observation of a great deal of atmospheric water vapor near 

the north pole, and 2) the ambient pressure changes recorded by the landers during 

southern summer significantly exceeded those recorded after northern summer with 

no observed temperature changes or large release of water vapor. Most of the 
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Figure 4.36. Thickness of ground ice deposited as of indicated time during model 
run 3, warm start at L8= 208, run until L8= 3200
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ground-based water data, including the Catalina data, support the idea that the 

perennial southern cap is dry ice. 

Thus the northern perennial cap is wet ice and the southern perennial cap 

may be dry ice. This asymmetry does not really make sense if the temperature 

at the south pole were always moderated by the sublimation of dry ice. 'Wet ice 

should be cold-trapped at the south pole at equilbrium, i.e. in a situation where all 

of the water in the cryosphere were vaporized and had a chance to choose whether 

it wanted to condense at the north pole or south pole. 

A second, more serious, problem with the LMM idea is that the southern 

dry ice cap may actually completely sublime some years, indeed may have been 

observed to have done so during 1969. And even if this was not what was observed 

in 1969, a simple calculation (Fanale and Cannon, 1979) estimates the maximum 

amount of dry ice which could exist in the southern perennial cap, if it were com

pletely carbon dioxide, to be only an atmosphere's equivalent to within a factor 

of a few. In other words, no more than 15-30 mbar could be located within the 

south polar cap. Climate modelling (Toon et al., 1980), has showed that the atmo

spheric pressure could be expected to experience pressure oscillations greater than 

this given known variation in the orbital parameters. Clearly, if no more than 15-30 

mbar of carbon dioxide is available to the atmosphere then the negative feedback 

buffering the south polar temperature and altering the atmospheric pressure could 

not have been operating always. In other words, since the south polar complement 

of C02 added to the north polar complement is very close to the amount contained 

by the atmosphere and if this is even more true because the south polar cap is within 

several mbar of disappearing every southern summer, and disappears some years, 

then the amount of CO2 contained in the atmosphere plus cap system is within a 
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factor of two or less of the amount contained in just the atmosphere. This seems 

coincidental and it may be no coincidence, simply a consequence of the fact that 

the atmosphere is in equilibrium with the subsurface. It may be that the amount 

of CO2 contained by the atmosphere, or atmosphere plus cap would simply be con

trolled by this equilibrium. We would be looking at a situation where the polar 

caps are fairly secondary in determining the volatile content, composition, and thus 

the pressure history of the martian atmosphere. 

A third problem is the geological evidence. The surface of Mars at all size 

scales discounts the idea of a planet frozen throughout history. Signs that massive 

amounts of water have flowede over the surface of the planet are everywhere. Signs 

that large amounts of water sat on the Martian surface for long periods of time 

are present. The evidence is there that some of the water flow has occurred fairly 

recently in Mars' history, surely under a cryospheric and atmospheric conditions 

not much different from today. It may be that Mars once had an Earthlike water 

cycle. 

The fourth problem is the chemical evidence. The isotopic ratios of the 

following four volatile atoms are believed known for Mars at the present time, based 

on Viking data, measurements on SNC meteorites, and ground-based observation: 

nitrogen (15Nj14N), oxygen (1S0/160), carbon (13Cj12C), and hydrogen (D/H) 

(McElroy et al., 1977; Owen et al., 1988; Wright et al., 1989). These ratios are 

given in Table 4.5, along with those for the Earth and carbonaceous chondrites. 

The data for hydrogen are reports of its fractionation in H20, the main hydrogen

bearing species in the atmospheres of the terrestrial planets. For oxygen, it's the 

result of carbon dioxide fractionation measurements, for nitrogen, it's of N2 , and 

for carbon, it's of carbon dioxide. Along with the isotopic ratios, the values of key 
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parameters appearing in the various equations derived in Appendix K are given. 

The results are simply stated: hydrogen on j\,Iars is very fractionated relative to 

hydrogen on the Earth, nitrogen is significantly fractionated, while oxygen and 

carbon are hardly fractionated at all. 

Table 4.5. Isotopic Ratios for Mars, Earth, and C1 Chondrites 

Isotope Ratio Mars Earth Cl chondrite 

D/H 9±4,1O-4 1.56,10-4 1.36-1.51,10-4 

15N/14N 0,00585 0,00361 0.0049 
180/160 0.00205-0.00210 0.00204 0.00207 

13C/12C 0.0109-0.0110 0.0112 0.103 

Species (f)mm/ (f)earfh R ¢1(cm-2 sec1 

D/H 6 0.326 1.6.lOBd 

16N/14N 1.62 0.88c 106e 

180/160 1.00-1.03 O.77c 6·107e 

13C/12C 0.97-0.98 0.88c 

a Martian ratios after oxygen taken from SNC meteorites (Wright et al, 1989) 
References: :McElroy, Owen et al,Lewis and Prinn, Johnson and Nier, Henderson (Inorganic 

Chemistry); hydrogen and oxygen ratios for Earth are SMOW (Standard Mean Ocean Water), 
carbon is PDB (Pee Dee Belemnite), Nitrogen is Earth's atmospheric value. 

6 Yung et al (1988), standard case. 
c McElroy et al (1977), K = lOB cm2 sec- 1 

d Yung et al (1988) 
e McElroy et al (19i7) 

The isotopic evidence is capable of giving direct information about the 

actual size of hidden volatile reservoirs and the degree to which they've exchanged 

with the atmosphere. It is the most difficult to interpret because of the assumptions 

that must be made preliminary to applying it. The degree to which the amount of 

volatile in the atmosphere has exchanged with sub-surface, non-gaseous reservoirs 

must be assumed. The extremes are either to assume complete isolation throughout 
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the history of the planet or to assume a continuous addition and removal of the 

volatile. In both cases the decreased rate with which the heavier isotope escapes 

relative to the light isotope must be known, usually by assuming the eddy diffusivity 

and using the definition in Appendix K. Also, the escape rate must be known and 

assumed to be constant. The initial isotopic ratio for the planet must be assumed; 

it is usually set equal to the terrestrial value. Having made the assumption of 

isolation, one usually specifies the size of the contemporary volatile reservoir, or the 

best guess, to calculate the size of the initial reservoir of material at the original 

isotopic ratio. Or if the gas is thought to have been constantly released then one 

can calculate the rate at which it is removed from the atmosphere by non-escape 

processes. 

Given that the real state of affairs is somewhere between the completely 

isolated and the completely accessible regimes, one should keep in mind how the dif

ferent quantities depend on each other. In general an element becomes highly frac

tionated, i.e., its present isotopic ratio differs significantly from its assumed initial 

ratio, because its atmospheric inventory has become isolated from non-atmospheric 

reservoirs. It may be that this isolation happened not when the planet was first 

formed, but continually throughout the atmosphere's lifetime. In this case, the el

ement has became fractionated since the last time the atmospheric reservoir was 

isolated. Remember "atmospheric reservoir" here means all reservoirs in contact 

with the atmosphere on climatic time scales. The size of this reservoir for Mars is 

not entirely clear, but it probably includes the polar water ice and an unknown, 

possibly large, amount of water inside the regolith. Therefore, the more fraction

ated the element, the "smaller" the reservoir, the less fractionated, the larger the 

reservoir. "Smaller" is only relevant when one specifies the time scale, which, if it's 
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very short, simply equals the time to the last major exchange and isotopic ratio 

reset. 

The budget for an element that is not fractionated at all is somewhat easier 

to interpret then that for a highly fractionated element, assuming one knows the 

escape rate. It is assumed that material at the new isotopic ratio is being injected 

into the system. The rate at which it is removed from the atmosphere by non-escape 

processes is unclear; the greater this rate, the greater the size of the reservoir implied 

with a given enrichment (McElroy et at., 1977). 

With these general principles in mind, review the martian isotopic data. 

Assume the Earth's isotope ratio is the appropriate initial ratio. Deuterium is very 

enriched relative to hydrogenj 15N is moderately enriched relative to 14Nj 180 and 

13C are hardly enriched at all. The nitrogen data indicate that tens of mbar could 

have outgassed very early in the planet's history. If the composition of the planet 

is controlled by solar ratios, then similar amounts of oxygen should also have been 

incorporated within the planet. Lack of enrichment in the oxygen data agrees with 

the idea that a lot of volatile exchange (~ 108 cm-2 sec-I), or about a bar of 

oxygen, has occurred over the planet's lifetime. Lack of enrichment in the carbon 

data indicates the same thing. Water and/or carbon dioxide are the main carriers 

of the oxygen. 

The very enriched D /H ratio seems to imply that a great deal of hydrogen 

has escaped from the planet and that any major exchange of water between the 

atmosphere and non-atmospheric reservoirs occurred very early in Mars' history 

and has been sporadic. Yung et al.(1988) assumed an exchangeable reservoir with 

a depth of 0.2 m equivalent water planetwide and an initial inventory of 3.0 m. 

J akosky (1990), based on the idea that the atmosphere holds much more water 
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during periods of high obliquity, estimated that 20 times more water would be 

brought into the atmosphere on average than was estimated by Yung et al.. This 

implied an exchangeable reservoir of 4 m and an initial abundance of 60 m. 

But another interpretation of the D /H is possible. It seems much more 

likely under martian conditions that the size of the exchangeable water reservoir on 

which the D/H is based is much smaller than assumed by the models cited above. 

If the size of the reservoir is only an order of magnitude larger than the nominal 

maximum amount of water observed in Mars' . atmosphere (40 ppt J.tm globally 

averaged), then significant isotopic fractionations can happen on time scales of a 

few hundred thousand years. The lack of oxygen fractionation can be explained by 

the fact that a much larger reservoir of oxygen exists that exchanges with the oxygen 

in water: carbon dioxide. This is an important point because it is well known that 

the hydrogen and oxygen escape rates are in a 2: 1 ratio with each other, leading to 

the escape of water as a molecule from the martian atmosphere. 

This interpretation of the D/H ratio is subject to criticism from the other 

direction: why is the ratio so low? The answer has to be that on the order of 104 

to 106 years ago, it was reset to a less enriched value by an input of energy into 

the system. Obvious mechanisms for doing this are volcanic activity or impacts. 

An energy input would not be important, however, unless it occurred at a location 

that could supply a quantity of water vapor equivalent to the exchangeable reservoir 

assumed above, i.e., about 2 km3 of water ice. If one believes the location of the 

major water reservoir on Mars is at the poles, then this mechanism will not work. 

But here we invoke the work described in the previous subsection and assert that 

the major water reservoir on Mars does not seem to be the poles, but the subsurface, 

permafrost and regolith. Because of the small size of the martian atmospheric water 
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reservoir, a significant impact or planetary heat source within this region, which in 

the southern hemisphere seems to extend from -300 S to the pole, could release the 

quantity of water vapor necessary to reset the isotopic ratio. 

A fifth problem with the theory is the support found in the Catalina ob

servations and related modelling that in the southern hemisphere, the regolith is 

the main water reservoir. Observations and modelling demonstrated that water 

in the south, at least during 1988-89, orginated in the subsurface and returned to 

the subsurface at the end of the season. Moreover, the water disappeared into the 

regolith before the seasonal cap of CO2 would have started reforming. This is a 

crucial point, because it shows that the water avoided the enormous condensation 

flow, practically the only circulation system on the planet capable of moving water 

toward the pole at this time of year. It indicates that H2 0 and CO2 are decoupledin 

a very fundamental way: they use different transport mechanisms to move around 

the planet. By the principle espoused above, if they use different ways of getting 

around, they must be going different places. An example of the condensation flow 

in action is the 1969 ground-based data. If accurate, then this data set constitutes 

the sole observation we have of water transported toward the south pole, for the 

condensation of the seasonal CO2 cap has to be considered the sole candidate for 

the abrupt drop in water abundance from L8= 360 to 20°. 

While the south pole's lack of water indicates that H2 0 and CO2 will be 

decoupled in the south, the north pole's abundant water suggests the opposite. One 

would predict that in the north, the condensation flow happens earlier, in the mid

northern summer and not late summer or fall. In fact, this is what is observed, 

when the history of atmospheric pressure as a function of season measured by the 

Viking landers is examined (Hess et al., 1980). The phase similar to L8= 360°, 
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occurs in the north at LII= 1450
, not 1800

, a time when there still substantial water 

vapor in the north. This asymmetry between condensation phases between north 

and south explains the polar cap asymmetry in water abundance. 

The 1969 observations and data constitute a problem of another sort for 

any model of Mars' atmosphere, and the sixth for the standard model described 

above. The problem is what energy source caused the mobilization of so much 

water so late in the southern summer? The Catalina data show that this water 

should have frozen out by L8= 3600
• The idea that this could be northern water 

does not seem believable. The 1D modelling done in this chapter showed a need 

for an enormously enhanced atmospheric mixing to explain the observations as 

south polar water; the 2D model showed this to be very difficult to achieve. The 

theory being developed in this section would explain this water by a sudden heating 

event having occurred in the Mars' southern hemisphere preferably south of _60 0
, 

which released this water into the atmosphere at a point where it could be rapidly 

removed by the condensation flow. As an anomalous event, it is interesting, but not 

significant, unless one holds that the water in the northern cap owes its origin to 

an ancient event, similar in character, but vastly greater in magnitude, which may 

have occurred during a time of the northern condensation flow. 

Viking witnessed a transfer of water from the northern polar cap to points 

south, potentially irreversible in the absence of a viable mechanism to return the 

water to the cap. Coupled with the net northward interhemispheric transport of 

water which seems to have been both observed and successfully modeled under dust

less and dusty conditions in this thesis, this indicates that if Mars has a long-term 

water cycle, it is a process of equilibration between the southern subsurface, and 

the northern polar cap, with the northern subsurface as intermediary and perhaps 
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destination. Is this cycle in long-term steady state? IT no interhemispheric return 

flow exists then the answer must be no. 
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CHAPTER 5 

CONCLUSION 

This thesis has described four separate measurements of the latitudinal dis

tribution of water vapor in the martian atmosphere during early spring and mid- to 

late summer for the southern hemisphere. These results have been published in the 

peer-reviewed literature (Rizk et al., 1991). On the basis of these measurements, 

further analysis derived latitudinal interpolations to the data in terms of Legen

dre polynomials at the four different times and parabolic interpolations for the last 

three measurements at 15 separate latitudes. The latitudinal fits were integrated 

to derive visible disk water abundances and globally averaged abundances at the 4 

different areocentric longitudes of the measurements (L8 = 208, 320, 340, and 3600
• 

The time fits were differentiated to produce linear curves describing the rate of 

water disappearance as a function of time at 100 latitude intervals. Finally, merid

ional diffusivities required to explain the time and latitude behavior of the water 

abundance in mid- to late southern summer were computed and histogrammed. 

These measurements also inspired a suite of one- and two-dimensional pho

tochemical and meridional transport model numerical experiments whose goal was 

either to localize seasonal reservoirs of water vapor by simulating the nature and 

character of its atmospheric net transport or to determine the efficiency, and pos

sibly the nature, of the atmospheric circulatory processes necessary to explain the 

water abundance behavior by assuming knowledge of seasonal reservoirs. The re

sults are listed below. 
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1. The source and sink of the bulk of the water vapor appearing in the southern 

hemisphere south of 300 was shown to be the southern hemisphere subsurface 

because 

a. computing the water inventory showed that more total water ap

peared between L,= 208 and 3200 than could be explained by re

distributing northern hemisphere water; 

b. meridional diffusivities computed to be necessary in order to ex

plain the latitude and time behavior of the water in mid- to late 

summer often showed the wrong sign and were mostly orders of 

magnitude larger than diffusivities (5.109 cm2 sec-I) characteriz

ing an atmosphere whose water vapor was largely redistributed by 

non sub-grid scale mixing processes whose diffusivities are typically 

assumed to be about 5.108 cm2 sec-l; moreover, the three separate 

peaks indicated three different physical processes were involved; 

c. one-dimensional analytical diffusive modeling of the succession of 4 

water abundance profiles confirmed the characterizations assigned 

in (b); such modeling is valid because meridional net water trans

port during this season is likely to look like diffusion, not advection; 

d. simulations of the meridional net water transport with R. M. 

Haberle's two-dimensional diabatic circulation model showed it 

completely unable to explain the succession of water abundance 

profiles by the net transport of large amounts of atmospheric water 

vapor, either from the northern hemisphere or to the polar regions. 
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2. The direction of interhemispheric net water transport is more likely to be 

from south to north during this season especially if global dust storms occur 

because 

a. comparing the latitude of the peak water abundance in the Catalina 

data with the Viking data for similar times; the Viking data ex

hibit water abundances north of 40° N to be larger than for the 

Catalina data; the major difference between martian atmospheric 

conditions during the Viking year (1977-78) and the year of the 

Catalina observations (1988-89) was the occurence of two major 

dust storms during the Viking mission and the marked lack of such 

storms during 88-89; 

b. the period between Ls= 208 and 360° was modeled by the two

dimensional diabatic circulation model under simulated conditions 

of a large (T = 4.5) and no dust loading and the results confirmed 

that the mean meridional circulation, enhanced by the extra solar 

energy collected by the dust, boosted the net transport of water 

northward because the Hadley cell is located close to the maximum 

water vapor gradient. 

3. The bulk of the total water south of 60° S was observed to disappear before 

the appearance of the seasonal south polar cap of dry ice and its accompa

nying condensation flow. This flow is the natural mechanism by which water 

vapor could get transported to the south pole. The fact that a phase mis

match exists in the south between water condensation and CO2 condensation, 

while such a phase mismatch almost certainly does not exist in the northern 

hemisphere suggests that this asymmetry between the seasonal cycles of wet 
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and dry ice explains why the north polar perennial cap is largely wet ice and 

the south polar perennial cap is desiccated. 

4. Observations of large and unseasonal amounts of water ,'apor in the martian 

atmosphere from the ground during 1969 (Barker et aI., 1970), extensively 

referred to in this thesis, were probably not observations of a release of water 

vapor from a hypothetical south polar perennial cap of wet ice because 

a. the one-dimensional analytical diffusive model shows that such a 

release would require meridional diffusivities of the order of 1011 

cm2 sec-1 in order to simultaneously explain the time behavior of 

the global average water abundance and satisfy the requirement 

that the column abundance of water vapor over the south pole not 

exceed 150 ppt /-lm; meridional diffusivities no larger than 109 cm2 

sec-1 seem reasonable based on the Catalina data; 

b. the two-dimensional diabatic circulation model is simply unable to 

supply enough water to the atmosphere from a hypothetical south 

polar cap in order to explain the large water abundances, let alone 

get it out of the south polar region fast enough to make room for 

more water vapor. 

5. The martian atmosphere seems characterized by vertical eddy diffusivities 

in excess of lOB cm2 sec-1 above 30 km dropping to values as low as 105 to 

106 cm2 sec-1 near 10 kmbecause 

a. a series of one-dimensional photochemical models inputing water 

abundance based on the Catalina mea.'lurements at Ls= 2080 that 

predicted 0 3 abundance as a function of latitude in order to match 

0 3 measurements made by Espenak et al.of GSFC (Espenal<: et al., 
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1991) made simultaneously to the water measurements can only 

match this data based on such a vertically stratified eddy diffusivity 

profile. 

6. As a general rule, at most times and places, the martian atmosphere can 

be assumed to well-mixed with respect to water vapor because 

a. photochemical models with larger water scale heights did better 

than those with low water scale heights in fitting the GSFC 0 3 

data; 

b. the two-dimensional model not only showed that the saturation 

altitude for water vapor was located high in the atmosphere (30-40 

km) during most times and places in southern spring and summer 

and was only driven higher by the presence of dust, which is likely 

to be present in the martian atmosphere more often than not during 

these seasons. 

7. Dust can obscure measurements of water vapor in the martian atmosphere 

because 

a. the major synoptic difference between the martian atmosphere dur

ing 1977-78 and during 1988-89 was the occurrence of two global 

dust storms during 77-78 and their absence during 88-89 and the 

major difference between the Viking and Catalina global water 

abundances was that the Catalina measurements were a factor of 

two higher than the Viking measurments during L8= 320 and 340°; 

h. the five images of 3 December (L8= 320°) show evidence for the 

obscuration of water vapor by a local dust storm near Argyre ob

served by Earth-based dust storm monitors. 
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c. the same effect (in CO2) was clearly observed by Parkinson and 

Hunten (1972a). 

8. Three separate physical processes were responsible for the change in the 

latitudinal water abundance profiles with time during 1988-89, probably ad

sorption of water vapor into the regolith, condensation of water vapor as ice 

in the subsurface, and meridional atmospheric transport in the vapor phase 

because 

diagnostic meridional diffusivities calculated from the data exhibit 

three separate peaks, two of them at unphysically high values for 

the meridional diffusivity. 

9. The 1969 measurements, if believable on observational grounds, show that 

the martian south polar region, though it may be desiccated, is not com

pletely dry because 

a. ground-based observations of the martian southern seasonal cap 

(James et al., 1979; James and Lumme, 1982; James et al., 1987; 

James et al., 1990), Viking observations of the timing of appearance 

of martian clouds (Kahn, 1984), and conclusion (3) of this thesis 

suggest that the physical mechanism responsible for emptying the 

martian atmosphere of water vapor between Ls= 360 and 10° (see 

Fig. 1.7) was the southern condensation flow to the south polar 

regions. 

The following conclusions are more speculative, but agree with the general 

picture of martian water reservoirs and net water transport presented by the 8 

conclusions above. 
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10. In the absence of significant mechanisms for transporting water vapor from 

the northern to the southern hemisphere, the martian water cycle is not in 

steady state on a seasonal timescale because 

a. as (2) shows, global dust storms can enhance the net transport of 

water vapor northward during this season; no comparable enhance

ment exists during the northern summer season; over the course of 

a year a net transport of water northward will have occurred; 

b. subsurface return flows seem unlikely based on the work of Fanale 

et al.(1986). 

11. The primary (the biggest) martian water reservoir is the martian subsurface 

at high latitudes (40-70°) because 

a. the Catalina data implicate the southern subsurface at these lati

tudes as a water reservoir; 

b. (2) indicates that the northern polar perennial wet ice cap is capa

ble of equilibrating with the northern subsurface; 

c. (3) establishes half of the mechanism needed to equilibrate the 

southern subsurface with the northern subsurface; 

d. given that (a), (b), and (c) indicate that the three water reservoirs 

(southern and northern subsurfaces, northern perennial cap) can 

exchange large amounts of water on climatological timescales then 

the amount of water in each reservoir should be proportional to 

the rate with which each can serve as a water vapor sink, which 

favors the high-latitude subsurface; the low-latitude subsurface is 

not favored because it is too warm, the polar regions because it is 

difficult to deliver water vapor to them. 
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12. Recent releases of H2 0 by non-solar heat sources seem to have occurred 

because 

a. (9) suggests that it is likely that the water cycle is in disequi1i~rium 

at the present time, which would be the result of such a large 

release; 

b. the recently measured D/H ratio can be interpreted by the recent 

release of a large amount of water vapor resetting the isotopic ratio 

to the original ratio followed by the attainment of the high fraction

ation by the freezing out of most of the exchangeable water leaving 

only a limited amount to be exchanged with the atmosphere each 

season; 

c. the 1969 data are most naturally explained by the sudden release 

of a large amount of water vapor by a non-solar-radiative energy 

source such as impact heating of the subsurface in the southern 

hemisphere. 
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APPENDIX A: Experimental details 

The exposure times to record Mars spectral images using the Catalina-1P1 

echelle system were typically 500-l100 sec (8-15 min.) as listed in Table 1.2. Typical 

exposure times to record spectra that generated the abundances reported by the 

McDonald 107" telescope observations in coude were some 300-425 min. (5-7 Ius.). 

The relatively short exposure times allowed the gathering of enough separate water 

measurements that signal to noise was dramatically improved. What is the origin 

of these low exposure times? 

Clearly much of the advantage was due to the use of eeDs versus emulsified 

plates to record the arrival of photons. This allows a signal to noise improvement 

of at least a factor of 10. However another significant reason for the improvement 

was the speed and efficiency of the telescope-spectrograph combination. The speed 

of such a system, when recording the slit spectrum of an extended object, is given 

by 

E _ 7rBTWDd1 

e - 4A.nf 

(Schroeder 1987) where B is the source brightness, T is the efficiency of the telescope

spectrograph system, w is the slit width, D is the diameter of the primary mirror, 

d1 is the diameter of the collimator, A is the angular dispersion of the grating, h 

is the focal length of the camera mirror, and f is the focal length of the telescope. 

This equation can be reduced to 

E _ 7rBTWP 
e - FF2 
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where P is the spectral plate scale, F is the speed of the telescope, and F2 is 

the speed of the spectrograph. For the Catalina 61", F = 13.5 and for the LPL 

echelle, F2 is 13.4. The efficiency of the system is approximately 0.46 (N. M. 

Schneider, personal communication). The McDonald 107" has a speed of 32.5, 

the spectrograph's speed is 17.2, and the efficiency is estimated to be about 0.3 

(Tu111969). Thus the ratio of the two systems' speeds is 

Ee(C.LPL) (rc)(wc)(FM)(Pc)(F2M) 
Ee(McD . C) = rM WM Fc PM F2c 

= (1.53)(0.91 )(2.41 )(1 )(1.28) 

= 4.31 

The Catalina-LPL system is a faster system optically. 
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Figure A.I. J Filter response. Region occupied by wavelength bands of mea
surements reported in this work marked between 8175 and 820oA. Nominal 
central wavelength = 8l5lA. 



253 

4000 

Crank Settings 

(Order = 29) 
3000 

b.O 
~ ...... 

-f-J 
-f-J 
(I) 

Cf.l 2000 
,!:I:l 
~ 
ro 
~ u 

1000 

o ~~~~~~~~~~~~~~~~~~~ 
8160 8180 8200 8220 8240 

Pixel 450 Wavelength (1) 

Figure A.2. Crank setting versus wavelength for J filter in order 29. 



254 

15000 

x x 
x 

x x x x x x 
~ x x 

xX x x x 
x x x x 

10000 x x x 
x x 

x x 
x x 

r/l x x +I 
0 x 

x 
::J 
0 x 

U 
x x x 

5000 x x 

x CCD Linearity 
x 

x 

x 
x 

x 
x 

0 
0 1 2 3 

Exposure Time (sec) 

Figure A.3. CCD chip nonlinearity from measurements of Th-Ar spectra with 
COD Data Acquisition System plus Echelle. 
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Figure A.4. Synthetic ground-based water spectrum (transmittance) for La = 208°; 
wavelength in cm -1, spectral resolution = 0.06 cm -1. "Mars" H20 Doppler
shifted 0.48 cm-1 to the blue added to IIEarth" H2 0 spectrum. "Mars" H2 0 
modeled assuming a pressure of 6 mbar, temperature of 200 K, cell length = 
106 cm, and mixing ratio of 3.10-4 • "Earth" H20 modeled with 800 mbar, 
280 K, 6.105 cm cell length, and 0.002 mixing ratio. 
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APPENDIX B: Orthogonal projectiol1 

In order to convert the data from equivalent widths to column abundances 

it was necesssary to solve the problem of orthographic or orthogonal projection of a 

sphere onto a viewing plane such as might be used to mount a map. The orthogonal 

projection is the view an observer has of a planet from an infinite distance, a very 

good approximation of the view ground-based observers have of Mars. This problem 

can be stated simply: determine the mapping relating the projection on a flat 

plane of a spherical surface viewed from infinity. The mapping was determined in 

both directions: deriving a point's x-y coordinates from a knowledge of its latitude 

and longitude plus a knowledge of the latitude and longitude of the central (or 

sub-Earth) point and deriving latitude and longitude from the x-y position of the 

point. Knowing both transformations was needed by the program colabund, which 

converted the equivalent widths to column abundances. These transformations are 

derived as follows. 

Unfortunately, the relevant mapping equations cannot be acquired by re

ferring to the many books on mapping stored in the Reference section of the Maps 

section of the Main Library, open at the inaccessible (to the graduate student) hours 

of 8-5pm, Monday thru Friday. Likewise, there is no sign of the more difficult per

spective mapping equations for a spherical surface. After several frustrating days of 

mapping research, the student returns to his desk empty-handed and asks himself 

the question over and over until he reformulates it in terms more easily thought 

about. He comes up with the following derivation. 

The orthogonal mapping problem is more usefully posed as follows: Deter

mine the lengths of the distances x and y on a plane touching a sphere at one point 



257 

when parallel light illuminates a transparent sphere from behind and is intercepted 

by this very same plane. Refer to Fig. B.! for a cross-sectional view of this scene 

lying in the plane which contains the curves OP and OP' depicted more under

standably in the other two figures and Fig. B.2 for a view from behind the plane 

from the point of view of the observer. 

p' p 

R 

o c .... 

Figure B.l. Orthogonal mapping cross section. 

Fig. B.3 depicts various significant spherical angles. In Fig. B.2, the point 

P is taken into the point P', the x and y axes of the desired coordinate system 

are indicated, as are the projections within this plane of pI onto the x and y axes, 

which represent the desired lengths. The point P is located with three numbers in 

3-space: the radius r of the sphere, its latitude f/J, and longitude A. The location of 

0, which is its own planar projection, since we have decided to let our map plane 

touch the sphere there, is r, f/Jo and -'0' We will assume that the y axis of the planar 

coordinate system is aligned with a meridian of latitude on the sphere. 
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Figure B.2. Three-dimensional view of orthogonal mapping problem. 
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The distance between 0 and pI within the plane of the map we shall call 

R and its angle with respect to the x axis, also contained completely within the 

map plane, we denote bye. Consider the planar triangle whose vertices are 0, pI 

and pI'S projection onto the x axis, Q. By planar trigonometry, x = OQ = Reos 0 

and yPlQ = RsinO. Now consider the spherical triangle whose vertices are 0, the 

north pole of the sphere, N, and P. 

- () 

............ _ .. ---.... 

Figure B.3. Spherical angles in orthogonal mapping problem. 
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There are two fundamental relationships which we shall now identify be

tween a quantity belonging to the two-dimensional world of the planar triangle and 

a quantity belonging to the three-dimensional world of the spherical triangle on 

which the derivation of the mapping equations rests. 

The first is depicted in Fig. B.l, where we see that R, the length of the 

hypotenuse of the planar triangle is given by 

R = rsin(3 

where (3 is an angle in the spherical triangle. Thus, x and y are related to r and (3 

by 

x = r sin (3 cos () 

and 

y = r sin (3 sin (). 

The second relationship upon which rests this derivation is that the planar 

angle between OP and the y axis, given by ~ - () is equal to the spherical angle a 

appearing in the spherical triangle ON P, depicted in Fig. B.3. 

'IT' 
a=--() 

2 

This can be seen by considering the magnitude of a in the limit as one approaches 0 

along the sphere. Two other sides and one other angle in this triangle are known in 

terms of r, cp, A, CPo, and Ao, while the third unknown side we will call (3. Therefore, 

by the law of sines for spherical trigonometry we know that 
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sin( 1!: - <p) sin( 1!: - ,8) 2 __ ~2_-',-

sin( ~ - B) - sin(>.o - >.) 

which gives 

cos8sin,8 = cosrPsin(>.o - >.) 

and allows us to conclude that 

x = r cos <P sin(>.o - >.). 

This is one of our desired mapping equations. 

For the other we begin with the law of cosines for spherical trigonometry 

applied to the spherical side ~ - <p, which yields 

cos( i-B) = cos( i - <Po) cos,8 + sin( i - <Po) sin,8 cos( i -8) 

= sin rPo cos,8 + cos <Po sin,8 sin 8 

Applying it to the side ,8, we get 

cos,8 = sin rP sin <Po + cos rP cos <Po cos(>'o - >.). 

Combining the two expressions we arrive at 

sin rP = sin2 rPo sin rP + sin rPo cos <Po cos rP cos(>'o - >.) + cos rPo sin,8 sin 8, 
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which can be transformed to the last mapping equation if we substitute 1 - COS2 <Po 

for sin2 <Po; we get 

Y = r[sin <P cos <Po - cos <P sin <Po cos('\o - '\)]. 

To reiterate, these two equations gh'e the (x, y) position on a projection 

plane touching the surface of a sphere of radius r at the point with latitude and 

longitude (<Po, '\0) (where longitude is measured increasing to the west, as for the 

surface of Mars and most planets, the Earth being a notable exception) and when 

the latitude and longitude of the mapped point are (1), '\). For the Earth, simply 

reverse the order of ,\ and '\0' Interesting to note is that the first equation, the 

x equation does not involve the latitude of the central, or sub-Earth, point, which 

makes sense if one examines the x projections of points along a single latitude circle 

as the planet is tipped along a meridional circle. They do not change because the 

y axis of the projection is aligned with the north-south direction on the sphere. 

Achieving a more general mapping, where the R."{es of the plane are rotated at 

an arbitrary angle with respect to the northern, southern, eastern, and western 

directions on the sphere is easy simply by rotating the derived x and y projections 

after they are calculated in the aligned position. The equations for these rotations 

are easily derived and will be simply quoted: 

x' = xcosl' + ysinl'Y' = ycoSI'- x sin 1', 

where I' is counterclockwise planar angle one must rotate the north-south x-v co

ordinate system to align it with the x'-y' system. 
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As mentioned above, it is also necessary to be able to extract <P and and ). 

when the x, y positions are known. The derivations of these equations involve some 

algebraic manipulation of the two mapping equations above which is tedious but 

straightforward and will not be given here. The latitude <P is calculated first with 

sin <P = 1!.. cos <Po + sin <Po' /1 - (:')2 - (1!..)2 
r V r r 

and then the longitude). is calculated with 

where - applies to Mars and + applies to the Earth. 

The four equations were coded into the program colabund, a Fortran pro

gram written to convert equivalent widths, input in rnA, to column abundance of 

H20, expressed in precipitible J.Lm. They were also used in the program project, 

designed to draw orthogonal and perspective projections of a spherical body, indi

cating the locations of latitude and longitude circles and the location and orientation 

of the slit and the terminator. It was used to generate all depictions of Mars shown 

in this work. 
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APPENDIX C: Perspective projection 

It is interesting to extend the capability to do orthogonal mappings of a 

planet's surface by adding that to map onto a two-dimensional surface a point with 

topographic relief as viewed from a finite height above the planet's surface. This 

is the view of a planet's surface that a satellite would have. In addition to the 

parameters that had to be specified for an orthogonal mapping: r (radius of planet 

or scaling factor for plotting device), ifJo (latitude of central or sub-Earth point), 

'\0 (longitude of central or sub-Earth point), ifJ (latitude of point to be mapped), 

and ,\ (longitude of point to be mapped), we must also specify z, the altitude of 

the observer over the planet's surface, zp, altitude of the mapped point over the 

planet's surface, 8, the horizon angle, defined as the angle between the direction in 

which the observer looks and the line connecting the observer with the center of the 

planet, and €, the azimuth angle, defined as the counterclockwise angle of rotation 

of the view of the planet from a view where the y axis of the planar mapping is 

aligned with the north-south direction on the planet. By varying the last two angles, 

any possible view of a planetary surface from any point of space should be possible 

though this has not been exhaustively tested. The problem is depicted in Fig. C.l. 

Again, deriving the mapping equations depends upon unambiguously defin

ing the problem. The perspective problem for a spherical surface that was solved 

is posed as: what is the projection of a point P of altitude Zp onto a plane perpen

dicular to a line drawn from P to the observer at 0' when the plane in question 

contains the center of the sphere 0 and when the angle between this line and the 

line 00' is 8, the horizon angle? Key to solving this problem is to divide this one 
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y 
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d 

Figure C.l. Three-dimensional view of perspective mapping problem. 

mapping into three more manageable pieces and apply them in succesion. These 

three mappings are summarized in the next paragraph. 

First, produce a global map of every visible portion of the sphere plus 

topography, onto the plane perpendicular to 00', the line between the observer 
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and the center of the sphere, that includes the sphere center. This mapping will 

produce an (x,y) pail' on this plane with respect to an origin located at the center 

of the sphere for every (<p, A, zp). Second, rotate this mapping by the azimuth 

angle. This has the same effect as rotating the observer clockwise around the axis 

00'. Third, map these x's and y's onto the viewing plane mentioned above, a plane 

perpendicular to and centered upon a line located at the horizon angle from 00'. 

The derivation of the first map is analogous to the orthogonal map derived 

in the previous appendix. The reader might find this section helpful to read if 

he/she has not already done so. As depicted in Fig. C.1, embed an x-y coordinate 

system in the plane bisecting the sphere perpendicular to the line 00' centered at 

the origin, aligning the y axis with the north-south a..'Cis of the sphere. As before, 

the point P, located at (r + zp, <p, ,\) is taken into the point P', but this time the 

plane is located behind the spherical surface being mapped and the projection is 

constructed from rays that diverge from the observer's location 0'. In the previous 

mapping, we could have located the mapping plane at the center of the sphere but 

chose not to so as to clearly exhibit the equality of the angles a and ~ - e. Just as 

before, the derivation rests upon 1) the equality of these two angles, one a spherical 

angle and the other a planar angle, and 2) the relationship giving the distance of the 

point P' from the origin 0 in terms of: the radius of the sphere r, the altitude of the 

observer z, the altitude of the point to be mapped zp, and the angle f3 between ~O' 

and OP. The angle f3 is analogous to the angle 8 in the orthogonal map derived 

above. All of these quantities appear in Fig. C.2, which depicts the geometry of 

the map within the cross-section containing 00' and OP. 
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Figure C.2. Cross-sectional view of perspective mapping problem. 

and 

The position of pt on the projection plane is specified by 

x = opt cos() 

y = opt sine 

as in the previous section. 
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The distance OP' is easily related to r+z because the triangles P'OO' and 

PAO' are similar. Therefore, 

, ( )PA 
OP = r+z AO" 

Now focus on the triangles P AO' and P AO to find expressions for 0' P and P A. 

From Fig. C.2, we see that by the law of cosines for planar triangles 

0' P = sqrt(1' + z)2 + (r + zp? - 2(r + z)(r + zp) cos (3 

and by the definition of sin (3, we have 

PA = (r + zp) sin (3. 

Since AO,2 = 0' p2 - P A 2 we find 

AO' = ±[r + z - (r + zp) cos (3]. 

Now substitute into the expression for OP' above and we see the result is 

OP' = (r + z)(r + zp) sin (3 
r + z - (r + zp) cos (3 

where we have chosen the positive sign because we assume the observer is positioned 

at a greater altitude than any terrain. IT this is not true, nothing much is changed 

even though the projection plane is now located behind the observer, on the side in 
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the opposite direction from the sphere. By using this expression for OP' to solve 

for x and y above we get 

(r + z)(r + zp) sinj3 cos 9 x = ~-":"":"'--:--!...:----:~-..".-

r + z - (r + Zp) cos j3 

and 
(r + z) (r + z p) sin j3 sin a 

Y= . 
r + z - (r + zp) cos.B 

The spherical triangle relating the latitudes and longitudes of the sub

observer point on the spherical surface and P are exactly as in the case for or

thogonal projection before. Then we had 

sin 9 sinj3 = sin if> cos if>o - cos if> sin if>o cos(>'o - >'), 

cos a sin j3 = cos if> sine >'0 - >'), 

and 

cos j3 = sin if> sin if>o + cos if> cos if>o cos(>'o - >.). 

Further reducing the relations for x and y, then, gives us 

and 

(r + z)(r + zp) cos if> sin(>.o - >.) 
x = r + z - (r + zp)[sin if> sin if>o + cos if> cos if>o cos(>'o - >.) 

(r + z )(r + zp)[sin if> cos if>o - cos if> sin if>o cos(>'o - >')] 
y = r + z - (r + z p ) [sin if> sin if> 0 + cos if> cos if> 0 cos( >. 0 - >.) , 
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and completes the first map. 

The next mapping is the easiest: a simple rotation of the mapped point 

above by the counterclockwise azimuth angle 8. The equations were cited in the 

previous section and are repeated here: 

x' = x cos 8 + y sin 8 

and 

y' = y cos 8 - x sin 8, 

where x' and y' are the new coordinates of the mapped point. 

The third mapping is the most difficult both to describe and derive, but as 

with the other mappings, once described, almost derived. The situation after the 

application of the first two mappings is displayed in Figs. C.3 and C.4, a side and 

top view, perpendicular and parallel to the plane containing the lines 00', defined 

above, and 0' C, the line from the observer to the center of the eventual projection. 

The point C is located in a plane oriented at a dihedral angle € to the 

previous mapping plane, the plane bisecting the sphere, which we rotated by 8 

in the previous paragraph. By applying the first two maps we the previous two 

mappings we have opportunistically oriented the scene so as to efficiently describe 

the desired x and y positions of the mapped points on the new mapping plane 

by relating them to the x' and y', the positions on the old mapping plane, now 

conveniently located with respect to each other. 

'l'he point P had a position in the first mapping plane relative to the map 

center, located at (x~ = 0, y~), of (x', y'). Remember the first mapping plane is 
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Figure C.3. Side section of perspective problem 
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Figure C.4. Top section of perspecth·e problem 
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the one which bisects the sphere. In the new mapping plane, the map center is 

positioned at C, witH coordinates (0, Ye) and the point P will have a position (x, 

y) relative to the origin O. Relative to the map center C, the displacements are 

6.x = x - Xc and 6.y = Y - Ye' These quantities, 6.x and 6.y, are the sought-after 

coordinates of the arbitrary point P in its final mapped position. The geometric 

relationships between these old and new positions are depicted in Fig. C.3 for Y 

and Fig. C.4 for x. It is convenient to calculate 6.y first, as an aid to calculate 6.x. 

We need to find expressions for y and Ye' From these diagrams, it is clear that we 

can write down the following equations: 

Ye = (r + z) sin e 

Y' 
tan(= -

r+z 

where ( is defined in Fig. C.4. By the law of sines for planar triangles we can relate 

Y to y', already known from the first two mappings: 

sin(! - () _ sin(! + ( - e) 
Y - y' 

Y' cos ( = Y cos( ( - e) 

y' = y(cos e + tan (sine) 

y' 
y= .JL . 

cose+ r+z SIne 

Thus, 6.y becomes 
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y'(r + z) 
D.y = . - (r + z) sin c 

(r + z) cos c + y' sm c 

= 
y'(r + z) - (r + z)2 cos csin c - y'(r + z) sin2 c 

(r + z) cos c + y' sin E 

y' (r + z) cos2 c - (r + Z)2 cos c sin c 
= ~~--~----~--~--------

y' sin E + (r + z) cos c 

The displacement in the x direction, D.x, is aided by two relations, x' = (r + z) tan J1. 

and d = y sin E, where J1. and d are defined in Fig. CA. Their substitution into the 

definition gives 
.6.x = x' - d tan J1. 

= x'(l- .6.y sinE)' 
r+z 

The three sets of mappings shown above were coded into the program project, men

tioned in the previous section. Sample of perspectively mapped Martian surfaces 

are given in Figs. C.5a and b. 
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Figure C.S. Sample perspective mapping of Tharsis. 
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Figure C.6. Sample perspective mapping of South Pole. 
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APPENDIX D: Chapman function for Mars Surface 

Another geometric problem that had to be solved and programmed in order 

to reduce the data was the airmass of a spherical, as opposed to a planar, atmo

sphere. The usual airmass factor, 1J = 1/ cos () where () is the zenith angle of a 

point external to the planet's atmosphere as seen from the planet's surface, gives 

the amount of intervening atmosphere between the observer and the point in units 

of the amount of atmosphere directly overhead, i.e., with a zenith angle of zero. 

The planar approximation is a highly accurate one for zenith angles up to some 

85°, where it begins to fail rapidly. Since zenith angles as great or greater than 

this occurred occasionally for points on the slit near the edge of the visible disk, 

always for the zenith angle of the Sun, the problem was solved for a planet with the 

radius and atmospheric scale height of Mars, the airmass factors calculated by the 

computer program chapman in increments of half a degree between 80 and 900 and 

tabulated for the program colabund. 

The problem is laid out in Fig. D.l. We calculate the column abundance for 

two different paths through the atmosphere of a species with density as a function 

of altitude given by 

where r is the distance from the planet's center, R is the radius of the planet, no is 

the density ofthe species at the reference altitude R, here the surface, and H is the 

scale height of the constituent. For the path with zenith angle (}o = 0, this column 

abundance is noH from a well-known derivation. If the geometry were a planar 
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Scale Height H 

R r 

Figure D.l. Airmass problem for spherical planet. 

one, we would calculate the column abundance at any arbitrary zenith angle eo to 

be c~;~. The airmass factor TI would therefore be 1/ cos eo, as mentioned above. 

We desire the column abundance, N, for a path through the atmosphere at 

arbitray zenith angle eo when the geometry is spherical. The desired airmass factor 

TI' will then be n~H' It is clear that we compute N by performing the line integral 

fc n(r)dr 
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from R to 00. '¥e must parameterize the path length s in terms of the coordinates 

rand B, which we can do by applying the law of cosines for plane triangles 

2sds = 2rdr - 2R cos Bdr + 2r R sin BdB 

ds = (r - R cos B)dr + r R sin BdB 
vr2 + R2 - 2rRcos{) 

ds = rRsinB + (r - Rcos B)* dB 
vr2 + R2 - 2r R cos {} 

where s, r, R, and B are defined in Fig. D.2. 

By the law of sines, 

and 
dr = Rsin{}o cos(Bo - B) 
dB sin2(Bo - B) 

The line integral becomes 
(XJ rOo 

Jo n(r)ds = Jo n(r)ds. 

To get ",' we divide by noB 

1 100 

",' = -H n(r)ds. 
no 0 

We substitute r, ~~ into this integral to give 
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R 

Figure D.2. Triangle detail for spherical airmass problem. 

I R 180 
{R [sin 00 - sin(Oo - a)]} TJ = - exp - - -~~:--~-...:.. 

H 0 H sin(Oo - 8) 

. sin 00 sin 8 + [sinOo - cos 8 sin( eo - e)] sin eocot( 00 - O)csc(eo - 0) d8. 

sin2 80 + sin2
( 80 - e) - 2 sin 80 cos 0 sin( 80 - 0) 

In Table D.l, we have tabulated TJ' for Mars, where R/ H = 332, appropriate for 

the surface. 
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Table D.l. Airmasses for Martian Plane and Spherical Geometry 

8z (0) sec 8z T} 8z (0) sec 8z T} 

1.0 1.00015 1.0000 51.0 1.58902 1.5816 

2.0 1.00061 1.0004 52.0 1.62427 1.6161 

3.0 1.00137 1.0012 53.0 1.66164 1.6527 

4.0 1.00244 1.0022 54.0 1. i0130 1.6915 

5.0 1.00382 1.0036 55.0 1.i -!345 1.7327 

6.0 1.00551 1.0053 56.0 1.i8829 1.7765 

7.0 1.00751 1.0073 57.0 1.83608 1.8230 

8.0 1.00983 1.0096 58.0 1.38708 1.8726 

9.0 1.01247 1.0122 59.0 1.94160 1.9256 

10.0 1.01543 1.0151 60.0 2.00000 1.9822 

11.0 1.01872 1.0184 61.0 2.06267 2.0428 

12.0 1.02234 1.0220 62.0 2.13005 2.1079 

13.0 1.02630 1.0259 63.0 2.20269 2.1778 

14.0 1.03061 1.0302 64.0 2.28117 2.2532 

15.0 1.03528 1.0348 65.0 2.36620 2.3346 

16.0 1.04030 1.0399 66.0 2.45859 2.4227 

17.0 1.04569 1.0452 67.0 2.55930 2.5184 

18.0 1.05146 1.0509 68.0 2.66947 2.6227 

19.0 1.05762 1.0570 69.0 2.79042 2.7365 

20.0 1.06418 1.0636 70.0 2.92380 2.8614 

21.0 1.07114 1.0706 71.0 3.0il55 2.9989 

22.0 1.07853 1.0778 72.0 3.23607 3.1509 

23.0 1.08636 1.0856 73.0 3.42030 3.3196 

24.0 1.09464 1.0938 74.0 3.62796 3.5079 

25.0 1.10338 1.1025 75.0 3.86370 3.7192 

[Table continued on nert ~a2e ... l 
• 8z = Zenith Angle; Radius/Scale Height (R/ H)= 332 
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Table D.2. Airmasses for Martian Plane and Spherical Geometry (cont.) 

Oz (0) secOz TJ Oz (0) sec Oz TJ 

( ... Continued from previous page) 

25.0 1.10338 1.1025 75.0 3.863iO 3.7192 

26.0 1.11260 1.1116 76.0 4.13357 3.9577 

27.0 1.12233 1.1212 77.0 4.44541 4.2289 

28.0 1.13257 1.1314 78.0 4.80973 4.5394 

29.0 1.14335 1.1421 79.0 5.24084 4.8981 

30.0 1.15470 1.1533 80.0 5.758'ii 5.3162 

31.0 1.16663 1.1652 80.5 6.05886 5.5521 

32.0 1.17918 1.1776 81.0 6.39245 5.8089 

33.0 1.19236 1.1906 81.5 6.76547 6.0892 

34.0 1.20622 1.2044 82.0 7.18530 6.3963 

35.0 1.22077 1.2188 82.5 7.66130 6.7339 

36.0 1.23607 1.2339 83.0 8.20551 7.1063 

37.0 1.25214 1.2498 83.5 8.83367 7.5189 

38.0 1.26902 1.2665 84.0 9.566'ii 7.9778 

39.0 1.28676 1.2840 84.5 10.4334 8.4907 

40.0 1.30541 1.3024 85.0 11.4737 9.0667 

41.0 1.32501 1.3218 85.5 12.7455 9.7068 

42.0 1.34563 1.3422 86.0 14.3356 10.4548 

43.0 1.36733 1.3636 86.5 16.3804 11.2976 

44.0 1.39016 1.3861 87.0 19.1073 12.2663 

45.0 1.41421 1.4098 87.5 22.9256 13.3873 

46.0 1.43956 1.4347 88.0 28.6537 14.6945 

47.0 1.46628 1.4610 88.5 38.2016 16.2307 

48.0 1.49448 1.4888 89.0 57.2987 18.0516 

49.0 1.52425 1.5180 89.5 114.593 20.2298 

50.0 1.55572 1.5489 90.0 00 22.8611 

• Oz = Zenith Angle; Radius/Scale Height (R/ H)= 332 
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APPENDIX E: Individual Spectral Line Tracings 
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Figure E.l. Line I, 4 June tracing sample. Martian water absorption is blue-shifted 
and marked with arrow. Bottom double-weighted trace: Mars spectrum, 
bottom single-weighted trace: standard star spectrum (a Peg, ( Oph), top 
single-weighted trace: residual. 



283 

Line 4 

.4 

1 7 8188 8189 8 90 8191 81 
i 

Figure E.2. Line 4,4 June tracing sample. Martian water absorption is blue-shifted 
and marked with arrow. Bottom double-weighted trace: Mars spectrum, 
bottom single-weighted trace: standard star spectrum (a Peg,' ( Oph), top 
single-weighted trace: residual. 
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Figure E.3. Line 6, 4 June tracing sample. Martian water absorption is blue-shifted 
and marked with arrow. Bottom double-weighted trace: Mars spectrum, 
bottom single-weighted trace: standard star spectrum (a Peg, ( Oph), top 
single-weighted trace: residual. 
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Figure E.4. Line 3, 3 December tracing sample. Martian water absorption is 
red-shifted and marked with arrow. Bottom double-weighted ,trace: Mars 
spectrum, bottom single-weighted trace: standard star spectrum ('Y] Tau), 
top single-weighted trace: residual. 
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Figure E.5. Line 4, 3 December tracing sample. Martian water absorption is 
red-shifted and marked with arrow. Bottom double-weighted ,trace: Mars 
spectrum, bottom single-weighted trace: standard star spectrum (TJ Tau), 
top single-weighted trace: residual. 
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Figure E.6. Line 6, 3 December tracing sample. Martian water absorption is 
red-shifted and marked with arrow. Bottom double-weighted trace: Mars 
spectrum, bottom single-weighted trace: standard star spectrum ("l Tau), 
top single-weighted trace: residual. 
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APPENDIX F: Equivalent Widths 
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Figure F.1. Equivalent widths from Image I, 4 June 1988. Vertical error bars 
denote estimated 20' error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F .2. Equivalent widths from Image 2, 4 June 1988. Vertical error bars 
denote estimated 20' error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F .3. Equivalent widths from Image 3, 4 June 1988. Vertical error bars 
denote estimated 20' error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F.4. Equivalent widths from Image 4, 4 June 1988. Vertical error bars 
denote estimated 20" error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-ma.~mum of standard star seeing disks. 
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Figure F.S. Equivalent widths from Image 1, 3 December 1988. Vertical error bars 
denote estimated 20' error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-ma."dmum of standard star seeing disks. 
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Figure F.6. Equivalent widths from Image 2,3 December 1988. Vertical error bars 
denote estimated 20" error in continuum level when greater than noise equiv
alent error. Otherwis~ error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F.T. Equivalent widths from Image 3,3 December 1988. Vertical error bars 
denote estimated 20" error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F.8. Equivalent widths from Image 4, 3 D~cember 1988. Vertical error bars 

denote estimated 20' error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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Figure F.9. Equivalent widths from Image 5,3 December 1988. Vertical error bars 
d~note estimated 20" error in continuum level when greater than noise equiv
alent error. Otherwise error bars denote noise equivalent error. Horizontal 
error bars denote half-width at half-maximum of standard star seeing disks. 
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APPENDIX G: Column abundances 
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Figure G.7. Column abundances from images 3 and 4, 9 January 1989. Vertical 
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Figure G.B. Column abundances from images 5 and 6, 9 January 1989, Vertical 
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APPENDIX H: Transport Model 

Modelling the transport of hydrogen peroxide and the odd-hydrogen and 

odd-oxygen families began, following Chamberlain and Hunten (1987), byexpress

ing the flux ¢ of each constituent in terms of the mixing ratio gradient: 

81 
¢=-Kna -

8z 

where J( is the eddy difi'usivity, na is the concentration of the background atmo

sphere, and 1 is the mixing ratio. 

We substitute this expression into the continuity equation where derivatives 

with respect to all spatial dimensions except the vertical have been set to zero and 

we remember that the concentration n = nal. 

A comment is in order. There are two ways to treat the x and y derivatives, 

either average with respect to longitude and latitude, which allows variation in 

both dimensions, or simply set the derivatives to zero, which we have done. This 

is a more restrictive assumption which implies that the values of the density with 
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respect to x and y do not vary, i.e., that a constant value holds for all x and y. For 

the longitudinal direction this is a good assumption but for the meridional direction 

it is more problematic. This approximation amounts to stating that latitudinal 

variation in the ozone abundance is due to latitudinal variation in the insolation 

conditions and in the water abundance and not because of meridional transport. 

There are good reasons for thinking that this might be the case-they are discussed 

in chapter 3-but it is still an approximation. 

The equation above is the one-dimensional non-homogeneous diffusion 

equation in Cartesian coordinates with non-constant coefficients (since both K, 

L, and H will vary with altitude) and a source term P/na that also varies with 

altitude. We must apply boundary conditions. Our task is now to solve the partial 

differential equation above subject to the boundary conditions. We choose to solve 

it numerically, using a semi-implicit finite difference technique. 

We divide our one-dimensional vertical space with N + 1 grid points labeled 

by the index j which takes on values between 0 and N inclusive. The vertical 

distance between each grid point we call 6z. We divide our time axis into steps of 

duration 6t and label a given time increment by the index n. Any implicit method 

consists in approximating the variable f and its derivatives at the grid point j and 

time step n by values of f belonging not only to different grid points j + 1 or j - 1, 

but also to the future time steps n+1. Thus the tendency that explicit methods have 

toward wild oscillations from time step to time step are circumvented by setting f 

equal to the average of the oscillatory extremes at each time step. The drawback is 

that implicit methods tal{e longer to converge to the real solution. An acceptable 

compromise is to approximate by mixing together the value of f at the present time 

step n and its value at the next time step n + 1. The degree of mixing can vary 
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from fully explicit (all n) to fully implicit (all n + 1) or any ratio in between. Fully 

implicit methods are always stable and fully explicit methods are usually unstable. 

We have made a fairly conventional choice: semi-implicit with a ratio of one-to-one. 

This method is conditionally stable, but in practice it is usually stable. 

To implement this method the following finite difference approximations 

for j and its derivatives were inserted into the differential equation. 

j = !f·n+l + !f.n 
2 J 2 J 

oj = ji+l n+l _lin+1 + Ii+! n -lin 
oz 2.6.z 2.6.z 

02 j _ Ii+! n+1 - 2lin+! + ji+l n+l + ji+l n - 2lin + ji+l n 
oz2 - 2.6.z2 2.6.z2 

When we substitute these expressions into the differential equation, we get: 
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f . n+l [_ K6.t _ K6.t] f.n+l [1 K6.t L6.t] 
)-1 26.z2 4H 6.z + ) + 6.z2 + 2 

n+l [K6.t K6.t] 
+ fHl - 26.z2 + 4H 6.z 

= f. n [K6.t K6.t] f.n [1 _ K6.t _ L6.t] 
)-1 26.z2 + 4H 6.z + ) 6.z2 2 

f 
n [ K 6.t K 6.t] P 6.t 

+ HI 26.z2 - 4H 6.z + ~ 

The last equation is actually a system of N-1 algebraic equations for !in+l 

which can be expressed in matrix form as 

fo Po 

bo Co 0 0 !1 PI 

al b1 Cl 0 0 
0 a2 b2 C2 0 0 !i-I Pi-l = fj pj 

0 0 aN-l bN-l CN-l 0 fHl PHI 

0 0 aN bN 

fN PN 

where 0 denotes the bottom of the atmosphere and N denotes the top. The quan-

tities 
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The above relations cover only the interior points of the region modeled, 

between 0 and 40 km altitude. At the boundaries we must implement conditions on 

either f or its gradient, M, and construct them in a way that is both easily coded 

and stable. We find that conditions on the value of f at the boundaries are quite 

easy to insert simply by adding the two equations, 

fon+l = ko 

and 

to the system of matrices above. The coefficients become 
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and 

C »+1 - a »+1 - 0 o - N -

Note that CN n+1 and ao n+1 are already zero because they fall outside the confines 

of the matrix of coefficients. The non-homogeneous right-hand side becomes 

and 

We find this numerically straightforward arrangement is supremely stable, 

never leading to overflows, underflows, or negative mixing ratios. However, it is also 

supremely unrealistic: it requires knowledge of the mixing ratios of odd-oxygen, 

odd-hydrogen, and hydrogen peroxide on both boundaries. If we knew these quan

tities, especially on the upper boundary, we would hardly need to solve the problem 

numerically. More realistically, we know, or can assign without a great deal of error, 

the mixing ratio gradient at both boundaries. At the lower boundary, assuming that 

the surface is chemically passive, i.e., that it does not react with odd-O, odd-H, or 

H2 0 2 , but simply returns any adsorbed net species to the atmosphere, demands 

a mixing ratio at the surface that equals the mixing ratio just above the surface, 

otherwise species would desorb or adsorb to compensate. At the upper boundary, 
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the odd-O and odd-H fluxes have been computed by several previous models and 

can simply be implemented as average numbers that apply at all latitudes. The 

calculations of these models are based on satisfying observations of 0 and 02 in 

the martian high atmosphere. This assumes that meridional mixing above 40 km 

is rapid enough to supply any odd-O or odd-H deficiency 01' carry away any excess. 

The H2 O2 upper boundary condition is more complicated. Various models 

have also calculated this flux at 40 km and we could adopt their values, but no 

atmospheric observations of hydrogen peroxide exist for the martian atmosphere. 

Moreover, specifying a fixed number for the H2 0 2 mixing ratio gradient does not 

succeed in being stable for all latitudes and all eddy diffusivities; there is enough 

variation that demanding a mixing ratio constant with latitude leads to instabil

ity. Therefore we've adopted the Hanson-Donaldson approximation which sets the 

hydrogen peroxide flux at 40 km equal to 

). = Ina ( 40km )K [VI 2LH2 _ ] 
T' 2H + J( 1 

Implementing the constant gradient boundary conditions, just as with the 

constant mixing ratio conditions, translates to finding the proper form for the 0 

and N coefficients and non-homogeneous right-hand side. The proper form can 

change depending upon whether we want faster convergence or greater stability. 

For the work presented in this thesis, the model was mostly run for several days to 

achieve a steady-state. The boundary conditions, as stated above, can be a source 

of numerical instability but we minimize this by making them fully implicit, unlike 

the semi-implicit formulation for the interior points. Thus the surface coefficients 

for all three transported constituents are 



bon+! = 1(0 
26.z 

n+l Ko 
Co = ---26.z 

n+! ko 0 
Po = -(-) = na 0 

and at 40 km, the coefficients for odd-H and odd-O are 

n+l kN 
PN =

na 

326 
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while for H2 O2 we have 
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APPENDIX I: Chemical Reactions 

The model considered 20 reactions involving 12 neutral species and 6 pho-

tochemical dissociation rates involving 5 neutral species. The reactions and pho

todissociations are listed in Table 1.1 along with the rate expressions used. The 

photodissociation rates are those for 40 km altitude. Reaction and photodissociate 

rates were computed at each altitude using the temperature profile given in Fig 1.3. 

Photodissociation cross-sections used are displayed in Fig. 1.1. 

As stated above, the model transported odd-hydrogen (H, OH, H02 ) and 

odd-oxygen (0, Oe D), Oa) as families and distributed each among the family mem

bers at each altitude while satisfying a condition of steady state concentrations for 

each of the 5 species when all intrafamilial reactions were considered and while total 

odd-O and odd-H were conserved: 

d~] 1 dt = k2[O][OH] + k3[OH][CO] + k1S[O( D)][H2] + h[H20] + k17 [OH][H20 2] 

- [H]{ (k7 + ks)[H02] + k12 [Oa] + k15 [02][C02]) 

=0 

which gives 

r = [H] 
k2[O][OH] + k3[OH][CO] + k1S[Oe D)][H2] + J2[H2 0] + k17 [OH][H20 2] 

- (k7 + ks)[H02] + k12 [03] + k15 [02][C02] 



Table 1.1. Model Reactions 

Reactants Products Rate Constant Label 

CO'J+hll- CO+O Jco~ 
HzO+ hll- OH+H JHlO 
02 +hll_ 0(3 P) + 0(3 P) JOl 

H202 +hll- OH+OH JHlOl 
0 3 + hll(>' < 3l00A) - 02(1.a.g ) +O(lD) J0 3 -+ O(lD) 
03+hll- 02+0 J0 3 

OH+H02 - H20 +02 1.7.1O-11 eC,i,J.!) (1) 
OH+O- 02+H 2.2 . 10-11eC *) (2) 
OH+CO- CO2+H 1.5· 10-13(1 + .6Patm) (3) 
O+O+COz - 02 + CO2 3 . 1O-3S( ..L )-Z.9 (4) 300 
03+0- 02 +02 8.0. 1O-12eC -~60) (5) 
CO+O+COz- COz+CO'J 4.3 . 1O-3Se( ~) (6) 
H+H02- OH+OH 5.1.10- 11 (7) 
H+H02 - H2+02 2.15.10- 11 (8) 
H02+HO'J- 02+ H20 Z 2.3. 1O-1Se(~) (10) 
H02 +O- 02+0H 3.0.1O-11eC'P) (11) 
03+H- 02+0H 1.4 . 1O-10e( =¥2-) (12) 
H+02+C02 -.. H02 + CO2 2.3.5.5. 1O-S2( S~O) -1.6 (15) 
O+O'J+CO'J- 0 3 + CO2 2.3· 6.0 .10-34(3~0)-2.S (16) 
Os +O(lD)- O2 + 0+0 1.2. 10-10 (17) 
O(lD) + H2 - OH+H 1.0. 10- 10 (18) 
O(lD) + CO2 - CO'J+O 7.4 .1O-11 e(.y.:t) (19) 

0+H20 2 - H02+0H 1.4. 1O-12e(~) (20) 

OH+H20 2 - H'JO+HO'J 3.1.1O- 1Ze(=¥!) (21) 

Os+HO'J - 202 +OH 1.4.1O- 14e(=¥2-) (22) 
H20 + O(lD) - OH+OH 2.2.10-10 (23) 

d[OH] 
dt = 2k j [H][H02] + kll [O][H02] + k12[H)][Oa] 

+ 2k1S [Oe D)][H2] + k22 [Oa][H02] + k2a [Oe D)][H20] 

+ 2 JdH2 O2] + h[H20] 

- [OH]{ kt[H02] + k2[O] + ka[CO] + (k20 + k21)[H202]) 

=0 
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Figure 1.1. Cross-sections presented by model atmosphere to solar photons. Data 
for CO2 and O2 taken from Chamberlain and Hunten (1987), Ogawa (1971), 
and Shemansky (1972), for H20 taken from Chamberlain and Hunten (1987), 
for for 0 3 taken from Chamberlain and Hunten (1987), Lin and DeMore 
(1973/74), and for H20 2 from Lin et al.(1978). 
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and Hunten (1987). 
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Figure 1.3. Altitudinal temperature profile in lower martian atmosphere used in 
photochemical model. Adopted from Barth (1985). 
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Figure 1.4. C;oncentration of major species used by photochemical model. 
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giving 

s = [OH] 

_ 2k7 [h][H02 ] + kll [O][H02] + k12 [H)][03] + 2k1S [Oe D)][H2] + k22 [03][H02] 
- kdH02] + k2[O] + k3[CO] + (k20 + k2I)[H20 2] 

+ k23 [Oe D)][H20] + 2J1[H20 2] + h[H20] 
kdH02] + k2[O] + ka[CO] + (k20 + k21 )[H20 2] 

d[H02] 
dt = k15 [H][02][C02] + k20 [O][H2 0 2] ~ k21 [OH][H20 2] 

- [H02]{kIfOH] + (k7 + ks)[H] + k10 [H02 ] + k11[O] + k22 [03]) 

=0 

[H] + [OH] + [H02] = [oddH] 

When a value of [odd-H] is returned at a particular altitude, then it is apportioned 

among [H], [OH], and [H02 ] according to the equations 

[H] = r[oddH] 
r+s+t 

and similarly for [OH] and [H02]. For odd oxygen, 



v = [0] 

d[03] dt = k16 [0][02][C02] 

- [03J{k5[0] + k12[H] + k22 [H02] + J6 + J3} 

=0 

d[O] 1 d.t = k19 [0( D)][C02] + J4[C02] + J5[02] + J6[03] 

- [OJ{ k2[OH] + k4 [0][C02] + k5[03] + k6[CO][C02] 

+ kl1 [H02] + k16 [02][C02]} 

=0 

d[O(1D)] = J [0 ] 
dt 3 3 

- [0(1 D)J{ k1S [H2] + k19 [C02] + k23 [H20]} 

=0 

and when we apply 
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we get 

and so forth. 

[0] + roe D)] + [Oa] = [oddO] 

[Oa] = u[oddO] 
u+v+w 
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APPENDIX J: Model Diagnostics 

In this appendix are presented altitudinal profiles of the minor species con

centrations, odd-O, odd-H, and H20 2 loss and production rates, CO2, H20, O2, and 

0 3 photodissociation rates, and odd-O, odd-H, and H20 2 fluxes for the 12 model 

runs described in Table 3.2. In general, except for the concentration profiles, the 

first profile of every series is labeled and the labelling of the subsequent profiles is 

similar. All plots of the minor species concentration vs. altitude are labeled. 

Two model runs are labeled at three different latitudes (_900
, _60 0

, and 

_100) for each plot, corresponding to polar, mid-latitude and sub-solar insolation 

conditions for this season. The runs where water concentration is assumed to be 

described by a reduced scale height because of low-level saturation and condensation 

are denoted by the solid lines while the broken, or dot-dash, lines describe the results 

when a well-mixed water scale height is assumed. 

The concentration profiles plot the concentrations of OeD), 0, 0 3 , OH, 

H, and H02 with single-weighted lines and total odd-O, total odd-H, and H2 O2 

with double-weighted lines. As expected, the saturated runs resulted in decreased 

concentrations of odd-H and increased concentrations of odd-O at high altitudes 

and vice versa for the well-mixed runs. This difference is not as pronounced at 

polar latitudes where the eddy profile was assumed to be stratified; there, both 

well-mixed and saturated profiles predict similar concentrations. 

The major result demonstrated by this series of plots, other than the diag

nostic insensitivity of the model's results to changing boundary conditions, or H2 

concentration, is to demonstrate the model prediction that the 0 3 abundance is 

reduced at the poles by the model when stratified eddy profiles are adopted. The 
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plots of species flux establishes that the reduced eddy diffusivity decreases 0 3 abun

dance not by increasing the odd-H concentration, as one might expect based on the 

notion that odd-H and odd-O are anticorrelated. Instead, reducing vertical mixing 

efficiency decreases the supply of odd-O to the surface from above, as the flux plots 

show, when the op plot is compared to the qr plot. This effect influences the polar 

abundance and not the mid-latitude or equatorial 0 3 abundances because the alti

tudinal 03 sink is located near the surface at the pole, and not between 5 and 10 

km. At non-polar latitudes, the near-surface atmosphere acts as an odd-O source 

in the nominal martian atmosphere (model qr). Thus, reducing the eddy diffusivity 

does little to affect 0 3 abundance at mid- or equatorial latitudes in a photochemi

cal transport model run to steady state. But at the pole, the 0 3 at the ground is 

supplied from above in steady state by the high altitude flux of odd-oxygen imposed 

on the model through the 40 km constant-flux boundary condition. 
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Figure J.1. Concentrations of minor species for model op predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 3 , OH, H, H02 , double-weighted lines: total 
odd-O, total odd-H, and H2 O2 • Solid lines: saturated water scale height 
assumed, dashed lines: well-mixed water scale height assumed. 
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Figure J.2. Concentrations of minor species for model qr predicted by photochem
ical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 3, OH, H, H02 , double-weighted lines: total 
odd-O, total odd-H, and H2 0 2 • Solid lines: saturated water scale height 
assumed: dashed lines: well-mixed water scale height assumed. 
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Figure J .3. Concentrations of minor species for model st predicted by photochem
ical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 3 , OH, H, H02 , double-weighted lines: total 
odd-O, total odd-H, and H20:!. Solid lines: saturated water scale height 
assumed, dashed lines: well-mixed water scale height assumed. 
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Figure J .4. Concentrations of minor species for model 'u'u predicted by photo

chemical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 3 , OH, H, H027 double-weighted lines: total 
odd-O, total odd-H, and H20 2• Solid lines: saturated water scale height 
assumed, dashed lines: well-mixed water scale height assumed. 
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Figure J .5. Concentrations of minor species for model wx predicted by photo~ 
chemical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 3, OH, H, H02 , double-weighted lines: total 
odd-O, total odd-H, and H2 0 2• Solid lines: saturated water scale height 
assumed, dashed lines: well-mixed water scale height assumed. 
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Figure J .6. Concentrations of minor species for model yz predicted by photochem
ical model as a function of altitude for three different latitudes. Single
weighted lines: (OeD), 0, 0 31 OH, H, H02 , double-weighted lines: total 
odd-O, total odd-H, and H202. Solid lines: saturated water scale height 
assumed, dashed lines: well-mixed water scale height assumed. 
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Figure J .1. Odd-oxygen loss and production rates for model op predicted by photo

chemical model as a function of altitude for three different latitudes. Single
weighted lines: individual odd-O loss terms, double-weighted lines: total 
odd-O loss rate, triple-weighted line: odd-O production rate. Solid lines: 
saturated water scale height assumed, dashed lines: well-mixed water scale 
height assumed. Several most effective loss mechanisms labeled only. 
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Figure J .8. Odd-oxygen loss and production rates for model qr predicted by photo-

chemical model as a function of altitude for three different latitudes. Single
weighted lines: individual odd-O loss terms, double-weighted lines: total 
odd-O loss rate, triple-weighted line: odd-O production rate. Solid lines: 
saturated water scale height assumed, dashed lines: well-mixed water scale 
height assumed. For labeling see previous figure for model op. 
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Figure J .9. Odd-oxygen loss and production rates for model 3t predicted by photo-

chemical model as a function of altitude for three different latitudes. Single
weighted lines: individual odd-O loss terms, double-weighted lines: total 
odd-O loss rate, triple-weighted line: odd-O production rate. Solid lines: 
saturated water scale height assumed, dashed lines: well-mixed water scale 
height assumed. For labeling see previous figure for model op. 
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Figure J .10. Odd-oxygen loss and production rates for model U'/J predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-O loss terms, double-weighted lines: 
total odd-O loss rate, triple-weighted line: odd-O production rate. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.11. Odd-oxygen loss and production rates for model w:c predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-O loss terms, double-weighted. lines: 
total odd-O loss rate, triple-weighted line: odd-O production rate. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model Ope 
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Figure J .12. Odd-oxygen loss and production rates for model yz predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-O loss terms, double-weighted lines: 
total odd-O loss rate, triple-weighted line: odd-O production rate. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.13. Odd~hydrogen loss and production rates for model op predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single~weighted lines: individual odd~H loss terms, double~weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss 
and production rate. Solid lines: saturated water scale height assumed, 
dashed lines: well-mixed water scale height assumed. 
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Figure J.14. Odd-hydrogen loss and production rates for model qr predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-H loss terms, double-weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss and 
production rate. Solid lines: saturated water scale height assumed, dashed 
lines: well-mixed water scale height assumed. For labeling see previous figure 
for model op. 
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Figure J .15. Odd-hydrogen loss and production rates for model 3t predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-H loss terms, double-weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss and 
production rate. Solid lines: saturated water scale height assumed, dashed 
lines: well-mixed water scale height assumed. For labeling see previous figure 
for model op. 
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Figure J .16. Odd-hydrogen loss and production rates for model U'lJ predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-H loss terms, double-weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss and 
production rate. Solid lines: saturated water scale height assumed, dashed 
lines: well-mixed water scale height assumed. For labeling see previous figure 
for model op. 
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Figure J .17'. Odd-hydrogen loss and production rates for model w:z; predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-H loss terms, double-weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss and 
production rate. Solid lines: saturated water scale height assumed, dashed 
lines: well-mixed water scale height assumed. For labeling see previous figure 
for model op. 
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Figure J.18. Odd-hydrogen loss and production rates for model yz predicted by 

photochemical model as a function of altitude for three different latitudes. 
Single-weighted lines: individual odd-H loss terms, double-weighted lines: 
individual odd-H production terms, triple-weighted line: total odd-H loss and 
production rate. Solid lines: saturated water scale height assumed, dashed 
lines: well-mixed water scale height assumed. For labeling see previous figure 
for model Ope 



30 

20 

10 

QJ roc 20 

.8 
:0 10 

~ 

Model 

Loss: JHA[HsOs] 
+ kso[O][HaOa] 

+ kS1[OH][HsOs] 

JHaO.[HsOa] 
+ kao[O][HeOa] 

k 10[HOst + kS1[OH][HaOa] 

H202 loss and prod. rates (cm-3 sec -1) 

357 

Figure J.19. H202 loss and production rates for model op predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: H20 2 loss rate, double-weighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. 
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Figure J.20. H2 0 2 loss and production rates for model qr predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: H2 O2 loss rate, double-weighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J .21. H2 O2 loss and production rates for model st predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: H2 0 2 loss rate, double-weighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.22. H2 0 2 loss and production rates for model uv predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: H2 O2 loss rate, double-weighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J .23. H2 O2 loss and production rates for model w:r; predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: H2 0 2 loss rate, double-, .. "eighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J .24. H2 O2 loss and production rates for model yz predicted by photo

chemical model as a function of altitude for three different latitudes. Single
weighted lines: H20 2 loss rate, double-weighted lines: H2 O2 production rate, 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.25. C02, 02, 03, and H20 dissociation rates for model op predicted by 

photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
\vater scale height assumed. 
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Figure J.26. CO2, 02, 0 3 , and H20 dissociation rates for model qr predicted by 
photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.27. C02, 02, Oa, and H20 dissociation rates for model st predicted by 

photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.28. CO2, O2, 0 3, and H20 dissociation rates for model '!LV predicted by 
photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed: dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.29. CO2, 02, 0 3 , and H20 dissociation rates for model wx predicted by 

photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model op. 
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Figure J.30. CO2 , O2 , 0 3 , and H20 dissociation rates for model yz predicted by 

photochemical model as a function of altitude for three different latitudes. 
Solid lines: saturated water scale height assumed, dashed lines: well-mixed 
water scale height assumed. For labeling see previous figure for model Ope 
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Figure J.31. Fluxes of odd-O, odd-H, and H2 0 2 for model op predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: negative fluxes, double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. 
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Figure J.32. Fluxes of odd-O, odd-H, and H202 for model qr predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: negative fluxes, double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.33. Fluxes of odd-O, odd-H, and H202 for model at predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: negative fluxes: double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.34. Fluxes of odd~O, odd~H, and H202 for model uv predicted by photo~ 
chemical model as a function of altitude for three different latitudes. Single~ 
weighted lines: negative fluxes, double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.3S. Fluxes of odd-O, odd-H, and H20 2 for model wx predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: negative fluxes, double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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Figure J.36. Fluxes of odd-O, odd-H, and H202 for model yz predicted by photo
chemical model as a function of altitude for three different latitudes. Single
weighted lines: negative fluxes, double-weighted lines: positive fluxes. Solid 
lines: saturated water scale height assumed, dashed lines: well-mixed water 
scale height assumed. For labeling see previous figure for model op. 
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APPENDIX K: Isotopic fractionation 

Isotopic data have two extremes of interpretation with respect to volatile 

reservoirs. They differ in what they assume about the way that the volatiles have 

been released to the atmosphere. The first assumption one could make is that all of 

the volatile gas was released initially, forever after remaining isolated from any n011-

atmospheric reservoir and that gradually it escaped, becoming increasingly enriched 

in the heavier reservoir, but at a decreasing rate, as time proceeds. The isotopic 

ratio f, the ratio of heavy to light isotope for the bulk atmosphere, depends on the 

initial isotopic ratio fa, and the initial and final atmospheric complements of the 

volatile ao and a. It also depends on R, the deficiency parameter (McElroy and 

Yung, 1976), which is defined as R = fel f, where fe is the isotopic ratio at the 

critical level and represents the degree to which the exosphere may be depleted in 

the heavier isotope by diffusive separation. If fe can be written as 

fe = nh e~\:p(-mhg!:lzlkT) 
nl exp( -m19!:lzlkT) 

g!:lz 
= fexp[- kT (mh - ml)] 

-Az 

= fe lld 

where Hd is a scale height calculated for a mass mh -ml (Hunten, 1975), the masses 

of the heavy and light isotopes; in the following we assume that the light isotope is 

much more abundant. The quantity !:lz is the height of the "escobase" above the 

homopause. If Hunten's escobase is the same as McElroy and Yung's critical level 

then the deficiency parameter is related to the fractionation factor 1 + x of Hunten 

(1975) by 
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If C::.Z « Hd, which is likely to happen for two isotopes close to each other in mass, 

then 

Thus we treat the escaping gas as if it had an isotopic ratio of fe. If the atmospheric 

reservoir is isolated then the following equations can be written for the time behavior 

of the heavy and light atom inventories 

da, 
- = -air dt 

where r is a constant soon to disappear, solved by 

If we divide these equations to get the isotopic fractionation as a function of time, 

and remember that a = ah + a, ~ ai, then 
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The second assumption that can be made is that the gas is added at a constant rate 

and with a given isotopic composition, to the atmosphere whereupon it escapes. 

Assume that the escape rate of the lighter isotope is <PI, the rate with which it is 

removed from the atmosphere by non-escape processes to be <P2 and thus the rate 

at which it is added to the atmosphere is <P3 = <PI + <P2. Then 

df 1 dah 
dt = -;'di 

= ~ [-(R<Pl + <P2)f + (<PI + <P2)fo] 

= _ fR<Pl + <P2 + fa <PI + <P2 
a a 

= -pf+q 

which has the solution 
f = fae-pt + R(l - e-pt ) 

p 

= fo( <PI + <P2) _ (1 - R)<Pl t [-(R'/" +,/,. )tj ] 
R<Pl + <P2 R<Pl + <P2 J 0 exp '(Jl '(J2 a 

If <P2, the rate of removal of the gas from the atmosphere by non-escape processes, 

is zero, then 
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and as t ~ 00, fo ~ {t. If ¢2 is not zero and we take the same limit, then 

One finds with this assumption that the isotopic ratio reaches a steady state that 

does not depend at all on the size of any reservoir, only on the relative rates of 

escape and non-escape removal. 
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APPENDIX L: Analytical Diffusive :Model for 1969 South Polar Release 

The timing of the increasing amount of water vapor in the 1969 observations 

may have to do with the timing of the disappearance of the C02 cover. If it . 

disappeared at L8= 300 and then the temperatures started getting hotter with the 

H2 0 subliming, one might see something very similar to what you saw in 1969. 

An analytical one-dimensional diffusive model was constructed to demonstrate this 

effect. 

An expression for the global column abundance of water as a function of 

time during 1969, when, it is believed, the south polar cap was uncovered and 

large amounts of water were released into the atmosphere, is derived in this section. 

First an expression giving the column abundance as a function of latitude and time 

for this physical situation, assuming that it obeys the one-dimensional diffusion 

equation on the surface of a sphere, is solved. Then the solution is averaged with 

respect to latitude to get the observed global abundance. 

Simple diffusion is assumed. The flux of material is assumed to be given 

by Fick's first law: 

F=-DVN 

where D is the diffusivity (cm2 sec-I), N is the column abundance (cm-2 ), and F, 

the abundance flux, has the units of cm-I sec-I. By the continuity equation 
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where Sl is the strength of the source of water molecules at the south polar cap, and 

S2 is the strength of the sink of these molecules, taken here to be the north polar 

cap. If we express the derivatives in spherical coordinates pinned to the surface 

where we assume axisymmetric diffusion and thus set derivatives with respect to 

radius r and azimuth rP to zero, we get an equation in colatitude 0 and time t, 

aN 2 
at + D\l N = Sl - S2 

aN D a (. aN 
at + r2 sinO ao sm e ao = Sl - S2 

aN D ( aN) (. EJ2N) 
at + r2 sine cosO ao + SlOe a02 = Sl - S2. 

Now change variables from 0 to x = cos e. The relevant substitutions are 

a2N aN 2 a2N -=-x-+(l-x )-ae2 ax ax2 

which convert the above differential equation to an equation which looks very much 

like a non-homogeneous, time-dependent version of Legendre's equation: 

aN D [aN 2 a2 N] - - - -2x- + (1- x )-- = Sl - S2, at r2 ax ax2 

and in fact the second term is simply Legendre's operator, i.e., the operator whose 

eigenfunctions are the Legendre polynomials. 
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In our typically opportunistic fashion, we exploit this fact by writing every 

variable in the above equation as a summed series of the first fifty Legendre poly

nomials. The three variables: the abundance N(x, t), the source Sl(X) and the sink 

S2(X, t), we write as sums of these polynomials. 

50 

Sl(X) = L anPn(x) 
n=O 

50 

N(x, t) = L bn(t)Pn(X) 
n=O 

50 

S2(X, t) = L kn(t)Pn(x) 
n=O 

The sink S2 represents the surface deposition of water molecules on the cold 

north polar cap and is a function of time because it depends on existence of molecules 

above the surface to deposit. If there are none, then the term S2 is formally zero. 

It can be cumbersome and arbitrary to express this fact mathematically, i.e., to 

express the time dependence of the coefficients kn(t), so we opt for the expedient 

of writing the kn's in terms of the bn's, 

where now en, like an, reflects the spatial dependence of the term to be achieved by 

the polynomials Pn , and the time dependence of kn is simply the time dependence of 

bn • Notice that the condition requires the rate of disappearance to be proportional 

to the column abundance above the surface, which satisfies our intuition. Moreover, 
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the resulting solution has the right behavior at initial time and infinite time, as we 

will show presently. 

We substitute the above series for N, S1, and S2 into the differential equa-

tion to get: 

a ( 50 ) D a [ a ( 50 ) ] at ~ bn(t)Pn(X) - r2 ax (1 - x2) ax ~ bn(t)Pn(x) 

50 50 

= L anPn(x) - L bn(t)cnPn(x) 
n=O n=O 

In the first term, we can take the derivative inside the sum by the associative 

properties of differentiation and it falls solely on the time-dependent coefficient 

bn(t). In the second term, the spatial derivatives can also be tal<:en inside the sum 

where they operate on their eigenfunctions to give the eigenvalues multiplying the 

eigenfunctions: 

We then rewrite the equation as 

and we really have 51 equations of the form 

a:; + [~ n( n + 1) + cn ] bn = an 
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Remember, the an's give spatial information about the source as a function of time, 

the en's do the same for the sink, and the bn's describe the latitudinal shape of the 

actual abundance profile. 

Denote the quantity inside the brackets as Pn, the solution to this inhomo

geneous ordinary first-order differential equation can be immediately written down 

as 

where C is a constant determined by the initial conditions. At time t=O, set the 

abundance over the whole planet to be O. Then the constant C = -an/Pn and the 

expansion coefficients for the abundance everywhere and everywhen is given by 

bn = an [1 - exp( -Pn t )]. 
Pn 

Check the behavior of this solution at short and long times. The important 

bo coefficient, at times close to the uncovering of the south polar cap, is given by 

bo = aot, i.e., is not dependent on the sink at all, as is reasonable since the sink is 

located at the other side of the planet and it takes some time before the abundance 

builds up in the neighborhood of the sink. At times much longer than initial, the 

bo coefficient and all of the other coefficients are given by the ratio of source to 

sink, as is appropriate for the steady state condition expected at times long after 

t = O. Note that the higher the diffusivity D, the faster the solution approaches the 

steady state abundance profile. Similarly, the larger the sphere (planet) the longer 

(proportional to the surface area) it takes for this profile to be established. 
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APPENDIX M: Brief Review of Two-dimensional Transport Model 

The two-dimensional diabatic circulation model used in this work was de-

signed to transport dust and water from latitude to latitude and altitude to altitude 

in the martian atmosphere. It was constructed by R. M. Haberle (now at NASA

Ames Res. Ctr.) at the University of Washington and is described in his dissertation 

(Haberle, 1981), a paper describing its use in modelling dust storms (Haberle et al., 

1982), and a paper describing its use in modelling the release of water from the 

north polar perennial cap (Haberle and Jakosky, 1990). The model solves the five 

primitive equations of atmospheric motion that predict the time evolution of the 

zonal speed U of an air parcel in the martian atmosphere, its meridional speed v, 

its vertical velocity iJ in dimensionless pressure coordinates, the temperature T, 

and the geopotential cp. They integrate these equations, listed below, where energy 

is continually is being input into the system by the input of solar and planetary 

radiated energy. In the following discussion the notation follows that of R. M. 

Haberle. 

The circulation is computed by integrating the five equations in a forward

difference scheme that treats all of the quantities on the right-hand side of the equal 

signs as constant at each time step and derives the increase in the relevant variable 

by multiplying by the time step Dt. The circulation is two-dimensional because all 

derivatives with respect to the zonal displacement A, the longitude, on the right

hand side were set to zero. Many other mean-meridional-circulation models average 

over the longitudinal variable instead. 

D( 7ru) 
at= 

8e 7rUV cos ()) _ 8e 7ruiJ) (I U tan ()) F 
() !:l() 8 + 7rV + + 7r u acos u a a 

(1) 



0(7I'V) 
at= 

0(7I'T) 
fit = 

o( 71'vT cos e) o( 71'T&) ~Tw (1 Pt ) -1 F1 '7 

--'-a-c-o-s -=eo-=e-::-'- ~ oa + -a-· + -7I'a- + 71' T + 71'Q 

a( 71'UV cos 8) a( 71'&) 
a cos eoe ---a;-

a( </1) 71' RT 
oa = -P-
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(3) 

(4) 

(5) 

In the above, a is the radius of the Earth, 71' = Ps - Pt where Ps is the surface pressure 

(dependent on the input topography) and Pt is the tropospheric pressure (set to 80 

J.Lbar). The quantity e is colatitude, a = p.-pt/7I', j, the Coriolis parameter is 2sin</1 

where </1 is the latitude, and Fu is the zonal friction. 

Largely because the vertical coordinate was changed from P toa the above 

equations include eight and not three dependent variables. These three extra vari

ables, a, &, and w must be computed at each time step by three more relations: 

o( 71') _ -11 o( 71'UV cos e) d _ ( -.) 
~ - e~e a 71'a 0'=1 
UL 0 acos U 

(6) 

71'0- = _ fO' o( 71'UV cos e) da _ a 071' 
Jo acoseae at 

(7) 
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. (fhr v fhr) w = 1C'0' + 0' - +--
8t a 89 

(8) 

The mixing ratio of water and dust in the model obey a continuity equation 

which is written in terms of zonally averaged quantitites, in contrast to the eight 

equations above, 

8(rrq) 
t5t= 

8«(1C'v"') cos e) _ 8«(1C'c1'"(q)) + (1C')(S ) + (1C')(D ) 
a cos e8e 80' q q 

where the quantities v'" and if are redefined meridional and vertical velocities: 

(9) 

(10) 

(11) 

The model now simulates the so-called "residual circulation", the flow that 

is left when the wave and mean-flow circulations are differenced. It is this circulation 

system, this set of velocities v'" and if", driven by the diabatic heating terms on the 

right-hand side of the temperature equation above, which carries tracer species 

such as water and dust from one latitude and altitude of the planet's atmosphere 

to another. 

The system of five plus three equations above express the following physics, 

which is relevant to the diabatic circulation the 2D model tries to simulate. If we 

think of perturbations to the variables whose relationships are expressed by the 
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above equations, then we can get a sense of the kinds of wave motions, or oscillations, 

these equations can support, and how cycling one variable can produce oscillations 

in the other variables. 

The whole thing starts when you add energy to the system in (3). 1) 

Adding heat to the system increases q, which increases T; 2) Increasing T increases 

the gradient of geopotential 8Jt) with altitude; you can think of the air in whole 

column rising, storing potential energy; normally both the horizontal geopotential 

gradients ~ ~ and ~ M would become negative in direction away from air column 

which is being heated, but since we're limiting our model to two dimensions only, 

the second gradient is set to zero as a derivative with respect to longitude and only 

momentum in the meridional direction is increased; 3) ~~ becoming more negative 

causes v to increase; since u and v are coupled to each other through the Coriolis 

force, the increase in v allows them to feedback on each other and eventually produce 

clockwise circulations in the northern hemisphere and counterclockwise circulations 

in the southern hemisphere when the air moves away from the heated column; 4) 

The movement of air away from the heated column does not occur throughout the 

whole column but instead generally occurs preferentially at higher altitudes if heat 

is added to the column throughout its whole extent and not just at the surface; 

at higher altitudes air will move away from the column and by the conservation 

of mass, air must move back into the column at lower altitudes and generally rise 

within the column to replace the air lost at the top. 

So long as energy is input into the system, it drives this indirect circulation 

that results when all of these equations act together. The transport this circuiation 

produces is derived from the velocity field, as mentioned before, by subtracting 

away terms to the eddy flux convergence. In practice this is done simply by leaving 
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this term out of the momentum equations and deriving the residual velocity field 

directly. Assuming the residual circulation to be the relevant transport circulation 

is valid because it has long been observed that large-scale eddy flux convergence is 

equal in magnitude to the momentum transport produced by mean meridional winds 

and opposite in direction. Since the net transport is proportional to the difference 

between these two large terms, leaving the eddy flux term out of the momentum 

equations does two things: 1) ignores a term that is difficult to calculate correctly 

and 2) ignores its effect on the advective velocity field, which would normally be 

driven to counteract the effects of this term. The new velocity field is driven only 

by the diabatic heating term, hence the name diabatic circulation. This circulation 

represents the mean meridional transport circulation of both the terrestrial and 

martian atmospheres, to the best of our knowledge. 

Simply deriving this circulation does not necessarily determine the net 

transport, as is discussed in Chap. 4. Net water transport also depends on the 

altitudinal and latitudinal gradients of water vapor concentration and abundance, 

and the location of the Hadley cell relative to the latitudinal gradients. Based on 

work in chap. 3, results from the Phobos grating spectrometer, and the results of 

the 2D model runs reported in Chap. 4, 'this profile is likely to be well-mixed, i.e., 

a constant mixing ratio profile. Thus, the Hadley cells are likely to behave in a 

diffusive fashion. 

Some technical points about the 2D model: the equations are derived in 

the so-called O'-coordinate system, in which the surface is 0' = 1 and the 80 }.tbar 

pressure level is 0' = O. This simplifies applying the topside and surface boundary 

conditions, because the width of the atmosphere scales with the surface pressure, 

which includes information about the topography, and is input at the beginning of 
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the model runs. Large-scale eddies, both traveling nor stationary, are not simulated 

by the 2D model. Transport of water from grid, box to grid box is accomplished 

by the advection produced by the mean meridional circulation combined with sub

grid scale irreverible mixing, i.e., a small-scale eddy mixing. The strength of this 

mixing is assumed by assuming a meridional diffusivity of 5.108 cm2 sec-1 • For 

further technical details about the 2D model, such as how it sublimes/condenses 

CO2 , H2 0, hmv H2 0 is mixed out of the boundary layer, and how friction is treated, 

the reader is invited to refer to the Haberle references listed at the beginning of this 

appendix. The rest of this section deals with more theoretical issues. 

The major issue is the neglect of large-scale eddy transports when we use 

the 2D model. To quote the authors of the Mars GCM: 

"Large-scale atmospheric motions can be separated into four components: 

condensation flow, overturning cell, stationary eddy, and transient eddy. The first 

two components refer to the circulation by the longitudinally averaged winds, while 

the latter two refer to circulation due to departures of the winds from the longitu

dinally averaged value (Pollack et al., 1990)." 

Gravity waves are examples of the third and baroclinic eddies of the fourth. 

The 2D model includes the first two effects (condensation flow and overturning cell) 

and ignores the last two physical processes. To get net transport by atmospheric 

waves, you need them to be transient and dissipative. Gravity waves and tides sat

isfy this requirement by growing in amplitude with height because of the decreasing 

atmospheric density and breaking at high altitude. Baroclinic waves satisfy this by 

becoming increasing nonlinear in character, as the increasing northward vorticity 

positively feeds back on the decreasing northward temperature gradient, and break

ing in the horizontal plane, mixing air parcels that originated at different latitudes. 
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