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Abstract

This thesis consists of two chapters concerning photochemical processes in
the atmospheres of earth and Mars. The first chapter is a comprehensive study
of the photochemistry of the martian atmosphere. Classical models of the Mars
atmosphere have neglected an important property of carbon dioxide, namely that the
photoabsorption cross section decreases with lower temperature. Accounting for this
effect yields a smaller photolysis rate for CO, and more importantly, an enhanced
photolysis rate for water vapor. Both effects combine to yield carbon monoxide
mixing ratios smaller by a factor of four than observations indicate. We propose
modifications in the rate coefficients for two key reactions, CO + OH and OH + HO,,
in order to resolve this discrepancy. We note that similar revisions have been proposed
to reconcile models and observations of ozone in the terrestrial mesosphere. Other
investigators have proposed a heterogeneous sink of odd hydrogen radicals on aerosols;
we find that such a sink is unnecessary. Finally, we have performed the first time
dependent calculation to examine the mechanism by which the escape of atomic
oxygen controls the escape flux of hydrogen from the atmosphere. We show that this
coupling operates over a time scale of 10° years.

In chapter two we investigate the formation and evolution of low ozone anoma-
lies in the northern winter stratosphere using a Lagrangian photochemical model. The
UARS spacecraft has observed pockets of low ozone in the 6 to 10 millibar altitude
range, where the effects of dynamics and chemistry on the ozone budget are compa-
rable. We employ the Lagrangian model to-compute the ozone loss rate within an
isolated parcel of air as it travels along a specified trajectory. Since we have decou-
pled the dynamics and chemistry, disagreement between the model and observations
should reflect deficiencies in the chemistry. We find that the model consistently over-

estimates the ozone loss rate above about 7 millibars altitude, which 1s a common



feature of most current photochemical models. Below 10 millibars altitude, the model
is in good agreement with the observations, indicating that the description of chem-

istry is valid in the low to mid stratosphere.
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Abstract

The factors governing the amounts of CO, O,, and O3 in the martian atmo-
sphere are investigated using a minimally constrained, one-dimensional photochemi-
cal mode]l. We find that the incorporation of temperature dependent CO; absorption
cross sections leads to an enhancement in the water photolysis rate, increasing the
abundance of OH radicals to the point where the model CO abundance is smaller than
observed. Good agreement between models and observations of CO, O3, O3, and the
escape flux of atomic hydrogen can be achieved, using only gas phase chemistry, by
varying the recommended rate constants for the reactions CO + OH and OH + HO,
within their specified uncertainties. Similar revisions have been suggested to resolve
discrepancies between models and observations of the terrestrial mesosphere.

We have performed the first time dependent relaxation calculation to examine
the mechanism by which the rate of atomic oxygen escape regulates the hydrogen
escape flux and found the timescale for this phenomenon to be on the order of 10°
years, in agreement with previous estimates. The oxygen escape flux inferred from
the observed atomic hydrogen escape is much larger than the expected exospheric
escape rate for oxygen. Weathering of the surface may account for the imbalance.
Quantification of the escape rates of oxygen and hydrogen from Mars is a worthwhile
objective for an upcoming martian upper atmospheric mission.

We also consider the possibility that HO, radicals may be catalytically de-
stroyed on dust grains suspended in the atmosphere. Good agreement with the ob-
served CO mixing ratio can be achieved via this mechanism, but the resulting ozone
column is much higher than the observed quantity. We feel that there is no need to

invoke heterogeneous processes to reconcile models and observations at this time.
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1. Introduction
The primary constituent of the martian atmosphere is CO,, which comprises
~ 95% of the atmosphere (Owen et al. 1977). Carbon dioxide is photolyzed by solar

ultraviolet light shortward of 2275 A into carbon monoxide and atomic oxygen:
COy+hr — CO+0.

Since the recombination of CO and O is negligibly slow compared to the combination
of O atoms to form O, the expected result is that the martian atmosphere should
contain significant amounts of CO and O., in the ratio 2:1. However, measurements
of the atmosphere have revealed a composition quite different from these initial pre-
dictions. For more than two decades, atmospheric modelers have sought to explain
the observed composition, but good simulations have been achieved only with the
adoption of key simplifying assumptions. It is the goal of this paper to present a
self-consistent model of martian atmospheric chemistry that can reproduce modern
measurements with a minimal number of imposed constraints on the calculated re-
sults.

That the martian atmosphere contains only trace amounts of CO and O,
became clear when Kaplan et al. (1969) originally detected CO in a mixing ratio of
only (8 &= 3) x 107*. This was confirmed by later observations, including the recent
measurements of Clancy et al. (1990) and Lellouch et al. (1991). The detection
of molecular oxygen, first by Barker (1972) with a column abundance of 9.5 & 0.6
cm-amagat (1 cm-amagat = 2.69 x 10'° cm“Z) and later by Carleton and Traub
(1972; 10.4 4 1.0 cm-amagat) and Trauger and Lunine (1983; 8.5 cm-amagat), yields
mixing ratios of 1.0 —1.2 x 1073, for a CO; column abundance of 83 m-amagat. The
measured CO/O; ratio hence is less than one.

Thus the outstanding problem in martian photochemistry is to explain the

apparent stability of the CO, atmosphere in light of the slow direct recombination
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of CO and O. This problem was considered to be resolved by the classic papers of
McElroy and Donahue (1972) and Parkinson and Hunten (1972). Briefly, the radical
species H, OH, and HO, - collectively known as odd hydrogen or HOy — produced
either via photolysis of water vapor or reaction of electronically excited O(*D) atoms

with H, or H,0, catalyze the recombination of CO and O as follows:

CO+0OH — CO,+H CO+0OH — CO;+H
net CO+0 — COy CO+0 — COy

(McElroy and Donahue 1972) and

2(H4+ 02+ M — HO;+ M)
HO; + HO; — H305 4+ O,
H,0+hr — OH+ OH
2(CO+0OH — CO;+H)
net 2C0+0; — 2CO0,

(Parkinson and Hunten 1972). However, neither of these models provides an entirely
satisfactory production mechanism for the OH radical. The McElroy and Donahue
model requires very large eddy diffusion coefficients in order to rapidly transport O
atoms downward to react with HOj. Their eddy diffusivity coeflicients are on the

L inferred for

order of 10% cm? s, far higher than the values of 10° — 10° cm? s~
similar pressure levels in the terrestrial atmosphere (e.g., Allen et al. 1981, Strobel et
al. 1987, Bevilacqua et al. 1990). Furthermore, analyses of dust and ice hazes in the
atmosphere indicate eddy diffusion coefﬁcien‘gs also on the order of 10° —10° cm? s7!
(e.g., Chassefiere et al. 1992, Korablev et al. 1993a). On the other hand, the
Parkinson and Hunten model employs a more moderate eddy diffusivity profile, but
requires a globally averaged water abundance two to three times the observed mean

water abundance (Atreya and Gu, 1994) in order to produce enough H,0, to serve

as a source of OH.
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In the aforementioned papers, and others also examining the CO; stability
problem (e.g., Liu and Donahue 1976, Kong and McElroy 1977a, Izakov and Krasitskii
1977), the CO, photodissociation cross section values were assumed to be independent
of the atmospheric temperature. However, as first shown by DeMore and Patapoff
(1972) and later by Lewis and Carver (1983) over a wider wavelength and temperature
range, these cross sections decrease significantly with decreasing temperature, with
up to an order of magnitude change from ~ 370 to ~ 200 K longward of ~ 1750 A.
DeMore and Patapoff suggested that their results should have a significant impact on
martian photochemical calculations. Since CO, is the dominant opacity source in the
region of the spectrum where HyO is dissociated, decreasing the CO, cross section
leads to an increase in the photolysis rate of water vapor. Parisot and Zucconi (1984)
estimated a factor of ten increase in the HyO photolysis rate when the temperature
dependence of the CO, absorptivity is incorporated, based on the extrapolation of
the DeMore and Patapoff data to longer wavelengths.

Shimazaki and Shimuzu (1979), Shimazaki (1981), and Shimazaki (1989) ac-
counted for the temperature dependence of the COy cross section by dividing the
photodissociation coefficient by a factor of two, as suggested by DeMore and Pat-
apoff (1972). Shimazaki (1989) found that the equilibrium abundance of CO in his
model could only be increased to match observations by decreasing the assumed at-
mospheric H,O profile. However, it was only recently when Anbar et al. (1993a)
examined the implications of the Lewis and Carver CO; cross section measurements
on calculated photodissociation rate coefficients that a direct connection was made
between the CO, stability issue and the temperature dependent CO; cross sections.
In the current work, the photochemical calculations incorporate the most recent CO,

cross section measurements.

Krasnopolsky (1991), Nair et al. (1991, 1992), Allen et al. (1993), Krasnopol-
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sky (1993Db), and Atreya and Gu (1994) presented models incorporating the tempera-
ture dependent cross sections of Lewis and Carver, all agreeing that the predicted CO
amounts were too low in the models. The preferred model of Krasnopolsky (1993b)
included nitrogen and sulfur chemistry, reduced photodissociation cross sections for
water vapor, and the inclusion of a sink of HOy radicals on aerosol surfaces to bring
the model results into better agreement with the observations. Atreya and Gu (1994)
also suggested that the incorporation of heterogeneous reactions in the model may be
necessary to balance the production and loss rates of COs. Alternatively, Nair et al.
(1992) and Allen et al. (1993) proposed that limited changes in key rate coefficients
may be sufficient to allow a purely gas phase model to reproduce the observations.
One of the objectives of this paper is to expand on this possibility.

A related problem in the photochemistry of the martian atmosphere is that
the CO/O, ratio is ~ 0.6, rather than 2, as expected for photolysis products from
CO,. The resolution lies in the requirement for a steady-state atmosphere that the
elemental escape fluxes of hydrogen and oxygen, in the absence of surface interactions,
are in the ratio 2:1, the stoichiometric ratio found in the water molecule (McElroy
1972). McElroy further suggested that the relative abundances of O3 and CO adjust
themselves such that the hydrogen and oxygen escape fluxes are always in a 2:1 ratio.
This mechanism will be discussed in detail in a later section.

The abundances of CO and O, are regulated by the concentrations of odd hy-
drogen radicals, which are in turn heavily dependent upon the total amount and ver-
tical distribution of water. The column water vapor abundance is a variable function
of latitude and season. Typical amounts observed during the Viking era were ~ 10
precipitable um (Jakosky and Farmer 1982), where 1pr. um = 3.34 x 10'® cm™2.
Early photochemical models often concentrated the bulk of the atmospheric water

into the first 10 km above the surface (e.g., Liu and Donahue 1976, Kong and McEl-
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roy 1977a). High values of the eddy diffusion coefficient were required in order to
bring atomic oxygen down to react with HO;, before large amounts of O, were able
to form. More recent photochemical models have assumed a more uniformly mixed
water profile to higher altitudes (e.g., Krasnopolsky and Parshev 1979, Shimazaki
1989, Kranopolsky 1993b, Atreya and Gu 1994). More moderate values of the eddy

! were found to be satisfactory in this

diffusion coefficient on the order of 106 cm? s~
case. Post Viking studies of the vertical profile of water vapor suggest that water is
uniformly mixed in the lower 10 to 30 km of the atmosphere and then drops rapidly
above the altitude at which condensation first occurs (Jakosky 1985). Observations
of the vertical distribution of water vapor by the Phobos 2 spacecraft (Krasnopolsky
et al. 1991), as well as by the Very Large Array (Clancy et al. 1992, Grossman et al.
1993, Clancy et al. 1993) support this argument.

The ozone density is directly related to the abundance of HOy radicals. Odd
oxygen, defined here as the family containing O and Os, is rapidly destroyed by HOy

in reactions such as
Os;+H — O,+O0H
0O+ HO, — 03+ 0H
O+0H — O,+H.

Since O and Os rapidly interconvert during the martian day, the ozone abundance is
anticorrelated with the water abundance. Mariner 9 observations indicated an ozone
amount below the detection limit of 3 um — amagat (1 ym — amagat = 2.69 x 10'®
cm™? = 0.1 Dobson Unit) over the northern polar cap during the summer (Barth et
al. 1973), when Viking orbiter measurements of the water column amount in the
atmosphere showed that water vapor was at a maximum (Jakosky and Farmer 1982).
During northern winter, Mariner 9 measured an ozone column abundance as large as
57 pm — amagat and Viking found that water fell to very low levels.

Model simulations of O3 observations are quite sensitive to assumptions about
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atmospheric water levels. For example, the Mars § spacecraft reported a value of
~ 10 cm™? close to 40 km altitude at the morning terminator and a value three
times less at the evening terminator (Krasnopolsky et al. 1977). To account for this
high ozone density, Shimazaki (1981) suggested that a low amount of water vapor
in the atmosphere, possibly due to cold temperatures, was the cause for the ozone
peak. Rodrigo (1990) employed a water profile that was severely undersaturated in
the middle atmosphere, and found model nighttime ozone amounts in agreement with
the Mars 5 measurements. More recently, Blamont and Chassefiere (1993) presented
vertical profiles of ozone detected by the Phobos 2 orbiter at local sunset, which
indicated a peak value of ~ 10% cm™ s™! around 42-45 km altitude, far smaller than
the Mars 5 measurements. They were able to match this observation by using larger
water amounts than those employed by Rodrigo et al. (1990). Measurements at other
times failed to detect any ozone, which Blamont and Chassefiere (1993) suggested was
due to a warmer and more humid atmosphere.

Simultaneous measurements of ozone and water are thereby extremely useful
in constraining the abundance of HOy species and, when combined with near simul-
taneously observed CO abundances, provide an excellent test of model simulations
of martian atmospheric chemistry. For comparison with our photochemical modeL
results, we shall adopt the two sets of measurements detailed in Table I, each set con-
sisting of observations of H,O, CO, and O3 obtained at the same epoch, along with
an O, mixing ratio of (1.24:0.2) x 1073, assumed to be constant with time. A fourth
quantity to be matched is the atomic hydrogén escape flux of 1.8 x 10® cm™ s™! as
determined by Anderson and Hord (1971) from Mariner Lyman-« dayglow observa-
tions.

The ideal atmospheric model should have few imposed conditions on the cal-

culated results to minimize the possibility that the results do not simply reflect the
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Table I
Observed abundances of HoO, CO, O, and O3

Date s [[H20] d= foo fo. J10s] d=
(®) (pr. pm) (x10%) (x10%) (pm — amagat)
1.24+0.2°
6/88 207 8.8+ 1° 64 1.5° 1.5+0.5¢
12/90 345 3.04£0.8° 8+ 1.5 <2f

f denotes mixingratio and [[]dz denotes column density. One pr. pm is equivalent to a column den-
sity of 3.34 x 10'® cm™2. One pum — amagat is equivalent to a column density of 2.69 x 10%% cm™2.
¢ Barker (1972) (314° < L, < 351°), Carleton and Traub (1972) (298° < L, < 11°), Owen et al.
(1977) (100° < L, < 120°), Trauger and Lunine (1983) (L, = 93°)

¥ Rizk et al. (1991)

¢ Clancy et al. (1990); obtained 11/88 at L, = 305°

4 Espenak et al. (1991)

¢ Clancy et ol (1992)

I R.T. Clancy, private communication

initial assumptions. A traditional atmospheric chemistry model does require some de-
scription of the buffering of the near-surface abundances of CO; and H,O, the escape
of species from the atmosphere, and condensation of water vapor in the cold lower
atmosphere. However, nearly all previously published models of martian atmospheric
photochemistry have additionally prescribed one or more of the following parame-
ters: the vertical distribution of CO,, CO, Oy, HyO above the condensation level,
HO,, or the mixing ratios of photochemically derived species at the surface. Only if
heterogeneous surface chemistry controlled the atmospheric abundances would pre-
scribing the surface concentrations be valid; there is no evidence at this time that
such is the case for any of these species, although this assumption will be addressed
in a later section. Some model calculations have prescribed close to the minimal set
of conditions, including Izakov and Krasitskii (1977) and Shimazaki (1989). In the
latter work, the observed CO abundance was not reproduced unless unreasonably low
water amounts were assumed. In the present work, we will show how a minimally

constrained photochemical model can reproduce available observations.
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Over the past decade, there have been significant revisions in the measured
reaction rate coefficients for chemical processes important in the terrestrial middle
atmosphere (see most recently DeMore et al. 1992). Thus it is of value to critically
reexamine martian photochemistry in the context of the revised rate coefficients,
the temperature dependence of the CO; cross section, and the near simultaneous
observations of carbon monoxide, ozone and water. The possible role of heterogeneous

chemistry will also be considered.

2. The photochemical model

We have employed a one-dimensional photochemical model similar to that
used by Yung et al. (1988) to study the photochemistry of HDO on Mars. The
Caltech/JPL photochemical model solves the one-dimensional continuity equation

for the species of interest:
ot dz

P — L,

where n;, ®;, P;, and L; are the concentration, vertical diffusive flux, and chemical
production and loss terms respectively for species ¢ (Allen et al. 1981). In most
cases, steady-state conditions are assumed such that dn;/dt = 0. The vertical flux is

given by

B dn;  n;  ni(l+a)dl o fdn; mn;  n;dl
=D (7;+‘15+—“"—T ;E)‘f‘ <d +ﬁ+”m>

where D; is the molecular diffusion coefficient of species ¢ through the background
atmosphere, H; is the scale height of species 2 , T'is the temperature, « is the thermal
diffusion factor (which we take to be zero), K is the eddy diffusion coefficient, and H
is the scale height of the background atmosphere.

Our model atmosphere is composed of 121 levels of 2 km vertical extent, with
the lower boundary at 0 km and the upper boundary at 240 km. Figure la shows

our adopted temperature and total number density profiles. We have -utilized the
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Figure 1. Adopted physical parameters for the model Mars atmosphere. (a) Temperature
(solid line) and total number density (dashed line) profiles. (b) Eddy diffusion
profile (solid line) and the molecular diffusion coefficient of atomic oxygen in the
background atmosphere (dashed line)

COSPAR temperature profile (Seiff 1982) below 100 km and set the exospheric tem-
perature to be 300 K, following Stewart and Hanson (1982). The temperature profile
of the upper atmosphere was then found by fitting a spline curve to the COSPAR
data and the exospheric temperature. The density structure of the atmosphere was
computed assuming the condition of hydrostatic equilibrium. The pressure at the
surface was taken to be 6.36 mbar, in agreement with Seiff (1982). The total num-
ber density was recomputed to be self consistent with the abundances computed for
individual species, although little deviation from the initially assumed density profile

was found.
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Table IT
List of reactions in the model Mars atmosphere

Reaction Rate Coefficient Reference
R1 Oy4+hr — 20 1.4 x 10710 1.8 x 1077 1
R2 — 0+0('D) 0,1.0 x 1076 1
R3 O3+hv — 0540 2.5 x 107%,3.6 x 1074 2
R4 — 02+ 0('D) 1.5 x 1073,2.2 x 1073 2
R5 — 30 7.8 x 10710 2.0 x 1078 2
R6 Ho+hvr — 2H 0,1.7 x 1076 3
R7 OH4+hy — O+4H 4.8 x 10713,5.0 x 106 4
RS HOy+hy — OH4+O 1.1 x 104,17 x 1074 5
R9 HyO+hy — H4+OH 2.1 x 107,35 x 107 6
R10 —  Hy+0('D) 0,24 x 1077 6
R11 — 2H+4+0 0,2.8 x 1077 6
R12 HyOy +hr — 20H 2.0 x 107%,3.2 x 10~° 7
R13 COy+hy — CO+0O 7.8 x 10718,6.7 x 1077 8
R14 —s  CO+0('D) 0,24 x 1077 8
R15 20+ M — O3+ M 1.1 x 10~27 720 5
R16 O+03+N; — O3+N, 5.0 x 10785 ¢724/T 9
R17 O+074+C0Oy — 03+COy 1.3 x 10734 (724/T See text
R18 0+03 — 20, 8.0 x 10712 ¢—2060/T 5
R19 0+CO+M — COs+ M 1.6 x 10732 ¢—2184/T 10
R20 O(lD)+0; — O+02 3.2 x 10711 70/T 5
R21 O('D)+03 — 204 1.2 x 10—10 5
R22 — 02+20 1.2 x 10~10 5
R23 O(*D)+H, — H+OH 1.0 x 1010 5
R24 O('D)+C0; — O +COq 74 x 10711 £120/T 5
R25 O('D)+H;0 — 20H 2.2 x 10710 5
R26 2H+ M — Ho+ M 3.8 x 10729 7-13 11
R27 H+O;4+M — HO;+ M ko= 1.3 x 10727 7-16 5
koo = 7.5 x 10711
R28 H+0O3 — OH+ 0s 1.4 x 10710 (—470/T 5
R29 H+HO, — 20H 7.3 x 10711 12
R30 — Ho+ 09 6.5 x 10712 12
R31 — Hy0+0 1.6 x 10712 12
R32 O+Hy, — OH+H 1.6 x 10711 ¢—4570/T 5
R33 O+0H — Oy+H 2.2 x 10711 (120/T 5
R34 O+HOy; — OH+0, 3.0 x 10~11 £200/7 5
R35 O+ Hy0p — OH+HO, 1.4 x 10712 ¢—2000/T 5
R36 200 — H;0+0 4.2 x 10712 ¢—240/T 5
R37 20H4+ M — HyO,+ M ko= 1.7 x 10728 708 5
koo = 1.5 x 10711
R38 OH+035 — HOy+0, 1.6 x 10712 ¢—940/T 5
R39 OH+H, — H;O+H 5.5 x 10~12 —2000/T 5
R40 OH+HOy — Hy0+0, 4.8 x 10~11 £250/T 5
R41 OH + H,03 — H0+HO, 2.9 x 10712 (—160/T 5
R42 OH+CO — COz+H 1.5 x 10713 (14 0.6 Paum) 5
R43 HO3+ 03 — OH+20, 1.1 x 10714 ¢—500/T 5
R44 2HOy — Hy05+ 09 2.3 x 10713 £600/T 5
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TABLE II — Continued

Reaction Rate Coefficient Reference
R45 2HO;+ M — Hy03+02+ M 4.3 x 10733 £1000/T 5
RA46 Ny — 2N See text
RAT —  2N(*D) See text
R48 NO+hyr — N4+O 3.1 x 10712,1.2 x 1079 13
R49 NOg + hv NO+O 1.6 x 1073,2.4 x 1073 5
R50 NO3 + hv NOy + 0 53 x 1072,7.2 x 1072 14
R51 NO + 04 44 x 1073,6.0 x 10~3 14
R52 NoO + hv Ny + O(*D) 45 x 10781.8 x 10~ 5
R53 NoQs + hv NO; 4+ NO3 1.2 x 107%4,2.0 x 10~4 5
R54 HNOj + hv OH +NO 3.1 x 107%,4.2 x 1074 5
R55 HNOs3 + hv NO, + OH 1.7 x 107%,4.2 x 1075 5
R56 HO3NOg + hv HO3 + NO, 8.7 x 107,14 x 10™* 5
R57 N+ Oy NO+0 1.5 x 10711 ¢—3600/T 5
R58 N+ O3 NO + 0y 1.0 x 10~16 15
R59 N+ OH NO+H 3.8 x 10711 ¢85/T 15
R60 N +HO, NO + OH 2.2 x 1071 16
R61 N 4+ NO N2+ O 3.4 x 1071 5
R62 N +NO, N,O 40 3.0 x 10712 5
R63 N(?D)+ 0 N+O 6.9 x 10713 17
R64 N(?D) + CO; NO +CO 3.5 x 10713 18
R65 N(®D) + N, N+ Ny 1.7 x 10714 19
R66 N(*D) + NO N2+ O 6.9 x 107 17
R67 O+NO+ M NOy + M ko= 1.2 x 10=27 715 5
koo = 3.0 x 10711
R68 0 4+ NOg NO + Oy 6.5 x 10712 (120/T 5
R69 O+NOy+ M NO3+ M ko= 2.0 x 10726 7—20 5
koo = 2.2 x 10711
R70 0O+ NO3 Oy + NOy 1.0 x 10711 5
R71 O +HO3NO, OH + NOjy + Oy 7.8 x 10711 ¢—3400/T 5
R72 O(*'D) + Ny 0+ Ny 1.8 x 1071 1107 5
R73 O(*D)+Ny+ M NoO+ M 2.8 x 10735 706 5
R74 O('D) + N0 2NO 6.7 x 10711 5
R75 Ny + Os 4.9 x 10~ 5
R76 NO + O3 NO3 + O, 2.0 x 10712 ¢—1400/T 5
R77 NO + HOq NOy + OH 3.7 x 10712 £240/T 5
R78 NO + NOs3 2NO, 1.7 x 10711 (150/T 5
RT79 H+ NO; OH +NO 2.2 x 10710 ¢—182/T 20
R80 H + NOj OH + NOy 1.1 x 10710 21
R81 OH+NO+ M HNO, + M ko= 4.8 x 10724 726 5
koo = 2.6 x 10710 =05
RS&2 OH+NOy+ M HNOsz + M ko= 5.5 x 10722 732 5
koo = 4.0 x 1078713
R83 OH + NO3 HO2 + NOy 2.3 x 1071 15
R84 OH + HNO, Hy0 + NO, 1.8 x 10711 ¢=890/T 15
R85 OH + HNO; NOs3 + H,0 7.2 x 10715 £785/T 5
R8&6 OH + HO3;NOg HoO + NOy + 09 1.3 x 10712 ¢380/T 5
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TABLE II — Continued

Reaction Rate Coefficient Reference

R&7 HO3+NO3+M — HO3NOy+ M ko= 3.8 x 10723 732 5
koo = 1.4 x 1078 714
RS8 HO3 +NO3 — O3+ HNO3 9.2 x 10713 22
RS89 NO3 +03 — NOs+ 05 . 1.2 x 10713 ¢—2450/T 5
R90 NOy+NO3+M — NyOs+ M ko= 2.5 x 10719 7-43 5
koo = 2.6 x 10-11 =05

RI1 NO3 +NO3 — NO+NOy+ 0y 8.2 x 10714 ¢—1480/T 5
R92 O4+hv — OF4e 0,1.1 x 107 23
R93 Oy +hy — OF +e” 0,25 x 1077 1
R94 COg+hy — COF +e” 0,3.3 x 1077 8
R95 — CO+O0t+4e™ 0,2.8 x 10~8 8
R96 Of +e- — 20 6.6 x 1075 7710 24
R97 COJ +¢- — CO+0 3.8 x 1077 24
R98 0t +C0; — OF +CO 9.6 x 10710 25
R99 0+C0f — Of+CO 1.6 x 10710 25
R100 — 0T +COy 9.6 x 10711 28
R101 COHT +e~ — (COy+H 3.0 x 1077 26
R102 COf +Hy — CO.HT +H 4.7 x 10710 25
R103 HOg + grain  —  (HO2)grain See text
R104 (HO2)graintOH — H30+ Oy See text

Units are s~ for photolysis reactions, cm® s~! for two-body reactions, and em® s~ for three-body

reactions. Photolysis rate coefficients are given at the ground and at the top of the model atmosphere
(240 km). ko and ko are the low and high pressure rate coefficients, respectively, for three-body
reactions.

References: (1) See references in Yung et al. (1988) and Anbar et al. (1993a), also Nicolet (1984),
Lee et al. (1977), Samson et al. (1982); (2) See references in Anbar et al. (1993a), also Taherian
and Slanger (1985), Turnipseed et al. (1991), Wine and Ravishankara (1982), Brock and Watson
(1980), Sparks et al. (1980), Fairchild et al. (1978); (3) Mentall and Gentieu (1970), R. Gladstone,
private communication; (4) Nee and Lee (1984), van Dishoeck and Dalgarno (1984), van Dishoeck
et al. (1984); (5) Demore et al. (1990); (6) See references in Anbar et al. (1993a), also Philips et
al. (1977); (7) Schiirgers and Welge (1968), Demore et al. (1990); (8) See references in Yung et
al. (1988) and Anbar et al. (1993a), also Kronebusch and Berkowitz (1976), Masuoka and Samson
(1980); (9) Lin and Leu (1982); (10) Baulch et al. (1976); (11) Tsang and Hampson (1986); (12)
DeMore et al. (1990), Keyser (1986); (13) Allen and Frederick (1982); (14) DeMore et al. (1990),
Magnotta and Johnston (1980); (15) Atkinson et al. (1989); (16) Brune et al. (1983); (17) Fell et al.
(1990); (18) Piper et al. (1987); (19) Schofield (1979); (20) Ko and Fontijn (1991); (21) Boodaghians
et al. (1988); (22) Hall et al. (1988), Mellouki et al. (1988); (23) Samson and Pareek (1985); (24)
McElroy et al. (1977); (25) Anicich and Huntress (1986), Anicich (1993); (26) Kong and McElroy
(1977a).

We simultaneously solve the continuity equations for 27 species: O, O(*D), Oa,
O3, N, N(*D), N3, N,O, NO, NO,, NO3, N,O5, HNO,, HNO3, HO,NO,, H, Hy, H,0,
OH, HO,, H;0,, CO, CO,, OT, OF, COJ, and CO,HT. The electron density is taken
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to be equal to the total ion concentration to ensure electrical neutrality. Table Il is the
list of reactions along with their recommended rate constants that we have employed
in our model. Chemical kinetics data (rate coefficients and cross sections) are taken
chiefly from the JPLI0 compilation (DeMore et al. 1990). Most rate constants for
three-body reactions are measured using air as the third body. However, CO; is
known to be a more efficient third body than air (see discussion in Lindner 1985,
1988). Based upon the third body effect of CO; in the reaction O + Oz + M, as
shown in in Table III, we have increased the rate constants of reactions with CO4 as
a third body by a factor of 2.5. The sensitivity of the model to this assumption will
be discussed in a later section. The rate constant for R17 was chosen by increasing
the rate constant of R16 from Lin and Leu (1982) a factor of 2.5. Rate coefficients
for three-body reactions were computed as a function of local atmospheric density
from the limiting low and high pressure values (ko and ke, respectively) using the
formulation in JPL90. Branching ratios for the reaction H + HO, were taken from
Keyser (1986). The temperature dependence of the CO, absorption cross sections
was parameterized by the method of Anbar et al. (1993a), assuming that the cross
sections at temperatures below 202 K are equal to the cross section at 202 K and also
that the cross sections longward of 1975 A have the same temperature dependence
as for the 1925-1975 A interval. We will also consider cases where we extrapolate the
temperature dependence to below 202 K. We account for electron impact ionization
by the method suggested by Krasnopolsky (1986), where the photoionization cross
section of CO, is increased for Wavelengthsqbelow 400 A to account for secondary
ionization by photoelectrons.

The rate of vertical transport in the atmosphere is parameterized by the sum
of eddy and molecular diffusion. Nier and McElroy (1977) derived eddy diffusion

coefficients (K) on the order of 107 — 10° cm? s™! for the atmosphere above 100 km,
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Table I1I
Third-body effect on the rate of ozone formation

M k(1073% em® s71) Reference

Ny 5.6 Kaufman and Kelso (1967)
57+0.2 Lin and Leu (1982)

O 6.5 Kaufman and Kelso (1967)
54+0.3 Bevan and Johnson (1972)
6.0£0.3 Lin and Leu (1982)

Air 6.0+0.5 DeMore et al. (1990)

COq 15 Kaufman and Kelso (1967)
13.3+1.2 Bevan and Johnson (1972)

based upon neutral mass spectrometer measurements by the Viking landers during
their respective descents. Shimazaki (1989) found that a value of 5 x 10" cm® s was
satisfactory in the upper atmosphere to match the atomic oxygen measurements made
by Mariners 6, 7, and 9 (Strickland et al. 1972, 1973). Rodrigo et al. (1990) chose
values between 107 — 10° cm? s™! based on observed CO abundances. Krasnopolsky
(1993b) and Atreya and Gu (1994) assume eddy diffusion coefficients above 100 km
vary in inverse proportion to the square root of atmospheric density and also find
values between 107 cm? s at 100 km, increasing to 10° cm? s™! at 200 km. Thus most
estimates of the eddy diffusion coefficient in the upper atmosphere are in reasonable
agreement.

However, the value of K in the lower atmosphere is highly uncertain. Kahn
(1990) suggested that the value of the eddy diffusion coefficient may vary by up to
three orders of magnitude, depending upon season and local conditions. As briefly
discussed in the introduction, some photochemical models, such as those of McElroy

and Donahue (1972), Liu and Donahue (1976), Kong and McElroy (1977a), and Yung

et al. (1988) concentrated the bulk of their water near the surface, requiring eddy
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diffusion coefficients on the order of 10 cm? s™!. Other models, for example those
of Krasnopolsky and Parshev (1979), Shimazaki (1939), Krasnopolsky (1993b), and
Atreya and Gu (1994), with more well-mixed water profiles, required values of K

on the order of 10° — 107 cm? s™!

, more in agreement with aerosol studies, such
as Anderson and Leovy (1978), Toon et al. (1977), Chassefiere et al. (1992), and
Korablev (1993a).

In light of these uncertainties, we have employed the profile shown in Fig. 1b,

1

where the eddy diffusion coefficient (solid line) at the ground is 10° cm? s™', increases

exponentially to 107 cm? s~}

at 40 km, remains constant until 70 km, where it again
increases to 10® ¢cm? s™* at 100 km. The profile below 40 km is consistent with the
values suggested by aerosol studies for the lower atmosphere. The values between
40 and 70 km were chosen to better reproduce the mixing ratio of O, which will
be discussed in the next section. The eddy diffusion coeflicients above 100 km were
chosen to match the abundance of atomic oxygen in the thermosphere. Both the bulk
mixing ratio of Oy and the high altitude abundance of O are anticorrelated with the
vigor of vertical motion (McElroy and Hunten 1970, McElroy and McConnell 1971).

As the density decreases with altitude, turbulent motions become ineffective at
keeping the atmosphere well mixed and individual constituents tend to assume their
own scale heights. In the upper regions of the atmosphere, transport is dominated by
molecular diffusion, where the value of the molecular diffusion coefficient D is depen-
dent upon the species under consideration and the composition of the surrounding
gas. The dashed line in Fig. 1b shows the molecular diffusion coefficient for atomic
oxygen in the background atmosphere. The method used to compute molecular dif-
fusion coefficients is described in appendix I. We have also included the effects of

ambipolar diffusion for ions, using the formulations given in Atreya (1986). Electron

temperatures were taken from Fox (1993a) and ion temperatures were taken from
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Hanson et al. (1977).

Water and hydrogen peroxide are potentially condensible species in our model.
The partial pressure of HyO, never exceeds the saturation vapor pressure, given by
the expression in Lindner (1985, 1988), in any of the models we consider, but water
becomes supersaturated above ~ 30 to 40 km. We simulate the effects of condensa-
tion by imposing the constraint that the partial pressure of water never exceeds the

saturation vapor pressure, given by

—9445.5646
T

+1.20514 x 107°7T? — 6.757169

108,10 Prat = +8.2312 log,, T — 0.01677006 T

where P, is in mm Hg and T is in degrees Kelvin (Washburn 1924). Our water
profiles (Fig. 2a) are similar in character to those employed by Shimazaki (1989),
Krasnopolsky (1993b), and Atreya and Gu (1994), where water vapor is assumed to
be well mixed up to the altitude where condensation first occurs. Above this point,
the scale height is fixed to a value of 4.2 km such that the water vapor profile roughly
follows the saturation curve. This agrees quite well with the mean scale height of 3.8
km for water in the 12 to 45 km altitude range found from Phobos 2 observations
(Krasnopolsky et al. 1991). The water vapor abundance above ~ 60 km is calculated
consistently with the other species, as it is undersaturated above this level. Two water
profiles were considered, one with an integrated column abundance of 3.0 pr. ym, in
agreement with the recent observations of Clancy et al. (1992), and one with an
integrated abundance of 8.8 pr. um, in agreement with the measurements of Rizk et
al. (1991) for L, = 208°.

Figure 2b shows the production rates of nitrogen atoms that we have prescribed
in our model as a function of altitude. Atomic nitrogen can be produced in the ground

state, N(*S), or in the electronically excited N(*D) or N(*P) states chiefly by electron
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Figure 2. More adopted physical parameters for the model Mars atmosphere. (a)
The dashed line is a low water profile, with an integrated column abundance of
3pr. um. The dot-dashed line is a high water profile with an integrated abundance
of 8.8 pr. um. The solid line represents the saturation curve for water with our
adopted temperature profile. (b) production and loss rates for odd nitrogen. The
rate for N + NO is an output from our standard model, discussed in section |lI.
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impact and dissociative recombination:
Neg4+e  — N+N-+e™

and

Nf +e” — N+N.

We have used production rates kindly provided by Jane Fox (private communication,
1992). Since N(?P) chemistry is not included in our photochemical model, the N(?D)
production rate is taken to be the sum of the N(*D) and N(*P) production rates
computed by Fox. We also include a source of nitrogen atoms near the surface due
to cosmic rays, as described by Yung et al. (1977).

Solar flux values at 1 AU were taken from from Torr and Torr (1985), Mount
and Rottman (1981,1982), and the WMO (1985), and were scaled to 1.52 AU. In
order to represent average solar conditions, we took the mean of solar minimum and
maximum fluxes shortward of 1800 A. The transmission for a spherical atmosphere
was diurnally averaged for 30° latitude at the equinox. The principal absorbers in the
atmosphere were assumed to be O, O3, NO,, H;0, and CO,. Dust free conditions
were assumed, and Rayleigh scattering is accounted for by the radiative transfer
model described in Michelangeli et al. (1992). Reflection from the surface is also
accounted for; we assume an albedo of 0.04 from 1000 to 4000 A and 0.2 from 7000 A
to 8000 A, with a linear increase in the intermediate region, as suggested by Lindner
(1985). Calculations incorporating heterogeneous chemistry will be discussed in a
later section.

The lower boundary conditions are mixing ratios of 2.7 x 1072 for Ny, either
4.5 % 107 or 1.35 x 10~* for H,0, and fixed concentrations of 2.05 x 107 cm™3
for CO; and zero for the ions. Upper boundary conditions are H and H, effusion
velocities of 3.1 x 10%cm s~ and 3.4 x 10! cm s™' respectively. These velocities

were calculated following the expression for Jeans escape in Hunten (1973). We also
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impose an escape flux of atomic oxygen at the upper boundary of 1.2 x 10® cm=2 s71.

This boundary condition is discussed more fully later. Zero fluxes were assumed for

all other species as upper and lower boundary conditions.

3. The photochemistry of the lower atmosphere

3.1 Chemistry of CO, photolysis products

In order to quantitatively demonstrate the relative importance of key influences
on the abundances of atmospheric constituents and to test our photochemical model,
we have performed a series of model calculations as summarized in Table IV. In the
first case, we have assumed a completely dry atmosphere, composed purely of CO,
and its photolysis products, with no escape assumed for any species through the upper
boundary. This is the classical model where CO, is reformed by the spin forbidden

reaction
(R19) CO+0+ M — CO; + M.

In this scenario, we find large (~ 100 times larger than observed) abundances for CO
and O; in the ratio 2:1, as expected. Note that CO and O, are still minor constituents
and that the atmosphere is photochemically stable. In the second case, we have intro-
duced 8.8 pr. um of water vapor into the model. Now the mixing ratios for CO and
Oy fall drastically to values more in agreement with the observed quantities (¢f Table
I), demonstrating the importance of HOy catalyzed recombination for controlling the
abundances of photochemically produced species. In this case, the CO/O; ratio is
roughly one due to the large amount of H, in the model and concurrently liberated

oxygen. One sees that the relation

[CO] + [Hs] = 2[0,]
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holds in this case. Next, we allow H and H, to escape thermally and O to escape
with a flux of 1.2 x 10® ecm™* s7!. The introduction of escape of light atoms from
the atmosphere leads to a CO /O, ratio less than one and a ratio of escaping H atoms
to O atoms of 2:1, in agreement with the argument of McElroy (1972). Finally, the
inclusion of NOy chemistry produces OH while breaking the O-O bond through the

reaction

leading to lowered abundances of CO and O,. This is our standard, high water case.

Figure 3 shows the calculated mixing ratios of the major and minor species
in our standard, high water model. Although the model contains over one hundred
reactions, only a relatively small number of them are important in determining these
profiles. We may identify the key reactions in the lower atmosphere, in particular
those governing the CO/O, ratio and the concentration of ozone, by constructing
simple, steady-state, analytical formulas similar to those developed for ozone on Mars
(Barth 1985) and in the terrestrial upper atmosphere (Allen et al. 1984).

As discussed in the introduction, CO is catalytically oxidized to CO; in the
presence of HO, radicals. The various schemes that have been proposed differ mainly
in the production pathways for the OH radical. Other catalytic cycles may also be

devised, such as

(R27) H+0;,+ M — HO,+ M
(R68) 0+ NO, —s NO + 0,
(R42) CO 4+ OH — CO, + H

net CO+0 — CO,.

Figure 4a shows the rates of the important reactions in these cycles. Since most of

the OH is produced by R34, we see that the three reactions



Paper | 24 Mars Photochemistry

Mixing Ratio

107° 107/ 107° 107 0.1

T T T T T T T LI L R M R I T T 1 T Tyt AT T LN AN

(a)

200

100 150

50

\; LI LI R B N S

Altitude (Km)

40
T

20

-
(@) 1 1|||/| | /'II/II 1 | Il vl

10714 10712 10710 1078 1078

R | R | ! TR N T |

Mixing Ratio

Figure 3. Altitude versus mixing ratio profiles for (a) major CHO and (b) HO, and Oy
species in our standard model. The integrated water abundance is 8.8 pr. um.
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Figure 4. Rates of key reactions important for the stability of CO,. (a) Rates of key
reactions in the catalytic oxidation of CO. (b) Production and loss rates for CO,.
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(R27) H+4 Oy + M — HO, + M
(R34) 0 +HO, — OH+ 0,
(R42) CO + OH — CO, + H

which make up the primary scheme proposed by McElroy and Donahue (1972), form
the dominant catalytic cycle in the oxidation of CO to COs. These rapid reactions also
determine the partitioning of HO; between H, OH, and HO; in the lower atmosphere.
For example, the OH/HO, ratio may be determined by balancing the rates of R34
and R42:

[OH]  ks4[O]

[HO,] ~ £4[CO] (1)

The production and loss pathways for CO;y are shown in Fig. 4b. Carbon

dioxide is chiefly lost through photolysis:
(R13) COy + hy — CO+ 0O

and is reformed via R42. Equating the production and loss of CO, and noting that
the rate of R42 is essentially equivalent to the rates of R27 and R34 (Fig. 4a), we

may write the following equalities:

J13[CO,] = ka7 [H][05][ M] (2a)
— s [O][HO,) (20)
= k1 [COJ[OH] (2¢)

These equalities are strictly true only when integrated over the column, since CO is
not in local photochemical steady state. As seen in Fig. 4b, a substantial quantity of
CO is produced above 40 km, while oxidation to CO, occurs almost entirely below 40
km. However, we shall assume that these equalities are true in the lower atmosphere
for the purpose of simplicity.

Figure ba shows the reactions controlling the abundance of HOy in the lower

atmosphere. Odd hydrogen radicals are produced predominantly via water photolysis

(R9) HyO0 + hv — H+ OH
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Figure 5. Rates of odd hydrogen reactions. (a) Production and loss rates for HO,. (b)
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and the reaction of water with O(*D):
(R25) O('D) + H,0 — 20H.

Although R25 dominates near the surface, R9 is more important on a column-

integrated basis by a factor of eight. HOy radicals are lost chiefly through

Balancing the rates of R9 and R40 we obtain the steady-state equation for the pro-

duction and loss of odd hydrogen:
Jo[H20] = kgo[OH][HO,]. (3)
Molecular hydrogen is produced in the lower atmosphere by
(R30) H+ HO; — Hy + Oq

and 1s chemically destroyed via

(R23) O(lD) +H, — H+0OH
and
(R39) OH+H, — H-+H,0

at roughly equal rates, integrated over the atmospheric column (Fig. 5b). The
destruction by COZ in the ionosphere will be discussed in a later section. As was the
case with CO, the chemical lifetime of Hy in the lower atmosphere, a few hundred
years, is far longer than the transport timescale (7 ~ H?/K = days to weeks). Thus in
order to properly consider the hydrogen balance in the atmosphere, we must integrate

the full continuity equation for H, :

Oou,
0z

= Py, — Lyu,.
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For convenience, we will say that the production rate of molecular hydrogen is some

function of the oxygen escape flux, based on the postulate of McElroy (1972):

P, = kso[H|[HO9] (4a)
f(¢0)- (40)

il

This quantity should be relatively insensitive to variations in the water abundance
(McElroy 1973). The mechanism by which the escape of atomic oxygen regulates Py,
will be considered in more detail in the following section.

Combining Egs. 2a, 2c, 3, and 4b, we obtain an equation for the [CO]/[O2]
ratio in terms of physical processes in the martian atmosphere and basic chemical

parameters:
[COJ _ kar ka0 [COa] f (o)
[0,] Jo kao ka2 [H20]

This is similar to expression (27) in McElroy (1973), where the production rates of

(3)

water and molecular hydrogen were left as parameters. As Fig. 6 shows, Eq. 5
reproduces the model calculation reasonably well between 10 and 35 km, where Eq.
3 is valid and the bulk of CO production and loss occurs (Fig. 4b). We have used
the rate of R30 for f(¢o).

The abundance of O, is heavily dependent upon the value of the eddy diffusion
coefficient (McElroy and Hunten 1970). If downward transport of O atoms formed
through CO, photolysis high in the atmosphere is slow (Fig. 7a), large amounts of

O, are able to form through

(R15) O+0+M-—0,+ M
and
(R33) O+0H — 0O,+H.

Conversely, if O is rapidly brought down (Fig. 7b), as several previous photochemical

models have assumed (e.g., McElroy and Donahue 1972, Liu and Donahue 1976,
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Figure 6. Comparison between the analytic expression Eq. 5 (solid line) and model output
(dashed line) for the CO/O; ratio.
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Kong and McElroy 1977a, Yung et al. 1988), it will react with HO, (R34), ultimately
reforming CQ,. This is not a production mechanism for O, as one oxygen molecule

is required to produce the HO; radical. Another source for O, is the reaction with

N027
(R68) 0O +NO, — NO + Oy,

which is enhanced with faster downward transport, but cannot compensate for the
smaller (column-integrated) rates of R15 and R33. In the standard model, the
eddy diffusion coefficient between 40 and 70 km is set to the intermediate value
of 107 cm? s~! in order to match the observed O, abundance. The important contrib-
utors to the O, production rate are shown in Figure 8a.

The O, bond may be broken by the photolysis of O, (R1, R2), HO, (R8),
or H;0, (R12), or by the reaction of NO with HO, (R77) (Parkinson and Hunten
- 1972). As shown in Fig. 8b, Rl is the dominant sink of O, when integrated over the
column, but the other reactions mentioned above provide a substantial contribution
to the destruction of the O, molecule, particularly R77 near the surface.

The consideration of the oxygen budget on Mars is a complex problem that
does not lend itself to an analytic solution, hence Eq. 5 cannot be further simplified
to eliminate [O,] in terms of model inputs such as K. We will employ Eq. 5 to identify
sources of disagreement between the model and observations of the CO/O; ratio in
a later section.

The photochemistry of ozone in the martian atmosphere has been extensively
modeled over the past two decades (in addition to previously mentioned papers, see
Kong and McElroy 1977b, Shimazaki and Shimuzu 1979, Krasnopolsky and Par-
shev 1979, Shimazaki 1981, and Lindner 1988) and the inverse relationship between
ozone amounts and atmospheric water vapor has been well known both from observa-

tions and modeling for the past two decades. A simple analytical expression for the
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diurnally averaged ozone density may be derived if we assume that ozone is in pho-
tochemical equilibrium during daylight hours. This is a good approximation as the
photochemical lifetime of ozone is roughly ten minutes while the transport timescale
near the surface is of order weeks to months. The steady-state expression for the

production and loss of ozone is
(S5 + J4)[Os] = k17[0][02][CO,]. (6)

Since ozone is mostly produced and destroyed near the surface, Eq. 3 should be

modified to include the production of odd hydrogen due to R25 (O('D) + H,0) :
(Jo + k25 [O("D)])[H20] = kso[OH][HO,]. (7)

Combining this equation with Egs. 2b, 2¢, and 6, we obtain

2 1/2
10g] = Jokaa[CO4] {(1 +(4J4k17k25k40u13[002]) [02]]> _1}. ®

2 Jy ks J3 + Ji) J§ ko kaq kaz [H20] [CO
This is somewhat different from the expression presented by Barth (1985), as we have
included photolysis along with reaction with O('D) as pathways for water decompo-
sition. The ozone abundance is indeed anticorrelated with the water abundance over
short timescales; i.e., timescales short enough that the CO/O, ratio remains constant.
Curiously, the expression for O3 resulting from the substitution of Eq. 5 into Eq. 8
suggests that the ozone abundance over long timescales is to first order independent

of the water concentration:

: 2 1/2
05] = D2k [COu] {(1+ 4 Jy bz ks ko I3, [CO4) )) ~ 1}' o)

2J4 ks (J3 4 Ja) Jo kaa ko ks f(90
The seasonally varying ozone abundance may thus be taken to reflect fluctuations
driven by HO, chemistry about a mean ozone value that is explicitly tied to the escape
flux of O and the production rate of Hy and implicitly tied to the O, abundance (see
next section). Equation 9 will be useful for understanding the sensitivity of computed

O3 values to changes in model parameters, which will be considered later in this paper.



Section 3.2 35 The regulation of hydrogen escape

3.2 The regulation of hydrogen escape
McElroy (1972) put forth the interesting suggestion that the nonthermal es-

cape of energetic oxygen atoms produced via
(R96) 0f +e —20

regulates the escape of hydrogen from the atmosphere such that two hydrogen atoms
escape for each oxygen atom. The net result is that a water molecule escapes, leaving
the oxidation state of the atmosphere unchanged.

McElroy argued that an imbalance in the escape rates would modify the
amounts of CO and O, which in turn would alter the rate of production of Hy in the
following way: if O were escaping at a rate larger than what was necessary to balance
the hydrogen escape, CO would rapidly increase as it was left behind while O, would
rapidly decrease. Rewriting Eq. 5 to solve for the production rate of hydrogen, it is
clear that an increase in CO and a decrease in O, ratio lead to an increase in Py,.
The reason for this is that Py, is proportional to the product of the concentrations
of H and HO,. The H concentration in the lower atmosphere is determined by the

reaction
(R27) H+0,4+ M — HO; + M.

Hence the concentration of atomic hydrogen is inversely proportional to the molecular
oxygen abundance. Since HO, is far more abundant than H in this region, a rise in
the H concentration translates to a rise in Py,. This increased rate of Hy production
causes the hydrogen escape rate to rise until the postulated imbalance is removed. (A
similar argument can be made for the case where the hydrogen escape flux is more
than twice the oxygen escape flux.) However, this premise was not confirmed by a de-
tailed numerical model until the work of Liu and Donahue (1976), who demonstrated

that the escape of oxygen does indeed regulate the hydrogen escape flux. Due to
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computational limitations, Liu and Donahue were not able to simply alter the oxygen
escape flux and examine the response of the hydrogen escape flux as it relaxed to a
new value. Instead a steady-state model was employed where the oxygen mixing ratio
was varied in stages from 1.3 x 1073 to 2.6 x 107>, presumably due to variations in
the oxygen escape flux, and the impact on the hydrogen escape flux was noted.

We have performed a time dependent calculation in order to confirm the argu-
ments of McElroy (1972) and Liu and Donahue (1976) and to numerically demonstrate
the timescale over which variations in the O escape flux can influence the composition
of the lower atmosphere. The molecular oxygen abundance was computed self consis-
tently with the other species by solution of the continuity equation; no relationship
was assumed to exist between the escape flux of atomic oxygen and the bulk mixing
ratio of molecular oxygen in the lower atmosphere. The O escape flux is set to half

of the value in our standard model, where the O escape flux of 1.2 x 10® cm=2 s7! is

2 571 and a molecular

balanced by an atomic hydrogen escape flux of 1.8 x 10% cm™
hydrogen flux of 2.8 x 107 ecm™2 s~!. Figure 9 plots the surface CO and O, mixing
ratios, the column production rate of H,, and the hydrogen escape fluxes respectively
as a function of time after the reduction of the O escape flux. Initially, hydrogen

2 571, This causes oxygen

continues to escape at a rate of 2.4 x 10® atoms cm™
atoms to accumulate at a rate of 6 x 107 cm™2 57!, the deficit between the actual”
oxygen escape flux and that required to balance the hydrogen escape. Since the ini-
tial O, column abundance is 2.7 x 102° cm™2, the O, amount increases with a time
constant of ~ 3 x 10° years. As predicted by McElroy (1972), this is accompanied
by a drop in the CO mixing ratio, as seen in Fig. 9a. The increasing O; abundance
causes the H, production rate to decrease through the mechanism described earlier,

consequently leading to a lower surface mixing ratio for Hy. As the H, abundance de-

creases, the hydrogen escape flux likewise decreases, hence lowering the accumulation



Section 3.2 37 The regulation of hydrogen escape

n
N T Illllll] T l!‘IIIIII T ||l|lll| T II'II|II‘_.
~
) i)
i 0 ¥
o o
\l -
p— ~
o © .2
5 7 T
o -
o
2T c
r— R
E « ]
N~ O
o | O
+—+—+—++++H ——+—+—+++H f——t—t——+++H —+—+—+HH -
+ F = — N
—~ 3 (b) o~ i (3]
i > 19
© 1 £
N . o
M ™~
o
= 1 2
8 -4 N
h C
g |
‘> -+
.EN—- 1© 9
L = ©
~ t N 1 @
T L ~ i o
~
- - N
— ettt — -+ T 0 T
- N | —
! L (c ]
» B ]
(Tl - -
Toll | ]
§ - T -
© [ i
o i ]
Z -~ [ ]
x B =
3 B -
= - ]
o O _'
Q
OO' .
O — — — - - — - 1
wn L ——__ -
Ll - T T T e = = = = = = ]
O L IIIIIIII Il IIIIIlIl L lIIlIIIl 1 § I O N S |
4 7
1000 10 10° 10° 10

Time (years)

Figure 9. Response of the atmosphere to an abrupt decrease in the atomic oxygen escape
flux by a factor of two. (a) The O, (solid line) and CO (dashed line) mixing ratios,
(b) the Hy mixing ratio (solid line) and H, production rate (dashed line), and (c)
the atomic (solid line) and molecular (dashed line) hydrogen escape fluxes.



Paper | 38 Mars Photochemistry

rate of oxygen. The O, mixing ratio continues to increase and the hydrogen escape
flux continues to decrease until the accumulation rate becomes zero; i.e., when the
hydrogen escape flux drops to become exactly twice the oxygen escape flux. A new
equilibrium with a higher fo, is reached after 10° years, with the lower oxygen escape
flux now balanced by ¢y = 9.3 x 107 cm™ s and ¢y, = 1.4 x 107 cm™2 s7%.
Thus the chain of events described by McElroy (1972) and Liu and Donahue (1976)
following a perturbation in the rate of O escape does indeed cause the atmosphere
to respond over a timescale of ~ 3 x 10° years. Mechanisms which remove oxygen
from the atmosphere for periods longer than this timescale can influence the escape
flux of hydrogen and the composition of the atmosphere as a whole. Some possible
loss processes for oxygen and their impact on the balance between the escape fluxes

will be discussed in a later section.

4. Comparison of standard model and observations

4.1 The standard model

Case a) of Table V summarizes the output from our standard model, where
the calculations were made with the recommended rate constants of DeMore et al.
(1990). The atomic hydrogen escape flux, the O, mixing ratio and the ozone amount
are consistent with the observed values, although in the high water case the ozone
abundance is close to the lower limit of Espenak et al. (1991). However, the CO
mixing ratio computed in our standard model is a factor of four to five below obser-
vations. Each of these model results will be discussed in more detail in the following
sections.

The homopause is defined as the altitude where the molecular diffusion coeffi-
cient D is comparable to the eddy diffusion coefficient K. As seen from Fig. 1b, the

homopause is located at ~ 135 km. Above this level molecular diffusion determines
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the altitude distribution of long lived species. Figure 10 shows reasonable agreement
between model calculations of the abundances of long lived species above the ho-
mopause with Viking 1 Lander observations (Nier and McElroy 1977). Discrepancies
below this level may be due to differences between our temperature profile and that
experienced by the Lander. The abundance of atomic oxygen in the thermosphere
has been used as a constraint on the eddy diffusion coefficient by many previous mod-
elers (e.g., McElroy and McConnell 1971, Shimazaki 1989, Rodrigo et al. 1990). We
have adopted an eddy diffusion coefficient of K = 10® cm?® s™! above 100 km, which
leads to a computed atomic oxygen mixing ratio at 135 km of 0.8%, consistent with
the range of 0.5 — 1.0% deduced by Strickland et al. (1972, 1973) and in agreement
with most recent photochemical models (e.g., Shimazaki 1989, Rodrigo et al. 1990,
Krasnopolsky 1993b).

4.2 Oxygen and hydrogen escape flux

The mixing ratio of O, and the escape flux of atomic hydrogen are dependent
upon both the eddy diffusion profile and the magnitude of the oxygen escape flux,
both of which are inputs into our photochemical model. We have chosen our eddy
diffusivity profile between 40 and 70 km and oxygen escape flux through an iterative
process to reproduce the observed O, mixing ratio and atomic hydrogen escape flux.
While the agreement between our model predictions and the observed quantities is
not surprising, it should be noted that our eddy diffusion coefficients are consistent
with those proposed by other studies.

By analyzing the Lyman-a dayglow observations returned by Mariners 6 and
7, Anderson and Hord (1971) determined the escape flux of atomic hydrogen to be
1.8 x 108 cm~2 s~!. In order to reproduce the observed H escape flux, our photo-

2

chemical model requires an O escape flux of 1.2 x 10® atoms cm™? s™'. Including

2

the molecular hydrogen escape flux of 2.8 x 107 cm™2 s™!, the total hydrogen escape
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Figure 10. Computed densities (lines) and those observed by the Viking 1 Lander during
its descent for CO, (crosses), N, (squares), CO (triangles) and O (circles).

flux is exactly twice the oxygen escape flux, or 2.4 x 10® atoms cm™2 s~!. This
agrees well with the flux of 2.5 x 10® cm™? s7! found by Krasnopolsky (1993a,b).

We find a value of 3.6 x 1072 for the mixing ratio of molecular hydrogen below
the homopause, roughly twice the value of 2 x 10~° deduced by Anderson (1974),
who employed a coupled chemical-diffusive model to reproduce the observed hydrogen
escape flux. The value for the rate coefficient for CO3 + H; employed in his model was
1.4 x 1072 cm® s, which is three times larger than the value we use here. A high
value for this rate coefficient would tend to lower the amount of molecular hydrogen
required to produce a fixed upward flux of atomic hydrogen in a photochemical model
due to the greater efficiency of H, destruction (see below).

Figure 11 shows our computed fluxes of H and Hj. Although the total hydro-
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gen escape flux depends only upon the oxygen loss rate, the partitioning between
thermally escaping H and H; is determined by the rate of vertical transport and the
CO? density in the ionosphere. Molecular hydrogen transported up from the lower

atmosphere is dissociated in the ionosphere via

(R94) COz + hv — COT + ¢~
(R102) H, + COf — CO,HT + H
(R101) COHt + e — CO, + H

net H, — 2H

(McElroy 1972).

Figure 12 shows our calculated ion concentration profiles with those observed
by the Viking 1 Lander during its descent (Hanson et al. 1977). Although the obser-
vational data is poorly matched by our model, there are several differences between
our model assumptions and the actual conditions experienced by the Viking 1 Lan-
der. The descent took place at 4 pm local time with a solar zenith angle of 44°. The
observations were also made at a time of low solar activity (McElroy et al. 1977).
Our model assumes moderate solar activity and has an effective solar zenith angle of
~ 65° for optical depth unity, since the optical transmission is diurnally averaged for
30° latitude at the equinox. Furthermore, we have included only a rudimentary set
of ionospheric reactions; our only aim was to obtain a reasonable COJ profile. (Fox
(1993a) presents a more sophisticated ionospheric model where the observations are
reproduced well.)

As discussed by Hunten (1973), the diffusion limited flux is an upper limit to
the flux of hydrogen that may be transported above the homopause. Its magnitude

may be estimated by

bez
q)l— H )

where b is the binary collision parameter, fy, is the molecular hydrogen mixing ratio,
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Figure 12. Computed ion densities (lines) and those observed by the Viking 1 Lander
during its descent for OF (crosses), COJ (triangles), and O (circles). Viking did
not measure the CO,H™ density.

and H is the atmospheric scale height. Hunten (1973) suggested that the escape
of hydrogen from Mars was indeed diffusion limited, but Liu and Donahue (1976),
in their analysis of the coupling between O and H escape, found that this was not
the case due to the low rate of H, dissociation through R102 in their model. Most
recent models (e.g., Krasnopolsky 1993a,b) concur that the escape of hydrogen is not
diffusion limited. Taking values appropriate for the homopause (~ 135 km), we find
®, ~ 5 x 10® molecules cm™? s™! as a limiting flux for H, (effectively total hydro-
gen) from the lower atmosphere, well above the computed upward flux of 1.2 x 108
molecules cm™2 s™! in our model. Thus our model also indicates that at the present

epoch, the escape of hydrogen is limited by chemical considerations and not by trans-
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port.
The oxygen escape flux required to reproduce the observed hydrogen escape
is greatly in excess of the expected flux from dissociative recombination of OF, which

may be computed by integrating the rate of
(R96) 0f4+e¢e — 040

above the exobase, the height at which the mean free path of a particle is equal to the
scale height of the background atmosphere. The original estimate of McElroy (1972)
for this process was 6 x 107 cm™2 s7!. Calculations by Zhang et al. (1993) indicate
a comparable dissociative recombination escape flux of ~ 5 x 107 cm™ s™! at the
present epoch. However, Fox (1993a) pointed out that recent estimates of electron
temperatures in the ionosphere range from 2000 to 3000 K, considerably larger than
those used in the previously mentioned calculations. Since kgg is inversely proportional
to T, estimates of the dissociative recombination of OF which incorporate high values
of 7. tend to be considerably lower than previously thought. Recent Monte Carlo
calculations of the oxygen escape flux from dissociative recombination by Lammer

2 571 at low solar

and Bauer (1991) indicate a far lower escape flux of 6 x 10° cm™
activity and twice this at high solar activity. Fox (1993b) found a similarly low value
of 3 x 10% cm~% 571, a factor of forty below what is required to balance the hydrogen
escape flux. Although there is some uncertainty in the H escape rate, it is unlikely
that it is in error by this amount. Fox (1993b) put forth several possibilities that
would increase the O escape rate to balance the observed H escape rate, such as a
large loss of O through another non-thermal mechanism such as sputtering or solar
wind pick-up, as suggested by Luhmann et al. (1992) and Zhang et al. (1993).
Another possibility to remove the imbalance is to postulate a substantial flux of

reduced gases from the interior, such as CHy or H,. Oxidation of such gases can serve

as a sink for atmospheric oxygen, allowing the oxidation state of the atmosphere to be
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maintained without a balance in the escape rates of O and H. Although this possibility
is highly unlikely, it should be noted that there has been a tentative detection of
formaldehyde in the martian atmosphere from Phobos 2 measurements (Korablev et
al. 1993b).

Alternatively, interactions between the surface and atmosphere may account
for the imbalance between the O and H escape fluxes. Indeed, Huguenin (1982) pro-
posed that both oxidation and reduction may occur during surface weathering, and
that small imbalances in the relative rates may have observable atmospheric effects,
such as modifying the CO/QO; ratio. Unfortunately, there is little data on the kinetics
of such reactions on candidate martian surface materials. Photostimulated oxida-
tion of the surface may remove up to 10'! atoms of oxygen and hydrogen cm=2 s}
(Huguenin 1975, 1976), although the work of Morris and Lauer (1980) showed no
evidence for UV photostimulated oxidation of magnetite. However, Morris and Lauer
(1981) pointed out that the total UV irradiation in their experiments was equivalent
to that received over only 10-100 years at Mars. Thus slow photooxidation of the
martian surface over long timescales cannot be ruled out at this time and remains a
plausible mechanism to explain the observed hydrogen escape flux.

2 571 would be

A flux of oxygen into the surface on the order of 10® atoms cm™
sufficient to remove the imbalance between the O and H escape fluxes. It is important
to note that this flux represents the net loss of oxygen from the atmosphere, i.e.,
that in excess of the stoichiometric 1:2 flux required to balance any flux of hydrogen

into the surface. Loss of oxygen through formation and deposition of nitrates and

peroxynitrates is probably not a large enough sink, as Yung et al. (1977) estimated

2 -1

the magnitude of this process to be at most ~ 10° N equivalent atoms cm™ s
However, it is of interest to point out that nitrates have been found to provide a good

simulation of the properties of the oxidant discovered in the martian soil during the
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Viking biological experiments (Plumb et al. 1989).
Sizable fluxes of oxygen into the surface have a dramatic impact on the O,
abundance, as shown by McElroy and Kong (1976), who placed an upper limit of

~ 3.3 x 107 atoms cm™2

s~1 for the flux of oxygen into the surface over and above
the 6 x 107 atoms cm™? s~! escaping to space in their model. We have performed
a model calculation where the boundary conditions for O are a downward flux of
1.2 x 10® em™2 57! at the surface and a zero flux at the top, and have found that
the photochemical state of the atmosphere is unchanged from the standard model.
A similar result is found if zero fluxes are imposed as boundary conditions on O and

2

a downward flux of 6 x 107 molecules cm™2 s™', is assumed at the lower boundary

for Oy. Thus our modeling indicates only that oxygen is irreversibly lost from the

2 51 and does not discriminate between

atmosphere at arate of 1.2 x 10% atoms cm™
loss through either boundary. Quantification of the escape fluxes of O and H as well as
laboratory studies of the rate of dry oxidation on potential martian surface materials

should help resolve this question.

4.3 Ozone and carbon monoxide

The ozone abundance in our diurnally averaged model is within the obser-
vational constraints, assuming standard chemistry. However, since ozone is highly
variable over the martian day, it is more appropriate to compare the observations
with the computed‘daytime ozone abundance in a diurnally varying model. Figure
13 displays the ozone column amount over the course of a martian day for the low
and high water profiles. We find that the midday ozone amount agrees well with our
diurnally averaged prediction and satisfies the observational constraints, although the
noontime concentration in the high water case is at the lower limit of the observed
low latitude midday observations of Espenak et al. (1991). The temperature and

water vapor profiles were not varied during the diurnal cycle in this calculation.
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Figure 13. Diurnal variation of the ozone column abundance. The dashed line is the
ozone abundance calculated with the low water profile and the solid line assumes

the high water profile.
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It is interesting to note that the maximum daytime and nighttime ozone col-
umn amounts are comparable despite two very different vertical profiles. Figure 14
shows the vertical profiles of atomic oxygen and ozone at noon and midnight local
time, respectively, for the high water case. The loss of ozone at low altitudes at night
is neatly compensated for by the large nighttime conversion of atomic oxygen to ozone
at 40 to 60 km altitude. Our vertical profiles for ozone are qualitatively similar to
those computed for the fall equinox by Shimazaki (1981), who performed diurnally
varying calculations for 65 °N latitude over the course of an entire martian year. Kr-
asitskii (1978) also presented a diurnal model for the martian atmosphere at 30 °N
latitude and found daytime ozone column amounts of 5 to 8 pm — amagat, which
are above the spectroscopic upper limit of 3 um — amagat determined by Mariner 9,
and a nighttime ozone amount of ~ 10 yum — amagat, leading to a smaller day/night
ratio than we find. Quantitative differences in our results and Krasitskii’s work can
be attributed to our updated rate constants and the fact that we did not account for
diurnal variations in the temperature and water vapor profiles.

The ozone profile at sunset in our high water model, as shown in Fig. 13,
shows a secondary peak at a concentration similar to the observed value, but is
broader and higher than the peak indicated by the Phobos 2 measurements (Blamont
and Chassefiere 1993), shown for comparison. Blamont and Chassefiére suggested
that the observed sharp peak was due to a dramatic increase in the eddy diffusivity
from ~ 5 x 10°cm? s~! at 40 km to ~ 107 cm? s™! above 45 km. However, we do
not find a better match with the Phobos 2 ozone measurements when incorporating
the preferred eddy diffusion profile of Blamont and Chassefiére in our model. Since
ozone is highly variable spatially and temporally, we will not attempt to more closely
match this specific profile with our globally averaged model.

The CO mixing ratio computed with the recommended rate constants is a
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Figure 14. Odd oxygen abundances at (a) noon and (b) midnight. The solid line represents
total Oy, while the dashed line represents O and the dot-dashed line represents Os.
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Figure 15. The computed ozone profile (solid line) at sunset compared to the Phobos 2
measurements and 2 o error bars.

factor of 4 to 5 below the observed amount, leading us to believe that we have either
underestimated the production rate of CO or overestimated the destruction rate.
Since CO is produced via photolysis of COs, a process for which the cross sections are
well measured, it is unlikely that the production rate is in error. The destruction rate
due to reaction with OH may be overestimated due to either an overabundance of OH
in the model, a high value for k43, or both. We shall use Egs. 5 and 9 to guide us in the
next section as we consider modifications in the input model parameters to increase

the CO mixing ratio, while keeping the computed O3 concentration unchanged.
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5. Adjusted gas-phase photochemical model

5.1 Comparison with the terrestrial upper atmosphere

The failure of the model to reproduce the observed CO mixing ratio does not
necessarily reflect a failure of gas phase chemistry. Most photochemical models of
the terrestrial mesosphere underestimate the measured ozone density using standard
chemistry. Allen et al. (1984) adjusted a number of rate constants, including a small
(20%) increase in kg (OH + HO,) in order to fit Aladdin 74 observations. Rusch and
Eckman (1985) found that good agreement between model and observations can be
achieved only by decreasing the efficiency of HOy catalyzed odd oxygen destruction
by 30 to 50 percent. Clancy et al. (1987) found that a large increase in k4o from the
JPL85 compilation (DeMore et al. 1985) led to markedly better agreement between
modeled and observed CO and O3z abundances. Eluszkiewicz and Allen (1993), in
their analysis of the ozone budget of the upper stratosphere and lower mesosphere,
suggested a 1 o increase in kyo from the JPL90 recommendation to better match the
ozone measurements by the LIMS instrument on the Nimbus 7 satellite. We note
here that the JPL90 (DeMore et al. 1990) recommended rate constant for OH 4 HO,
is 40% above the JPL85 value, which is fwice the uncertainty quoted in JPL85!
Alternatively, Clancy et al. (1994), in order to match observations of O3 and HO; in
the mesosphere, suggest a large (60 — 80%) decrease in k34 (O + HO,).

Observations and models of CO in the terrestrial mesosphere also often dis-
agree; the CO mixing ratio profile calculated by Allen et al. (1981) was substantially
smaller than the observed profile. Solomon et al. (1985) considered the photochem-
istry of CO in the middle atmosphere and also found that model CO abundances are
smaller than the observed amounts. They suggested that either that k4, (CO + OH)
may be too high (see their Fig. 5 for the effect of reducing k42) or that model OH

densities are overestimated.
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Shimazaki (1989) suggested revisions in ks and possibly kse_31 (H+ HO,) in
photochemical models of the martian atmosphere in order to balance the production
and loss of CO. Krasnopolsky (1993b) examined the effect of a reduction in ksp on the
computed hydrogen escape flux and found that a reduction larger than recommended
uncertainty was required in order to bring the model into agreement with observations.
Furthermore, this modification led to poor agreement between his model and the
ozone data. We shall now examine the effects of adjusting these and other key rate

constants in our photochemical model.

5.2 Uncertainties in kinetic rate coefficients

Contrary to the work of Yung et al. (1977), Krasnopolsky (1993b) has shown
that NO4 chemistry is quantitatively important in the chemistry of the martian at-
mosphere, chiefly due to a revised rate constant for R77 (NO + HO;), which is an
important contributor to the breaking of the O, bond (refer to Table IV and Fig. 8b).
However, as Krasnopolsky further showed, the impact of nitrogen chemistry on the
lower atmosphere is very sensitive to the partitioning between N(*S) and N(*D) in
the upper atmosphere, which is a subject of significant uncertainty. Since a detailed
examination of odd nitrogen production rates is beyond the scope of this paper, we
will not consider this problem here. On the other hand, while it is known that the

principal loss pathway for odd nitrogen is
(R61) N+ NO — Ny + 0,

the value of kg is still somewhat uncertain. In order to match the observations of
NO in the upper atmosphere made by the Viking 1 Lander, Fox (1993a) reduces the

rate constant for
(R61) N4+NO—N;,+0

from the recommended value of 3.4 x 107'' cm?® s™! (DeMore et al. 1990) to
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Table VI
Proposed modifications in rate constants

Reaction k (recommended) k' (modified) %’(200 K)
R27 1.3 x 10727-16 2.5 x 1026721 1.33
R29 7.3 x 1011 8.2 x 10~11,-100/T 0.68
R30 6.5 x 10712 3.5 x 10712100/ 0.33
R31 1.6 x 1012 1.7 x 107127100/ 0.64
RA40 4.8 x 10711250/ 3.2 x 10711 ¢450/T 1.81
R42 1.5 x 10713 (1 4 0.6 Patm) 3.2 x 10713 ¢300/T 0.48

7.1 x 10710 ¢=787/T ¢m3 571, the high temperature value of Davidson and Hanson
(1990). We have performed a calculation where kg; was lowered, as suggested by Fox
(1993a), and found that the O, mixing ratio in the model is 7.1 x 107*, substantially
below the observed amount. In all other model calculations presented in this paper,
we have adopted the recommended value of DeMore et al. (1990), but here we point
out the importance of the assumed value for ke; and suggest that this rate coefficient
be remeasured at temperatures appropriate to the martian atmosphere.

Many of the other rate constants we use have significant (~ 30%) uncertainties
at room temperature. These uncertainties may be much larger at typical martian
temperatures of < 200 K. Table VI summarizes the modifications we have considered
in the important kinetic rate constants identified in Eq. 5. The rate constants
were adjusted to be consistent with the 1 o uncertainties in both the temperature
dependence and the absolute value of the rate constant at 298 K as given in the
JPLI0 compilation (DeMore et al. 1990) and to lead to an increase in the CO/O,
ratio as would be calculated by Eq. 5.

Another uncertainty is that most of our rate constants for termolecular reac-
tions are taken from the 1990 JPL compilation of DeMore et al. (1990), where the

third body is assumed to be air. However, CO; is known to be a more efficient third
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body than air. We have adopted a third body efficiency of CO; relative to air of 2.5
in the standard model. We have also explored cases where the third body efficiency of
CO, was as high as 3.4 relative to air. We find that changing the third body efficiency
from 2.3 to 3.4 has a relatively minor effect on the CO and O3 amounts, increasing
each by less than 10%. There is a somewhat larger effect on the O, abundance, which
decreases by ~ 20%.

Table V summarizes a series of model simulations where several parameters
were varied in order to better reproduce the observed abundances of CO, Oz, and Os.
The calculation made with the recommended rate constants of DeMore et al. (1990)
is given as case a). Cases b) to ) in Table V summarize the results of our model
calculations where the rate constants in Eq. 5 are varied as detailed in Table VI.
All of these calculations yield an atomic hydrogen escape flux of 1.8 x 10® cm™2 571,
the observed value. In each case, the effect of using the suggested modified rate con-
stant is consistent with the expected result from Eqgs. 5 and 9. Figure 16 shows the
mixing ratios calculated for our case f), where good agreement with all observations
is achieved by increasing k4 and decreasing k42 within the recommended uncertain-
ties. The O3 abundance is not substantially impacted by these revisions, as expected
since neither k4o nor k4y appear in Eq. 9. The column rates of some important
processes in the high water case are given in Table VIL It is of interest to note the
column integrated values for the dissociation of CO, and H,O in the classical model
of McElroy and Donahue (1972) are 1.8 x 102 cm=2 57! and 2.7 x 10° cm™2 577,
which are a factor of 1.6 larger and a factor of 3 smaller, respectively, than in the
current model, chiefly due to the incorporation of the temperature dependent cross
sections of CO,. The contributions of specific reactions to the production or loss of

atmospheric constituents has been discussed previously in section Illa.

The fact that similar revisions in k4o and k4o lead to noticeably better agree-
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Figure 16. Altitude vs. mixing ratio profiles for the (a) major CHO, (b) HO, and O, (<)
major NO,, and (d) minor NO, species in our model, where ks and k4 have been
modified as described in the text. The integrated water abundance is 8.8 pr. um.
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Table VII

Column rates of some important reactions in the model

Reaction Rate (ecm™2 s71)
CO production R13 CO2+hyr — CO+4+0 9.7 x 1011
R14 — CO+0('D) 1.3 x 1011
CO loss R42 CO+0OH — COz+H 1.1 x 1012
05 production R15 204 M — 02+ M 2.1 x 1010
R33 O+0H — O2+H 2.3 x 1011
R68 0+NO; — 0O3+NO 2.1 x 1019
O loss R1 Oy+hyr — 20 9.4 x 1010
R2 — 0+0('D) 1.1 x 1010
RS HO;+hy — O+OH 2.2 x 1010
R12 HyOy + hv — 20H 4.8 x 1010
R77 NO+HO; — NO;+OH 8.9 x 1010
H50 production R31 H+HO; — H;O+0 1.4 x 108
R39 OH+H; — H;O+H 2.7 x 108
R40 OH+HO; — Hy0+09 8.4 x 10?
R41 OH + H,0, — H;0+HO, 3.1 x 108
H,O loss RY HyO+hvy — H4+OH 8.1 x 107
R25 o('D)+H,0 — 20H 1.1 x 10°
H, production R30 H+HO; — Hy+0, 5.7 x 108
H, loss R23 O('D)+H; — H+OH 1.5 x 108
R39 OH+H, — HyO+H 2.7 x 108
N3 production R61 N+NO — N3+O 1.3 x 10°
N5 loss R46 No, — 2N 6.2 x 103
R47 — 2N(*D) 7.8 x 108
Other HOy cycling R27 H+0,+4M — HO;+ M 1.2 x 1012
R28 H+03 — OH+O0; 9.7 x 1019
R34 O+HO; — OH+O0, 9.8 x 101!

ment between models and observations in both the terrestrial mesosphere and mar-
tian atmosphere is remarkable. These key reaction rate constants should certainly
be remeasured at temperatures and pressures appropriate to the terrestrial upper
atmosphere and the martian atmosphere.

Krasnopolsky (1993b) presented a comprehensive photochemical model in which
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the inclusion of sulfur chemistry. a sink of odd hydrogen on aerosols, and a reduc-
tion in the water vapor absorption cross sections were required in order to bring the
model into agreement with the observed state of the atmosphere. Direct comparison
between Table VII and Table VIII of Krasnopolsky (1993b) yields several differences
in the key reaction rates, which may be attributed to a few factors: first. Krasnopol-
sky employed a slower eddy diffusivity profile in his model, where A was roughly
an order of magnitude smaller in the region important for O, formation. In order
to balance the production and loss of O, Krasnopolsky introduced sulfur chemistry,

which destroys O through the reaction

SO + HO; — SO, + OH,

analogous to the reaction of NO and HO,. This reaction is also an important de-
struction mechanism for O, on Venus, as first pointed out by Yung and DeMore
(1982). Secondly, Krasnopolsky's water photolysis rate is smaller by a factor of five
compared to our model. One reason for this is that Krasnopolsky reduced the ab-
sorption cross sections for H,O in his model by a factor of two. As can be seen from
Eq. 3, reduction of the water vapor photolysis rate constant .Jg by a factor of two is
essentially equivalent to increasing k4o by a factor of two, as we suggest here. Also,
due to a cooler temperature profile in his model, water concentrations in the middle
atmosphere, where water photolysis is significant, are smaller than we assume in this
paper. Finally, in order to bring the H, mixing ratio down to reproduce the observed
atomic hydrogen escape flux, Krasnopolsky introduced a heterogeneous sink of HOy

on aerosols. However, the reaction

(R39) OH + H, — H,O0 + H,

is a significant sink of Hy that was not included in Krasnopolsky’s model, which

would have reduced the escape flux. Comparing these two models highlights the
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major uncertainties in photochemical models of the martian atmosphere, namely, the
relevant rate constants, the eddy diffusivity profile, and the distribution of water
vapor with altitude. The possible role of heterogeneous chemistry will be examined

in a later section.

5.3 Uncertainties in photochemical cross sections

One critical assumption we have made in our previous modeling is that the
absorption cross section of CO; is independent of temperature below 202 K. If the
temperature dependence between 298 and 202 K is extrapolated to lower temper-
atures, the photolysis rate of water will increase beyond what we have considered
previously, although Anbar et al. (1993a) estimated that this should not be a large
effect. The water photolysis rates in each case are shown in Fig. 17.

In the standard chemistry, high water case, the integrated rate of water pho-
tolysis is 8.1 x 10 cm™2 s~!. When we extrapolate the temperature dependence of
the CO;3 cross section, we find that the column water photolysis rate jumps by nearly

~2 571 As seen by case g) in Table V. the computed

a factor of two, to 1.4 x 10'° cm
CO mixing ratio drops by a factor of two from the standard case in each of the high
and low water cases. Incorporating our suggested modifications in kg and kyy, we
find that the CO mixing ratio again increases by a factor of four in each case (case
h), but this is still well below the observational uncertainties.

Due to uncertainties in the cross section of water vapor longward of 1890 A,
Krasnopolsky (1993b) reduced the water vapor cross sections in his model by a factor
of two and found better agreement with the computed CO mixing ratio. Atreva
and Gu (1994) also examined the effect of reducing the absorption cross sections for
water vapor in their photochemical model also found better agreement between the

production and loss of COs,.

The cross sections of H,O and CO; longward of available measurements are
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Figure 17. The effect of extrapolating the temperature dependence of the CO, cross
section on the photolysis of H,O. The solid line is the rate of water photolysis
assuming that the cross section is independent of temperature below 202 K. The
dashed line is the water photolysis rate assuming that the temperature dependence
of the CO, cross section is equal to that between 202 and 298 K, as described in

Anbar et al. (1993a).

also uncertainties in photochemical models. The absorption cross section of water at
the long wavelength tail is taken from Thompson et al. (1963). We have assumed that
the cross section of water is zero beyond 1975 A. If the cross section is extrapolated
out to 2100 A, assuming a linear decrease with wavelength in the logarithm of the
cross section, the column integrated photolysis rate increases 25% to 10'% cm™ s71,
accompanied by similar decreases in CO, O, and O3z. Most of the effect is due to the
increased photolysis in the 2000-2050 A wavelength bin. Extrapolating the cross sec-

tion beyond 2100 A has a negligible effect. Analogously extrapolating the absorption

cross sections of (O, beyond those given by Shemansky (1972) has no appreciable
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effect, which is the expected result as Rayleigh scattering dominates the cross section
longward of 2040 A. Given the uncertainties in the temperature dependence of the
CO, cross section and the long wavelength tail of the H,O absorption, additional

measurements are certainly desirable.

5.4 Uncertainties in the water profile

The rate of CO oxidation via CO + OH (R42) is dependent upon the vertical
distribution of OH, which is in turn determined by the altitude distribution of water
vapor. Due to the exponential dependence of the saturation vapor pressure on tem-
perature, a small change in the temperature can provoke a large change in the water
abundance in the region where water condenses. The water vapor densities measured
by the Phobos 2 spacecraft were significantly smaller at higher altitudes than the
corresponding densities calculated by assuming saturation with the COSPAR tem-
perature profile recommended by Seiff (1982), which implies a cooler thermal profile
(Krasnopolsky et al. 1991). Clancy et al. (1990) showed that for cold northern spring
and summer, the atmospheric temperature profile during dust free conditions leads to
water vapor saturation at altitudes as low as 10 km. Recent VLA observations show
the saturation altitude descending from 40 km at Ly = 349° to 15 km or below at
L, = 43° (Grossman et al. 1993, Clancy et al. 1993), due to variations in atmospheric
temperature over the orbital period of Mars. Thus variability in the thermal structure
of the lower atmosphere may have a significant impact on the photochemistry of the
lower atmosphere.

(lase 1) in Table V shows the consequence of uniformly lowering the temper-
ature in the lower 100 km by 10 K. As can be seen from comparing Figs. 2a and
18, this has the effect of suppressing the water density above ~ 20 km. The sur-
face mixing ratio was increased in order to keep the column water abundance the

same as in the standard cases. The column integrated water photolysis rate falls to
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Figure 18. Water vapor profiles with temperatures in the lowest 100 km reduced by 10
K. The surface mixing ratios are the same as in Fig. 3. The dashed line is a
low water profile with an integrated abundance of 8.8 pr. um, and the dot-dashed
line is a high water profile with an integrated abundance of 3.0 pr. um. The solid
line represents the saturation curve for water with the cooler temperature profile.
Water densities above ~ 60 km are found by solving the coupled chemistry and
transport equations.

4.4 x 10° em™2 s7! and the CO mixing ratio increases to 2.4 x 107*, a factor of two
smaller and larger, respectively, from the standard chemistry, high water case. Thus
a cooler thermal profile would allow us to make more moderate changes in ko and kg,
in order to bring the model CO abundance into agreement with observations. The
vertical distribution of water vapor remains a significant uncertainty in the photo-
chemistry of the martian atmosphere. Simultaneous temperature and water profiles

returned by upcoming missions to Mars would be enormously useful in this regard.
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6. Model with heterogeneous chemistry

One way to increase the CO/O; ratio might be to reduce Jy by accounting for
the absorption of solar ultraviolet radiation by aerosols in the atmosphere. Lindner
(1985) examined the radiative effects of dust in the martian atmosphere and found
that photolysis rates were substantially lowered in the lowest 10 km of the atmosphere.
However, since the bulk of CO oxidation happens above this, where photolysis rates
are largely unaffected (Fig. 4b). introducing moderate dust opacities should not have
a significant impact on the CO mixing ratio in the atmosphere.

The adopted dust profile is similar to the one employed by Anbar et al.
(1993b), which was supplied by Diane Michelangeli (private communication, 1990).
The optical depth of the dust cloud is approximately 0.2. This is typical of the mini-
mum dust loading in the atmosphere during the period of Viking observations. Recent
Hubble Space Telescope images indicate that the atmosphere was considerably clearer
in 1990-91 (James et al. 1994), with an upper limit to the optical depth of 0.1. We
also account for aerosol scattering of solar radiation; we assume an average particle
radius of 2.5 microns, a single scattering albedo of 0.92, and a single scattering asym-
metry parameter of 0.55, after Clancy and Lee (1991). Case j) of Table V shows that
incorporating the radiative effects of this dust cloud does indeed have little effect.

A more speculative notion is that HO, radicals may be adsorbed and destroyed
on aerosol surfaces, thereby reducing the sink of CO (Anbar et al. 1993b., Krasnopol-
sky 1993b, Atreya and Gu 1994). Following Anbar et al. (1993b), we consider the
adsorption of HO; on dust, parameterized by:

(R103) HO3 + Surface — (HO»);

(R104) OH + (HO3)s — H,0 + O,
net OH + H02 — Hzo + 02

We set the rate of the HO; adsorption reaction R103 equal to §~SvN;, where 7 is
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the sticking coefficient, v the mean thermal velocity of the gas, S the mean surface
area of aerosols per em?, and N; the number density of HO,. We assume a value of
0.1 for the sticking coefficient of HO; on dust, which is a likely upper limit (Anbar et
al. 1993b).

This method of incorporating HO, adsorption is somewhat equivalent to in-
creasing gas-phase HOy loss via kyo, thus causing the CO/O; ratio to increase. Since
HO, levels will be depressed, odd oxygen concentrations will rise as the reaction
O + HO, (R34) is the dominant sink of Oy.

Case k) shows the results of the inclusion of heterogeneous HOy removal reac-
tions in the model. With the high water profile and the recommended rate constants
of Table II, we find that although computed CO and O, abundances are in reason-
able agreement with observations, the modeled ozone column is much higher than
observed, as expected. Again we may invoke heterogeneous chemistry to suggest that
odd oxygen is catalytically destroyed on dust grains, but we hesitate to apply het-
erogeneous chemistry to solve all of our modeling difficulties. In addition, the recent
work of Dlugokencky and Ravishankara (1992) indicates that direct ozone loss on ice
particles is insignificant. In the low water case. we find poor agreement with all three
observables.

Krasnopolsky (1993b) did not find exceedingly high values for ozone when’
heterogeneous chemistry was incorporated into his model. This may be the result of
a less vigorous eddy mixing profile, resulting in a smaller downward flux of O and
hence a smaller amount of odd oxygen at low altitudes.

Thus our modeling indicates that simple scavenging of HOy radicals on dust
surfaces is an inadequate mechanism for bringing the model CO abundance back
into agreement with the observations. Furthermore, there is no need to invoke a

heterogeneous loss process for HOx when reasonable modifications in a homogeneous
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gas-phase model provide satisfactory agreement with observations.

7. Conclusions

Following the incorporation of temperature dependent COy absorption cross
sections, we find that our one-dimensional photochemical model severely underesti-
mates the mixing ratio of CO in the martian atmosphere due to a greatly enhanced
water photolysis rate when purely gas phase chemistry is considered. Satisfactory
agreement between our model and the observed CO abundance can be made by re-
vising the rate constants of a few key reactions within their published recommended
uncertainties. The abundances of O, and O3, as well as the observed atomic hydro-
gen escape flux are also matched by our model. We find that it is not necessary to
invoke a heterogeneous loss process for odd hydrogen, as has been suggested by sev-
eral recent papers (Anbar et al. 1993b, Krasnopolsky 1993b, Atreya and Gu 1994).
Furthermore, simple scavenging of HO, on aerosols leads to modeled ozone amounts
far higher than the observed values.

The abundances of photochemical products of CO, photolysis are computed
self consistently; no assumptions were made regarding the surface mixing ratios of
CO and/or O, in this model, unlike most previously published models (e.g., Liu and
Donahue 1976, Kong and McElroy 1977a, Rodrigo et al. 1990, Krasnopolsky 1993b).
Simple test cases, as summarized in Table IV, show how a minimally constrained
model produces results that are consistent with intuition. Allowing the CO and O,
abundances to be calculated self consistently also allows us to perform the first time
dependent calculation demonstrating the influence of a perturbation in the oxygen
escape flux on the composition of the lower atmosphere.

In order to reproduce measurements of the abundance of molecular oxygen
and the escape flux of atomic hydrogen, the model calculations lead to constraints

on the eddy diffusivity profile in the 40-70 km altitude range and the escape flux of
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atomic oxvgen. We find that an oxygen escape flux of 1.2 x 10% cm™ s™! is required

to match the observed atomic hydrogen escape flux of 1.8 x 10® em™ s™! (Anderson
and Hord 1971). Together with the molecular hydrogen flux of 2.8 x 107 cm™2 s7,
the ratio of escaping H atoms to O atoms is indeed 2:1, as postulated by McElroy
(1972). This O flux exceeds that expected from dissociative recombination of OF,
indicating that some other loss process for oxygen may be operating, such as addi-
tional escape mechanisms or weathering of oxidizable material exposed to the surface,
possibly by erosion or impacts.

The fact that our postulated revisions in rate constants are similar to those
proposed to resolve modeling difficulties in the terrestrial mesosphere is striking. A
re-examination of the rate constants for the reactions OH + HO, and CO 4+ OH at
temperatures appropriate to the martian atmosphere and the terrestrial mesosphere
seems warranted. The values of these critical rate constants, the temperature de-
pendence of the CO, cross section, the vertical distribution of water vapor, and the
rate of vertical transport, parameterized by eddy diffusion, are major uncertainties
in photochemical models of the atmosphere of Mars. Within these uncertainties, a
homogeneous gas-phase model can adequately reproduce the observed abundance of
CO.

Given the large fluctuations in the water vapor abundance, and the critical role
odd hydrogen plays in the abundances of CO and Oy, it seems natural to suppose
that the CO and O, mixing ratios should vary on timescales of their photochemical
lifetimes, a few years. Hunten (1974) further suggested that condensation, decom-
position, and sublimation of HOy, HyO, and other oxides of hydrogen may have an
impact on the CO and O, abundances.

However, the few available observations of CO and O, do not suggest any

significant variations. Clancy et al. (1983) analyzed three sets of CO observations
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taken over a five year period and found no compelling arguments for any variability.
Furthermore, if the CO column density were to change, we would expect a similar
adjustment in the Oy column density with half the amplitude. While such a change
in O, might be marginally detectable, observations of O, over the ten year period
1972-1982 (Barker 1972, Carleton and Traub 1972, Owen et al. 1977, and Trauger
and Lunine 1983) are very consistent with one another, which may be additional
evidence that the CO abundance has also remained fairly constant.

Krasnopolsky (1993a) examined the response of the CO mixingratio to changes
in solar flux over the solar cycle. He found only moderate changes in the CO mix-
ing ratio should occur, where fco would range from 5.8 x 10~ after solar minimum
to 8.2 x 10~* after solar maximum. All evidence thus far points to only moderate
variability in the abundances of CO and O;. In order to better resolve this question,
more frequent and simultaneous measurements should be taken. Although our one-
dimensional steady-state model here satisfactorily reproduces the observed state of
the martian atmosphere for two quite different water abundances, a more thorough in-

vestigation of the response of the atmosphere to temporal and spatial variations in the

water abundance, perhaps with a two-dimensional model, is a worthwhile endeavor.
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Appendix I: Molecular diffusion coefficients

The molecular diffusion coefficient of a species ¢ of mass m is taken to be the
weighted average of the molecular diffusion coefficient of the given species through
H, H,, O, CO, and CO,, the major constituents of the upper atmosphere of Mars. In

other words:

[H] Du_; + [Hy] Du,—: + [O] Do—i + [CO] Dco—i + [CO3] Deo,

e 7] + [F] + [0] + [CO] + [CO
where
Du_i = V2 Dy_y, for m; =1
_ (Du-o — Du—mn, )(m — mp,) + B . dhirmg 1
mo — m,
. (DH—H2 v/mu/m; — Dy, _co, \/W) (mco, — my)
Hy—i =

mgco, —MH

Do_; = Du—ov/mu/m;
Dco-i = DHQ—CO vV mHg/m'i
Dco,-i = Du,-co, Vmu, [mi.

These parameterizations fit the diffusion coefficients given in Banks and Kockarts
(1973) and Mason and Marrero (1970) quite well.
The products of the pressure and binary diffusion coefficients are given by

pDy_y, =1.13 x 1074 TV

pDH_Q =9.87 x 107° Rl

1539 X 10_2T e?.S/T—lOGT/Tz
log(3.16 x 107/T)]?
pDH2—002 = B4 % 10~5 T1.75 6_11'7/T,

pDu,—co =

where p is in atmospheres, D is in ecm? s7!, and 7' is in Kelvin. These values are from

Mason and Marrero (1970) except for p Dy_o, which is from Cooper et al. (1984).
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Abstract

Photochemical models have historically overestimated ozone loss rates in the
upper stratosphere and lower mesosphere, where ozone is photochemically controlled.
Thus it is evident that there is some missing chemistry in current models. Current
understanding of the factors controlling ozone in the low to mid stra,t.os’phere is that
dynamical influences play a large role in determining the ozone abundance. It is
difficult to test the chemistry in the models at these altitudes since the contributions

from transport and chemistry must be separated.

The Microwave Limb Sounder (MLS) aboard the Upper Atmosphere Research
Satellite (UARS) has observed pockets of low ozone in the winter polar stratosphere
outside the polar vortex. These pockets occur in the 6 to 10 millibar altitude range,
where the effects of dynamics and chemistry on the ozone budget are comparable.
The formation and evolution of these anomalies are investigated using a Lagrangian
photochemical model, where the chemistry within an isolated parcel of air is simu-
lated as it travels along a specified trajectory. Since we have decoupled the dynamics
and chemistry, disagreement between the model and observations should reflect defi-

ciencies in the chemistry.

We find that the model consistently overestimates the ozone loss rate above
about 7 millibars, where the ozone deficit tends to manifest itself. Below 10 millibars
altitude, the model is in good agreement with the observations, indicating that the
description of chemistry is valid in the low to mid stratosphere. Individual trajectories
have many uncertainties associated with them; in order to present more quantitative
conclusions the results computed along many trajectories should be taken together

to minimize errors.
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1. Introduction

The vertical profile of ozone in the terrestrial stratosphere reflects the inter-
action between dynamics and chemistry. At altitudes above about 35 kilometers, or
6 millibars, ozone is in photochemical steady state. Models of this photochemically
controlled region tend to underpredict the abundance of ozone relative to the observa-
tions (WMO 1985). This is known as the “ozone deficit” problem, and many studies
have been undertaken examining this discrepancy (recent work includes Eluszkiewicz

and Allen 1993, Siskind et al. 1995, and Crutzen et al. 1995).

Although most previous efforts concluded that there is a net loss of ozone in the
photochemically controlled region above 6 millibars altitude, Crutzen et al. (1995) re-
cently used observations from the Halogen Occultation Experiment (HALOE) aboard
the Upper Atmosphere Research Satellite (UARS) to compute ozone loss rates and
showed that there is actually a net production of ozone relative to the observations
above about 2 millibars pressure. However, they note that HALOE ozone measure-
ments are systematically somewhat lower than other correlative measurements; as-
similation of low ozone measurements would reduce the magnitude of a model ozone
deficit. They show that slightly increasing the ozone mixing ratio within the uncer-
tainties of the measurements still leads to an ozone surplus above 2 millibars, but

also leads to a net loss of ozone in the 3 to 10 millibar region.

Thus there still appears to be some chemical processes that are missing in
current model descriptions. Several papers have called attention to the probability
that the C10/HCI ratio in the stratosphere is smaller than photochemical models seem
to predict (e.g. Allen and Delitsky 1991, Stachnik et al. 1992). Jucks et al. (1995)
recently used simultaneous measurements of active hydrogen, nitrogen, and chlorine
radicals to show that there is no ozone deficit from 31 to 38 kilometers altitude (about

10 to 4 millibars) due to lower measurements of C10 compared to model calculations.
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Michelson et al. (1995) also showed that photochemical models tend to underestimate

the HC1/CIO ratio in the stratosphere.

At lower altitudes, transport is an important factor in determining the ozone
concentration (Ko et al. 1989). Two-dimensional photochemical models are typically
employed to properly account for the transport of ozone rich air from the tropics to
the polar regions (e.g., Garcia and Solomon 1983). However, it is difficult to test the
model chemistry in this region of the atmosphere due to the influence of transport.
This is of importance since errors in the computed abundances may indicate that
there are errors in the parameterization of transport in the models; the agreement
between models and observations in this part of the atmosphere may simply be due

to a fortuitous cancellation of errors.

Since the short term evolution of the ozone layer, particularly in the low to
mid stratosphere, is a topic of considerable interest, establishing confidence in the
description of chemical processes in the models is of high priority. One method to test
the model chemistry in regions of the atmosphere where transport plays an important
role is to employ a Lagrangian model (Austin et al. 1987), where the trajectory of
a closed parcel of air (one that does not interact with surrounding air) is explicitly
specified, and the net change in species abundances in the parcel is then solely due to
chemistry. Recent measurements made by UARS of low ozone pockets in the winter
polar stratosphere (Manney et al. 1995) provide an excellent opportunity to apply

such a model.

During stratospheric warmings, the cyclonic polar vortex is often shifted off
of the pole, and a strong, persistent anticyclone frequently forms. In the northern
hemisphere, this is called the “Aleutian high”, as it often sits over the northern
Pacific Ocean. Observations made by the Microwave Limb Sounder (MLS) instrument

aboard UARS indicate that tongues of ozone rich air from low latitudes are drawn
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into the developing anticyclone. However, several days later, an area of low ozone,
roughly 3 ppmv lower than typical mid-latitude extra-vortex values of 8 ppmv or so,
forms near the center of the anticyclone. This bubble of low ozone is localized in the

6-10 millibar region, with higher ozone values at higher and lower pressures.

Examples of this occurrence were observed during December 1992, late Febru-
ary to early March 1993, and December 1993 in the northern hemisphere by MLS.
Weaker events were observed during the 1993 and 1994 southern hemisphere winters.
Three dimensional trajectory calculations, along with passive tracer data (UARS ob-
servations of HyO, N,O, and CHy), indicate that air in these anomalies originated at
lower latitudes and higher altitudes, where ozone abundances are ~ 9 ppmv (Manney
et al. 1995). Air inside the anomaly is typically isolated from outside air for a period

of 1 to 3 weeks before the low ozone abundances appear.

Morris et al. (1995) recently investigated the February/March 1993 event with
a Lagrangian photochemical model. They concluded that air in the low ozone anoma-
lies is isolated at high latitudes for periods of time comparable to the photochemical
lifetime of ozone. Since the odd oxygen production rate is low at high latitudes, the
ozone abundance drops as it relaxes to the photochemical equilibrium value. Air
outside the anomalies at similar latitudes meanders back and forth between mid and
high latitudes over short timescales compared to the lifetime of odd oxygen. Thus the
average odd oxygen production rate remains relatively high, and the ozone mixing
ratio does not fall to low values. However, the ozone abundances computed by Morris
et al. (1995) were consistently higher than the MLS observations. This ozone surplus
was unexplained and may indicate a problem with their model, particularly in light

of the ozone deficit issue.

We will use a Lagrangian photochemical model to calculate the ozone loss

rates within parcels of air following trajectories at several altitudes leading to the
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December 1992 and February/March 1993 low ozone pockets and compare them with
the observed ozone loss rates. Discrepancies will highlight uncertainties in the adopted

chemistry.

In this paper, measurements made by the MLS and the Cryogenic Limb Etalon
Array Spectrometer (CLAES) instruments aboard UARS will be utilized to better
define the species involved in the chemical destruction of ozone. The loss of ozone is

dominated by several catalytic cycles:
O+ HO; — O, + OH
net O+03— 20,

0O+ NO; — 0, +NO
NO + O3 — NOy + O,
net O+03—20,

O+ ClO — O, + (1
Cl+ 03 — ClO0 + O,

net O+03 ——>202

along with a significant contribution from the Chapman reaction
O + 03 — 2 02.

The only important source of odd oxygen at these altitudes is the photolysis of molec-
ular oxygen:

0, — 20.
There are several good reviews of the detailed chemistry which controls ozone in the
stratosphere, such as Johnston and Podolske (1978), Crutzen and Schmailzl (1983),

and Brasseur and Solomon (1986).

The abundances of the active hydrogen, nitrogen, and chlorine radicals which
participate in the catalytic cycles above may be constrained by either direct mea-

surements or inferred from measurements of other species. Jackman et al. (1986)
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incorporated O3, H,O. HNO3, NO,, and temperature data from the Limb Infrared
Monitor of the Stratosphere (LIMS) to compute ozone production and loss rates.
Froidevaux et al. (1989) also used LIMS observations of H,O, NO;, and temperature
to constrain the abundances of HO, and NO, radicals in the calculations of the ozone
profile above 6 millibars. Similar approaches have been taken using data from both
LIMS and ATMOS (e.g., Natarajan et al. 1986, Callis et al. 1986, McElroy and
Salawitch 1989, Allen and Delitsky 1991).

The abundance of odd hydrogen, or HOy radicals, in the stratosphere is de-
termined by simultaneous MLS measurements of water vapor and ozone. The active
nitrogen and chlorine budgets are constrained by CLAES observations of HNO3 and
CIONO,, along with estimates of total NO, and Cly made from the observed abun-
dances of tracer species such as NyO or CHy from CLAES (see, for example, Fahey
et al. 1990, Plumb and Ko 1992, and Woodbridge et al. 1994). The following section

describes the spacecraft and the measurements.

2. UARS observations of trace species

The UARS spacecraft was deploved by the Space Shuttle Discovery on Septem-
ber 14, 1991 into a near-circular orbit at 585 km altitude and 57° inclination. Limb
scanning instruments, such as MLS and CLAES, can observe to 80° latitude in one
hemisphere and 34° in the other. The spacecraft is rotated through 180° in yaw
approximately every 36 days, switching the hemisphere of highest latitude viewing.
The orbiter is described in greater detail by Reber et al. (1993). The orbit is not
sun-synchronous, but precesses through 360° approximately every 30 days, allowing
measurements to be made at all local times for all covered latitudes over the course
of a month. This rate of precession is slow enough that over the course of a day, each

latitude has a specific (within twenty minutes) local solar time associated with the
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ascending track and another local time associated with the descending track. Thus,

given the parcel latitude, the local times of observation may be deduced.

2.1 The Microwave Limb Sounder

The MLS instrument measures thermal emission in the microwave region of the
spectrum at the atmospheric limb. A summary of the instrument is given by Barath
et al. (1993). The Microwave Limb Sounder instrument has three radiometers which
measure emission from the atmospheric limb at 63, 183, and 205 GHz. The 63 GHz
radiometer provides information on pressure and temperature based on O, emission,
the 183 GHz radiometer measures emission from H,O and O3, and the 205 GHz
radiometer measures bands of C1O and Osz. At 1 to 10 millibar range, the 205 GHz
retrievals have an estimated precision and accuracy of 0.2 to 0.3 ppmv, which is better
than 10 percent at 1 millibar, and better than 5 percent at 10 millibars. The 183 GHz
retrievals are less accurate due to the poorer characterization of the 183 GHz ozone
band. We have employed maps made from the 205 GHz measurements for this work.

Validation of the MLS ozone measurements is discussed more fully in Froidevaux et

al. (1995).

The validity of the H,O measurements is described in Lahoz et al. (1995). In
the 1 to 10 millibar range of interest, the single profile precision is 0.1 to 0.2 ppmv"

(better than 4%) and the accuracy is 0.5 to 0.7 ppmv, or better than 10%.

Observations of chlorine monoxide (C10) are also available from MLS (Waters
et al. 1995). Unfortunately, the data are quite noisy; the typical single profile noise
at the 1 o level ranges from 0.4 ppbv at 10 millibars to 1.2 ppbv at 1 millbar. Typical
model peak mixing ratios of ClO for the parcels of air we consider here are on the
order of 0.4 ppbv or less. Given the large uncertainties in the ClO data and its short

photochemical lifetime, we do not assimilate these observations but instead allow the
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model to compute ClO.

2.2 The Cryogenic Limb Array Etalon Spectrometer

CLAES also measures emission spectra at the atmospheric limb, and is further
described by Roche et al. (1993). Validated data products from CLAES are CHy,
N,O, HNOj3, and CIONO,. The quality of CHy and NoO measurements are discussed
by Roche et al. (1995). In the 3 to 15 millibar range, CLAES CHy4 appears to
be systematically 15 to 25 percent too high relative to correlative measurements.
CLAES N,O agrees to within 20 percent with correlative measurements, with no
clear systematic bias as with CHy. Random errors for each gas are on the order of 5

to 10 percent.

The validation of the HNO3 measurements is described by Kumer et al. (1995).
In the current version of the CLAES data (version 7), HNOj3 appears to be underesti-
mated relative to correlative measurements by 15 to 25% at low mixing ratios (below
8 ppbv). The validation of CIONO; measurements is described in Mergenthaler et
al. (1995). Although the uncertainties are on the order of 20% below 10 millibars
altitude, above this level interference by other gases (chiefly O3 and CO;) becomes
appreciable and the uncertainty approaches 100% at 6 millibars. Since the trajecto-
ries we are interested in here remain at higher pressures than 6 millibars for the most

part, we have incorporated the observations of CIONO; into the model.

3. Lagrangian photochemical model

We have adapted the Caltech/JPL photochemical model to operate in a La-
grangian fashion, similar to the work of Austin et al. (1987), Jones et al. (1990),
and Kawa et al. (1993). In this mode of calculation, the chemistry of an isolated air

parcel with a specified trajectory is simulated, accounting for changes in temperature,
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pressure, radiation field, and other relevant physical parameters as warranted by the
travel path. Since we have decoupled the chemistry and dynamics, the observed rate
of ozone loss is solely due to photochemical processes. In this case, the continuity
equation simply becomes

on;

ot
where n is the number density of species i, and P, and L; are the chemical production
and loss terms, respectively, for species 7. The dataset of reactions and photochemical

cross sections is taken mostly from the 1994 JPL evaluation (DeMore et al. 1994).

Parcel positions (longitude, latitude, and pressure) are supplied by G. Man-
ney (private communication, 1995) at noon GMT at each day over the period of the
trajectory. Profiles of ozone at the parcel positions are generated for noon GMT from
asynoptic maps, constructed as described by Elson and Froidevaux (1993). Temper-
ature profiles at these times are also constructed from the UKMO data assimilation

system.

The full model atmosphere consists of 40 levels from the surface to 0.316 mbar,
which is the vertical range of the species profiles supplied by G. Manney. The level
of the parcel is fixed to be level 20, and the continuity equation for each species is
solved only at this level. The photochemical model time step is one hour except at
twilight (within an hour of sunrise or sunset), where it is taken to be ten minutes.
At the beginning of each time step, the position of the parcel (longitude, latitude,
log pressure) is found by linear interpolation between the positions in the trajectory
code output. The local solar time of the parcel is also updated to account for motion
in longitude. Updated ozone and temperature profiles are also constructed by linear
interpolation. The ozone concentration is otherwise not allowed to vary. The vertical
structure of the atmosphere is recalculated at each time step from the assumption of

hydrostatic equilibrium, to account for vertical motion of the parcel. Mixing ratios



Section 4 95 Data assimilation

of all species at each level are assumed to be conserved as the density changes.

We will compare the computed changes in ozone with the observed changes.
The net production rate of odd oxygen per day is computed by summing the rates of
all reactions in the model which either produce or destroy odd oxygen (defined as the
sum of O. O('D), and O3), as listed in Table I. AOy is the net change in odd oxygen

per reaction (Johnston and Podolske 1978, Allen et al. 1984).

The chemical composition of the parcel is initialized to be consistent with
UARS observations. The total NOy and Cly budgets are initialized according to the
N, O relations (Figures 6 and 7) in Plumb and Ko (1992). We assume that the parcel
is in photochemical equilibrium for the initial latitude in the trajectory file. In order
to determine the partitioning between members of the active nitrogen and chlorine
families at the start of the run, all of the NOy and Cly is assumed initially to be in
the form of HNOs and HCI, respectively. The abundances of Oy, Ny, and O3 are fixed
to their initial values. All other species concentrations are computed self-consistently.
The parcel is held at the latitude, pressure, and season at which it originated for three
weeks of model time, long enough for the partitioning between members in the active

nitrogen and chlorine families to reach a diurnally varying photochemical equilibrium.

4. Data assimilation

Observations of trace gases (O3, H,O, N,O, HNO3, CHy4, and CIONO;) made
by UARS instruments over the period of interest have been assimilated into the pho-
tochemical model. Using the proper ozone profile is important since models of the
terrestrial stratosphere generally underpredict ozone abundances in the photochem-
ically controlled region above 35 km altitude (Eluszkiewicz and Allen 1993). Below

this altitude it is unclear whether the current description of photochemical parameters
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Table I. Important reactions for the odd oxygen balance.

Reaction Rate Coefficient™ AOy
R1 Oy+hy — 20 +2
R2 Oy+hyr — O+0('D) +2
R5 HO9+hyr — OHA+O +1
RS HyO+hy — 2H+0 +1
R10 NO+hyr — N+O +1
R11 NOg+hyr — NO4+O +1
R12 NOz +hy — NO3+0 +1
R16 N9yOs +hy  — NO+NO3+0 +1
R24 ClO+hr — Cl+0 +1
R25 ClOO 4+ hyr — ClO+0 +1
R26 OCIO4+hyr — ClO+0 +1
R36 CINO3 +hyr — O+ CIONO +1
RS83 COy+hyr — CO+0O +1
R95 204 M — 02+ M 4.3 x 1028 720 -2
R99 0403 — 20y 8.0 x 10712 ¢—2060/T  _9
R102 O(lD)4+ 03 — 204 1.2 x 10710 -2
R104 O+H, — OH+H 8.5 x 10720 o—3160/T
R105 O+0H — O9+4H 2.2 x 1071 £120/T -1
R106 0O+HO; — OH+O0y 3.0 x 10711 £200/T -1
R107 0+H,0, — OH4+HO, 1.4 x 10712 ¢—2000/T 3
R108 O(D)+H; — H+OH 1.0 x 10719 -1
R109 O('D)+H,0 — 20H 2.2 x 10710 -1
R112 H+03 — OH+0, 1.4 x 10710 —470/T
R115 H+HO; — Hy0+0 1.6 x 10712 +1
R116 20H — Hy0+0 4.2 x 10712 ¢=240/T 4
R118 OH+03 — HOy+0, 1.6 x 10712 ¢=940/T ]
R122 HOy +03 — OH+209 1.1 x 10714 =500/ _q
R125 0+NO; — NO+0, 6.5 x 10712 (120/T -1
R126 O+NOy+ M — NO3+ M 8.1 x 10727 720 -1
R127 O+ HNO3 — OH+NO;3 3.0 x 10717 -1
R128 0+ HO3NO; — OH+NO3 + 0y 7.8 x 10711 —3400/T 3
R129 O+ Ny05 — 2NO3+ 09 3.0 x 10716 -1
R130 O('D)+ N+ M — NyO+ M 1.1 x 10735 706 -1
R131 O(!D)+ N0 — 2NO 6.7 x 10711 ~1
R132 O('D)4+ N0 — N340, 4.9 x 10-11 -1
R133 O3+ CH3ONO — CH30NO3 + O, 6.8 x 10713 ¢=5315/T  _3
R143 N+0O; — NO+O 1.5 x 10~11 g—3600/T 47
R144 N+0O3 — NO+O0y 2.0 x 10716 -1
R147 N+NO — N3+0O 2.1 x 10711 100/ +1
R148 N+NO; — Ny0+0 5.8 x 10712 ¢220/T +1
R149 NO4+O+M — NOy+ M 4.7 x 1028 715 -1
R150 NO+03 — NOy+ 0, 2.0 x 10712 g—1400/T
R158 NOy +03 — NO3+ 09 1.2 x 10713 ¢—2450/T  _3
R166 NO34+ 0O — Og+ NO; 1.0 x 10~11 -1
R193 O0+0CI0 — ClO+ 0, 2.4 x 10712 ¢—960/T
R194 04+0CI0O+M — ClOs+ M 1.0 x 10-28 7-1.1 -1
R195 0+ Clb0O — 2CIlO 2.7 x 10711 ¢=530/T 7
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TABLE I — Continued

Reaction Rate Coefficient™ AQOy
R196 O + CINO3 Oz + CIONO 2.9 x 10712 ¢=800/T 1
R197 O+ HCl OH +Cl 1.0 x 1071 73300/ g
R198 0+ HOCI OH + CIO 1.0 x 10711 1300/
R199 O('D) + Cly Cl + ClO 2.1 x 10710 —1
R200 O('D) + HCI Cl+ OH 1.0 x 10710 ~1
R201 O('D) + HCI ClO+H 3.6 x 10711 -1
R202 O(D) + CHFCl; CFCl; + OH 1.9 x 10710 -1
R203 O('D) + CHF,Cl CF3Cl + OH 7.2 x 10711 -1
R204 O('D) + CCly CCls + CIO 2.8 x 10710 -1
R205 O('D) + CFCls CFCl; + CIO 1.4 x 10710 -1
R206 O(*D) + CFyCl, CF2Cl + ClO 1.2 x 10710 -1
R207 O(*D) + CF5Cl CF3 + CIO 6.0 x 10711 -1
R217 O(*D) + CF3CFCl, Cl+4F + ClO 1.0 x 10710 -1
R219 O('D) + COCly 2Cl0 +CO 3.6 x 10710 -1
R220 O('D) + COFCl ClO + FCO 1.9 x 10710 —1
R259 Cl+ 03 ClO + Oy 2.9 x 10711 ¢=260/T
R313 ClO+ 0 Cl + 02 3.0 x 10711 £70/T -1
R315 ClO + O3 OCIO + 04 1.0 x 10712 (—4000/T
R316 ClO + O3 ClO0 + O9 1.4 x 10717 -1
R331 OCIO + O3 ClO + 20, 2.1 x 10712 ¢=4700/T 1
R353 0 + CICO Cl 4 COy 3.0 x 10711 ~1
R358 O + CICO3 Cl+ 03 + COy 1.0 x 1071 —1
R491 O+ CHy CH;3 + OH 1.1 x 10718 =4270/T
R494 O+ H,CO OH +HCO 3.4 x 10711 =1600/T g
RA496 O(*D) + CHy4 CHs + OH 1.1 x 10719 -1
R497 O('D)+ CHy CH30 + H 3.0 x 10711 -1
R498 O(*D)+ CHy4 H»CO + Hy 7.5 x 10712 -1
R532 CH3 + O H,CO+H 1.1 x 10—10 -1
R535 CH; + O3 CH30 + O2 54 x 10712 ¢=220/T g

3

*Units are cm® s~1 for two-body reactions and em® s1 for three-body reactions.

is valid. The chemical destruction rate of ozone is itself dependent upon the ozone
concentration. Thus in order to compute the loss rate without introducing potential
errors related to the ozone deficit problem, the observed ozone concentration in the
parcel should be used. A second order effect is the sensitivity of the radiation field

to the ozone profile, which impacts the abundances of active radical species.

Other species observed by UARS are also assimilated into the model. Although

assimilating H,O, N,O, and CH4 should not have much of an impact as they are inert
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tracers, updating HNO3; and CIONO; might be important as they will affect the

partitioning of the NO, and Cly families.

For long-lived species (H,0, N,O, HNO3, and CHy), the concentrations in the
parcel are updated at each time step in the same manner as the ozone abundance.
Concentrations are found by linear interpolation in time between concentrations taken
from maps made for noon GMT for each day over the period of the trajectory. The
long lived species are not otherwise allowed to vary. Short lived species which have
significant diurnal variations (in this case CIONO;) must be treated differently, as

described below.

Due to the nature of the UARS orbit, any given latitude that UARS passes
over is observed at two local times per day: once during the ascending track, and
once during the descending track. Two CIONOy concentration maps are produced
for each day over the time period of the trajectory; one is made using only ascending
track observations, and one is made from only descending track observations. Each
latitude on each map thus has one specific local time associated with it. Mixing ratios
of CIONO; at the parcel location are assimilated into the model twice per day at the
local times corresponding to the parcel latitude; at one local time the observation is
read off of the map made using only ascending track observations, at the other the

observation is read from the map made from descending track observations.

We update HNO3 at every time step as discussed above. However, modifying
the HNO3 abundance will affect the partitioning of the other NO, species (NO, NO,
and N,Oj5) if the total amount of active nitrogen is to be conserved. Over most of
the day, we allow the model to compute the abundances of these short lived species
using the standard chemistry. The HNOj3 concentration varies slowly enough that the
total NO, abundance does not change appreciably over a day. Then once per day, we

update the partitioning of the short lived species to keep the NO, abundance fixed
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to its initial value. In order to do this, we make two assumptions. The first is that

NO is in photochemical steady state such that the NO/NO, ratio is given by

[NOJ Jy

INOg] Ky [O3] + k2 [CLO]’

where k; is the rate coefficient for the reaction of NO and Oz, and ky is the rate
coefficient for the reaction of NO and ClO (similar expressions have been used by
Brasseur and Solomon 1986, Natarajan et al. 1986, Callis et al. 1986, and Froidevaux
et al. 1989). The second is that the NO3/N,Oj5 ratio remains constant before and
after they are updated. By updating the NOy family in this manner, we only disturb

the diurnal variation of the short lived species once per day.

For Cly, we update CIONO; twice per day according to CLAES observations
as described above. At the same time, we update the HCl and ClO concentrations
by holding the CIO/HCI ratio constant. Then assuming that Cl, = HCl 4 ClO +
CIONO; = constant, we solve for the abundances of HCl and CIO.

5. The February/March 1993 event

Figure 1 shows two vertical profiles of ozone taken from an asynoptic map
generated from MLS observations for noon GMT, March 7, 1993. The dashed line is
inside the low ozone pocket at 254.5° east longitude and 71° north latitude. The solid
line shows the vertical profile of ozone outside the anomaly at 174.5° east longitude
and 71° north latitude. Note that the ozone peak in the anomaly is lower and sharper
than for the ozone peak outside the anomaly and that the ozone in the anomaly is

considerably depleted relative to the ozone outside from about 1-10 millibars.

Figure 2 shows maps of ozone, water, nitrous oxide, and methane at the 840
K level on March 7, 1993. The low ozone anomaly is centered over northern Canada

at approximately 110° west longitude and 65° north latitude. Although the ozone
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Figure 1. Ozone profiles inside (dashed line) and outside the anomaly (solid line) on
March 7, 1993. Both profiles are at 71° north latitude.

abundance in the anomaly is comparable to ozone abundances in the polar vortex
(located over northern Europe), note that the abundances of the tracer species H,O,
N,0, and CH4 are comparable to their tropical values and are quite different from

the abundances observed in the polar vortex.

We have computed the chemical evolution of parcels along several different
trajectories ending at the 740, 840, and 960 K potential temperature levels at the
position of the anomaly (corresponding to 14.7, 10.4, and 7.1 millibars, respectively,
on March 7), and also at the 840 K level outside the anomaly (11.6 millibars) at
the same latitude. We will compare the magnitudes and trends of the observed and

modeled ozone loss rates in parcels leading to the low ozone anomaly as well as for
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MLS OZONE . 7 MAR 1883 MLS HR20 ¥ MAR 1693
840.0 K D0543 B40.0 K . z - D0543
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840.0 K — D0543 8400 K D0543

Figure 2. Maps of ozone, water, nitrous oxide, and methane on March 7, 1993 at the
840 K potential temperature level. Units on contours are ppmv except for N»O,
which is in ppbv.
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parcels with trajectories ending outside the low ozone bubble, where the ozone has

“normal” values with the observed changes in ozone along the computed trajectories.

Trajectories for two groups of 3200 parcels were provided by G. Manney (pri-
vate communication, 1995). The trajectory model was run backwards in time for 22
days, starting at 12 noon GMT on March 7, 1993, and ending on February 14, 1993.
The first group of trajectories was initialized on the 740, 840, and 960 K isentropic
surfaces on a 0.5 by 0.5 degree latitude longitude grid, running from 230 to 279.5
degrees east longitude and 56 to 71.5 degrees north latitude. A second run for air
outside the anomaly, with ozone values more representative of the zonal mean, was
made for the same dates and latitude range, but from 150 to 199.5 east longitudes.

More specific details regarding the trajectories computed for this event are given in

Manney et al. (1995).

We shall consider one particular set of trajectories in detail below and sum-
marize the calculation of ozone losses for the others. Figure 3 shows the calculated
trajectories for three parcels ending inside the anomaly at 254.5 degrees east longi-
tude, 71 degrees north latitude at the 740 K, 840 K, and 960 K potential temperature
levels, and one parcel ending outside the anomaly at 174.5 degrees east longitude and

71 degrees north latitude at the 840 K level.

Uncertainties in the trajectory model are difficult to quantify. These errors
manifest themselves not only by affecting the physical conditions of the parcel (solar
zenith angle, pressure, temperature) but also in the initialization and assimilation
of spatially variable species. As an estimate of the cumulative uncertainty in parcel
position on February 14, 1993, which is the end of the back calculation started on
March 7, 1993, we take the uncertainty in longitude to be 5 degrees, 2.5 degrees in
latitude, and 30 K in potential temperature. We will employ this “uncertainty box”

to estimate the errors in mixing ratios of ozone and other species along the trajectory.
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840 K

External 840K

Figure 3. Four sample trajectories for the February/March 1993 event. Parcels begin on
February 14, 1993 and end on March 7, 1993.

One measure of the validity of the trajectory calculations is the degree of
variability in long lived tracer species. Figure 4 shows the abundances of Oz, CHy,
N,0O, and H;O along the parcel trajectory as a function of time. The error bar for
each point is calculated from both the UARS measurement uncertainty along with

the spatial variability of the gas within the uncertainty box. This is a conservative
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approach since the size of the error box was estimated for the last point of the back
trajectory, which is where the uncertainty in position is largest. The ozone mixing
ratio decreases by 37% over the period of the trajectory while none of the tracers
show such a comparable change, although there is a decreasing trend on the order of
10% in the HyO mixing ratio between days 50 and 55. This may be indicative of some

uncertainty in the trajectory before day 55. We will return to this point shortly.

To initialize the NOy and Cl, partitioning, the latitude, pressure, and solar
longitude are fixed to their values at noon GMT February 14, 1993 for each trajectory.
The mean N,O mixing ratio in the parcel over the trajectory is approximately 120
ppbv. From the relations given in Plumb and Ko (1992), we have initialized the parcel
with 15 ppbv NOy and 2.5 ppbv Cly. The mixing ratios of Oz, No, and O3 are fixed
to their initial values (20.9%, 78.1%, and 9.3 ppmv, respectively). All other species
are computed self-consistently for three weeks of model time such that the members
of the NOy and Cl, families converge to a diurnally varying photochemical steady
state, as shown in Figure 5 for the 840 K anomalous parcel, which is held at 21.9°

north and 6.8 millibars.

Figure 6a shows the observed ozone abundance along the 840 K trajectory
leading to the anomaly. The ozone values have been smoothed by replacing each point
with the average of the point and its two neighbors, keeping the endpoints unchanged.
This makes it easier to see trends in the day-to-day change in the measured ozone. The
second panel compares the day-to-day change in the smoothed ozone with the model
predictions for change in ozone over the period of the trajectory. We estimate the
uncertainty on the observed day-to-day change in the ozone mixing ratio to be on the
order of 0.4 ppmyv; since the precision of the MLS ozone measurements is on the order
of 0.2 ppmv, the uncertainty in the difference between uncorrelated measurements

should be somewhat more than twice this. Note that this uncertainty is in most
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cases larger than the magnitude of the day-to-day change! Nonetheless, there is an
obvious long term trend in the observations, and both the observed and model ozone
changes are systematically negative and of roughly the same magnitude, with the
notable exception of days 50 through 55, where the model ozone loss is greater than
the observed loss. Recall that the water mixing ratio showed a decreasing trend over
this time; this may be an indication that the trajectory was somewhat inaccurate.
The observed overall decrease in ozone is 3.51 ppmv with an estimated uncertainty
of 0.84 ppmv. The integrated model loss is 3.97 ppmv. The third and fourth panels

show the pressure and latitude histories of the parcel, respectively.

Figure 7 is a similar plot for the trajectory leading to the point outside the
anomaly. The ozone mixing ratio remains relatively constant over this time period,
although a gentle oscillation with a period of about a week can be seen. The observed
change in ozone is a slight decrease of 0.05 £ 0.78 ppmv, while the model predicts a
slight increase of 0.03 ppmv. Looking at the giay—to—day changes in ozone, we see that
there is quite good agreement between the model and observations over the last ~ 10
days of the trajectory. Over the first part of the trajectory, the observed changes are
much larger in magnitude than the model predictions. The trajectory calculation is
probably valid since the mixing ratios of tracer species are fairly constant. Although
the disagreement between model and observation is within the 0.4 ppmv error bar,
the observed day-to-day changes seem to be a real feature. The discrepancy may be
due to an error in the initialization of NOy and Cly partitioning in the parcel. Recall
that the initialization was determined based on the assumption that the parcel is in
photochemical equilibrium for the initial latitude. It is possible that this particular

parcel was not held at the original latitude long enough to come to steady state.

Figure 8 shows the model results at the 740 K potential temperature level

within the anomaly. Note the large drop in the observed ozone over the first few days
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of the trajectory. This leads us to suspect that the trajectory may be in error for
this time period. Looking at the evolution of the long lived tracers for this parcel
(Figure 9), we note considerable variability over the first ten days of the trajectory.
Thus this particular trajectory probably does not describe the true motion of this
parcel, at least before day 55. Over the last ten days or so, the model is in better
agreement up to the last day. However, it must still be noted that both the model and
observed changes in ozone are small (~ 0.1 ppmv) compared to the uncertainty on the
model day-to-day change (0.4 ppmv). If we ignore the first ten days of the trajectory,
the observed change in ozone is -1.0 ppmv and the model prediction is -0.92 ppmv.
This agreement is somewhat misleading, since half of the observed decrease occurs on
the last day, while the model day-to-day decreases are relatively consistent with one

another.

Finally, Figure 10 summarizes the history of the parcel ending within the
anomaly at the 960 K potential temperature level. Note in the second panel that
the model ozone losses are consistently much greater than the observations would
indicate. In fact, the integrated model loss of ozone is 12 ppmv, greater than the
initial abundance! This unphysical result occurs because the computed loss rates
are based upon the observed ozone mixing ratio, which is independent of the model
calculations. However, the model predictions for the day-to-day changes come into
much better agreement near the end of the trajectory, as the parcel descends to around
7 millibars. This is interesting because the ozone deficit generally manifests itself in
photochemical models at altitudes above about 6 millibars. This parcel appears to
move from an altitude where there is an ozone deficit to one where there is not, and

this is reflected in the second panel.

The results we have presented thus far do show a qualitatively interesting

point, namely that the ozone deficit issue still appears to exist above about 7 mil-
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Figure 10. As Figure 6, but for the parcel ending at 960 K within the anomaly. The
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Figure 11. Scatter plot of average model vs. observed daily changes in ozone over the
period of the trajectory. The solid line indicates exact agreement between model
and observation. The symbols 7, 8, 9, or e indicate parcels ending at the 740,
840, 960, or external 840 K levels, respectively. The error bars extend out to one
sample standard deviation in each direction.

libars altitude, and the model appears to predict reasonable changes in ozone below
this altitude. However, as we have seen for all of the cases shown above, it is danger- ‘
ous to draw quantitative conclusions from any one model run since there are many
uncertainties. For example, individual trajectories may not properly describe the true
air motion, particularly near the end of the back trajectory (day 45), or the initial-
ization of species in the parcel may be wrong. Thus we must consider results along

many different trajectories in order to minimize errors in individual cases.

We have run the chemistry along six trajectories in each of the 740, 840, 960,

and external 840 K groups for the February/March 1993 event. Figure 11 is a plot of
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the predicted daily change in ozone against the observed daily change in ozone in each
group for each of the 22 days over the trajectory period. Each group of trajectories
has (6 trajectories) * (22 points/trajectory) = 132 points in it. We have plotted the
average of the day-to-day changes for each group along with the sample standard
deviation. Note that the predicted ozone decreases for parcels ending at 960 K are
all much greater than the observed losses. The model also tends to overpredict ozone
losses for the parcels which ended at the 840 K level outside the anomaly, but not
to the severe degree shown for the 960 K parcels. Again, this is a relatively small
sample size and more cases should be run before quantitative conclusions may be
drawn. However, it does appear that the model consistently overpredicts ozone loss
rates above the 840 K potential temperature level, or about 10 millibars in the polar

regions.

6. Influence of vertical and latitudinal motion on ozone loss rates

A trajectory has three components, motion in longitude, motion in latitude,
and motion in pressure. Since the motion in longitude is small over the course of
a day, motion in latitude and pressure have a much larger impact on changing the
radiation field, which in turn drives the processes which produce and destroy ozone.
We have seen from the 960 K runs in the previous section that the pressure at which
the parcel is located potentially has a large effect on the computed ozone loss rate.
Thus it is worthwhile to distinguish the effects of motion in pressure and latitude on

the loss rate of ozone.

We have performed a series of numerical experiments where we examine the
effects of individually varying the pressure and latitude over the trajectory shown
in the last section for the parcel ending at the 840 K level within the anomaly. In

each model run, we either allow the pressure and/or latitude to vary according to
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the computed trajectory (shown in Figures 6¢ and 6d), or fix them to their initial
values (6.82 millibars and 21.9° north, respectively). In these calculations we allow
the model to compute the abundances of all species, including ozone, self-consistently.
Since these are ficticious trajectories, it is not appropriate to assimilate measurements
from the actual trajectory. The initialization is the same as in the previous section.
The computed ozone mixing ratios and total change in ozone for each case are shown
in Figure 12.

We see that allowing the pressure to vary over the range traversed by the
parcel produces a negligible change in the ozone mixing ratio from the cases where the
pressure is held fixed. However, allowing the latitude to vary produces a large change
in ozone, comparable to the observed change along the actual trajectory. In each case,
the mixing ratio of ozone in the parcel relaxes towards a photochemical equilibrium
value, where production equals loss. This photochemical equilibrium value is to first
order a function of latitude, with lower ozone abundances closer to the pole. This is
due to the lower solar insolation, and hence lower oxygen photolysis, nearer the pole.
In cases (a) and (b), where the latitude is fixed at 21.9°, the equilibrium value of ozone
is about 8 ppmv. In cases (c) and (d), where the parcel rapidly moves northward and

stays poleward of 60° for most of the last ten days, the equilibrium value is around 4
ppmv.

Figure 13 shows the calculated production and loss for each case. Notice that
in all cases both production and loss at the beginning of the run, when the parcel is
at low latitudes. In cases (c) and (d), production drops rapidly as the parcel moves
to higher latitudes. The loss rate lags behind since it is to first order dependent upon

the ozone concentration. The result is a net loss of ozone.

Thus if motion to high latitudes is the cause of the low ozone anomaly, why

does air outside the anomaly at the same latitude have higher ozone mixing ratios?
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Figure 14. Production (solid line) and loss (dashed line) of odd oxygen for the two 840
K parcels: (a) parcel ending inside the anomaly, and (b) parcel ending outside.
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Consider the two parcels ending at 840 K inside and outside the anomaly. From
Figures 6 and 7, the parcels follow similar pressure paths, but very different latitude
paths, although the final latitude is 71° north in each case. In particular, the parcel
ending outside the anomaly swings between mid and high latitudes with a period of
about a week. Figure 14 shows the computed production and loss for each of these two
parcels. In each case, the production of odd oxygen is anti-correlated with proximity
to the pole. The production and loss of odd oxygen for the parcel ending inside the
anomaly are very similar to those shown in Figures 13¢ and d. The behavior of the
production and loss for the parcel ending outside the anomaly is quite different from
any of the cases we have considered thus far. When the parcel is at low latitudes,
there is a slight net production of odd oxygen as the ozone concentration in the parcel
is below the low latitude equilibrium value. Conversely, at high latitudes, there is a
net loss of ozone. Since the parcel rapidly moves between these two regions, its ozone
mixing ratio reflects a balance between the average production and loss over periods
comparable to the lifetime of ozone, which is about 10 days at 35 km altitude (Ko et
al. 1989).

7. The December 1992 event

A similar low ozone anomaly was seen in December 1992, although the latitude
of formation was not as near the pole; the center of the anomaly was located at about
45° north as opposed to about 65° north latitude for the February/March 1993 event.
Figure 15 shows observed vertical profiles of ozone inside the anomaly (179.5° east, 48°
north) and outside the anomaly (234.5° east, 48° north) on December 24, 1992. Again,
the ozone at the position of the anomaly has a low, sharp peak, and is considerably

depleted relative to the external profile at the 10 millibar level.

The ozone loss rates along three trajectories both inside and outside the
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Figure 15. Ozone profiles inside (dashed line) and outside the anomaly (solid line) on
December 24, 1992. Both profiles are at 48° north latitude.

anomaly were computed. Again, we follow trajectories ending at the 740, 840, and
960 K potential temperature levels within the anomaly (corresponding to 15.0, 10.6,
and 7.0 millibars, respectively, on December 24) and one set of trajectories ending at .
the 840 K potential temperature level outside the anomaly (10.6 millibars). Figure 16
shows the calculated trajectories for three parcels ending inside the anomaly at 179.5°
east longitude and 48° north latitude, and one parcel ending outside the anomaly at
234.5° east longitude, 48° north latitude at the 840 K level. The trajectories for this
event are different than for the February/March 1993 event since although the air
parcels reach latitudes northward of 60°, they are rapidly transported southward and

stay close to 45° north latitude for the last week or so.
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Figure 16. Four sample trajectories for the December 1992 event. Parcels begin on
December 3, 1992 and end on December 24, 1992.

Figure 17 summarizes the comparison between the observed daily changes in
ozone with the model changes similar to Figure 11. Each group of trajectories contains
3*22 = 66 points. Again, the model prediction for the day-to-day ozone loss is far
greater than the observations for parcels ending at the 960 K potential temperature

level, although the discrepancy is not as great as for the February/March 1993 case.
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Figure 17. Scatter plot of average model vs. observed daily changes in ozone over the
period of the trajectory. The solid line indicates exact agreement between model
and observation. The symbols 7, 8, 9, or e indicate parcels ending at the 740,
840, 960, or external 840 K levels, respectively. The error bars extend out to one
sample standard deviation in each direction.

This may be because this anomaly occurred close to the winter solstice. Although
the final latitude is south of the latitude of the February/March anomaly, the solar
insolation was smaller, hence leading to smaller values for both production and loss
of odd oxygen. Thus the computed ozone deficit (loss minus production) is also
smaller. Furthermore, the ozone mixing ratios in the anomaly over the period of the
trajectory were lower than for the February/March 1993 event (Manney et al. 1995),

which would also lead to smaller loss rates.
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8. Conclusions

We have investigated the evolution of parcels of air along trajectories com-
puted by Manney et al. (1995) leading to pockets of extra-vorticial, ozone poor
air in the middle stratosphere in February/March 1993 and December 1992. These
pockets of air occur in an altitude region where both dynamics and chemistry are
important contributors to the ozone budget. In order to separate the dynamical and
chemical sources of ozone in this altitude region, we use a Lagrangian photochemical
model. Observations of trace species from the Microwave Limb Sounder (MLS) and
the Cryogenic Limb Array Etalon Spectrometer (CLAES) aboard the Upper Atmo-
sphere Research Satellite (UARS) were incorporated into the model to better define

the species which are important in determining ozone loss.

We consider four groups of trajectories in each event; three end at the lon-
gitude and latitude of the low ozone anomaly at the 740, 840, and 960 K potential
temperature levels, and the last ends at the latitude of the anomaly at the 840 K
potential temperature level but at a different longitude, where the ozone mixing ratio
is more representative of the zonal mean. We have modeled the chemical evolution
of six distinct parcels in each group for February/March 1993, and three parcels in

each group for December 1992.

Trajectory calculations for the two sample cases indicate that the air in the
low ozone pockets originated in the tropics, where ozone values are high. These
parcels of air rapidly move northward and are held at high northern latitudes for
extended periods of time. Since the photolysis rate of oxygen at high latitudes in
winter is small, the ozone mixing ratio falls to low values in order for the loss rate to
balance the production of odd oxygen. Air outside of these pockets and the vortex
typically swings back and forth between mid and high latitudes such that the average

production rate of odd oxygen is high relative to air in the low ozone bubble. Thus
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the steady-state ozone mixing ratio for this “normal” air is higher than the mixing
ratios found in the vortex and the low ozone anomalies. These findings agree with

the conclusions of Morris et al. (1995).

The results are qualitatively similar for each event. We find that the photo-
chemical model consistently overestimates the loss rate for ozone at pressures less
than about 7 millibars. This is a region of the atmosphere where models have histor-
ically overpredicted ozone loss rates relative to production (the “ozone deficit”). The
model prediction for ozone loss is in much better agreement with the observations at
pressures above 10 millibars. If the trajectories we follow are valid, this indicates that
current photochemical models may not account for some process which operates at
higher altitudes that produces odd oxygen (or conversely, destroys it less efficiently)

that does not operate at lower altitudes.
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