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The vertical distribution of ozone in the atmosphere of Mars is computed from ultraviolet
spectra obtained by the Mariner 9 spacecraft. In the Northern Hemisphere the ozone scale
height is much smaller than the atmospheric scale height in midlatitudes and increases rapidly
to a maximum farther north. At high latitudes (above 60°) there is no significant difference
between the scale heights of ozone in the Northern (winter) Hemisphere and the Southern
(summer) Hemisphere. Comparison of the ozone distribution with atmospheric temperature
structure indicates that at some locations in the North, the density of water vapor increases
with altitude, and the time for vertical mixing is about 3 days or more.

INTRODUCTION

Ozone was discovered on Mars by the
ultraviolet spectrometer on Mariner 7
(Barth and Hord, 1971). About 10 up-atm
(1 p-atm is a column abundance of 2.689
X 10** molecules c¢m~2%) of ozone was
detected over the South Polar Cap during
early spring in that hemisphere. From these
observations it was not possible to ascertain
whether ozone was an atmospheric con-
stituent, was adsorbed on solid carbon
dioxide lying on the surface, or was
adsorbed on finely divided carbon dioxide
crystals suspended in the planetary atmo-
sphere (Broida et al., 1970).

Extensive investigations of the variations
of ozone with season and latitude were
accomplished with the Mariner 9 space-
craft, which provided observations of the
planet for nearly half a Martian year.
Asymmetries in ozone observations between
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North and South polar caps indicated that
ozone is an atmospheric constituent (Lane
et al., 1973). The seasonal wvariations,
described by Barth et al. (1973), were as
follows. In early summer no ozone was seen.
Ozone appeared in late summer and early
fall over the polar cap and in association
with the polar hood. By the end of summer,
ozone amounts had increased from below
the detectable limit of 3 u-atm to more than
10 p-atm. As the season progressed, ozone
continued to increase, reaching a maxi-
mum from latitude 45° poleward during
midwinter. In the North the maximum
observed was 60 p-atm; in the South the
maximum was at least 30 w-atm. Ozone
amounts then began to decrease slowly,
disappearing below the detectable limit in
early summer.

INSTRUMENT

The ultraviolet spectrometer has been
described in detail elsewhere (Hord et al.,
1970). The instrument scanned from 2100
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VERTICAL PROFILE OF OZONE ON MARS

to 3500 A in one of its two spectral
channels every 3 sec with a spectral
resolution of 15 A. At the mean altitude
of 2300 km, where many of the measure-
ments were made, the effective field of
view projected onto the planetary surface
was approximately 30 by 10 km. Before
analysis each spectrum was filtered to
remove spurious data points, then com-
pared to the solar flux spectrum and shifted
slightly in wavelength in order to com-
pensate for any systematic shift in the
wavelength calibration of the spectrometer.

ATMOSPHERIC MODEL

The atmosphere of Mars is approximated
as plane parallel, although Chapman func-
tions are used to compute slant paths.
The atmosphere is sufficiently thin that
multiple-scattering effects may be neglected
(Hord et al., 1974). By composition the
atmosphere is divided into two species:
ozone, and constituents which are not
ozone, called the continuum. Scattering
by the continuum is assumed to be con-
servative, to follow the Rayleigh phase
law, and to depend on some inverse power
of wavelength. Extinction of radiation by
the continuum is assumed negligible com-
pared to extinction by ozone. Reflection
by the lower boundary is described with an
albedo independent of wavelength.

It is customary to refer to the reflectance
R, of a planet, where

R)\ - 47!’])‘(0)/41'}7)‘, (1)

I,(0) is the scattered radiation intensity,
and «F, is the solar flux, both measured
at the top of the planet’s atmosphere.
The expression for R, appropriate to the
above atmospheric model is
By = Apoexp{ —[78(k; N) + rox(N) M}
wBk; Np()
+——’—/ exp{ —[7t8(k; \)
4# 0

+ rox(t)a(M)JM}dt, (2)
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where A is the surface albedo, po is the
cosine of the solar zenith angle, 7 is the
total optical depth of the continuum at
3050 A, B(k; A\) = #(\)/7(3050 A), 7, is
the total optical depth of ozone at 2550 A,
a(\). = 7,(\)/7,(2550 A), M is the air-
mass factor 1/u + 1/ue, p(Y)/4w is the
phase function for scattering angle ¢, u is
the cosine of the spacecraft viewing angle,
and z(t) is the fraction of the column
abundance of ozone lying above vertical
optical depth coordinate ¢{. Because many
observations were made at large solar
zenith or viewing angles, the reciprocal of
the Chapman function has been used in
place of the cosine for both u and u..
Parameter k describes the wavelength
dependence of the scattering coefficient
and is defined by

B(k; N) = (3050 A/\)*. 3)
MATHEMATICAL METHOD

Mariner 9 investigations of ozone on
Mars have utilized a modeling method
(e.g., Conrath, 1969) in which the distribu-
tion of ozone in the atmosphere is described
with mathematical functions of a few
parameters. In prior studies (e.g., Barth
et al., 1973) ozone was assumed to be mixed
throughout the atmosphere, while scatter-
ing was assumed isotropic (i.e., p(¥) = 1),
and surface reflection was ignored for
spectra obtained over the polar hood. For
a homogeneous atmosphere, z(f) = t. The
geometrical factors u, uo, and M are known,
so that in Eq. (2) reflectance R, is a
function only of the variables 7 and ¥,
which deseribe the continuum, and =,
which describes the ozone distribution.

These three variables were varied in
order to achieve a least-squares fit between
the reflectance data and the reflectance
given by the model in the spectral range
2550 to 3500 A. Data at wavelengths less
than 2550 A were not used because of
their more unfavorable signal-to-noise ratio.
One particular reflectance spectrum from
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Fig. 1. Spectrum for DAS (data acquisition sequence time) 9270775 from orbit 214 (29 February
1972). Solid line is best fit to these data using the homogeneous model, fitted from A = 2552 &

to A = 3493 A.

orbit 214 and the best fit using the homo-
geneous atmosphere model are shown in
Fig. 1. Although this simple model repro-
duces the general shape of the Hartley
absorption band of ozone seen in the data,

it fails to match the details of the feature,
particularly near the absorption maximum.

For the model utilized in the present
study, reflection from the lower boundary
is not neglected, and the angular distribu-
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Fia. 2. Spectrum for DAS 9270775 from orbit 214. Solid line is best fit to these data using
constant scale height model, fitted from A = 2552 & to A = 3493 A.
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Fie. 3. Composite of H,/H, vs latitude. Solid dots represent Northern Hemisphere spectra,

while open dots represent spectra from the Southern Hemisphere.

tion of scattered radiation is assumed to
follow the Rayleigh law. Ozone is assumed
to be distributed with a constant scale
height H, which may be different from the
scale height of the continuum H,. This
model for ozone distribution is based on
the calculated ozone profiles of Davis
(1976), who used the photochemical the-
ories of McElroy and Donahue (1972) and
Parkinson and Hunten (1972). Each of
these computed profiles displays a nearly
constant scale height from the surface to
about 10 or 20 km. About nine-tenths of
the total atmospheric ozone resides below
this level.

There are now five variables: albedo 4
describes the lower boundary, 7 and k&
describe the continuum, and r, and H,/H,
describe the ozone distribution. If the lower
boundary consists of optically thick clouds,
then the model applies to the atmosphere
above the cloud deck. Following Mateer’s
(1965) analysis of the information content
of Umkehr measurements, it has been

shown (Wehrbein, 1977) that there are no
more than four or five independent pieces
of information in the best of the Mariner 9
ultraviolet spectra. Therefore, five variables
cannot be determined in a least-squares
sense. Adapting the method developed by
Twomey (1963, 1965) one finds solutions
for the set of unknown parameters assuming
“preconceived notion” values given by
7 = 0.03, k = 4 (i.e., a clear atmosphere),
4 = 0.0175 (cf. Hord et al., 1974), 7, =
0.25, and H,/H, = 0.5. (The scale height
H, of an isothermal carbon dioxide atmo-
sphere at 200°K is 10 km.) The details
of the mathematical solution are given in
the Appendix. Figure 2 shows the reflec-
tance spectrum displayed in Fig. 1 and
the fit accomplished with this five-param-
eter model.

RESULTS

A total of 103 spectra were analyzed.
Only 22 spectra obtained in the Southern
Hemisphere have been considered, due to
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Fia. 4. Top part of figure is the ozone distribution in the Northern Hemisphere for orbit 202
(23 February 1972). Upper line is the scale height ratio Ho/H. (scale on left). Lower line is the
ozone column abundance in p-atm (scale on right). Bottom part of figure is the temperature
structure of the atmosphere from IRIS data. Heavy line indicates top of inversion layer.

the very small amounts of ozone present
in that hemisphere during the season of
observation (late summer). Two orbits in
the Northern Hemisphere from midlati-
tudes to above 80°N have been investigated
intensively. The development and varia-
tions in ozone distributions for 3 consecu-
tive days in the same locality have also
been investigated. All of the spectra chosen
for study were obtained between orbits
180 and 220, which occurred from 12
February to 3 March 1972. This corre-
sponds to the period a few days before
vernal equinox in the Northern Hemisphere.

Comparison of Northern (Winter) and
Southern (Summer) Hemispheres

Figure 3 shows the values of H,/H,

for a composite of many spectra from
several southern passes compared with a
similar composite of many spectra from
several northern passes. During this season
(southern summer) ozone is rarely detected
as far from the South Pole as southern
midlatitudes, so almost all the southern
spectra lie poleward of 60°S. For the 18
southern spectra south of 61°S, the average
scale height ratio H,/H, is 0.67 with a
standard deviation of 0.20. For the 20
northern spectra north of 61°N, the average
value of H,/H, is 0.57 with a standard
deviation of 0.11. Therefore, there is no
significant difference in scale height ratio
between Northern and Southern Hemi-
spheres in the regions in both hemispheres
where ozone is seen.
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Latitude Dependence tn the Northern
Hemisphere

Ozone column abundance and scale
height are plotted as a function of latitude
along orbit 202 in the upper part of Fig. 4.
The corresponding temperature structure
in the lower part of the figure was con-
structed from Mariner 9 infrared inter-
ferometer spectrometer (IRIS) data (Con-
rath, private communication).

The scale height of the ozone distribution
is small at onset, but increases rapidly to a
maximum at about 51°N. This indicates
that most of the ozone is confined to the
part of the atmosphere below the tempera-
ture inversion layer. From about 50 to
68°N the scale height ratio is relatively
constant at about 0.75. Poleward of 64°,
H,/H, decreases to about 0.4 or 0.5 at 80°.

The ozone column abundance, after
reaching a relative maximum at about
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50°N, declines slightly to a relative mini-
mum between 60 and 64°N. The ozone
amount increases again to an absolute
maximum at about 75°N, then decreases
to 82°N. The smaller amount of ozone in
very high latitudes may resuit from the
lower production rate of odd oxygen in
polar regions due to the greater attenuation
of photodissociating radiation at large
solar zenith angles. Alternatively, this
feature may simply be an artificial result
of the observational method. The air-mass
factors at high latitudes are quite large,
so that even in the far wings of the ozone
absorption band, attenuation by the con-
tinuum will prevent the spectrometer from
“seeing’’ all the way to the surface. Some
ozone in the lower atmosphere may be
hidden from view.

Ozone amounts and scale heights for
orbit 186 are shown in the upper part of
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Fia. 5. Same as Fig. 4 for orbit 186 (15 February 1972).
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F1a. 6. Ozone distribution in the Northern Hemisphere for orbit 212 (28 February 1972). Error
bars represent statistical error only.

Fig. 5. The temperature structure is less ozone along orbit 186 at each corre-
presented in the lower part of the same sponding latitude.

figure. On orbit 186 the lower atmosphere The extremely small scale heights ob-
was warmer than on orbit 202, and there is served at the point of ozone onset reveals
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Fic. 7. Ozone distribution in the Northern Hemisphere for orbit 214 (29 February 1972). Some
error bars are omitted for clarity.
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two significant facts about the atmosphere
at that location. First, vertical mixing in
the lower atmosphere occurs on a time
scale of a few days or more; and second,
more water vapor is present at an altitude
of a few kilometers than at the surface.
These conclusions are reached by the
following arguments. According to the
photochemical theories (McElroy and Don-
ahue, 1972; Parkinson and Hunten, 1972)
the density of ozone is determined by the
local density of odd hydrogen (H, OH,
and HO,). If odd hydrogen were mixed in
the atmosphere, then the ozone distribution
would depend only on the column abun-
dance of water vapor in the atmosphere,
not its vertical distribution. Furthermore,
the ozone profiles of Davis (1976), com-
puted with an eddy diffusion coefficient
corresponding to a mixing time of about
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9 hr, show that the ozone scale height
varies little from the dry cases with
abundant ozone to damper cases with very
little ozone.

The observed ozone distribution at onset
can be explained by postulating larger
amounts of odd hydrogen at an altitude of
a few kilometers than at the surface,
therefore reducing the pool of odd oxygen
(O and O3) at this altitude. This argument
suggests that odd hydrogen is not mixed;
hence, the mixing time is comparable or
longer than the midlatitude odd hydrogen
lifetime of 3 days (Wehrbein, 1977). The
high static stability of the atmosphere
in both these locations is responsible for
the slow vertical mixing.

The higher densities of odd hydrogen a
few kilometers above the surface must
be due to higher water vapor densities at
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F1a. 8. Ozone distribution in the Northern Hemisphere for orbit 216 (1 March 1972). Numbers
in parentheses refer to parts of orbit 216 delineated in Fig. 9. Arrows show direction of spacecraft

motion. Some error bars are omitted for clarity.
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the same altitude. Why the water vapor
density should increase with altitude is
problematical. Perhaps at the top of the
inversion layer there is some entrainment
of warmer, moister air from the layer lying
above it. These cases may represent the
dynamical interactions of two air masses
with different origins and characteristics.

Ozone Variations From Day to Day

The variation in ozone and its correlation
with cloud cover for 3 consecutive days in
the same locality were investigated by
Barth and Dick (1974). They used the
homogeneous model of the atmosphere
described earlier to determine ozone
amounts. In the present work the same data
have been analyzed with the constant
scale height model. The results are shown
in Figs. 6, 7, and 8. The corresponding TV
images are found in Fig. 9.

The ozone scale height displays the same
characteristics of small values at onset, a
midlatitude plateau, and high-latitude de-
crease that were observed on orbits 202 and
186. Between the first and second days,
atmospheric conditions changed consider-
ably. An extensive and complicated system
of wave clouds extended from about 42 to
60°N. Overlying this pattern from 45 to
60°N is a pattern of optically thick clouds
formed by a flow from a different direction.
Copious amounts of ozone are observed at
quite low latitudes, and the maximum of
53 u-atm at 59.5°N is more than 3 times the
maximum of the preceding day.

By orbit 216 the large active wave cloud
seen the previous day has been replaced
by a diffuse cloud field in the far north and
very thin low-level wavelets between 47
and 52°N. The field of view of the space-
craft on this orbit took a complicated route
over the Martian surface traversing several
latitude zones more than once. Three
overlapping sections of this pass are plotted
in Fig. 8. The ozone scale height for the
first and second parts of this path is quite
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consistent. The third part has the same
shape, but at larger values of H,/H,.
Ozone column abundance varies even more
among the three overlapping paths. Exam-
ination of television pictures reveals no
clear differences between these paths.
Apparently, some variation in the atmo-
sphere, not revealed by the cloud cover,
is responsible.

It appears that the extensive cloud
system is related in some way to the
large increase in ozone between the first
and second days. A cold air mass moving
in from the west containing less water
vapor, less odd hydrogen, and consequently
more ozone, could explain both the changes
in cloud morphology and ozone abundance.

By the third day the cold air mass has
passed and atmospheric conditions have
nearly returned to those of 2 days earlier.
However, there appears to be a rather
slow southward drift to the ozone distribu-
tion. The onsets of ozone for the 3 days
were seen at 49, 45, and, finally, 43°N.
The scale height distribution shifts about 1
degree of latitude between the first and
second days, and about 3 to 5 degrees
southward between the second and third
days. This corresponds to a southward
displacement of about 30 to 50 km per day.

DISCUSSION

The distribution of ozone in the Martian
atmosphere depends on atmospheric tem-
perature. The local atmospheric tempera-
ture determines the maximum local water
vapor density, water vapor density sets the
odd hydrogen density, and odd hydrogen
density determines the density of odd
oxygen. In midlatitudes in the spring,
strong atmospheric temperature inversions
are typical and ozone is most abundant in
the cold air near the surface, which is
presumably drier than the warmer air
lying above. Around the poles of either
hemisphere the atmosphere is so cold that
molecular hydrogen, rather than water
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vapor, is the primary source of odd hydro-
gen, and the ozone distribution no longer
depends on the vertical temperature profile.

A comparison of orbits 202 and 186
demonstrates that the ozone distribution
is neither a simple function of latitude nor
a simple function of surface temperature.
Martian weather in midlatitudes during
the spring is characterized by the dynamical
interactions of air masses with different
origins (Briggs and Leovy, 1974), and
consequently different characteristic tem-
peratures, water vapor densities, and odd
hydrogen densities. The amount and distri-
bution of ozone at each locality are deter-
mined by a number of atmospheric con-
ditions.

APPENDIX

For each set of parameters 7, k, 4, 7o,
H,/H, there can be computed a reflectance
spectrum given by

f)\(?y k) A; To Ho/Hs)
= Apoexp{ —[78(k; N) + roa(N) JM}
#8(k; Mp(¥)
+ —_— -
4p
+ rox(Ho/Hs; H)a(N) 1M }dt, (4)

where z(H,/H,; t) = exp{lnt/(H,/H,)}.
Given an actual measured reflectance
spectrum R, we may write

R)\+€X= f)\= fk(iyk)A,ToyHo/Hs)' (5)

The error e, arises from two distinct
sources—the experimental error in the mea-
surement of R,, and the degree by which
the arguments of function f, differ from
the atmospheric parameters of the real

f exp{ —[7tB{k; N)

atmosphere.
Let X, X, ..., X; represent the vari-
ables 7, k, ..., H,/H, normalized to order

1 and write fa(Xy, X, ..., X5) as fi(X).
Let X° be an initial estimate of the values
of the atmospheric parameters. If this
initial estimate is sufficiently close to the
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description of the actual atmosphere, then
Eq. (5) may be linearized about it :

By + o = A(X9

rg

5=t 0X;lx_x0

(X; — X. (6)

Measurements of reflectance are made at
discrete wavelengths. Let R; represent the
values of R, for the ith value of )\, and let
fi represent the value of function fi when
A takes on its ¢th value. Then

Ri+5i=fi(xo)
5 9f;
+ X d

j=1 an X-X°

X; — X,9. (0

With the definitions

rd = R; — fi(X%) + ¢,
A = 3fi/8X;|xx, ®
= X; — X,

Eq. (7) is expressed as

5
r® = 3> Az 9

=1

The standard distribution is introduced
at this point. Let the vector of expected
values be given by X, and define x,° as
X, — X° Then the solution to Eq. (9)
closest, to the standard value X,°is given by

X0 = (A%AS + yI) (A% + vx,%)  (10)

(e.g., Twomey, 1965). The superscript t
denotes transpose, [ is the identity matrix,
and v is a parameter that depends on the
errors in the spectral measurements. Note
that as v diminishes the solution approaches
a least-squares solution independent of the
expected value X,.

The solution for the atmospheric vari-
ables is

X = X0+ x°. (11)

However, this solution is based on elements
of matrix A° that were computed for
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atmospheric variables X°. The solution to-

this nonlinear set of equations is found by
iteration. Let

X = Xn-1 + xn—l’
Ay = 3f:/0X;|x-x",
X, — X~

X, =
and

r = R — £(X"), (12)

where & is implicitly included in R, and
iterate until X»*! — X is sufficiently
small to ensure that X will not change
significantly with further iterations. In
order to extract the most information from
the spectral measurements, the value of ¥
chosen is the smallest value for which the
iteration process converges.
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