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Abstract. The Princeton University Ultravio-
let Spectrometer-Telescope on the NASA Orbiting
Astronomical Observatory Copernicus was used for
stellar occultation measurements of atmospheric
ozone. Two sets of observations of the target
star B8-Cen were carried out om 26 July 1975 and
13-14 June 1976 at wavelengths from 2550% to
31008. After unfolding of the data, ozone den-
sity profiles near the equator within 3 hours of
local midnight were obtained at altitudes from
47 to 114 km. A secondary maximum at 97 km has
been observed in both sets of data. The ozone
density between 47 and 75 km is a factor of 2 to
3 times as large as current models predict. At
the lower boundary, about half the ozone destruc-
tion should be caused by NOy and ClOg. Above 55
km, virtually all loss is due to HOx. These re-
sults suggest an overestimate of HOy and C1lO4
loss processes or a serious underestimate of
the Ox production rate. A minimum in 03 density
near 87 km and a maximum at about 97 km are prob-
ably caused by reactions of 03 with atomic hydro-
gen and maximum nocturnal 03 production near 97
km.

Observation Technique

The stellar occultation technique for measure-
ments of atomic species from satellites has been
used and described by a number of researchers
[Hays and Roble, 1973; Riegler et al., 1976;
Atreya et al., 1976]. In the usual applications
of the occultation method, the line-of-sight to
the star crosses the limb of the earth during a
time interval of approximately 10 to 25 seconds
depending on the satellite orbit and the atmo-
spheric species observed. 1In the observations
to be discussed here, an observing geometry in
which the line-of-sight grazes the earth's limb
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without actually being occulted by the disc is
used, Typical observing times for this approach
are 200-300 seconds.

The orbit of the NASA Orbiting Astronomical
Observatory 0AO-3 Copernicus is nearly circular
with 745 km altitude and 35° inclination. These
orbital parameters are very favorable for occul-
tation measurements since they permit long oc-
cultation times during each orbit, and also re-
liable long-~term predictions of suitable future
occultation times.

The OAO-3 star tracker is programmed to track
on a portion of the light entering the telescope;
another portion is split off to the UV spectrom-
eter, Since the star tracker uses visible light
and the spectrometer senses UV light, refraction
effects and possible guidance problems limit the
range of occultation geometries to tangent alti-
tudes above approximately 47 km.

The star tracker design also restricts occul-
tation measurements to nighttime observations
when the point of minimum tangent altitude (i.e.,
the "tangent point") is within three hours of
local midnight., These restrictions and some
engineering constraints limit applications of the
limb-grazing method from 0AO-3 to one or two ob-~
servations per star per year.

The minimum tangent altitude during each orbit
varied by approximately 10 km per orbit because
of the precession of the ascending node of the
OAO-3 orbit. This means that the observing wave-
length for each orbit had to be selected to opti-
mize absorption by atmospheric ozone, i.e., to
obtain optical depths between 0.03 and 5. This
range of optical depths was chosen so as to mini-
mize the effects of uncertaipties in the back-
ground and unattenuated counting rates. The set
of observations, therefore, consists of a se-
quence of orbits with overlapping altitude ranges
and usually different observing wavelengths be-
tween 25504 and 3100&8. The actual data collec-
tion during each orbit extended over 240 seconds
(limited by the on-board data storage capacity
for the observations discussed here). The 1975
measurements were carried out withip 25 minutes
of local midnight at the tangent point, while
the 1976 measurements extended over the range
from 0100 to 0300 hours local time.
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Figure 1. Line of sight ozone column density

from the 1975 and 1976 stellar occultation mea-
surements of B-Cen. Wavelengths and average
latitudes and longitudes shown in the parenthesis
are for the 1975 observations. Error bars of one
standard deviation length are shown only when the
error exceeds 10%.

Data Analysis

Examples of the data obtained in the 1975
ozone measurements have been presented by Riegler
et al. [1976]. The calculation of column den-
sities from the relative attenuation of the net
stellar flux signal is readily obtained after
compensation for the small effect of Rayleigh
scattering. Since the bandpass of the 0AO-3
Ultraviolet Spectrometer is narrow, typically
0.06-0.084, integration over a finite wavelength
band is not necessary.

For the conversion from optical depth of
column density we have used the ozone abosrption
cross sections tabulated by Ackerman [1971].
According to a review presented by Hudson [1974],
these absorption cross sections can be assumed to
have an absolute accuracy of better than 5%. The
star, R-Cen, was selected as a light source be-
cause previous study had shown its spectrum to
be free of structure in the wavelength range of
interest in our observations. Furthermore, the o
03 absorption cross section as measured with 0.1A
resolution varies smoothly in the wavelength
region surveyed.

Figure 1 shows ozone column densities as a
function of tangent altitude for the July 1975
and June 1976 observations. The relative sta-
tistical uncertainty of the calculated column
densities, which includes uncertainties in the
unattenuated source response and in the instan-
taneous detector background rate is shown only
when it exceeds 10%. As shown in Figure 1, the
various sets of data have been obtained with
different observing wavelengths and at different
times. However, in all data sets the column
densities decrease more or less exponentially
up to about 85 km, but abruptly change in shape
at that altitude, showing a secondary maximum
near 97 km tangent altitude before decreasing
again.

The relation between the line-of-sight column
density and the local ozone density is given by
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the Abel integral which can be readily inverted
analytically. In our computations we have used
two approaches: quadratic or exponential local
fits to the column density profile [cf., Roble
and Hays, 1972], and a numerical iterative pro-
cedure [Wasser, 1975]. The former method intro-
duces local smoothing which depends on the num-
ber of data points used. The latter method can,
with certain sets of input data, result in non-
physical density profile features. At altitudes
below approximately 85 km, a simple Chapman-
factor conversion may also be used as a verifi-
cation of the more elaborate Abel integral in-
version technique.

Calculations with the above-mentioned inver-
sion methods yield comparable results for the
ozone density profiles which reflect the spread
in the column density profiles given in Figure 1.
Figure 2 shows the range of resulting ozone den-
sity profiles. The statistical accuracy of the
data and the systematic accuracy of the numeri-
cal inversion method for the majority of data
below 100 km is such that the density is reli-
able to within + 5% and the altitude to + 0.5
km. The range of ozone densities shown in
Figure 2 reflects variations from orbit to orbit
as functions of time and geographic location
near the equator. The densities can then be
compared with average theoretical predictions.

Model Calculations

The model 03 density profile plotted in Figure
2 was obtained with a diurnal model assuming cur-
rently accepted rate constants [Hampson et al.,
1977; Margitan, 19771, such as, for example

2 > H20 + 0

- OH+ 0

OH + HO k=2x 10" tem’s™! (1)

2’
k

0 + HO 3 x 107 temds? (2)

2 2°
The Cly volume mixing ratio was assumed to be

2.1 ppb and a tropical model atmosphere was
adopted containing 20% more 09 than the midlati-
tudes spring and fall model [U.S. Standard Atmo-
sphere Supplements, 1966]. In Figure 3, the Oy
loss rates per day due to dominant processes be-
tween 40 and 80 km are plotted.

We divide our discussion into two parts, be-
low 75 km and above it. Below about 75 km the
experimental O3 densities are higher than those
in the model by a factor of 2 to 3. This is
disturbing, since the dominant sink for Oy
(05 +0 + 0(!D)) above 55 km is catalytic removal
by OH, HO2, and H while the ClO, and NOy cycles
should become almost equally effective as the HOyx
cycles at 47 km. Throughout the entire altitude
regime below 75 km, photochemistry should domi-
nate transport phenomena in determining Ox den-
sities. This discrepancy between theory and ob-
servation extends into a region where ClOy4 and
NO; destruction of 0, becomes as important as
HOy destruction. If the 03 data are accepted as
valid, either the HOy and some combination of the
Cl0y and NOx loss processes are all fortuitously
overestimated or the Oy production rate is under-
estimated.

Above 75 km we have used the recently measured
[Clyne, 1974] temperature dependence rate for the
réaction




Riegler et al.:

MERRRALL T T Trrr

T T

1o s

100

-~ * ("3
(=] o o

ALTITUDE (km)

2

o
(=]

40 sl ol el eaaaaal
107 10® 10° 0'° 10" ok
OZONE NUMBER DENSITY (cnr3)

Figure 2. Ozone density profile deduced from the
1976 observations. The shaded area shows the
spread in the ozone densities from orbit to
orbit. Theoretical model calculation results are
shown by the dashed line.

I-1+03->0H+02 (3)
of 1.23 x 10719 exp(-562/T). At 180°K the rate
of this reaction is a factor of 5 smaller than
the value of 2.6 x 10~!! [Hampson et al., 1973]
used in an analysis of 03 data previously pub-
lished [Riegler et al., 1976]. Since reaction
(3) is the domiInant loss process for Og above
80 km at night, the result is an 03 bulge above
90 km. The agreement between the model and ob-
served profiles above 80 km is qualitatively
good, but an altitude discrepancy of about 5 km
exists and this we do not understand.

In fact, the discrepancy between model and
observed 03 densities would effectively dis-
appear at all altitudes if the observed profiles
could be shifted downward about 5 km, or atmo-
spheric density increased by about a factor of 2
in the model calculations., Given the geometry
of the occultation exercises and the fact that a

5 km error in altitude of the tangent ray height
would entail about a 30 sec error in timing and
no more than a 2 sec error is expected, we have
abandoned this explanation of the discrepancy
after a painstaking study of the tracking data.
The possible time uncertainty of 2 sec corre-
sponds to an uncertainty in the instantaneous
tangent altitude of less than 0.5 km for the low-
est altitude data points of each orbit, and less
than 1 km for the highest altitude data points.
Moreover, a factor of 2 increase in the 0; den-
s;ty in the homosphere appears unlikely. An
equatorial radius of 6378.15 km was used in the
data reduction.

The 03 densities determined in our occultation
studies agree well with those measured by
Hilsenrath [1974] below 67 km near the equator
in a rocket-borne chemiluminescent experiment.
They disagree seriously with the data of Hays
and Roble [1973] obtained from stellar occulta-
tion studies using OAO-2. The geometry of this
observation did not permit the long integration
time available using the limb grazing technique.
The structure in the high-altitude 03 profile
has been deduced previously by Evans and
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Llewellyn [1970] who analyzed 02(*A) and 02{'Z)
airglow data obtained in sounding rocket experi-~
ments in terms of O3 photolysis. Noxon [1975]
deduced similar nighttime ozone profiles above
80 km by observing the twilight enhancement in
0o(1I) airglow emission. Quantitatively the
Noxon 03 values, which are somewhat indirectly
inferred and are obtained at high latitudes are
lower than those re?orted here. The equatorial
observations of 03( Ag) emission by Han et al.
[1973] present a more difficult problem of recon-
ciliation since their 1.27 um emission peak oc-
curred at 80 + 5 km. Mass spectrometer measure-
ments of ozone between 90 and 110 km by Trinks
[1975] have large experimental uncertainties and
show no resemblance to the results presented in
this paper.

We conclude that there is a serious problem
reconciling photochemical models and observed
nocturnal 03 density profiles in the mesosphere.
(There is no reason to expect other models to
differ significantly from the one we deduce
here)., We note that a threefold increase in O3
(or Og¢) densities above 55 km due to a decrease
in the HO, catalyzed Oy recombination rates would
require a factor of three decrease in HOyx den-
sities. This would call for a factor of about
30 decrease in H90 and H; in the mesosphere be-
cause HOy; density is proportional to the square
root of products of Hy0 + Hy and O('D). 1If the
high O3 densities reported here are characteris-
tic of the tropics alone a conceivable but ex-
tremely unlikely explanation for such low tropi-
cal mesospheric HOyx densities would involve a
very large flux of sources such as CH,, Hy0, Hp
from the tropical stratosphere. In analyzing
the behavior of 03 above the mesopause it may be
useful to keep in mind the evidence obtained by
0GO-VI airglow observations that the eddy diffu-
sion coefficient near 100 km at tropical lati-
tudes may be considerably enhanced compared to
its value at higher latitudes [Donahue and
Carignan, 1976]. Obviously the discrepancy un-
covered here would disappear if the ozone absorp-
tion cross section were larger by a factor of 2
to 3 than the presently accepted value.
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