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Abstract. We present ozone volume mixing ratio profiles
obtained by the ORA instrument during the period Aug
1992-Apr 1993. They have been retrieved by applying a
specific inversion algorithm to a radiometric UV channel
contaminated by Rayleigh scattering. The results compare
reasonably well with other instruments up to the mesopause
and are probably the first extended ozone data in the lower
thermosphere (90-110 km).

1. Introduction

The Occultation RAdiometer (ORA), a simple UV-visible
instrument for atmospheric remote sensing by the solar oc-
cultation method, has been developed by the Belgian In-
stitute for Space Aeronomy. It was launched in July 1992
on board the EUropean REtrievable CArrier for a one year
mission. The instrument was dedicated to the measurement
of stratospheric vertical profiles of O3, NO2, H>,O number
densities as well as the extinction coefficient of aerosols by
using 8 broadband channels ranging from 260 nm to 1013
nm.

ORA recorded about 7000 orbital sunsets and sunrises
through the Earth’s atmosphere from an altitude of about
500 km. The geolocations of the tangent points lie between
40° S and 40° N due to the low-orbit inclination (28°). In
previous publications [Fussen et al., 1997, 1998], we pre-
sented the results obtained by the application of a dedicated
inversion method. Indeed, the instrument has a large field
of view (£2°) suggesting a apparent coarse vertical resolu-
tion (~ 20 km) determined by the Sun’s angular size itself.
However, this fact is balanced by the quality of the trans-
mittance signal that has a very large signal-to-noise ratio
only limited by the digitization (16 bits).

A specific channel was devoted to the study of meso-
spheric ozone profiles by using the important absorption
near the maximum of the Hartley band (260 nm). Unfor-
tunately, this channel was known to be defective before the
flight due to a small parasitic transmission window at about
340 nm enhanced by the stronger solar irradiance in that
domain. Indeed, the observed transmittance signal turned
out to be strongly structured, reflecting the competition be-
tween ozone absorption and Rayleigh scattering.

We present the specific retrieving algorithm for this chan-
nel and a first analysis of the obtained ozone fields from the
stratosphere up to the lower thermosphere.
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2. Inversion algorithm

A schematic view of the occultation geometry is pre-
sented in Fig. 1. The mean tangent altitude hy is defined
by the straight line joining the satellite and the center of
the Sun, assuming that refraction may be neglected above
ho ~ 30 km. The Earth’s radius R is determined by the
sphere tangent to the geoid. The detector records the light
emitted by the whole solar disk having an angular size of
about 9.3 mrad. This corresponds to a vertical domain of
22 km for the observed atmospheric region at ho = 80 km.

The transmittance , defined as the ratio of the occultation
signal to the signal measured outside the atmosphere, may
be written as

Az s
T(ho) = [\ / F(A)G(a, A) exp(—7(a, A)) dadX (1)

where the integral over A covers the nominal spectral range
in the Hartley band as well as the parasite spectral win-
dow up to 360 nm. The filter function F()) contains all the
spectral information related with the nominal filter trans-
mittance, the detector sensitivity and the solar irradiance.
A second integration runs over the angular domain [a3, o]
defining the apparent Sun that is discretized into horizontal
slices (a number of 10 slices was found to be a good trade-off
between computing time and accuracy). Each slice observed
under an angle & can be associated to a tangent height h(a)
given by

R2 — (ho + R)2 + (ho + R) 3
v/ 1+ tan(a)?

The contribution of each slice is weighted by an intensity dis-
tribution function G(a, A} across the solar disk that takes
into account the relative surface of the slice and the so-
lar limb darkening function [Allen, 1985]. According to
Bouguer’s law, all rays emitted from a particular slice are
exponentially attenuated with respect to the slant path op-
tical thickness 7(a, A) obtained as a third integration along
the optical path of the total extinction coefficient 8(z, A):

h(a) = R (2

T(a,A) = / ’ B(z(s),A) ds (3)

The s; and s values define the entrance and exit points in
the Earth’s atmosphere and the local altitude z is related to
the optical path length element s by

z=1+/s2+ (h(a) + R)2 - R (4)
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Figure 1. Geometry of a solar occultation

Although a very accurate knowledge of F()) is usually
not critical in an occultation experiment where a monochro-
matic transmittance is measured (with respect to the inten-
sity recorded outside the atmosphere), this was not the case
here where both Rayleigh scattering and ozone absorption
may interfere (see Fig. 2).

Some tentatives to re-construct F()) from pre-flight or
post-flight instrument characteristics and published solar
irradiance values [Kurucz et al., 1984] were not satisfac-
tory mainly because the temporal evolution of photodiode
characteristics was not accurately known. Furthermore,
the degradation of the optics was not a linear function of
the mission elapsed time. Therefore, we decided to adopt
a heuristic procedure where we modelized F(A) as a bi-
gaussian function

A— C2
[:]

FO) = e op(~(C=2)) +cron(~(2 22 (9)
From inspection of the signal, it is clear that the major inter-
ference between air and ozone takes place in the [30 — 70 km]
altitude range. For each ORA mission elapsed day, we
used US76 [National Oceanic and Atmospheric Organiza-
tion, 1976] standard atmospheric air and ozone profiles to
generate a synthetic transmittance. In this low altitude sub-
range, a non-linear optimization of the set of ¢; {i = 1..6}
was then performed to obtain an accurate fit of one mea-
sured event for each day. The ratio of ozone and air cross
sections is not the same at different wavelengths and this al-
lows the algorithm to converge toward a solution with well
separated centroids. This procedure gives the most probable
filter function with respect to a mean atmosphere and it is
expected that the temporal evolution of the filter character-
istics is smooth, continuous and does not reflect deviations
of true ozone profiles with respect to mean values. In the
[30 — 70 km] altitude range, the filter function optimization
is strongly constrained to reproduce both ozone and air con-
tributions in both spectral regions. It should be noted that
this empirical determination of F(A) remains independent
of the transmittance measured between 70 and 120 km.
The retrieved centroids (cz = 272.5+2.4 nm and ¢cs5 =
342.4+4.3 nm) and widths (ca~ ¢ ~ 5 nm) turned out to
be very stable during the mission (indicating the absence of
wavelength shift) and we present the evolution of ¢;,2 and
ca,5 in Fig. 3. All coefficients have a well correlated temporal
evolution which cannot be attributed to a progressive devi-
ation of ozone with respect to the climatology. Latitudinal
effects appear also to be negligible. The relative importance
of the nominal filter and of the leak (represented by ¢; and
¢4, respectively) showed clearly a strong degradation of the
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former during the mission. This is probably caused by some
opacification of the radiometer optics due to intense UV ra-
diation.

Assuming that the time evolution of the c;(t) is valid for
all events of the same day, the forward model is fully defined
by renormalizing F(A) and G(a, A) by

A :2 /a T F(\G(a, \) dodA = 1 (6)

The total extinction coefficient 3(z, A) can be expressed as
a sum of products of absorption cross sections times the
associated number density profiles as

B(z,A) = 005(7A) n03(2) + TRayteigh(A) nasr(z)  (7)

The temperature dependence of the ozone cross section
[Burrows et al., 1999] in the Huggins band has been con-
sidered. An equivalent cross section was computed by in-
tegrating the temperature dependent cross section over the
optical path and by using climatological temperature pro-
files.

The large angular field of view of ORA is responsible for
an important overlap between two successive measurements
along the orbit, which may cause severe ill-conditioning in
the inversion of T'(ho). Therefore we preferred to develop the
unknown density profiles on a basis of Chebyshev orthogonal
polynomials P;(z) (defined in the range [0 — 150 kml]):

Nog

no,(2) = Tl (2) )  af*Pi(2) ®)

i=0

Nair
nair(2) = M4 (2) Z ai* Pi(z) 9

where a?", a*" are unknown coefficients defining the rela-

tive ozone and air number density profiles (no,(2) , 7 4:,(2)
are standard atmospheric profiles used for a correct scaling
of the problem). The inversion problem can now be solved
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Figure 2. Observed total transmittance signal (full line)
and best fit calculated contributions for ozone (circles) and air
(crosses)
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Figure 3. Temporal evolution of the filter coefficients ¢; and ¢4

by finding the set of {a?s, afi'} coefficients that minimize
the merit function M

J 2
Tm - Te
M= — 10
2 €= (o
where T;,, = Tm(ho(j);a,oo"’, ...a,?,z , e ...a,"\‘,:'w) and T, =

Te(ho(j)) respectively refer to the modelled and experimen-
tal transmittances at J = 81 tangent altitudes (1 km steps
from 30 km to 110 km) during the occultation. The ex-
perimental errors o(ho(j)) were estimated by taking into
account digitization and offset determination errors. The
minimization of M was performed by using a standard
Levenberg-Marquardt algorithm applied to 23 unknowns (
Noy=17, Nair=6).

At the minimum, the error on the solution was estimated
by means of the Jacobian matrix of M [Press et al., 1992] and
quadratically added to errors coming from wavelength and
Sun angular size discretization, temperature dependence of
the ozone cross section, orbital elements and error estima-
tion of the filter function spectral parameters. We also
checked that the solution quality was insensitive to a sup-
plementary optimization of the empirical filter function with
respect to the solution profiles. This proves, a posteriori,
that the use of climatological profiles was accurate enough
for computing the filter function before the vertical inver-
sion.

3. Results and discussion

From the initial 7000 occultations, we rejected all events
where the satellite attitude did not have the required sta-
bility. Further, we stopped the Levenberg-Marquard opti-
mization after 25 iterations in case of slow convergence and
considered the event as not valid. Also, outlier solutions
with respect to a 2-sigma level for any altitude were consid-
ered as unrealistic and rejected. Finally, a data set of 2530
profiles was obtained.

Figure 4 shows the averaged ozone profiles retrieved from
the ORA experiment and the corresponding MLS (compos-
ite of 183 GHz and 205 GHz data), HALOE and SME pro-
files averaged during the period Aug 1992-Apr 1993 between
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40S and 40N. Although the instrumental sensitivity limit is
reached at about 110 km through the digitization error, we
expected the averaged error to be reduced by a factor of
V2530 ~ 50.

In order to check the consistency of the ORA retrieval,
we compared profiles down to 30 km although it was not ex-
pected to obtain a better accuracy with our instrument. At
30 km, an ozone deficit of about 25 % for the ORA profile
can be attributed to the effect of neglecting refraction. Be-
tween 40 and 60 km, ORA seems to exhibit an excedent of
about 10-20% compatible however with the estimated error
bar. This bias is attributed to the imperfect knowledge of
the filter spectral properties and the temperature sensitivity
of the ozone cross section in the Huggins bands.

From 60 to 90 km, considerable differences can be ob-
served between the three instruments at the level of the
mesospheric ozone minimum around 75-78 km. The HALOE
profile reaches a more pronounced minimum while MLS
seems to show signs of exaggerated inclusion of a priori in-
formation above 85 km. We have also included SME data
[Keating et al., 1996] up to about 87 km and these values lie
closer to the ORA data at the ozone minimum.

The presence of the ozone maximum around 90 km is
quite well understood[Allen et al., 1984; Fichtelmann and
Sonnemann, 1989; Sonnemann et al., 1998). It results from
a maximal rate of ozone production reactions:

O+0:+M — O3+ M (11)

due to the opposing gradients of increasing atomic oxygen
and decreasing air density when altitude increases. The aug-
mentation in atomic oxygen is itself strongly regulated by a
loss reaction with OH and hence by the H2O concentration.

The diurnal mesospheric ozone variation is very impor-
tant. Atomic oxygen is converted into a large ozone excess
after sunset which is strongly depleted at sunrise by pho-
todissociation. During the day, a slow recovery of ozone
occurs due to atomic oxygen production subsequent to O2
photodissociation. This is the reason for observing a larger
mesospheric ozone volume mixing ratio at sunset than at
sunrise for a solar occultation experiment. Actually, the
photochemical system of the mesosphere represents a para-
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Figure 4. Intercomparison of ozone volume mixing ratio profiles
obtained by the SME, MLS, HALOE and ORA instruments
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Figure 5. Intercomparison of sunrise/sunset ozone volume mix-
ing ratio profiles for HALOE and ORA

metrically driven photochemical oscillator excited by the di-
urnal solar radiation leading to a resonance regime in the
mesosphere [Sonnemann and Fichtelmann, 1997]. In Fig. 5,
comparing sunrise and sunset events shows a large diurnal
variation effect between 70 and 95 km for ORA and HALOE.
Both instruments have a maximal variation around 83 km
with a variation factor of about 1.8 for ORA and 2.5 for
HALOE. It must be noticed that the retrieval algorithms
(onion peeling for HALOE and the method described above
for ORA) assume a radial atmosphere with no horizontal nor
temporal variations of number densities. This could lead to
a smoothing effect in the ORA profiles because the angu-
lar integration spans different tangent altitudes associated
with different photochemical evolutions of the ozone number
density along the line of sight.

Below 70 km, there is an inversion in the sunset-sunrise
ratio for both instruments. This slight diurnal effect has
been discussed by [Briihl et al., 1996] although no definitive
explanation seems to prevail.

To our knowledge, there do not exist other measurements
(with extended spatial and temporal coverage) of ozone pro-
files above 92 km to be compared with ORA values, except
for those of [Riegler et al., 1977] which seem to suffer from
a possible bias in this altitude range (they report a very
large volume mixing ratio of more than 10 ppm at 100 km
that could only be explained by critical atomic oxygen and
atomic oxygen concentrations).

We conclude that the ORA UV radiometric channel has
produced valuable ozone volume mixing ratio profiles in the
upper atmosphere, despite a serious handicap due to its non-
monochromaticity. In particular, the retrieved profiles agree
satisfactorily with results of HALOE, MLS and SME up to
the mesopause. Above this altitude, ORA probably supplies
the first large dataset of ozone profiles in the lower thermo-
sphere.

In future work, we will investigate the latitudinal and
seasonal ozone variations. Some effort will also be devoted
to the error budget estimation for the retrieval of an inho-
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mogeneously distributed constituent in a solar occultation
experiment. This could require the use of a specific photo-
chemical model.
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