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Abstract. We discuss a realistic forward modelling and retrieval algorithm for temperature
and ozone sounding developed to process data received by the planned Sun Monitor and
Atmospheric Sounder (SMAS) instrument. The SMAS sensor concept employs the solar
occultation technique and is primarily aiming at mesospheric profiles. The SMAS sensor
provides self-calibrating transmission data, which allows the accurate derivation of profiles
of molecular oxygen, molecular nitrogen, atomic oxygen, and ozone and temperature. We
concentrated on data between 180 nm and 250 nm to analyse transmission data for ozone
and temperature profiling. In order to enable a good and fast retrieval algorithm perform-
ance, a detailed view of the absorption behaviour of the solar irradiance in the considered
wavelength region is necessary and will be presented in this work. In particular, some em-
phasis is placed on evaluating different fast forward modelling approximations for the
SMAS channels in the Schumann-Runge bands (180-205 nm). Exemplary retrieval results
for ozone are shown as well.

1 Introduction

Absorptive occultation data bear great capability of providing profiles of atmos-
pheric key quantities like temperature and trace gases such as ozone (e.g., Smith
and Hunten 1990). Absorption of solar radiation at wavelengths from 180 to 250
nm has a substantial impact in the photochemistry of the middle atmosphere. The
SMAS sensor concept uses solar occultation, an active limb sounding technique
with the sun as the source of radiation and satellite photo-detectors as sensors, and
with the Earth’s atmosphere between acting as the absorption “cell”. The SMAS
sensor is mounted aboard a low-Earth-orbiting satellite, and it measures the inten-
sity of the solar light while the sunrays are occulted by the atmospheric limb of the
Earth, either during sunrise (rising occultation event) or sunset (setting occultation
event). The transmission profile (normalised intensity) thus obtained contains in-
formation about the combined limb path column density of all absorbing species.

The SMAS ultraviolet (UV) occultation sensor uses the middle and extreme
UV wavelength region. This implies that SMAS aims at exploiting the interaction
of the middle and upper atmosphere with the incoming solar radiation; in this
study the focus is on the mesosphere, where attenuation due to absorption by mo-
lecular oxygen and ozone is exploited.
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The intensity of the solar radiation passing the Earth’s atmosphere is given by
the combined attenuation of all absorbing species along the ray path and can be
basically determined using the Beer-Bouguer-Lambert’s law, at each frequency v,
as

T :::Eg:exp(— 'efzni(s)aiv(sms} @)

The transmission T, at any given wavelength is a ratio of the solar radiation in-
tensity measured in the atmosphere, 1,(z) (z, ray tangent height), relative to the so-
lar intensity above the atmosphere, 1,(0) (in practice measured at a height of ~120
km in case of SMAS). While the satellite is moving in its orbit, the occultation
rays dive deeper and deeper into the atmosphere (given a setting event as exam-
ple) and the signal intensity gradually decreases. The integral is carried out along
the ray path s, which is slightly refracted for altitudes up to ~75 km, above which
refraction and thus bending of the rays is negligible. The number densities n; and
the cross sections o, are associated with the primary mesospheric absorbers mo-
lecular oxygen (O,) and ozone, which largely determine the transmission seen by
the SMAS sensor.

Furthermore, a (small) term for Rayleigh scattering is included but the term for
aerosol extinction can be neglected. In this basic work the small nitric oxide pho-
todissociation structures near 191 nm and 183 nm (see, e.g., Minschwaner and
Starke 2000), constituting the primary mechanism for NO, removal in the middle
atmosphere, are disregarded but might be accounted for in a future refinement.

sun |

2 Channel Selection

Based on a sensor analysis for the SMAS sensor concept, the radiometric channels
of the instrument are selected as summarised in the Table 1 below. The examina-
tion of the radiative interaction properties due to the Earth’s atmosphere suggests a
natural range in the wavelength region less than 250 nm. For the mesospheric
heights of interest from 50 to 100 km, the relevant spectral features for O, are the
Schumann-Runge (SR) bands and the Herzberg continuum, for ozone it is the
lower edge of the Hartley band.

Figure 1 shows the optical thickness of the absorbing species in the UV region
between 175 and 250 nm at an tangent height of 60 km. The O, density used here
was calculated from the CIRA-86 model (March, 40 deg N) and the ozone density
was based on AFGL-TR-86 data (standard mid-Ilatitude profile).

As Table 1 indicates, the core channels for temperature and ozone retrieval are
the SMAS channels 7 to 14. The baseline width of these channels is 5 nm and the
spectral locations of and distances between the channels are defined such that, in
terms of transmission sensitivity, complete coverage of the mesospheric height
domain is ensured (Rieder and Kirchengast 2001; see also Sect. 3).
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(’\:‘r&an:hn:: Wg\?g::‘:}eglth i?lra;rd?;tiigoi; Main solar emission Atmospheric specieiiion;ervening in occulta-
1 (EUV) 1-10 Corona Nz, Oz, O
2 (EUV) 17-25 Corona Fe X -Fe Xll Nz, O
3 (EuV) 29-35 Transition region He 11 (30.4 nm) Nz, O
4 (EUV) 50 -65 Chromosphere He I (58.4 nm) Nz, O
5 (EUV) 70-90 Transition region oln-oliv Nz, O
6 (EUV) 110-130 Chromosphere H 1(121.6 nm) 0,
7 (MUV) 184+2.5 Photosphere Continuum 0O,
8 (MUV) 190+2.5 Photosphere Continuum (7}
9 (MUV) 195+2.5 Photosphere Continuum O, 03
10 (MUV) 200+2.5 Photosphere Continuum 0Oz 03
11 (MUV) 205+2.5 Photosphere Continuum 03, 0,
12 (MUV) 210+2.5 Photosphere Continuum 03 0,
13 (MUV) 224425 Photosphere Continuum Os
14 (MUV) 246+2.5 Photosphere Continuum O3
15 (VIS) 300-700 Photosphere Continuum Air

Table 1. Channel selection for the SMAS sensor concept. The MUV channels of interest in
this study are highlighted (SMAS channels 7 to 14).
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Fig. 1. Optical thickness of molecular oxygen, ozone, and of both together at 60 km height.
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3 SMAS Transmission

The transmission for any given individual measurement can be modelled as

Tt)=[ [ [Tam (A0, HW (2 - 29)W, WdAduwdt )
AtAv AL

where the transmission profile is sampled as a function of time t;. By geometry,
each sampling time corresponds to a specific tangent height. The basic sampling
rate in case of the SMAS sensor is 10 Hz and corresponds to a vertical sampling of
about 200 m. The integral is carried out over a wavelength band A\, properly cov-
ering the spectral width of each channel, the vertical field-of-view Av, and the
measurement integration time per sample, At. The SMAS field-of-view is pointing
to sun centre and designed 1/30 deg wide, corresponding to ~2km vertical resolu-
tion. This limited field-of-view covering only an equatorial fraction of the solar
disk (< 20 deg band) is useful, since the full solar disk would otherwise illuminate
at any given time a height range of 25-30 km extend, severely complicating the re-
trieval of atmospheric profiles (Lumpe et al 1991). The channel shape function
W(A-4o) is modelled as (normalized) Gaussian function with a half-width of 2.5
nm. Furthermore, two simple boxcar functions are used, W=1/4v (4v = 1/30 deg)
and W=1/4t (4t = 0.1 sec), for properly limiting the field-of-view and time inte-
gration domains.

For given geometry and time t;, the atmospheric transmission field Tm(4,0,t)
can be sampled as function of wavelength, field-of-view, and time, and then inte-
grated according to Eq. 2 to obtain the desired channel transmission T(t;). For the
smooth atmospheric profiles adopted in this study, the two boxcar integrations
could be ignored and T, was just a forward model calculation for different wave-
lengths along a single ray arriving from sun centre at time t;.

The SR band region is of central importance to the absorption of solar radiation
by O, and in determining 0zone concentrations. The SR bands control the limb ab-
sorption in the mesosphere from about 60 km to 100 km. The absorption system is
characterised by a banded structure from 174 nm to 204 nm. The SR absorption
cross section varies by about four orders of magnitude between 174 nm and 204
nm. The band system shows a regular appearance at longer wavelengths, because
there exists a regularity of the spacing of vibrational and rotational energy levels.
At shorter wavelengths, the number of lines from overlapping bands becomes so
big that the spectrum has a quasi-random appearance. Furthermore, the SR absorp-
tion cross sections exhibit a temperature dependence, which is strongest between
192 nm and 204 nm. Figure 2, left panel, depicts the O, absorption cross sections
in the SR region for a temperature of 240 K. The SR cross section data were taken
from Minschwaner et al. (1992), computed from polynomial coefficients, includ-
ing the Herzberg continuum cross section in the region between 185 nm and 204
nm. Regarding wavelengths > 204 nm, the Herzberg continuum data were taken
from Nicolet et al (1989) and the ozone cross section data from Molina and
Molina (1986), respectively.
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Fig. 2. Spectral distribution of the absorption cross section of molecular oxygen in the
Schumann-Runge bands (left panel) and modelled SMAS transmission profiles (right
panel). In the right panel, the solid lines show the transmission profiles in the Schumann-
Runge bands and the dashed lines show the transmission profiles in the Herzberg contin-
uum and overlapping Hartley band. The annotated numbers denote the centre wavelengths
of the channels. The vertical dashed lines near the left and right boundary delimit the re-
gion, within which measurements are foreseen to be exploited.

Figure 2, right panel, shows exemplary SMAS transmission data modelled on
the basis of a realistic occultation event. The geometry data of the event were
computed by an enhanced EGOPS (End-to-end Generic Occultation Performance
Simulator) (Kirchengast 1998; Kirchengast et al 2002), an occultation software
tool currently under development from version 4 (Kirchengast et al 2002) to Ver-
sion 5. Furthermore, spherically symmetric atmospheric profiles were adopted and
a scanning of the atmosphere over altitudes from 120 km to 50 km was used.

For an exact calculation of the transmission profiles in the highly oscillatory SR
bands, a resolution of 3000 sampling points (0.002 nm sampling) for each channel
is necessary. Using these 3000 samples of T, Figure 2, right panel, shows the
wavelength-integrated channel transmission profiles. For the channels > 205 nm,
the absorption cross sections are smooth functions — O, Herzberg continuum and
ozone Hartley band — and 0.2 nm sampling is sufficient. The Herzberg continuum
comprises the wavelength region between 185 and 242nm, the Hartley band those
from ~190 to 310 nm, reaching a maximum near 250 nm. Because of the large
number density of O, compared to ozone, the Herzberg continuum is important
beyond 205 nm even though the cross section is small relative to the ozone cross
section in the Hartley band (indicated also by the optical thicknesses illustrated in
Fig. 1). The Hartley band absorption is unimportant below ~190 nm. The cross
sections in the Herzberg continuum and Hartley band show a very slight tempera-
ture dependence, which can be neglected in the SMAS forward modelling.

As a result of the dense sampling needed in the SR bands, the rigorous forward
model algorithm is fairly slow, and if used as part of an inversion algorithm a
faster algorithm is highly desirable. In order to obtain such a faster algorithm, we
evaluated the following two approximations: the piecewise integration approxima-
tion (PI1A) and the optimal random selection approximation (ORSA).
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3.1 Piecewise Integration Approximation (P1A)

In the PIA, SR cross sections integrated over a prescribed number of partial chan-
nels of width AZ, spread over the full spectral width of a SMAS SR channel, are
used to compute the channel transmissions. The needed values of the Gaussian
channel shape function are properly averaged as well.

More explicitly, the PIA approximates channel transmissions T,(s) as follows,

A4 A4 _ I
Th®)= 3 Tai()= > exp(-[o(Ak TEONEEW AL, @
i=A4; i=A%; S

with the associated averaged temperature-dependent SR absorption cross section
o (A4,T(9)),

o (AL, T(s)) :Al—/lj.a(ﬁ,,T(s))d/l, (4)

and averaged Gaussian weighting function W (A4), given by

— 1

W (A1) =— [W (1 -2)dA, (5)
AL AL 0

%W(Aii) =1 (6)

=A%

Both, the averaged SR absorption cross sections and the Gaussian weighting
function are integrated over a finite equidistant wavelength region AA for each
partial channel. In turn, according to Eq. 3, all partial channel transmissions are in-
tegrated to yield the full channel transmission. Figure 3, left panel (to be compared
with Figure 2, left panel) illustrates integrated SR cross sections as used in the PIA
(Eq. 4), for 30 partial channels (0.2 nm sampling). Resulting transmission profiles
for the five SMAS SR channels are shown in Fig. 3, right panel, for different
numbers of partial channels.

The primary band structure of the SR bands persists to a certain degree under
the PIA integration as Fig. 3, left panel, illustrates. Figure 3, right panel, shows,
though, that a sufficient number of partial channels is needed to accurately model
the transmission. While 30 partial channels are clearly not yet such a sufficient
number, 300 partial channels appear to be an adequate number already, furnishing
an accuracy of the approximated transmission of better than 1%. Compared to
original 3000 bins per channel this is a reduction by a factor of 10 of the computa-
tional cost for sampling T The use of the PIA in a forward model embedded in
retrieval algorithms is simple and straightforward.
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Fig. 3. Left panel — partially integrated Schumann-Runge absorption cross sections at 240
K, for 30 partial channels. Right panel — transmission profile in the Schumann-Runge bands
for full integration (true), 30 partial channels (dotted), 100 partial channels (dashed), and
300 partial channels (dashed-dotted).

3.2 Optimal Random Selection Approximation (ORSA)

The idea of the ORSA is to reduce the number of sampling bins by Monte-Carlo
drawing of a prescribed number of bins out of the original sample of 3000 bins.
Using this Monte-Carlo drawing, for which 10000 trials were found to be an ade-
quate number of trials, we targeted to reduce the 3000 bins per SR channel to an
optimal subset of 100 bins, i.e., a further factor of 3 less than what was found to be
needed in case of the PIA discussed above. Optimality is defined in that we keep
that 100-bin subset from the 10000 randomly drawn subsets, which produces for a
given atmospheric state (temperature profile) the most accurate approximated
channel transmission profile compared to the exact 3000-bin per channel computa-
tion. Performing this type of ORSA for a sufficient diversity of atmospheric tem-
perature profiles provides a number of look-up tables, which can be used in a
nearest-neighbour sense for a fast algorithm based on only 100 bins per SR chan-
nel.

Figure 4 illustrates the ORSA performance for a few exemplary atmospheric
conditions, based on CIRA86 profiles; the month and latitude of the profiles used
is noted at each sub-panel. The left set of four sub-panels shows results for Janu-
ary/Equator as “true” reference, the right set for July/80 deg North. The upper-left
sub-panel in both cases shows the baseline accuracy, where the ORSA results for
the “true” conditions are shown. By using conditions a month and some latitudinal
distance apart from the “true conditions”, the other sub-panels mimic the more re-
alistic situation, where the ORSA selection is based on a priori knowledge of con-
ditions only. A set of 18 conditions over different months and latitudes seems to
be sufficient for ensuring an accuracy in approximated transmissions of better than
1% for the SMAS SR channels based on 100 bins. Whether the factor of 3 advan-
tage, in terms of reduction of bins, of the ORSA over the PIA justifies its preferred
use despite of its more complicated handling (diversity of look-up tables, etc.) will
be decided in the context of retrieval algorithm evaluations.
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Fig. 4. llustration of ORSA performance for a few exemplary atmospheric conditions
(January/Equator, July/80 deg North). Each sub-panel shows the accuracy of the ORSA
relative to the exact forward model results, which have been taken as “true” reference.

4 Results — Ozone Retrieval

We present first retrieval results, derived from the SMAS Hartley band channels
12 to 14, where the primary absorber is ozone (see Sect. 2). These three channels
involve smoothly varying cross sections. The retrieval algorithm preparations for
the SR channels and the joint temperature and ozone retrieval based on all eight
SMAS MUYV channels are currently on-going.

A sequential inversion process was applied, starting with a spectral inversion of
transmissions to O, and ozone slant columns, followed by a vertical inversion via
an Abel transform to obtain an ozone number density profile from the ozone co-
lumnar content. Monitoring of the mesosphere by the SMAS solar occultation sen-
sor starts with the measurement of signal intensity profiles normalized to trans-
mission profiles, one for each channel.

The spectral inversion converts the transmission data only for the three Hartley
channels case into columnar contents describing the horizontally-integrated verti-
cal distribution of the two absorbers O, and ozone, where the former is a by-
product only in this Hartley channels case.

Proceeding with the vertical inversion, the Abel integral was discretised into
matrix form, assuming that the derivatives of the ozone number density vary line-
arly inside each layer. The resulting ozone density profile for an exemplary case is
illustrated in Fig. 5, left panel, and differences between retrieved and “true” pro-
files are shown in Fig. 5, right panel. Different typical radiometric noise levels
were assumed, based on the expected performance characteristics of the SMAS
photo-detectors.
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Fig. 5. SMAS-retrieved ozone profile (left panel) and relative difference between retrieved
profiles and “true” profile for different sensor noise levels (right panel). A standard (AFGL)

mid-latitude ozone profile was used as “true” profile.

The Abel transform from columnar content to number density data is sensitive
to noise in input data and thus moderately amplifies noise in the transmission data.

As summarized by Rieder and Kirchengast (2001), the expected noise on unat-
tenuated solar intensity measurements at 180 nm at a sampling rate of 10 Hz is
0.03% for diamond photo-diodes and 0.1% for silicon photo-diodes. The noise
corresponds to Gaussian white noise. The transmission noise levels assumed for
Fig. 5 are noted as rms errors in the panels: 0.1% is representative for silicon dio-
des, 0.3% leaves some margin for further error sources (e.g., residual cross section
uncertainties). The small baseline retrieval error for 0% noise (light solid line) in-
dicates residual numerical errors, in the present preliminary algorithm mostly due
to the departure of the discretised solution of the Abel transform from the analyti-
cal solution. A relative ozone retrieval error of less than 1% in most of the height
domain of interest is found for the 0.1% measurement error case. This is encoura-
ging for the joint temperature and ozone retrieval algorithm currently prepared.

In summary, the SMAS sensor concept bears great capability to monitor meso-
spheric temperature and ozone with high vertical resolution and accuracy.
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