
Institute for Geophysics, Astrophysics, and Meteorology
University of Graz

Atmospheric Remote Sensing and Climate System Research Group
ARSCliSys - on the art of understanding the climate system

IGAM/UniGraz Technical Report for ASA No. 2/2004

Final Report

on the

Envisat Project AO-620, Teil I (ENVI-ATCHANGE Programme)

”Atmospheric Change Analysis based on Spaceborne High-Vertical-Resolution T, q, O3

Sounding involving GOMOS, MIPAS and GPS Limb Sensors”

Stellar Occultation Algorithms and Validation
for GOMOS on Envisat and a

Performance Analysis for the Complementary
Solar Occultation Concept SMAS

by

Christian Retscher, Christoph Rehrl, Andreas Gobiet, and Gottfried Kirchengast

(IGAM/University of Graz, Graz, Austria)

July 2004



ii



Contents

Acronyms and Abbreviations v

Executive Summary vii

1 Introduction 1

I GOMOS - Global Ozone Monitoring by Occultation of Stars 3

2 The Envisat polar platform 5

2.1 History and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Scientific Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Atmospheric Chemistry Instruments . . . . . . . . . . . . . . . . . . . . 8

2.3.1 GOMOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.2 MIPAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.3 SCIAMACHY . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Retrieval of Atmospheric Parameters 11

3.1 Occultation Geometry and Forward Model Setup . . . . . . . . . . . . . 11

3.2 Ozone Retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2.1 Optimal Estimation . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 Temperature Retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.1 Abel Transform . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3.2 Statistical Optimization . . . . . . . . . . . . . . . . . . . . . . . 15

3.4 Error Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Validation Setup 19

4.1 Ozone Retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Simulated Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.2 Real GOMOS Data . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1.3 ECMWF Analysis Data . . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Temperature Retrieval . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.1 GOMOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.2 CHAMP/GPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2.3 MIPAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2.4 ECMWF Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 25

iii



iv Contents

5 Validation Results and Discussion 27

5.1 Ozone Retrieval & Validation . . . . . . . . . . . . . . . . . . . . . . . . 27
5.1.1 Simulated Retrieval Data . . . . . . . . . . . . . . . . . . . . . . 27
5.1.2 Ozone Profile Retrieval: Validation with GOMOS Level 2 Data . 29
5.1.3 Ozone Profile Retrieval: Validation with ECMWF Analysis Data 36

5.2 Temperature Retrieval & Validation . . . . . . . . . . . . . . . . . . . . 43
5.2.1 Simulated Retrieval Data . . . . . . . . . . . . . . . . . . . . . . 43
5.2.2 GOMOS SFA/SATU Profile Retrieval . . . . . . . . . . . . . . . 43
5.2.3 GOMOS-CHAMP Validation . . . . . . . . . . . . . . . . . . . . 52
5.2.4 GOMOS-MIPAS Validation . . . . . . . . . . . . . . . . . . . . . 53
5.2.5 GOMOS-ECMWF Validation . . . . . . . . . . . . . . . . . . . . 54

II SMAS - Sun Monitoring Atmospheric Sounder 55

6 SMAS Sensor Concept 57

6.1 SMAS - Sun Monitor and Atmospheric Sounder . . . . . . . . . . . . . . 57
6.2 Channel Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.3 Instrument Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7 Retrieval of Atmospheric Parameters 63

7.1 Forward Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.2 Ozone and Temperature Retrieval . . . . . . . . . . . . . . . . . . . . . 68

8 Results and Discussion 73

8.1 Retrieved Ozone and Molecular Oxygen Profiles . . . . . . . . . . . . . . 74
8.2 Retrieved Temperature Profiles . . . . . . . . . . . . . . . . . . . . . . . 80

Summary & Conclusions 85

Acknowledgments 87

List of Figures 95

List of Tables 97

Bibliography 99



Acronyms and Abbreviations

ACRI-ST ACRI-ST Observations de la Terre et Sciences de l’Environnement
AFGL Air Force Geophysics Laboratory
ASA Austrian Space Agency
BIRA Belgisch Instituut voor Ruimte-Aëronomie
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Executive Summary

The overall scientific objective of the ENVI-ATCHANGE Programme is the investiga-
tion of the global climate change monitoring potential of novel atmospheric sensors.
Of particular interest is the GOMOS stellar occultation sensor together with the GPS
radio occultation sensor on the German CHAMP satellite. The key parameters of in-
terest are the fundamental atmospheric variables temperature and ozone. The goal
is to arrive at quantitative conclusions on the climate monitoring utility of the sen-
sors and methods involved, most important of the occultation technique, but also of
high-resolution infrared spectro-radiometry as employed by the Envisat MIPAS sensor.

The understanding of actual atmospheric processes is of crucial importance to daily
life and to future conditions on our home planet. The Earth’s atmosphere cannot be
seen as an isolated system, in contrary it interacts with the land mass, the ice sheets
and the oceans. Envisat accounts for that with three separated instruments covering
complementary wavelength ranges, resolutions and observed parameters: GOMOS,
MIPAS, and SCIAMACHY use different measurement techniques, which makes an
intercomparison of results interesting.

The stellar occultation technique in general was first described by P.B. Hays and
R.G. Roble in 1968, who showed the possibility of using stars as a light source for
extinction experiments. Five years later the first measurements of the Earth atmosphere
were performed. In more recent times G.R. Smith and D.M. Hunton in 1990 showed a
review of using absorptive occultations for planetary atmospheres. The investigation of
the atmospheres of planets like Jupiter, Saturn and Uranus (and some of their satellites)
was primarily driven by such remote sensing techniques. Absorptive occultation data
bear a great capability of providing profiles of atmospheric key quantities.

The SMAS (Sun Monitor and Atmospheric Sounder) sensor concept utilizes the
solar occultation method for temperature and ozone sounding in the mesosphere in
order to complement the GOMOS soundings focusing on the stratosphere. While there
is not yet a mission secured for SMAS, it is very fitting to study and thereby advance
this highly complementary solar occultation concept together with work on the already
existing GOMOS stellar occultation and GPS radio occultation sensors.

In this study we developed an optimal estimation algorithm for retrieval of atmo-
spheric profiles from Envisat/GOMOS-measured level 1b transmission data. Ozone
and temperature profiles were retrieved, which is the primary focus of the algorithm,
though the whole processing chain is capable of retrieving other trace gases (e.g., NO2)
simultaneously.

We applied refractive occultation retrieval to bending angle data from GOMOS
star tracker data (SFA/SATU) gaining refractivity, density, pressure, and temperature
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viii Executive Summary

profiles. This allows to improve the background fields required by the raytracing in the
ozone retrieval part.

For the SMAS sensor concept the measured limb transmission data can be related to
height profiles of the major absorbing species which are for the mesosphere, at middle
ultraviolet wavelengths, molecular oxygen and ozone. Molecular oxygen profiles can be
converted into pressure and temperature profiles. These data are of major importance
for atmospheric analysis and process studies as well as for middle atmosphere modeling.

The approach adopted for an efficient retrieval of GOMOS ozone profiles has yielded
encouraging results for simulated data, with ozone profile accuracy <3% from mid
stratospheric up to high mesospheric regions. The application to real data clearly
showed errors depending on transmission data quality and the selected star magnitude.
The ozone retrieval performs best for bright stars at low and mid latitudes for heights
from 25 km to 65 km. There the signal coming from the measurement enables to
accurately see ozone structures. Ozone profiles at high latitudes suffer from occultations
for dim stars only, which leads to biases and higher standard deviations. Comparisons
with ECMWF ozone profiles show biases of up to 20% throughout all latitude regions.

Simulated temperature errors based on optimally initialized bending angle profiles
show a high retrieval quality with errors of <2 K below 35 km and <1 K below 25
km. Real GOMOS data was then incorporated successfully into our retrieval. GOMOS
SFA/SATU temperatures where compared to CHAMP, MIPAS, and ECMWF analysis
data and showed rms-errors of 2 - 3 K from 25 km upwards. Below 25 km, temperature
errors increase due to the small set of data reaching < 25 km as well as due to large
fluctuations in SFA/SATU data.

The SMAS retrieval algorithm computes robustly atmospheric data within the re-
quired accuracy (temperature errors less than 2 K at 2 km vertical resolution up to a
height of about 100 km), including a realistic noise level.

In this study the exploitation of data from two different occultation techniques
was discussed and results show in general good performance. Stellar occultation with
GOMOS on Envisat, once developed to monitor ozone, is now in a phase were data
became reliable and one can start to use them for long term trend studies. For SMAS,
a solar occultation sensor concept, we showed its feasibility and presented results of a
simulation study, which left us with the desire for a real mission in future. Comparing
both instruments there is still a lot of potential for cross-validation and exploitation of
retrieval techniques.

Part 2 of the ENVI-ATCHANGE Programme (”Envisat Project AO-620, Teil II”,
proposed to ASA-BMVIT) is planned to start using the validated Envisat/GOMOS
and MIPAS data for climate change monitoring and analysis.



1 Introduction

Once developed for exploring the atmospheres of planets in our solar system, remote
sensing techniques are nowadays widely in use for mapping the Earth’s gaseous enve-
lope.

The Global Ozone Monitoring by Occultation of Stars (GOMOS) instrument (Chap-
ter 2) is dedicated to perform high-accuracy altitude-resolved global ozone monitoring
as well as measurements of other atmospheric trace gases and of temperature. Mea-
surements are carried out within an altitude range of about 15 to 100 km.

We present results of a GOMOS temperature profile retrieval compared to CHAMP,
MIPAS, and ECMWF analysis data. A second focus lies on the presentation of GOMOS
ozone profiles, determined from GOMOS transmission data, validated against opera-
tional GOMOS ozone profiles and ECMWF analysis data. GOMOS temperatures are
gained by exploiting pointing data of the Steering Front Assembly (SFA) and the Star
Acquisition and Tracking Unit (SATU), which provide information on the refraction
of the star light in the atmosphere and thus allow to derive refractive bending angle
profiles. The bending angle profiles are then converted via refractivity and pressure
profiles to temperature profiles (Chapter 3). According to the SFA sampling rate and
retrieval algorithm requirements we performed the retrieval at 10 Hz including down-
sampled SATU data from 100 Hz. Bending angles were found with errors of ∼3µrad.
Statistical optimization of observed bending angles with model bending angles was used
to provide adequate data quality for the Abel transform from the stratopause region
upwards, which led to a significant gain in temperature retrieval accuracy up to 40
km height due to suppressed downward propagation of errors induced by Abel trans-
form and hydrostatic integral. A validation setup based on co-located sets of CHAMP
GPS occultation profiles, Envisat/MIPAS temperature profiles and analysis profiles
of the European Centre for Medium-range Weather Forecasts (ECMWF) is discussed
(Chapter 4). All three comparison sets show errors below 2 K from 20 km up to 40
km (Chapter 5). Below about 20 km the accuracy of GOMOS bending angle data is
degraded, which leads to biases.

Together with the SFA/SATU-based refractivity and temperature retrieval, we de-
veloped an optimal estimation retrieval scheme for ozone (Chapters 3 and 4) using
sensibly selected channels from the Spectrometer A transmission spectra within 260-
340 nm and 602-634 nm. A validation set of GOMOS ozone is discussed (Chapter 5),
where low and mid latitude profiles show biases as low as ∼5%. High latitude profile
suffer from a small set of available stars contributing to the statistics.

For the planned Sun Monitor and Atmospheric Sounder (SMAS) instrument (Chap-
ter 6) we discuss a realistic forward modeling and retrieval algorithm for temperature
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2 Chapter 1. Introduction

and ozone sounding (Chapter 7). The SMAS sensor concept employs the solar oc-
cultation technique and is primarily aiming at mesospheric profiles. The SMAS sen-
sor provides self-calibrated transmission data, which allows for accurate derivation of
molecular oxygen, and ozone density as well as temperature in the mesosphere.

The SMAS retrieval algorithm computes robustly atmospheric data within the re-
quired accuracy (temperature errors less than 2 K at 2 km vertical resolution up to a
height of about 100 km), including a realistic noise level (Chapter 8).

A concise Summary and Conclusions Section, gathering the main findings of the
study, completes the report.



Part I GOMOS
Global Ozone Monitoring by
Occultation of Stars
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2 The Envisat polar platform

2.1 History and Overview

Initially a Polar Orbiting Earth Observation Mission (POEM-1) was planned as a
combined mission with instruments for scientific application, research, and operational
meteorology. Planned to be the successor of ERS it was designed for a polar platform.
The development activities for the polar platform started in 1990, following the selection
of the polar platform as a derivative of SPOT-4 by the council of the European Space
Agency (ESA). At the Ministerial ESA council meeting in December 1993 POEM-1
was split into Envisat and METOP-1 and the development of the payload instruments
for Envisat started.

The Envisat satellite has an ambitious and innovative payload that will ensure the
continuity of the data measurements of the ERS satellites. Envisat data supports Earth
science research and allows for monitoring of the evolution of changes of the Earth’s
environment and climate. Furthermore, the data will facilitate the development of
operational and commercial applications. Envisat is the so far largest satellite build
within an ESA contract.

In March 2002, after several years of delay, an Ariane 5 heavy-lift launcher success-
fully started with Envisat (Fig. 2.1) the advanced polar-orbiting Earth observation
satellite. The satellite was lifted up to an altitude of ∼800 km above the Earth surface
into a sun-synchronous orbit of 98.5◦ inclination and shall remain there operational
for at least five years. The platform carries ten instruments on-board and provides
measurements of the atmosphere, ocean, land, and ice. Amongst these instruments
GOMOS, MIPAS and SCIAMACHY (Section 2.3) are dedicated to the observation of
physical and chemical processes in the Earth atmosphere.

Another milestone in the story of a successful Envisat mission was achieved in spring
2003, when full data download from Envisat to its processing centers and to its users was
guaranteed in near real time. Artemis, the Advanced Relay Technology Mission, was
brought to its assigned geostationary orbit after a 18-month recovery operation from an
orbit far lower than intended. A new ion propulsion system, combined with innovative
operations of its chemical thrusters raised the satellite to its nominal geostationary
position at 21.5 degrees East. Envisat transmits now about half of its sensor data in
the Ka-band through Artemis straight to the Envisat data processing center at ESRIN,
Italy. Data is also downloaded to the Envisat ground station and data processing center
in Kiruna, Sweden. With the data relay satellite the Envisat data network has now
been offered several important new capabilities.

5



6 Chapter 2. The Envisat polar platform

Figure 2.1. The Envisat satellite with all mounted instruments. The solar array is not shown.
(http://envisat.esa.int)

2.2 Scientific Motivation

One of the most interesting and important research areas in atmospheric science is the
determination of global ozone budgets and related temperature profiles [1, 2]. Since
the 1970s the density of stratospheric ozone has decreased continuously. The most
spectacular loss of ozone is reported above the South Pole, where the hole in the ozone
layer now opens annually and is a dramatic symbol of our atmosphere’s inherent unpre-
dictability. Each year, when temperatures significantly fall in the beginning southern
hemispheric winter and favored by singular meteorological circumstances such as polar
winds, the ozone hole builds up and remains for several month with a minimum of
column ozone in the antarctic spring around October. Nonetheless stratospheric ozone
loss can be measured as well in the northern hemisphere, where industrialized countries
are the main contributors to the global air pollution in general.

The culprits for such dramatic changes, in heights where the atmosphere is very sen-
sitive to variations in the balance of several chemicals, were found to be chloroflurocar-
bons (CFCs) once developed as stable, non-polluting chemicals widely used in aerosols
and refrigerators. But CFCs turned out to circulate throughout the globe and some-
times moved up into stratospheric regions. Whereas CFCs seemed to be inert in lower
altitudes, they were broken up at high altitudes by intense solar ultraviolet radiation.
The ozone layer is highly reactive with chlorine once liberated from CFCs. A sin-
gle chlorine molecule has a devastating effect, taking apart a large number of ozone
molecules.
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The ozone layer protects the Earth and its biosphere from harmful UV radiation.
The highest concentration of ozone is typically found between 25 and 35 km. More
than 90% of the total atmospheric ozone contains the stratosphere where it is due to
the absorption of UV radiation the main heat source. Decreasing ozone densities lead
to lower temperatures and have therefore an impact on the climate system as well. The
remaining 10% tropospheric ozone is known to have direct toxic effects on humans and
on the vegetation.

Over time scales of days up to many years, depending on altitude, ozone is in balance
between production and destruction. Molecular oxygen is photo-dissociated into two
oxygen atoms

O2 + hν → 2O (2.1)

shortly after recombined with molecular oxygen to form ozone,

O2 + O + X → O3 + X (2.2)

where X stands for any third body absorbing liberated excess energy. Ozone itself also
splits due to dissociation

O3 + hν → O2 + O (2.3)

into molecular and atomic oxygen, where the latter almost immediately recombines
to new ozone. This process is very effective in the absorption of solar energy in the
UV, because no net loss of components is involved. Life on Earth is thought to be
unimaginable without the removal of harmful radiation. While the ozone production
cycle has only a small set of reactions, the depletion of ozone is far more complex due
to the existence of a number of processes such as the hydrogen, the nitrogen and the
chlorine cycle. Here we only gave a brief introduction to ozone chemistry. A far more
elaborated discussion on ozone depletion can be found in [3].

Figure 2.2. Ozone hole over the South Pole, September 2001. (http://envisat.esa.int)

From now 17 years ago the Montreal Protocol banned the production and use of
CFCs, but too late to stop a 28 million km2 ozone hole opening over Antarctica each
spring. Since then science teams all over the world hope for a response of the ozone
layer. The first sign of a reconstruction of stratospheric ozone may have been found in
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the now famous small-area ozone hole in 2002 followed by a split into two separated
holes. In 2003 the ozone hole was back at its extension measured in years before 2002.

2.3 Atmospheric Chemistry Instruments

The understanding of actual atmospheric processes is of crucial importance to daily life
and to future conditions on our home planet. The Earth’s atmosphere cannot be seen
as an isolated system, in contrary it interacts with the land mass, the ice shields an
the oceans. Envisat accounts for that with three separated instruments covering com-
plementary wavelength ranges, resolutions and observed parameters. GOMOS, MIPAS
and SCIAMACHY use different measurement techniques which makes an intercompar-
ison of results interesting. Possible flaws in instrument design, measurement principles
and retrieved quantities are highly transparent to the user of the end product. This Sec-
tion will introduce to the instrument design and the measurement principle of GOMOS
and shortly outline the MIPAS and the SCIAMACHY instrument.

2.3.1 GOMOS

The Global Ozone Monitoring by Occultation of Stars instrument [4] is a completely
new developed tool to investigate the Earth atmosphere. It exploits stellar occultation
in the ultraviolet, visible and the near infrared bands. The major objective is the mon-
itoring of upper tropospheric, stratospheric and mesospheric ozone. It therefore serves
as a further high quality data acquisition unit in order to sharpen up our comprehension
of the global ozone distribution.

GOMOS was first proposed in 1988 as an Announcement of Opportunity instrument
dedicated to be a part of the Earth Observation Polar Platform Mission (c.f. 2.1), the
former name of Envisat. In 1992 it was decided that GOMOS will be developed as an
ESA-funded instrument.

Figure 2.3. Artist impression of the GOMOS instrument. (http://envisat.esa.int)

The sensor provides data on trace gases such as ozone, NO2, NO3, BrO, OClO,
as well as O2 and water vapor. A special instrument design makes it possible to
measure reference atmospheric profiles under dark and bright limb conditions obtaining
very good global coverage with about 300 high-quality profiles per day and a height
resolution of about 1.5 km. GOMOS records the transmission of radiation passing the
atmosphere along a path from the star to the instrument. The so-called spectrometer
A measures ozone, NO2, NO3, BrO, and OClO within a wavelength range from 250
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nm to 675 nm and provides a resolution of 1.2 nm. The Spectrometers B1 and B2
are sensitive within 756-773 nm and 926-952 nm, respectively, with 0.2 nm resolution,
and were designed to measure O2 and water vapor. GOMOS, once fixed on a star,
measures transmitted stellar light, e.g. during a setting event and due to the motion of
the satellite, the line of sight descends through the atmosphere, while the signal gets
increasingly attenuated.

The instrument ensures high climate data quality obeying the principle of selfcalibra-
tion (normalized intensities), wherefore instrumental long-term drifts can be neglected.
GOMOS faces other problems due to the fact that the measured stellar light is occa-
sionally a subject to perturbations from other light sources. Scattered solar light under
bright limb conditions, lunar radiation or light coming from auroral emissions into the
atmosphere may dominate the stellar signal, what in turn makes an estimation of such
radiation indispensable. Also signal scintillations due to the turbulent atmosphere can
be challenging.

The performance of the CCD puts a technical constraint on the selection of the star
signal, which has to be a stable flux at visual magnitude brighter than 4 with a star
temperature range of favorably 3000 - 30000 K. By observing about 30 stars per orbit
GOMOS can produce as much data daily as 360 separate ground stations.

In addition to the two spectrometers GOMOS is equipped with two fast photometers
which account for measuring fast scintillations in the atmosphere. As a side product,
but now reviewed for the next few month, photometer data can be used to get high
resolution temperature profiles (HRTP).

2.3.2 MIPAS

Like GOMOS the Michelson Interferometer for Passive Atmospheric Sounding (MI-
PAS) is a complete new development. It is a Fourier transform spectrometer with a
spectral range of 4.15 - 14.6 µm at a resolution of 0.2 nm for the measurement of high-
resolution gaseous emission spectra at the Earth’s limb. In the near to mid infrared
many of the atmospheric trace-gases have important emission features and thus play a
major role in atmospheric chemistry. The objective of MIPAS is the simultaneous and
global measurement of geophysical parameters in the middle atmosphere. Stratospheric
components like O3, H2O, CH4, N2O, and HNO3 are determined. It enables the study
of the chemical composition, the dynamics, and the radiation budget of the middle
atmosphere. The horizontal resolution is found to be between 300 and 500 km along
track. Another scientific goal of MIPAS is the measurement of precise temperature
profiles. Thermal emissions in the infrared are very sensitive to temperature changes.

2.3.3 SCIAMACHY

The instrument is designed and built as a joint German/Dutch project funded by the
German (DLR, formerly DARA) and Dutch (NIVR) national space agencies, with a
contribution from Belgium BIRA/IASB. SCIAMACHY the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Cartography is the far more enhanced successor of
GOME, which has been flying on ERS2 since 21 April 1995. SCIAMACHY is designed
to measure sunlight, transmitted, reflected and scattered by the Earth atmosphere or
surface. Samples are taken in the ultraviolet, visible and near infrared wavelength
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Figure 2.4. The MIPAS instrument. (http://envisat.esa.int)

region from 240 nm - 2380 nm at a spectral resolution of 0,2 nm - 1,5 nm. With differ-
ent viewing geometries the absorption, reflection and scattering characteristics of the
atmosphere are determined by measuring the extraterrestrial solar irradiance and the
upwelling radiance. The ratio of such irradiances and radiances are inverted into pro-
files of densities and distribution of atmospheric constituents such as O3, NO2, H2O,
N2O, CO, CO2, CH4, ClO, OClO, BrO, H2CO, SO2 and aerosols, known to absorb
or scatter light, and the reflectance of the Earth’s surface. Furthermore pressure and
temperature profiles as well as the cloud cover and the cloud top height are determined.
The MIPAS and SCIAMACHY instruments simultaneously show how CFCs and other
trace gases make their way up from the lower troposphere across the boundary of the
stratosphere.

Figure 2.5. The SCIAMACHY instrument. (http://www-iup.physik.uni-bremen.de)



3 Retrieval of Atmospheric Param-
eters

3.1 Occultation Geometry and Forward Model Setup

The stellar occultation technique in general was first described by Hays and Roble
in 1968 [5], who showed the possibility of using stars as a light source for extinction
experiments. Five years later the first measurements of the Earth atmosphere were
performed. In recent times Smith and Hunton [6] showed a review of using absorptive
occultations for planetary atmospheres. The investigation of the atmospheres of planets
like Jupiter, Saturn and Uranus (and some of its satellites) was primarily driven by such
remote sensing techniques.

A formulation of an appropriate signal propagation geometry is of major importance
in order to develop a realistic forward model procedure. We use a realistic yet fast
raytracing algorithm, which solves the refractive raypath problem

d2x

dτ
= n(x)∇n(x) (3.1)

with the star and the satellite position as boundary conditions. The n(x) denote the
refractivity field of the used atmospheric model (e.g. MSISE-90 [7, 8, 9]), while dτ is
the along-ray arc length divided by the refractivity n.

The atmospheric transmission is given by Beer-Bouguer-Lambert’s law, at each fre-
quency of interest ν, as

Tν =
Iν(s)

Iν(0)
= exp

[

−
∫ s2

s1

∑

i

ni(s
′)σiν(s

′)ds′

]

. (3.2)

The transmission Tν is a ratio of the radiation intensity measured in the atmosphere,
Iν(s), relative to the one, Iν(0), measured above (height ∼120 km) the atmosphere.
The integral is carried out along a refracted ray path s from the star s1 to the sensor
s2. In our context the number densities ni and the cross sections σiν are associated with
the species ozone, NO2 and NO3, respectively. In order to reflect the bulk medium,
especially important in the lower stratosphere, a factor for the bulk air density with
the Rayleigh scattering cross section was introduced as well. In this work a term
for the aerosol extinction was neglected, nevertheless, we plan to introduce it in future
refinements. Since stars can be assumed to provide a point signal, no further integration
over a finite field of view has to be carried out, which is in turn indispensable for solar
or lunar occultations.

11
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3.2 Ozone Retrieval

Having a forward model established, we have to find an inverse connection between
measurements (transmission data) and targeted state (ozone profile) of the atmosphere.
Discrete inverse theory provides such a framework [10], where the forward model can
be seen as an algebraic mapping of the state space into the measurement space.

3.2.1 Optimal Estimation

We introduce an operator K, which here will be the Jacobian matrix with the dimen-
sion m × n for m measurements and n elements of the state vector. By taking the
measurement error ε into consideration the forward modeling reads

y = Kx + ε. (3.3)

The sensitivity of measured transmissions y to the state x, the ozone density profile, can
be interpreted as ”weighting functions” and seen represented by the rows of K. Because
of the generally non-linear Eq. (3.3), it is obvious that a straightforward solution for
x by direct inversion is not feasible. The direct inverse mapping, if K(x) = K · x (e.g.,
linearity applies), would be

xr = K−gy, (3.4)

where K−g denotes a general inverse matrix and xr is the retrieved state. As the
problem of interest here is ill-posed at high altitudes due to low signal to noise ratio
(it may also be over-determined if we use more measurements than unknown states;
m > n), we cannot directly employ Eq. (3.4) but rather constrain the solution by
incorporating sensible a priori information. The Bayesian approach is the method of
choice to solve such inverse problems perturbed by noise, where we have rough but
reliable prior knowledge of the behavior of a state of interest. We can enhance this
prior knowledge in a consistent way by incorporating the measurements.

If the problem is only moderately non-linear we can use a Gauss-Newton method
(omitting small residual terms from Newtonian iteration, when applying on non-linear
cases) for an iterative approach to an optimal solution. Assuming Gaussian probability
distributions and a linearized forward model, the primary task of a retrieval method
is to find a state by satisfying optimal criteria from an ensemble of states which agree
with the measurement within experimental errors.

Here we make use of a fast converging iterative optimal estimation algorithm [10],

xi+1 = xap + SiK
T
i S−1

ε

[

(y − yi) + Ki (xi − xap)
]

(3.5)

with the associated retrieval error covariance matrix

Si =
(

KT
i S−1

ε Ki + S−1
ap

)

−1
. (3.6)

In Eq. (3.5), xi+1 is the retrieved, xap the a priori profile, y the measurement vector,
and yi = K(xi) the forward-modeled measurement vector. Key ingredients of Eq. (3.6)
are the a priori covariance matrix Sap and the measurement error covariance matrix
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Sε (c.f. below). The Jacobian (weighting) matrix Ki represents the mapping involved.
Index i is the iteration index, which is started by using x0 = xap.

The raytracer-simulated actual transmission measurements y, where superimposed
by stochastic error realizations ε (cf. Eq. 3.3) consistent with the Sε matrix. This was
done with the ”error pattern method” outlined below for Sap. The forward-modeled
measurement vector estimate at any iteration step i, yi = K(xi), is used without
modification, however.

In general, an error analysis and characterization of atmospheric profile retrievals
is an important task for every sensor. Bayesian optimal estimation provides a very
suitable framework for this purpose also in case of occultation data [11].

A priori Covariance Matrix

For the elements of xap we considered typical errors expected in prior ozone and
NO2 profiles and assumed uncertainties of 30% and 40%, respectively, for the diagonal
elements. Off-diagonal elements were modeled by an exponential drop-off correlation
of the form (c.f. Fig. 3.1)

Sij = σiσj exp

[

−|zi − zj |
L

]

, (3.7)

where zi and zj denote the height levels between which the covariance is expressed, and
where L denotes a correlation length set to 6 km in order to reflect the fact that prior
profiles are usually fairly smooth at scales smaller than an atmospheric scale height.
Measured ozone profiles may in turn show strong laminar structures with much smaller

scales. The standard deviation σi at a specific height level corresponds to σi = (Sap)
1/2
ii .

Figure 3.1. Typical a priori ozone covariance matrix with 6 km correlation length and expo-
nential drop-off.

Error Covariance Matrix

The Sε matrix was designed by adopting a 1% standard error at unity transmission
and increasing errors with decreasing transmission according to the square-root law
(photon detection noise), e.g.,
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(Sε)jj =
0.01
√

yj
. (3.8)

No interchannel correlation was assumed, thus the off-diagonal elements were set to
zero. These error assumptions roughly reflect the measurement error specifications of
the GOMOS sensor [12].

Error Pattern Method

The method was applied for the calculation of a priori and measurement error vectors
in general, but for simplicity reasons it is only outlined in the notation of the a priori

profile.

The a priori profiles xap where derived by superimposing on the ”true” state x error
realizations consistent with the a priori error covariance matrix Sap. For this purpose
we exploits the fact that one can decompose Sap (e.g., [10, 13]) into so-called error
patterns obeying ei =

√
λili. The error patterns ei (c.f. Fig. 3.2) are the eigenvectors

li of Sap weighted by the square-root of the eigenvalues λi. In order to construct xap

statistically consistent with Sap, one adds an error vector
∑

i aiei to the ”true” state x,
where the scalar coefficients ai are normal random deviates drawn from a normalized
(zero mean and unit variance) Gaussian distribution.

Figure 3.2. An example of error patterns (scaled eigenvectors) for a covariance matrix.

3.3 Temperature Retrieval

Light coming from stellar sources not only undergoes a refractive bending before the
signal gets measured, moreover it may be influenced by turbulence in atmospheric
layers. The so-called scintillation effects have their origins in differing temperature,
refractive indices or velocities. Especially at heights above 30 km, this and other noise
sources severely degrade the measured signal. Temperature profiles are calculated by
applying an inverse Abel transform. Here a sensible use of good-quality bending angle
data for high-altitude initialization is needed.
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3.3.1 Abel Transform

In this work, in addition to ozone retrieval, we perform a temperature retrieval based
on bending angles profiles, which is well known for radio occultation measurements
(e.g. [14, 15, 16]).

Bending angles are extracted from SFA and SATU data gained by the GOMOS sen-
sor. These data products present the movement of the whole CCD within an elevation
angle of 61.7◦ − 69◦ and 11◦ − 91◦ in the azimuthal direction with a sampling rate of
10 Hz for the SFA. The star image is kept inside the CCD with with a sampling of 100
Hz and errors of ± 10µrad from the central position.

Once we have a total bending angle profile α and accompanying impact parameters
a we can apply an inverse Abel transform [14]

n(z) = exp

[

1

π

∫ α=0

α=α(a0)
ln

(

a(α)

a0

√

(

a(α)

a0
− 1

)

)

dα

]

(3.9)

written here in a favorable from for numerical use by avoiding poles. The α(a0) and
a0 are the bending angle respectively impact parameter associated with height z, the
bottom height of the Abelian integration extending over the height domain above z. The
refractivity follows with N(z) = (n(z) − 1)× 106, which can be converted into pressure
p by integrating the hydrostatic equation. A temperature profile can be subsequently
derived from p and N by the equation of state (ideal gas law).

At heights above 30 km, where the bending angles become small due to the increas-
ingly tenuous atmosphere, the decreased signal-to-noise ratio calls for suitable high-
altitude initialization of the bending angle profiles in order to feed the Abel transform
Eq. (3.9) with adequate data.

3.3.2 Statistical Optimization

The statistical optimization [15] optimally combines measured and background (a pri-

ori) bending angle profiles leading to the most probable bending angle profile [16]. An
optimal solution is feasible via

αopt = αb +
(

B−1 + O−1
)

−1
O−1(αo − αb), (3.10)

where αb is the background and αo the observed bending angle profile, respectively.
The matrices B and O express the background and the observation error covariances,
respectively. Similar to Eq. (3.7) we define

Bij = σiσj exp

[

−|ai − aj |
L

]

, (3.11)

with impact parameters a at different height levels i and j. The correlation length L was
set to 6 km for B, while we find L = 1 km appropriate for O, which used the same form
as Eq. (3.11). As a background profile we chose a CIRA-86 climatology. Background
errors σi were assumed to be 20% in line with radio occultation literature (e.g. [16, 17]).
The observation errors were estimated from the rms deviation of the observed data from
the background at high altitudes (70 - 80 km), where noise dominates the measured
signal. Details on the statistical optimization scheme used are found in [17, 18], which
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also provides further information on the full retrieval chain from bending angle to
temperature.

3.4 Error Statistics

We give a small introduction into error statistics applied throughout this report (c.f.
[19, 20]). We assume having a set of measurements xi out of an ensemble x of possible
states in a system of interest, then we can find estimators of several statistical properties
like the mean value the variance and the standard deviation. In general such quantities
are moments of distributions of random variables.

An appropriate estimator for the mean value (first moment) and for the variance
(second moment) can be found with

x̂ ≡ 1

n

N
∑

i=1

xi, σ̂2 ≡ 1

n

N
∑

i=1

(xi − x̂)2 . (3.12)

Having defined such estimators we can now find equivalent definitions for differences of
profiles

∆x = xm − xr, (3.13)

where xm represents the measurement and xr a corresponding reference profile. Here
entities are more generally given in a vector notation due to the fact that we are
interested in vertical distributions of geophysical quantities.

We are now interested in expectation values of our estimators in Eq. 3.12. The
expectation value of x̂ is

〈x̂〉 =
1

n

N
∑

i=1

〈xi〉 = 〈x〉 ≡ µx, (3.14)

while for the variance follows

〈σ̂2〉 =
1

n

N
∑

i=1

〈

(xi − x̂)2
〉

= σ2
x − σ2

x̂
=

n − 1

n
σ2
x, (3.15)

where σ2
x and σ2

x̂
are the variances for x and x̂, respectively. Obviously Eq. 3.15 does

not appropriately represent the expected mean value for the variance. We therefore
have to correct Eq. 3.15 by the factor n/(n − 1).

Superseding now xi in Eq. 3.12 by ∆x we find an estimator for a so-called bias
profile

b̂ ≡ 1

n

N
∑

i=1

∆x. (3.16)

Applying this to Eqs. 3.12 and 3.15 we find

ŝ2 ≡ n

n − 1
σ̂2 =

1

n − 1

N
∑

i=1

(

∆x − b̂
)2

, (3.17)
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where ŝ is an estimator of the standard deviation of a bias-free profile

xf = ∆x − b̂. (3.18)

More generally one can now define an error covariance matrix

C =
1

n − 1

N
∑

i=1

xfx
T
f , (3.19)

where the diagonal elements are variances at different height levels k, while off-diagonal
elements stand for covariance elements. Another quantity often used is the rms

r =

√

b̂2 + ŝkk. (3.20)

Finally we define an error correlation matrix

R =
skl√
skksll

, (3.21)

where off-diagonal elements denote vertical error cross-correlations.
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4 Validation Setup

This chapter is dedicated to a resume of setups for IGAM retrieval schemes for ozone
and temperature profiles, based on GOMOS data. The main focus lies on the compar-
ison of GOMOS level 1b data with CHAMP/RO, MIPAS and ECMWF analysis data.
Besides a comparison of GOMOS/HRTP (level 2) data was prepared and discussed in
[18]. The GOMOS/HRTP are subject to a code review and error analysis within an
ESA-study, which is led by ACRI-ST in collaboration with SA/CNRS, BIRA/IASB,
FMI and IGAM/UniGraz.

4.1 Ozone Retrieval

For the IGAM ozone retrieval GOMOS transmission spectra and geolocation data were
taken and processed with an optimal estimation technique (c.f. Section 3.2). The
forward model and its derivative are iteratively called and form the core of the retrieval.
The model is capable of processing real and simulated data providing a basis for the
feasibility of the whole scheme. Once we were convinced in the simulated model [21] it
had to be adapted in order to accept non smoothed transmission data input.

4.1.1 Simulated Data

We first prepared a study on ozone and NO2 data by using an end-to-end simulator
(EGOPS [22, 23]) providing quasi-true Envisat orbits, geodetical positions of Envisat
as well as the approximated position of an occulted sample star. One selected occul-
tation event (Fig. 5.1) is shown in the next chapter. The star image was modeled
in a simplified manner only providing light at different wavelengths, where a further
dependence of the model on the star temperature was not considered.

Physical interpretations and realizations of scintillation and dilution effects were
here neglected in the first place, but resulting modeled transmissions account for these
effects with an imposed random error (forward model error gained by the error pattern
method c.f. Section 3.2.1) with reasonable size of ∼1%.

The Sap were chosen to have a standard deviation of 30% for ozone and 40% for NO2,
respectively. The error characteristic was designed as outlined in Section 3.2.1. As a
basis for quasi-true and a priori ozone and NO2 number densities we used CIRA-86
and MSISE-90 data. Cross sections were taken form the official temperature dependent
GOMOS cross section database.

The main reason why NO2 was included into our retrieval scheme is given by its
high absorption of the star image in wavelength regions between 350 and 450 nm. This

19
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Figure 4.1. Absorption coefficients of ozone (left) and NO2 (right) at typical GOMOS wave-
lengths from 250 - 700 nm at heights of 20, 30, 40, 50, and 60 km.

coincides with the region of low signal absorption by ozone. Fig. 4.1 shows ozone
and NO2 absorption coefficients for all GOMOS wavelengths. Our simulated joint
ozone-NO2 retrieval perfectly reflects the effects of the NO2 interference in this regime,
nevertheless in this validation setup NO2 was not retrieved with considerable quality.

In this simulation study we restricted ourselves to include a small set of well selected
wavelength channels perfectly placed to cover ozone absorption bands [2] such as the
Hartley (200 - 310 nm), the Huggins (310 - 400 nm) and the Chappuis band (400
- 850 nm), which is especially important for absorptions below 25 km. Our set of
channels (260, 280, 288, 295, 302, 309, 317, 328, 334, 602 and 634 nm) therefore provides
the maximum possible information coming from the measurement by simultaneously
reducing the elapsed time to retrieve one profile.

4.1.2 Real GOMOS Data

For the retrieval of real ozone and NO2 profiles we used official GOMOS level 1b
and level 2 data provided by ACRI-ST in Sophia Antipolis, France. ACRI-ST is one
of four (ACRI-ST, SA/CNRS, FMI, IASB) expert support laboratories (ESL) for the
GOMOS instrument. The data was then reprocessed with the so-called BEAT-software
(c.f. http://www.science-and-technology.nl/beat/), which is now available for reading
raw data as well as displaying graphs of measured data. BEAT is an ESA-funded
software tool developed to ease the life for users of Envisat atmospheric instruments
(GOMOS, MIPAS, and SCIAMACHY) data. The GOMOS data products are stored
in several files shown in Tab. 4.1, where we used GOM TRA 1 and GOM NL 2 products
corresponding to our previously introduced notation of GOMOS level 1b and level 2
data.

This study summarizes retrieved data for three periods (Tab. 4.2), which includes
more than 1700 single occultation events. In this report we reduced the set of available
data due to large errors in level 1b transmission and reference level 2 ozone data.
Such errors significantly diminish the performance of our retrieval. The remaining
transmission profiles where first selected by arguments of an optimal set of wavelengths
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GOM TRA 1P Geolocated Calibrated Transmission Spectra

GOM LIM 1P Geolocated Calibrated Background Spectra (Limb)

GOM NL 2P GOMOS Temperature and Atmospheric Constituents Profiles

GOM EXT 2P GOMOS Residual Extinction

GOM RR 2P GOMOS Extracted Profiles for Meteo Users

Table 4.1. GOMOS level 1b/2 data products.

September 2002 20 - 27

October 2002 11 - 13

December 2002 02

Table 4.2. Periods with available GOMOS data.

(c.f. Section 4.1.1) and then adapted to our needs of retrievals for upper and lower
stratospheric ozone profiles. The quality of transmission data is strongly dependent on
the star magnitude. Light coming from bright stars is able to penetrate the Earth’s
atmosphere down to lower heights than light stemming from weak stars. In general the
penetration depth of light into the atmosphere is known to be wavelength dependent.

Moving Average and Bias Correction

Once we have selected an optimal set of profiles due to the upper arguments we
had to smooth transmission data for better retrieval performance. A moving average
calculation was performed for every height step in the profile. A given sequence for one
selected wavelength l and height level i dependent transmissions {Tli}N

i=1 is replaced
by a new sequence of smoothed transmissions {(Ts)li}N−n+1

i=1 with

(Ts)li =
1

∑

n kn

i+n−1
∑

j=i

kjTlj . (4.1)

The average was taken by n subsequences of Tlj each weighted with different kj . In gen-
eral moving averages are given with equal weights. Here the weights were chosen such
that

∑

n kn = 1. For a subsequence of n = 5 we find weights with kn = 1
2·5 [1, 2, 4, 2, 1],

where k3 can always be seen as the weight for the original Ti before taking the mean.
After a real transmission profile has been smoothed it was then compared to a

modeled transmission profile and corrected for large biases. Such biases exist due
to a different forward model realization. Neglecting the majority of measured (and
modeled beforehand) transmissions is intrinsic to our model, where we only select
a small subset of available data. A further reason why we observe deviations from
measured transmissions lies in the physics of the forward model itself, where e.g. Mie
scattering was not considered for this study. Nonetheless after correcting for inherent
biases the results show the expected behavior.

4.1.3 ECMWF Analysis Data

ECMWF T511L60 analysis data was taken for the same period, where GOMOS data
was available. ECMWF T511L60 ozone data allows for a comparison with GOMOS
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ozone data up to ∼60 km. Ozone is fully integrated into the ECMWF forecast model
and analysis system as an additional three-dimensional model and analysis variable
similar to humidity. The ECMWF forecast model includes a prognostic equation for
the ozone mass mixing ratio with a parameterization of sources and sinks of ozone.

4.2 Temperature Retrieval

The temperature retrieval follows a new approach for occultations in the optical spectral
range, but is a method well known in the Radio Occultation (RO) community. Once we
have bending angles exploited from real measurements, data was statistically optimized
(c.f. Section 3.3.2) and then used to gain refractivity and temperature profiles via Abel
transform (c.f. Section 3.3.1). GOMOS provides SFA/SATU internal mirror position
data, which had to be further processed in order to get real bending angles [24, 25].

Tab. 4.3 and 4.4 show latitude separated sets of total available GOMOS, CHAMP,
MIPAS and ECMWF data, as well as coincidences between these products. The coin-
cidence interval is defined such that compared temperature profile must lie within 300
km of distance and the occultation time shall not differ for more than 3 hours.

0◦to ± 30◦ ±30◦to ± 60◦ ±60◦to ± 90◦ Total

GOMOS 698 699 322 1719

CHAMP 1280 1558 1261 4099

MIPAS 1368 1380 1474 4222

ECMWF 698 699 322 1776

Table 4.3. Numbers of profiles in total sets of available GOMOS, CHAMP, MIPAS and
ECMWF data in the period September 20 - 27, October 11 - 13 and December 2, 2002. The
sets were separated into low, mid and high latitude regions.

0◦to ± 30◦ ±30◦to ± 60◦ ±60◦to ± 90◦ Total

GOMOS - CHAMP 22 33 37 92

GOMOS - MIPAS 141 30 27 198

GOMOS - ECMWF 719 735 322 1776

Table 4.4. Numbers of profiles in coincidence sets of available GOMOS, CHAMP, MIPAS and
ECMWF data in the period September 20 - 27, October 11 - 13 and December 2, 2002. The
sets were separated into low, mid and high latitude regions.

4.2.1 GOMOS

The GOMOS level 1b/2 data product is separated into three latitude regions, low (0◦to
± 30◦), mid (±30◦to ± 60◦) and high (±60◦to ± 90◦) in order to account for different
mean states of the atmosphere at different latitudes. A global set of retrieved data is
given as well, where influences of different latitude regions to the quality of an overall
profile can be seen. GOMOS SFA/SATU (level 1b) data used here and high resolution
temperature profiles (HRTP) in general suffer from different influences. SFA/SATU
data often show much larger errors than primarily assumed. The data set, which was
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Figure 4.2. Locations where GOMOS measurements were performed. The graph displays 1719
occultation profiles available for days: September 20 - 27, October 11 - 13 and December 2,
2002. The lack of data at high altitudes is evident.

provided for this study, only includes a small set of occulted stars, what makes it
especially difficult to ensure good retrieval quality at high latitudes (Fig. 4.2).

4.2.2 CHAMP/GPS

For this study we used CHAMP data provided by GFZ in Potsdam, Germany. Phase
delays from the CHAMP level 2 (version 2) data served as input into our retrieval
[18], which had ECMWF data as background information. Once atmospheric profiles
were retrieved we separated our data set into three latitude regions (c.f. Section 4.2).
The success of ionospheric corrections can be seen much better when looking at latitude
subsets. Low latitudinal effects such as the equatorial anomaly, the spherical assymetry
and small scale structures cause perturbations in the RO profile. In turn dry conditions
in the high-latitude troposphere favor a good quality RO retrieval, but have only minor
influence in the comparison to GOMOS data. GOMOS data in the selected subset sel-
dom reaches tropospheric heights with reasonably quality. From 4099 CHAMP profiles
we found 92 profiles, where our coincidence intervals with GOMOS data were reached.

4.2.3 MIPAS

Operational MIPAS level 1b data was reprocessed by IMK in Karlsruhe, Germany.
From a total of 6755 available occultations with we had to reduce the data set to 4222
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Figure 4.3. Locations where CHAMP measurements were performed. The graph displays 4099
occultation profiles available for days: September 20 - 25, 2002.

Figure 4.4. Coincidences for GOMOS and CHAMP measurements within an interval of 300
km and 3 hours. In this set 92 profiles were compared.
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Figure 4.5. Locations where MIPAS measurements were performed. The graph displays 4222
occultation profiles available for days: September 20 - 26 and October 11 - 13, 2002.

profiles (Fig. 4.5) by selecting days, where GOMOS data was available in good quality
(c.f. Section 4.2.1). After applying coincidences criteria (300 km distance and 3 hours
between two occultation event) we could identify 198 profiles for our validation study.
Details on the MIPAS retrieval scheme can be found in [26]. MIPAS measurements were
taken between 6 and 70 km height with a vertical resolution of 3 km. The horizontal
resolution lies between 300 and 500 km along track.

4.2.4 ECMWF Analysis

For the comparison of GOMOS SFA/SATU data we chose co-located vertically dis-
tributed temperatures and refractivity profiles from the nearest analysis time of 6-
hourly ECMWF operational analysis data. The data fields were retrieved from ECMWF
corresponding to the T511L60 spectral resolution with 60 height levels and spherical
harmonics truncation 511 what gives a latitudinal/longitudinal resolution of 0.351◦.
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Figure 4.6. Coincidences for GOMOS and MIPAS measurements within an interval of 300 km
and 3 hours. In this set 198 profiles were compared.

Figure 4.7. Locations where GOMOS data is validated with ECMWF analysis products.



5 Validation Results and Discussion

5.1 Ozone Retrieval & Validation

This Section summarizes the results of a feasibility study for an ozone retrieval algo-
rithm. We show pure simulated data as well as results of an exploitation of GOMOS
real transmission data.

5.1.1 Simulated Retrieval Data

Simulated data was used to show whether the algorithm meets the premises we defined.
A carefully selected set of artificial data gives rise to possible leaks in the understanding
of the chosen retrieval process. The shown graphs below clearly point out the capability
of the algorithm to be used for operational data. Here we have selected a single event
(Fig. 5.1) and present ozone profiles and their corresponding errors. Fig. 5.2 shows
the bias b̂ profiles and the bias ± standard deviations b̂ ± ŝ of a set of 500 randomly
initiated profiles calculated for the same occultation location.

Figure 5.1. Test occultation event shown with 7.5 km spacing between rays from 15 km to 90
km along the tangent point trajectory in nadir view over north-eastern France and southern
Belgium. The bundle of parallel lines illustrates the raypaths for ±150 km about the tangent
point, roughly reflecting the horizontal resolution of the occultation data.

27
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Figure 5.2. The top left panel shows a selected simulated GOMOS ozone profile, where the
black dashed line is the ”true” profile, the blue dotted line is the a priori profile, and the solid
red line denotes the retrieved profile, respectively. The corresponding error profile (retrieved-
minus-”true”) is shown in the top right panel. The profiles were simulated at the occultation
event location shown in Fig. 5.1. The mid two panels are simulated ozone profile errors, where
the solid blue line indicates the error against a selected ”true” profile, while the light green
dotted line is the a priori profile deviation from the ”true” reference profile. The bottom panels
are randomly initiated simulated GOMOS ozone profile errors with 20% a priori error (left)
and 30% a priori error (right). The light green line is the bias profile, while the dark blue lines
show bias ± standard deviation b̂ ± ŝ.
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5.1.2 Ozone Profile Retrieval: Validation with GOMOS Level 2 Data

Ozone Profiles and Errors at Different Star Magnitudes

Calculations with our ozone retrieval are validated with GOMOS level 2 profiles.
Each graph consists of a set of ten equally determined ozone profiles differing only
in the randomly selected xi|i=0 (c.f. 3.5). Bias and standard deviation profiles are
calculated as outlined in 3.4. The first set of ozone data validation shows error profiles
with respect to operational GOMOS level 2 ozone data. The plots clearly show a star
magnitude dependence for all latitude sections. For bright stars (magnitude -1.44, -
0.73 and 0.45) standard deviations are found <5% from 35 km up to 60 km. In the
upper stratospheric regime errors significantly rise due to a high signal (transmission
T ' 1) throughout all wavelengths, which in turn makes it difficult to see clear ozone
absorption structures. From the ozone layer (∼25 km) downwards the star signal
diminishes quickly what results in low signal to noise ratios and large fluctuations in
the ozone profile.

Figure 5.3. Two selected ozone and corresponding error profiles. The ozone densities are
shown in a log plot, where the thick light blue line denotes the retrieved profile, the small
green line is the reference GOMOS level 2 profile and the thin red line represents a priori data.
The errors are given for validation with real GOMOS level 2 (thick light blue line) and for a
comparison to an a priori profile (thin red line).
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Figure 5.4. Low latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 0.45. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.5. Low latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitudes -0.73 (left two) and 1.86 (right two). The thick green line denotes the bias profile
b̂, while the enveloping fine blue lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.6. Low latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 2.85. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.7. Mid latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 1.16. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.8. Mid latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 1.5. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.9. Mid latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 1.73. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.10. High latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 0.4. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.11. High latitude ozone error profile (validated with GOMOS level 2 data) for star

magnitude 0.4. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Validation with Globally Distributed Profiles

Here we present the statistics of a selection of globally distributed occultation events
separated by date and latitude (low, mid, high) regimes. The sets include occultations
of stars between magnitudes -1.44 and 2. Stars with magnitudes greater than 2 show
significantly larger errors. As in the single profiles statistics we see good retrieval
performance in low and mid latitude regions, where biases are found ∼5% from 25 - 65
km. Below 25 km we find changing biases of up to ∼20%. This reflects the fact that
data measured at such altitudes have small transmission values and large fluctuations,
which affects the retrieval quality. In high latitudes resulting ozone profiles sometimes
deviate even more than 20% due to an only small set of available stars.

Figure 5.12. Low latitudinal global ozone statistics for more day ensembles: 2002-09-20/21,
2002-09-22/23 and 2002-09-24/25 (top) and 2002-09-26/27, 2002-10-11/12/13 (bottom). The
thick green line denotes the bias profile b̂, while the enveloping fine blue lines are the bias ±
standard deviation profile b̂ ± ŝ.
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Figure 5.13. Mid latitudinal global ozone statistics for more day ensembles: 2002-09-20/21,
2002-09-22/23 and 2002-09-24/25 (top), 2002-09-26/27, 2002-10-11/12/13 (middle) and high
latitudinal global ozone statistics for more day ensembles: 2002-09-20/21, 2002-09-22/23 and
2002-09-24/25 (bottom). The thick green line denotes the bias profile b̂, while the enveloping
fine blue lines are the bias ± standard deviation profile b̂ ± ŝ.
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5.1.3 Ozone Profile Retrieval: Validation with ECMWF Analysis Data

Ozone Profiles and Errors at Different Star Magnitudes

Validation with ECMWF profiles is done with the same data set as discussed in the
previous Section. A direct comparison of GOMOS level 2 and ECMWF data is not
given here, but can be estimated qualitatively. GOMOS level 2 profiles are here replaced
by corresponding ECMWF analysis profiles. While GOMOS profiles optimally reach
heights of more than 150 km, in this validation set we can only use data up to ∼ 60
km which is the maximum height range available for ECMWF data. For comparison
reasons the profiles are given from 15 km to 80 km.

A clear bias of up to 30% was found in the validation profiles for low and mid
latitudes. Standard deviations are ∼ 5% for bright stars an increase for dim stars,
which is an effect already seen in 5.1.2. At high latitudes a bias is still existent but
some profiles perform much better with biases smaller than 10%. In the following
graphs the thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.14. Two selected ozone and corresponding error profiles. The ozone densities are
shown in a log plot, where the thick light blue line denotes the retrieved profile and the small
green line is the reference ECMWF analysis profile. The errors for the validation with ECMWF
analysis profiles are given with a thick light blue line.
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Figure 5.15. Low latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 0.45. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.16. Low latitude ozone error profile (validated with ECMWF analysis data) for star

magnitudes -0.73 (left two) and 1.86 (right two). The thick green line denotes the bias profile
b̂, while the enveloping fine blue lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.17. Low latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 2.85. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.18. Mid latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 1.16. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.19. Mid latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 1.5. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.20. Mid latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 1.73. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Figure 5.21. High latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 0.4. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.22. High latitude ozone error profile (validated with ECMWF analysis data) for star

magnitude 0.4. The thick green line denotes the bias profile b̂, while the enveloping fine blue
lines are the bias ± standard deviation profile b̂ ± ŝ.
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Validation with Globally Distributed Profiles

Here we present the statistics of a selection of globally distributed occultation events
separated by date and latitude (low, mid, high) regimes. The sets include occultations
of stars between magnitudes -1.44 and 2. Stars with magnitudes greater than 2 show
significantly larger errors. As in the single profiles statistics we find biases with ∼25%
from 25 - 65 km for all latitude regions. Below 25 km we biases decrease from ∼25%.

In the following graphs the thick green line denotes the bias profile b̂, while the
enveloping fine blue lines are the bias ± standard deviation profile b̂ ± ŝ.

Figure 5.23. Low latitudinal global ozone statistics for more day ensembles: 2002-09-20/21,
2002-09-22/23 and 2002-09-24/25 (top) and 2002-09-26/27, 2002-10-11/12/13 (bottom). The
thick green line denotes the bias profile b̂, while the enveloping fine blue lines are the bias ±
standard deviation profile b̂ ± ŝ.
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Figure 5.24. Mid latitudinal global ozone statistics for more day ensembles: 2002-09-20/21,
2002-09-22/23 and 2002-09-24/25 (top), 2002-09-26/27, 2002-10-11/12/13 (middle) and high
latitudinal global ozone statistics for more day ensembles: 2002-09-20/21, 2002-09-22/23 and
2002-09-24/25 (bottom). The thick green line denotes the bias profile b̂, while the enveloping
fine blue lines are the bias ± standard deviation profile b̂ ± ŝ.
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5.2 Temperature Retrieval & Validation

In this Section we discuss the results of our real GOMOS SFA/SATU data temperature
retrieval (c.f. [27]). Statistical optimization was used to optimize bending angles,
what has a significant impact on the resulting temperatures. GOMOS SFA/SATU
temperatures are then compared to CHAMP level 2, ECMWF T511L60 analysis and
MIPAS level 2 data. For this analysis the GeoForschungsZentrum (GFZ) in Potsdam
provided CHAMP data and the Institut für Meteorologie und Klimaforschung (IMK)
in Karlsruhe provided preprocessed MIPAS data. Both data packages are furthermore
validated with ECMWF data published in [18].

5.2.1 Simulated Retrieval Data

Simulated bending angle and temperature profiles are produced with the EGOPS [23]
software. We present two realizations of profiles, which differ in the randomly selected
initialization vector.

Figure 5.25. Two realizations of temperature profiles with (solid grey lines) and without
(dashed grey lines) statistical optimization applied, where the smooth solid black line is the
”true” profile (left). Corresponding errors (difference retrieved minus ”true”) of the two error
realizations of temperature profiles with and without statistical optimization applied (right).

5.2.2 GOMOS SFA/SATU Profile Retrieval

Bending Angles and Temperatures at Different Star Magnitudes

The results of a GOMOS data retrieval depend on the selected star and its magni-
tude. In general one finds for bending angles and temperatures that a low star magni-
tude, favorably below 0, allows for retrievals into the troposphere down to heights of ∼5
km which is the theoretical minimum of GOMOS. In our selected data set transmission
from only 50 stars are considered. Especially in the high attitude region there is a clear
need of more occultation data.
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Figure 5.26. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude -1.44. Thick light blue lines denote statistically optimized profiles. Thin red dotted
lines are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.27. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 0.40. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.



46 Chapter 5. Validation Results and Discussion

Figure 5.28. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 0.45. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.29. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 1.16. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.30. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 1.50. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.31. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 1.73. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.32. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 2.03. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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Figure 5.33. Absolute bending angle profiles (top), relative bending angle errors (middle) and
corresponding temperatures (bottom) for four different occultation events with star magni-

tude 2.80. Thick light blue lines denote statistically optimized profiles. Thin red dotted lines
are a priori profiles, while thin green solid and dashed lines are measured profiles without
statistical optimization.
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5.2.3 GOMOS-CHAMP Validation

We show (Fig. 5.34) GOMOS level 1b data validated with CHAMP level 2 data in
altitudes between 20 and 35 km. The high attitude bias-profile b̂ is shifted to positive
values for altitudes below 25 km. This may be due to the fact that only a small set of
GOMOS data with very few selected stars for occultation was available. For altitudes
higher than 25 km a positive bias of up to 2 K was found. In mid and high latitudes b̂

has a positive deviation below 25 km and perform equally to the hight latitude sample.
The global ensemble clearly averages over negative and positive drift below 25 km and
a positive tendency in b̂ can be seen.

Figure 5.34. Difference profiles of GOMOS level 1b data with CHAMP level 2 with biases b̂

(bold line) and bias ± standard deviation ŝ (fine line). Criteria for coincidences: 300 km/ 3 h.
From left to right profiles are shown in latitudes 0◦-90◦, 0◦-30◦, 30◦-60◦, 60◦-90◦.
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5.2.4 GOMOS-MIPAS Validation

The validation with MIPAS data reveals once again the structure of retrieved GOMOS
temperature profiles as already seen in the previous validation sets with CHAMP and
ECMWF analysis data. In Fig. 5.35 we find small biases below 1.5 K in the low latitude
regime. In the mid and high latitudes biases increase while standard deviations remain
below 4 K. In high latitudes the dominant effect is an increasing bias with decreasing
atmospheric altitude. The global ensemble performs equally to the ECMWF validation
profiles and shows temperature biases of less than 2 K throughout the displayed regions.

Figure 5.35. Difference profiles of GOMOS level 1b data with MIPAS level 2 with biases b̂

(bold line) and bias ± standard deviation ŝ (fine line). Criteria for coincidences: 300 km/ 3 h.
From left to right profiles are shown in latitudes 0◦-90◦, 0◦-30◦, 30◦-60◦, 60◦-90◦.
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5.2.5 GOMOS-ECMWF Validation

Equally to the GOMOS-CHAMP validation in Section 5.2.3 Fig. 5.36 shows similar
results. GOMOS level 1b data are here validated with ECMWF T511L60 analysis
data. For high latitudes and altitudes between 20 and 35 km one can see the deviation
to positive values of b̂ even clearer. Due to interpolations the profiles here look more
flattened than in Section 5.2.3. For altitudes higher than 25 km a positive bias of > 2
K was found. In mid and high latitudes b̂ has a positive deviation below 25 km and
perform equally to the hight latitude sample. The global ensemble clearly averages over
negative and positive drift below 25 km and a positive tendency in b̂ can be seen.

Figure 5.36. Difference profiles of GOMOS level 1b data with ECMWF T511L60 analysis data
with biases b̂ (bold line) and bias ± standard deviation ŝ (fine line). Criteria for coincidences:
300 km/ 3 h. From left to right profiles are shown in latitudes 0◦-90◦, 0◦-30◦, 30◦-60◦, 60◦-90◦.
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6 SMAS Sensor Concept

The SMAS sensor concept was a part of the so called ACLISCOPE mission (Atmo-
spheric and Climate Sensor Constellation Performance Explorer), developed in response
to the Call for Earth Explorer Opportunity Missions [28, 29]. The primary mission ob-
jective was to provide fundamental atmospheric and solar data of highest quality for
climate change research, especially on atmospheric change because the evolution of the
Earth’s climate system is increasingly influenced by human activities. These objective
comprises climate analysis, monitoring, modeling, prediction, and process studies, all
of which can be derived by the fundamental data of the mission, produced partially
with the SMAS sensor concept. We discuss a realistic forward modeling 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 meso-
spheric profiles. The SMAS sensor provides self-calibrating transmission data, which
allows 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 analyses transmission data for ozone and temperature profiling. In order to
enable a good and fast retrieval algorithm performance, a detailed view of the absorp-
tion behavior of the solar irradiance in the considered wavelength region is necessary
and will be presented in this work. In particular, some emphasis is placed on eval-
uating different fast forward modeling approximations for the SMAS channels in the
Schumann-Runge bands.

This work only examines the SMAS sensor concept. More information about the
full ACLISCOPE mission is described by [29] and in [28].

6.1 SMAS - Sun Monitor and Atmospheric Sounder

The SMAS sensor concept furnishes solar occultation measurements, which explore the
Earth’s atmosphere from the stratopause upwards. Further is the SMAS sensor concept
self-calibrating and uses an active limb sounding technique. The self-calibration of
the sensor delivers data with long-term stability, which is an important feature for
climate research and monitoring. For absorptive measurements like with the SMAS
sensor concept, the self-calibration results since only normalized intensities are exploited
instead of absolute radiance, therefore measurements from different satellites and times
can be compared without any adjustment.

The SMAS sensor primarily delivers lower atmospheric data, which are data up to
the mesopause, located at about 90 km, and upper atmospheric data, which are beyond
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the mesopause level. Furthermore the SMAS sensor delivers solar irradiance data. From
the SMAS lower atmospheric data, profiles versus height for columnar content, air and
ozone density, pressure, and temperature for the mesosphere result. On the other
hand, profiles versus height for columnar contents and densities of molecular oxygen,
molecular nitrogen, and atomic oxygen, as well as of pressure and temperature in the
upper atmosphere (the thermosphere) results from the SMAS upper atmospheric data.

The SMAS sensor is technically based on developments of the Frauenhofer Institute
for Physical Measurement Techniques (FIPM) Freiburg and the University of Boulder
for the SNOE (Solar Nitric Oxide Explorer) Satellite with channels at wavelength less
than 35 nm and from FIPM developments for the Russian PHOTON mission. SNOE
carries very similar silicon diode detectors as baselined for SMAS. Given new diamond
diode detector technology is available, which furnishes even higher precision [N. Fox,
private communications, 1999], this technology should be used for SMAS, however. A
similar system is the one developed for the PHOTON mission, which includes channels
at wavelengths less than 130 nm [30].

6.2 Channel Selection

Based on a sensor analysis for the SMAS sensor concept, the radiometric channels of
the instrument are selected as summarized in Tab.6.1 below. The examination of the
radiative interaction properties due to the Earth’s atmosphere suggests a natural range
in the wavelength region less than 250 nm. The spectral region therefore is the middle
and extreme ultraviolet. Therefore the spectral regions for the most needed height,
ranging from 50 km to 100 km, are the Schumann-Runge bands and the Herzberg
continuum, both for molecular oxygen. For ozone sounding the lower edge of the
continuous Hartley band is most suitable. The relevant mesospheric channels are thus
eight channels within 180 nm and 250 nm. The signal source for such occultations needs
to be the sun, because the sun provides a sufficient and continuous signal at <250 nm.
Also is the brightness across the solar disk ray homogenous in the MUV wavelength
region.

The locations of and distances between the eight several channels are defined such,
in terms of transmission sensitivity, that a total coverage of the whole mesosphere is
ensured. The bandwidth of the MUV channels is 5 nm, which is at present the technical
optimum which can be obtained by the FIPM Freiburg. The baselined width of these
channels 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 [11]. The visible channel is primarily for calibration purposes
but this channel can also be used, in cloud-free situations, for tropospheric temperature
evaluation based on refractive dispersion of the occulted signal amplitude profile. The
6 EUV channels are primarily for thermospheric research (temperature, densities of
the absorbing species); the EUV solar radiation is responsible for photoionization at
thermospheric altitudes.

The table furthermore gives some information on the source of the signal and on
the intervening atmospheric species on which information is contained in SMAS occul-
tation data. The knowledge of the density of the main atmospheric absorbing species
molecular oxygen allows derivation of pressure and temperature.
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Channel Channel Solar origin Main solar Atmospheric
Number Wavelength of radiation emission species intervening

[nm] in occultation
1 (EUV) 1-10 Corona N2,O2,O
2 (EUV) 17-25 Corona Fe X-Fe XII N2,O
3 (EUV) 29-35 Transition region He II (30.4 nm) N2,O
4 (EUV) 50-65 Chromosphere He I (58.4 nm) N2,O
5 (EUV) 70-90 Transition region O II-O IV N2,O
6 (EUV) 110-130 Chromosphere H I (121.6 nm) O2

7 (MUV) 184±2.5 Photosphere continuum O2

8 (MUV) 190±2.5 Photosphere continuum O2

9 (MUV) 195±2.5 Photosphere continuum O2,O3

10(MUV) 200±2.5 Photosphere continuum O2,O3

11(MUV) 205±2.5 Photosphere continuum O2,O3

12(MUV) 210±2.5 Photosphere continuum O2,O3

13(MUV) 224±2.5 Photosphere continuum O3

14(MUV) 246±2.5 Photosphere continuum O3

15(VIS) 300-700 Photosphere continuum Air

Table 6.1. The 15 SMAS sensor channels and characteristic parameters.

6.3 Instrument Characteristics

The SMAS sensor results from the SOL-ACES (16-220 nm UV spectroradiometer)
instrument. The SMAS sensor is based on high-sensitivity, high-precision ultraviolet
silicon diodes, preferably, on even more precise diamond diodes. The concept core is
proven currently on the SNOE satellite and a flight model instrument with 6 channels
less than 130 nm and one broadband visible channel is ready for the Russian-Ukrainian
PHOTON satellite. The adaption of the available heritage for SMAS as well as the
expansion of the measured wavelengths by 8 MUV channels between 180 nm and 250
nm is a rather modest modification of existing sensors.

The SMAS instrument consists primarily of three components: the Sensor Arrange-

ment, the Electronic Box and the Sun Pointing Assembly (SPA). The SMAS instrument
is baselined to consist of 15 radiation detector units, these are, in order to adapt to var-
ious different interfaces, designed as single small units (50 mm × 50 mm × 60 mm and
with a power consumption of 0.12 W). On top there is a high-sensitivity, high-precision
UV silicon or diamond diode, the sensible area is 10 mm × 10 mm and either the diode
is coated with a thin metallic film or covered by a set of two interference filters. The
detectors field-of-view need be limited to 1

30 deg for ensuring <2 km vertical resolution.

The diode current is converted by a preamplifier, this circuit corresponds to an
Electrometer-Amplifier. Further is the output of the preamplifier transferred via Voltage

to Frequency Converter (VFC) to the Electronic Box.

A 16-bit-counter is involved toward the telemetry. The basic readout data rate
is 10 Hz and can be directly used as sampling rate during occultation periods. For
continuous solar irradiance monitoring a sampling rate of 0.1 Hz is sufficient. By
trimming the offset of the preamplifier slightly to a positive value, no negative signal
at the entrance of the VFCs results. For thermal stability the detector units are fixed
on an aluminum plate. Furthermore, the temperature of the plate at the solar pointing
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assembly shall be as low as possible (below 30 deg Celsius). A variation of temperature
kept less than ±3 deg during the measurement increases the accuracy of the data,
therefore an electrical interface for three temperature sensors is included, providing
analog signals. In the Electronic Box, the 15 VFC science signals are stored in 16 bit
counters to be transferred to the telemetry. The Sun Pointing Assembly keeps the solar
disk center continuously in the sensor field-of-view, with 1

60 deg pointing knowledge, to
ensure optimal and constant solar signal during atmospheric occultation measurements.
Therefore the base plate of the SMAS Sensor Arrangement needs to be mounted on a
sun pointing device, which offers constant sun pointing angles (within 1

60 deg precision)
during occultation.

The SMAS sensor is a small, passive, low-weight, low-power, low-data rate instru-
ment and compatible with satellites of micro-satellite size. The main characteristics
are summarized in Tab.6.2.

Characteristics SMAS sensor

Mass < 8 kg (total)

Power consumption < 8 W

Max. data rate < 2.5 kbit/sec

Total volume < 300×200×150 mm3

Number of channels 15 radiometric channels
1 VIS, 8 MUV, 6 EUV

Sampling rates 10/1/0.1 Hz

Precision (single < 3.10−3 (silicon diode)
indicative figure) < 1.10−3 (diamond diode)

precision at 1 Hz rate

Sensor pointing < 1
30 deg vertical res.

< 1
60 deg knowledge

Table 6.2. Main characteristics of the SMAS science payload.

The primary objective is to provide with the aid of the SMAS sensor concept fun-
damental atmospheric and solar data for climate change research, especially on at-
mospheric change because the evolution of the Earth’s climate system is increasingly
influenced by human activities. However, indications exist that the changing thermal
structure from the upper troposphere to the mesosphere is a particularly sensitive indi-
cator of anthropogenic climate impacts. The SMAS sensor concept can furnish data to
globally monitor this changing structure over the full mesosphere with very high accu-
racy. These solar occultation data can be used for climate monitoring and prediction,
atmospheric analysis and modeling.

The main objectives for climate monitoring and prediction are to provide a global
climatology of the temperature in the entire mesosphere at high absolute accuracy and
vertical resolution. Further objectives are to support research into climate variabil-
ity and change (inter-annual and intra-annual) and into the energetics of the climate
system over the period of the mission, and thus to contribute observational input and
validation of models used to predict future trends and variability. Also in addition,
for atmospheric analysis and modeling, the SMAS sensor concept can provide long,
consistent sets of atmospheric states for research and model development exploiting
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Geographic coverage Globally, well balanced density over all latitudes;
with occultation events special feature: pairwise occ. events are needed,

the mean tangent points of which shall be separated
< 5 min in time and < 150 km horizontally

Horizontal sampling < 600 km latitudinally (in average)
per 6 hours
Covered height range 50 km < h < 400 km (all channels together)
during occultation 50 km < h < 120 km (8 MUV channels)
Temperature accuracy < 2 K, within 60 km < h < 90 km at 2 km vert. res.
Long-term stability < 0.2 K/decade (temperature)
Accuracy of other Consistent with the required temperature
occultation variables
Quality direct solar data Continuous monitoring at 10 sec sampling
Radiometric precision < 10−3(λ > 30 nm),< 10−2(λ < 30 nm)
Radiometric accuracy < 3% (λ > 130 nm),< 10% (λ < 130 nm)
Timeliness < 1 day - 1 month

Table 6.3. Main requirements for the ACLISCOPE/SMAS mission.

the data of the mission together with other observations. Furthermore, a spin-off mis-
sion objective is that observations are provided for upper atmosphere research, e.g. for
thermospheric investigations. There, observations of the densities of molecular oxy-
gen, molecular nitrogen, and atomic oxygen, as well as pressure and temperature are
provided. Also are provided direct, continuous, and accurate observations of solar
irradiance for wavelengths less than 250 nm in 14 channels.

These high-utility atmospheric data can be provided with the SMAS sensor as part
of the ACLISCOPE mission, which needs to be implemented as a small constellation
of satellites to be able to fulfill the scientific requirements. The baseline constellation
of the mission includes 6 micro-satellites in two low-earth orbits. To learn optimally
about vertical and horizontal resolution properties of the occultation data, the ACLIS-
COPE concept includes a pair of satellites (Sat Pair) in constellation, which furnishes
the necessary experimental data for research in occultation resolution and accuracy.
Particularly for the horizontal resolution studies, the availability of the Sat-Pair fur-
nishes horizontally redundant occultation events closely related in space (distance less
than 150 km) and time (separation less than 5 min). By the aid of this Sat-Pair, in-
vestigations about tandem retrieval compared to single profile retrieval are possible for
example. The ACLISCOPE SMAS sensors, if implemented as baselined, can provide a
data set of ∼ 150 occultation profiles per day in the mesosphere (and above), together
with continuous solar irradiance observations for wavelengths less than 250 nm. To ob-
tain the main objectives as described above, the ACLISCOPE baseline implementation
has to be compliant with the overall requirements summarized in Tab.6.3.
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7 Retrieval of Atmospheric Param-
eters

Remote sounding of the atmospheric temperature profile and composition from Earth
satellites has become a technique of major practical importance for scientific observa-
tions of the Earth’s atmosphere and will clearly continue to be of importance for the
foreseeable future, both for the Earth and for soundings of other planetary atmospheres.

The intensity of the sun, in certain atmospheric absorption bands, is monitored by
a low orbiting satellite tracking the sun during occultation by the Earth’s atmosphere.
The intensity data during occultation are then used to obtain information about the
absorbing species; in the SMAS case for the mesosphere and thermosphere [31, 32].
The used limb geometry is tailored to furnish a high spatial resolution, whereas the
absorptive properties of the intervening medium can be related to densities of the dif-
ferent absorbing species. Usually absorptive occultations have been used to measure
density profiles. However, from density profile of major species, pressure profiles can be
calculated by integration, employing the hydrostatic equation. Furthermore, the pres-
sure profiles can be related, by the use of the ideal gas law, to atmospheric temperature
profiles.

The SMAS sensor is a self-calibrating instrument, therefore the occultation tech-
nique involves a relative measurement with normalization given by the measured solar
irradiance above the atmosphere during each event. The following results are therefore
independent of absolute instrument calibration or source strength (as large as a suffi-
ciently accurate signal can be measured). This is a very important feature because it
tends to negate the effects of instrument degradation over time.

The occultation technique works best for a point source, such as a star, where the
vertical resolution at the tangent point is very sharp [5]. For a finite source, such
as the sun, the light rays emitted from the upper and lower limb can have tangent
ray heights separated by about 25-30 km (observed from low orbiting satellites).A
single measurement therefore consists of light received from widely separated ray paths,
which collectively sample a region of the atmosphere over which the density distribution
can vary significantly. However, this problem can be solved if measurements from
viewing only a small fraction of the solar disk are used [33], as is done by the SMAS
sensor concept (field-of-view <2 km at tangent point). This transmission function
measures the optical properties of the atmosphere in the horizontal direction, it is a
good measurement of the transmissivity of the atmosphere which is a central property
for the mesospheric ozone and temperature sounding. To proceed from the transmission
functions to the distributions of the absorbing species (molecular oxygen and ozone
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for mesosphere) inversion methods must be applied. Therefore the different absorbing
constituents have to be isolated first based on the total transmission function. A second
step deals with the retrieval of the vertical profiles such as pressure and temperature.

7.1 Forward Model

The occultation measurement principle has been used for a long time to study the
Earth’s atmosphere [6]. The attenuation due to absorption is used to analyze the
atmosphere. The atmospheric composition can be resolved by using the attenuation
due to absorption, for the mesosphere the relevant primary absorbing constituents
are molecular oxygen and ozone, absorbing the MUV solar radiation. Considering a
spaceborne optical measurement device such as the SMAS ultraviolet silicon (Si) diode
or diamond (Di) diode, solar radiances are measured at each height in all of the sensor
channels (differing by frequency).

The SMAS sensor concept uses solar occultation 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 mounted aboard a low-
Earth-satellite, it measures the intensity 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 (normalized intensity)
thus obtained contains information about the combined limb path column density of all
absorbing species. 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.

The transmission for any give individual measurement can be modeled as

T (t(i)) =

∫

∆λ

∫

∆υ

∫

∆t
Tatm(λ, υ, t)Wλ(λ − λ0)WυWtdλdυdt, (7.1)

where the transmission profile is sampled as a function of time ti. 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 ∆λ, properly covering the spectral
width of each channel, the vertivcal field-of-view ∆υ, and the measurement integration
time per sample, ∆t. The SMAS field-of-view is pointing to sun center and designed
1/30 deg wide, corresponding to ∼2 km vertical resolution. 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 retrieval of atmospheric profiles [34]. The channel
shape function W (λ − λ0) is modeled as (normalized) Gaussian function with a half
-width of 2.5 nm. Furthermore, two simple boxcar functions are used, W = 1/∆υ
(∆υ = 1/30 deg) and W = 1/∆t (∆t = 0.1 sec), for properly limiting the field-of-view
and time integration domains.

For given geometry and time ti, the atmospheric transmission file Tatm(λ, υ, t) can
be sampled as function of wavelength, field-of-view, and time, and then integrated
according to Eq.7.1 to obtain the desired channel transmission T (ti). For the smooth
atmospheric profiles adopted in this study, the two boxcar integrations could be well
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ignored and Tatm(λ, υ, t) was just forward modeled for different wavelengths along a
single ray arriving from sun center at the time ti.

The Schumann-Runge (SR) band region is of central importance to the absorption
of solar radiation by molecular oxygen and in determining ozone concentrations. The
SR bands control the limb absorption in the mesosphere from about 60 km to 100 km.
The absorption system is characterized by a banded structure from 174 nm and 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 absorption
cross sections exhibit a temperature dependence, which is strongest between 192 nm
and 204 nm. Fig.7.1, left panel, depicts the molecular oxygen absorption cross sections

Figure 7.1. Spectral distribution of the absorption cross section of molecular oxygen in the
Schumann-Runge bands (left panel) and modeled 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 continuum and overlap-
ping Hartley band. The annotated numbers denote the center wavelengths of the channels.
The vertical dashed lines near the left and right boundary delimit the region, within which
measurements are foreseen to be exploited.

in the SR regions for a temperature of 240 K. The SR cross section data were taken
from [35], computed from polynomial coefficients, including 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 [36] and the ozone cross section
data from [37], respectively. Fig.7.1, right panel, shows exemplary SMAS transmission
data modeled based on a realistic occultation event. The geometry data of the event
were computed by an enhanced EGOPS (End-to-End Generic Occultation Simulator)
[22, 23], an occultation software tool. Furthermore, spherically symmetric atmospheric
profiles were adopted and a scanning of the atmosphere over altitude 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 pints (0.002 nm sampling) for each channel is
necessary. Using these 3000 samples of Tatm(λ, υ, t), Fig.7.1. right panel, shows the
wavelength-integrated channel transmission profiles. For the channels >205 nm, the
absorption cross sections are smooth functions - molecular oxygen Herzberg continuum
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and ozone Hartley band - and 0.2 nm sampling is sufficient. The Herzberg continuum
comprises the wavelength region between 185 nm and 242 nm, the Hartley band those
from 190 nm to 310 nm, reaching a maximum near 250 nm. Because of the large
number density of molecular oxygen 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.7.1). The Hartley band absorption is unimportant below 190 nm. The cross
sections in the Herzberg continuum and Hartley band show a very slight temperature
dependence, which can be neglected in the SMSA forward modeling.

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 approximation (PIA) and
the optimal random selection approximation (ORSA).

Piecewise Integration Approximation (PIA)

In the PIA, SR cross sections integrated over a prescribed number of partial channels
of width ∆λ, 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 Tch(s) as follows,

Tch(s) =

∆λI
∑

i=∆λi

Tch,i(s) =

∆λI
∑

i=∆λi

exp(−
∫

s
σ̄(∆λi, T (s))n(s)ds)W̄ (∆λi), (7.2)

with the associated averaged temperature-dependent SR absorption cross section
σ̄(∆λi, T (s)),

σ̄(∆λ, T (s)) =
1

∆λ

∫

∆λ
σ(λ, T (s))dλ, (7.3)

and averaged Gaussian weighting function W̄ (∆λi), given by

W̄ (∆λ) =
1

∆λ

∫

∆λ
W (λ − λ0)dλ, (7.4)

∆λI
∑

i=∆λi

W̄ (∆λi) = 1. (7.5)

Both, the averaged SR absorption cross sections and the Gaussian weighting function
are integrated over a finite equidistant wavelength region ∆λ for each partial channel.
In turn, according to Eq.7.3, all partial channel transmissions are integrated to yield
the full channel transmission. Fig.7.2, left panel (to be compared with Fig.7.1, left
panel) illustrates integrated SR cross section as used in the PIA (Eq.7.4), for 30 partial
channels (0.2 nm sampling). Resulting transmission profiles for the five SMAS SR
channels are shown in Fig.7.2, right panel, for different numbers of partial channels.
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The primary band structure of the SR bands persists to a certain degree under the
PIA integration as Fig.7.2, left panel, illustrates. Fig.7.2, right panel, shows, though,
that a sufficient number of partial channels is needed to accurately model the trans-
mission. While 30 partial channels are clearly not yet a sufficient number, 300 partial
channel appear to be an adequate number already, furnishing an accuracy of the ap-
proximated transmission of better than 1%. Compared to original 3000 bins per channel
this is a reduction by a factor of 10 of the computational cost for sampling Tatm. The
use of the PIA in a forward model embedded in retrieval algorithms is simple and
straightforward.

Figure 7.2. 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).

Optimal Random Selection Approximation (ORSA)

The idea of 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 104 trials were found an adequate number of trials, we
targeted to reduce the 3000 bins per Schumann-Runge channel to an optimal subset of
100 bins, i.e., a further factor of three less than what was found needed in case of the PIA
discussed above. Optimality is defined in that we keep that 100 bin subset from the 104

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 computation. Performing this type of ORSA for a sufficient
diversity of atmospheric temperature profiles provides a number of look-up tables, which
can be used in a nearest-neighbor sense for a fast algorithm based on only 100 bins
per Schumann-Runge channel. Fig.7.3 illustrates the ORSA performance for a few
exemplary atmospheric conditions, based on CIRA-86 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 January/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
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Figure 7.3. Illustration 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.

more realistic situation, where the ORSA selection is based on a priori knowledge of
conditions 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 Schumann-Runge channels based on 100 bins. Whether the factor of
three advantage, 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.

The PIA and ORSA method follows largely the in [38] described article.

7.2 Ozone and Temperature Retrieval

The wavelength dependent normalized solar intensity, as measured by the SMAS sensor
device aboard of a LEO satellite during occultation of the sun by the Earth’s atmosphere
can be expressed with Eq.7.1. This equation corresponds to Beer-Bouguer-Lambert’s
law, applied to the SMAS sensor concept.

The solar intensity attenuated due to the Earth’s atmosphere can be determined
by considering the combined attenuation of all absorbing species along the ray path,
that’s exactly what the Beer-Bouguer-Lambert’s law implies. The ultimate aim of
the SMAS sensor concept is to deduce the atmospheric properties such as profiles
about temperature, and the densities of the absorbing species, which are necessary
for determination of the temperature. Hence it is necessary to establish the connection
between the tangential column number densities Ni(z) and the vertical number densities
ni(z) of the absorbing species.

Retrieval of Ozone and Molecular Oxygen Columnar Contents with a Matrix Inver-
sion Technique

The total optical thickness is a linear combination of the partial optical thicknesses
associated with the relevant absorbing species, which are for the SMAS sensor concept
molecular oxygen, ozone and a small part originate by Rayleigh scattering. The sep-
aration of the absorbing species for all involved channels will be the first step in the
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SMAS retrieval before starting the vertical inversion. Step by step the SMAS retrieval
scheme works as follows: (1) separation of the absorbing species and calculation of the
tangential column number densities Ni ( spectral inversion), (2) inversion of the Abel
integral equation to obtain vertical number densities ni, (3) from the hydrostatic equa-
tion follows the partial pressures pi of the absorbing species and the total atmospheric
pressure p, (4) the retrieval of the temperature profile from the pressure (and density)
profile requires the use of the ideal gas law

Tλ(z) → Ni(z) → ni(z) → pi(z), p(z) → Temperature(z). (7.6)

By definition, the column number density of the ith absorbing species is given by

Ni(z)
.
=

∫

∞

−∞

ni(s)ds, (7.7)

where ds is an element of path length along the line of sight, with origin located at the
tangent point and the detector assumed to be at s = −∞. The second step is made
by assuming a spherically symmetric number density so that n(s) = n(−s) results, this
definition is general and applies to an arbitrary line of sight. Denoting the equations
referring to the radius of the tangent point rt, substituting the height coordinate z by
the corresponding radius r, and furthermore by introducing the variable r′ = (s2+r2

t )
1/2

which gives the geocentric distance of an arbitrary point along the ray path, Eq.7.6 takes
the form of an Abel integral transform [5],

Ni(rt) = 2

∫

∞

rt

r′ni(r
′)

√

r′2 − r2
t

dr′, (7.8)

where ni(r
′) is the number density of the ith absorbing species at a distance r′ from the

center of Earth. By knowing the solar spectra above the atmosphere and the absorption
cross-sections, the normalized signal then is only a function of the tangential column
number density Tλ(rt) = Tλ(N(rt)). These transmission data can be inverted to give the
tangential column number density. Furthermore, the Abel integral equation (Eq.7.7)
can be inverted to obtain the number density of the ith absorbing species at the radius
r

ni(r) = − 1

π

∫

∞

rt

1
√

r′2 − r2
t

dNi(r
′)

dr′
dr′. (7.9)

From the determined vertical number densities it is easy to calculate the residual
atmospheric parameters as pressure and temperature. The pressure profiles can be
calculated by inserting the vertical number densities in the hydrostatic equation. Fur-
thermore, the temperature profile can be determined by inserting the pressure profile
(the absolute pressure p) together with the density profile into the ideal gas law.

The spectral inversion problem for the SMAS mesospheric data involves eight chan-
nels with overlapping contributions from molecular oxygen, ozone and air because the
SMAS is an eight-channel MUV radiometer in this context. The inversion program per-
forms the conversion of the measured tangential atmospheric transmission data from
the eight MUV channels into columnar contents describing the vertical distribution of
the three absorbing constituents molecular oxygen, ozone and air. The transmission
function is given by Beer-Bouguer-Lambert’s law (Eq.7.1) which includes a wavelength
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dependent optical thickness according to the absorbing species. The relationship be-
tween the optical thickness and the normalized transmission function can be used for
all channels, thus follows

ln

(

Ik(z)

Ik,0

)

= −σO2,a,k(z)NO2(z) − σO3,a,k(z)NO3(z) − σOAir,a,k(z)NOAir
(z) (7.10)

for k = 1 . . . 8, where the subscript index k denotes the SMAS channels (e.g., for k =
1 ⇒ λ = 184 nm, and so on) - as a first approximation effective absorption cross sections
are used (integrated over the spectral width of each channel). The SMAS inversion
thus is an over-determined linear equation system consisting of eight equation for three
unknowns, each equation corresponds to one channel. Eq.7.9 can be put into matrix

form, with x = (NO2(z), NO3(z), NAir(z)) and y =
(

ln
(

I1(z)
I1,0

)

, · · · , ln
(

I1(z)
I8,0

))

, and a

design matrix K with matrix elements matrix element Kk,i = −σa,k,i (i corresponds
to the number of absorbing species). This matrix equation Kx = y, can be inverted
(generalized least-square solution; e.g., [39]) to produce the solution

x =
(

KTK
)−1

KTy. (7.11)

Eq.7.11 produces a value of the tangential column number density of molecular
oxygen, ozone and air. Applying Eq.7.11 to all rays built up profiles of tangential
column number density for all absorbing species. Note that practically not all eight
equations (channels) are involved at each height, since only those channels are included
for which 0.1 ≤ Tλ ≤ 0.9 is fulfilled at the given height.

Abel Inversion of Columnar Contents to Density Profiles

In this paragraph a numerical inversion scheme is developed for species which de-
crease approximately exponentially with altitude for determining the number density
profile (for both molecular oxygen and ozone). The vertical number densities of the
absorbing species can be calculated with Eq.7.8. This equation is a algebraic form of
the Abel integral equation relating the tangential column number densities Ni(z) at
different heights to vertical density profile ni(z) (r = RE + z). For numerical computa-
tions, Eq.7.8 has a disadvantage because there exists a singularity at the lower integral
boundary. That disadvantage can be evaded with a method developed by [40].

In order to perform the inversion with an algebraically convenient form Eq.7.8 is
discretized with the so called onion-peeling method which corresponds to a division of
the atmosphere into shells. The depth of each shell corresponds to the sampling rate of
the measurement device, which is 10 Hz for the SMAS sensor concept. The inversion
algorithm has to be done for all relevant absorbing species, thus the subscript index is
suppressed further on. Eq.7.8 is discretized assuming first that the derivations of the
tangential number densities of each species vary linearly inside each shell. The Abel
integral equation can be put into matrix form, discretized into m shells (the subscript
index j = 1, 2, · · · , m corresponds to a finite number of mean radii rj) and regarded as
a function of the independent impact parameters rj or rl corresponding to the mean
radii (further on the subscript index t denoting the tangent point is neglected). Doing
with thus Eq.7.8 can be written as

n = ANd, (7.12)
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with n = (n1, n2 · · · , nm) and Nd =
(

(dN
dr )1, (

dN
dr )2, · · · , (dN

dr )m

)

, and

Ajl =
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being the elements of an (m × m) triangular matrix A [40]. The kernel (r′2 − r2)−
1
2

in Eq.7.8 determines the structure, thus the diagonal elements in A are far the largest
ones and they are falling off rapidly away from diagonal. In principle, the rj ’s can be
chosen in arbitrarily, but we chose equidistant levels for convenience.

Retrieval of Temperature Profiles

From the retrieved density profiles pressure profiles can be calculated by integration
employing the hydrostatic equation. For the SMAS data analysis only the partial
pressure of molecular oxygen is useful, from the known distribution of the atmosphere as
mixture of gases (for molecular oxygen 21% per volume) the total pressure result. The
contribution of the ozone partial pressure to the total pressure is negligible compared
to the contribution of molecular oxygen. Thus only the data of molecular oxygen will
be used to retrieve the pressure and temperature profiles.

Therefore the molecular oxygen number density profile nO2(r) has to be related to
the molecular mass density profile ρO2,m(r). The pressure can be obtained by integrat-
ing the hydrostatic equation

pO2(r) =

∫

∞

r

g(r′)ρO2,m(r′)dr′, (7.14)

where g(r′) denotes the local acceleration of gravity. Using the total atmospheric
pressure profile, the temperature profile of the middle atmosphere follows. The retrieval
of the atmospheric temperature profile from density profiles and from the partial pO2(r)
and total pressure profile p(r) uses the ideal gas law. In each shell, the temperature
T (r) can be calculated as

T (r) =
p(r)

n(r)kB

, (7.15)

where kB denotes the Boltzmann constant.
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8 Results and Discussion

In this Chapter we present retrieval results, derived from the SMAS Schumann-Runge
and Hartley band channels 7 to 14. Monitoring the mesosphere by the SMAS solar oc-
cultation sensor starts with the measurement of signal intensity profiles normalized to
transmission profiles, one for each channel. The sequential inversion process starts with
a spectral inversion of transmission to molecular oxygen and ozone columnar content
profiles, followed by a vertical inversion via Abelian transform to obtain an ozone num-
ber density profile from the ozone columnar content. The spectral inversion converts
the transmission data form the eight channels into columnar contents describing the
horizontally-integrated vertical distribution of the two main absorber molecular oxygen
and ozone.

Month Latitude O2 and temperature: O3 profile:
CIRA-86 model FASCODE model

Equator Equator Tropical / model 5
Januray MidLat. 40 deg North MidLat. Winter / model 3

HighLat. 60 deg North SubArctic Winter / model 4

Equator Equator Tropical / model 5
March MidLat. 40 deg North MidLat. Summer / model 2

HighLat. 60 deg North SubArctic Summer / model 4

Equator Equator Tropical / model 5
July MidLat. 40 deg North MidLat. Summer / model 2

HighLat. 60 deg North SubArctic Summer

Equator Equator Tropical / model 5
October MidLat. 40 deg North MidLat. Winter / model 3

HighLat. 60 deg North SubArctic Winter / model 4

Table 8.1. Temperature and density profiles.

Tab.8.1 indicates the for the SMAS forward model and temperature and ozone re-
trieval used molecular oxygen, ozone and temperature profiles. The temperature and
molecular oxygen profiles are calculated from the CIRA-86 model and the ozone pro-
files are taken from the AFGL-TR-86 data (FASCODE model), respectively. In the
next two Sections results from the SMAS ozone/molecular oxygen and temperature
retrieval for three different cases are shown: (1) the upper panel shows the situation at
the Equator, (2) the middle panel for mid latitudes (40 deg North) and (3) the lower
panel denotes the situation at high latitudes (60 deg North).
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8.1 Retrieved Ozone and Molecular Oxygen Profiles

The Eqs.7.12 and 7.13 can be used to calculate the vertical number densities of both
molecular oxygen and ozone from the tangential column number densities. The result-
ing density profiles are illustrated in Figs.8.1 - 8.4 . The lowest impact parameter r1

corresponds to the 55 km level, where Tλ > 0.1 for the lowest-reaching channel, while
the uppermost impact parameter rm corresponds to an altitude of about 115 km. As
known from similar cases in other occultation techniques (e.g., [41]), the Abel inversion
of course propagate not only the signal but measurements into the density profile.

This is, in particular, visible in the retrieved ozone column number density profile
at heights > 80 km. For molecular oxygen a stable inversion results up to an altitude
of about 115 km. The departure from the ideal case follows from the discretized so-
lution of the Abel integral equation. To calculate the vertical ozone number density
is it needful to use the statistical optimization routine as described in Chapter 3.3.2
(Eq.7.11), where αb is the background and αo the observed ozone column number den-
sity profile, respectively. The correlation length L for the background and observation
error covariance was set to 6 km. As a background profile a CIRA-86 climatology was
chosen and the background errors σi and σj were assumed to be 20%.

The resulting profiles for four different months (January, March, July and October)
are illustrated in the Figs.8.1 - 8.4, with the densities given over a logarithmic scale (left
panels). The molecular oxygen density was calculated from the CIRA-86 model and
the ozone density was based on AFGL-TR-86 data for three different lines of latitude
(Equator - top panels, 40 deg north - middle panel, and 60 deg north - bottom panel).
As reference the ideal cases are plotted for both molecular oxygen and ozone (solid
black lines). Furthermore, vertical number density profiles are illustrated with some
superposed noise generated by the SMAS detector.

Two cases are considered: (1) 0.1% noise at 10 Hz-sampled transmission data, corre-
sponds to diamond diode detectors (blue dotted lines, left panel), and (2) 0.3% noise at
transmission data, corresponds to silicon diode detectors (red dashed lines). The rela-
tive departure of the retrieved atmospheric molecular oxygen and ozone density profiles
are shown in the middle and right panel of the Figs.8.1 - 8.4, the solid lines references
molecular oxygen density and the dotted lines ozone density, respectively. The vertical
resolution is about 2 km. A relative ozone retrieval error of less than ±2% in most of
the height domain of interest up to 90 km is found for the 0.1% and 0.3% measurement
error case and for molecular oxygen a relative difference less than ±2% is found up to
an altitude of about 100 km. The error incurred by the discretized solution of the Abel
transform with a matrix inversion technique and due to the numerical programming of
the columnar contents profile is very small an negligible.

The strong deviation of the profiles compared with the true profile for the altitude
region above 105 km results due to the transient phenomenon given by the initial
value of the molecular oxygen and ozone profile at an altitude of about 120 km, these
initialization is necessary to start the retrieval algorithm. Therefore only profiles up to
an altitude of 105 km are reasonable and only results up to this high should be used
for further applications.

The same cases are considered in the further steps in the temperature retrieval
processing. The noise corresponds to the so called Gaussian white noise and was
modeled as such. This describes a for any time normally (Gaussian) distributed random
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process and is noted in the plot as rms-error value which is equal to the standard
deviation. The values describe the percental deviation from the noise free measured
signal. Hence the spectral amplitude of white noise corresponds to S = S(ν) and
the corresponding autocorrelation function is a Dirac delta function R(t) = Sδ(t).
Thus white noise is noise which is uncorrelated from one time instant to another [42].
Molecular oxygen absorbs MUV/EUV in the Schumann-Runge absorption system up
to the upper boundary at 242 nm, ozone only absorbs for the most part in the Hartley
band with the lower boundary at 200 nm.

It results, that the channels from 184 nm up to 195 nm primarily detect the molecular
oxygen-attenuated solar radiation. On the other hand the channels from 210 nm up to
246 nm primarily or entirely detect ozone-attenuated solar radiation. For the inversion
of the molecular oxygen vertical number density the influence of noise is very small,
therefore the inversion is very stable up to the top altitude of about 110 km. The
inversion of the ozone vertical number density is very sensitive against the rms-error
at high altitudes. This can be readily explained considering the SMAS transmission
plot (Figs.7.1), because no appreciable signal from the 210-to-246-nm-channels exists at
altitudes above 80 km. Thus the ozone profile can be detected only up to an altitude of
about 80 km, which is sufficient to scan the mesosphere, however. Ozone concentration
above the mesosphere are generally negligible.
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Figure 8.1. Vertical number density of molecular oxygen and ozone resulting from the SMAS
forward model. The molecular oxygen density used here was calculated from the CIRA-86
model (January) and the ozone density was based on AFGL-TR-86 data. The blue lines refer
the superimposed rms-error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
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Figure 8.2. Vertical number density of molecular oxygen and ozone resulting from the SMAS
forward model. The molecular oxygen density used here was calculated from the CIRA-86
model (March) and the ozone density was based on AFGL-TR-86 data. The blue lines refer
the superimposed rms-error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
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Figure 8.3. Vertical number density of molecular oxygen and ozone resulting from the SMAS
forward model. The molecular oxygen density used here was calculated from the CIRA-86
model (July) and the ozone density was based on AFGL-TR-86 data. The blue lines refer the
superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
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Figure 8.4. Vertical number density of molecular oxygen and ozone resulting from the SMAS
forward model. The molecular oxygen density used here was calculated from the CIRA-86
model (October) and the ozone density was based on AFGL-TR-86 data. The blue lines refer
the superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
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8.2 Retrieved Temperature Profiles

This Section illustrates the temperature profile retrieved from the total pressure profile.
As described in the Section above four different month (January, March, July and
October) for the northern hemisphere are shown (Figs.8.5 - 8.8). From the plot follows
that an accurate profile of the temperature can be obtained with the SMAS sensor
concept, analogous to the density profiles of molecular oxygen, up to an altitude of
about 105 km. Also this figures shows the the influence of the rms-error, and no bias
departure of the retrieved temperature from residual errors in the discretization of the
Abel integral (the numerical solution of the Abel transform), the spectral inversion
procedure and the numerical solution of the hydrostatic integral has been observed.

As described at the beginning of Chapter 8, results of the SMAS temperature re-
trieval for three different cases are shown: (1) the upper panel shows the situation at
the Equator, (2) the middle panel for mid latitudes (40 deg North) and (3) the lower
panel denotes the situation at high latitudes (60 deg North). The left panel of the
Figs.8.5 - 8.8 illustrates the temperature for the ideal case (black solid line), the re-
trieved temperatures with superimposed rms-error (blue dotted line: 0.1% rms-error,
red dashed line: 0.3% rms-error). The middle and right panel illustrates the case of
0.1% rms-error (blue line) and 0.3% rms-error (red line), respectively. The vertical
resolution of the profiles is about 2 km.

The error of the retrieved temperature profile for the 0.1% error case is less than 2 K
for the height region up to an altitude of about 105 km. The situation is similar with the
superimposed rms-error of 0.3%, where a temperature profile slightly more noisy but
still accurate to better than 2 K up to about 105 km results. Generally, as expected, the
temperature accuracy decreases with increasing rms-error on transmission. In summary,
a good estimation of the temperature profile over the whole mesosphere can be done
with the SMAS sensor concept.
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Figure 8.5. Temperature profiles resulting from the SMAS forward model and absolute depar-
ture of the retrieved atmospheric temperature for January/northern hemisphere. The blue lines
refer the superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
The black solid line in the left panel denotes the true case.
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Figure 8.6. Temperature profiles resulting from the SMAS forward model and absolute depar-
ture of the retrieved atmospheric temperature for March/northern hemisphere. The blue lines
refer the superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
The black solid line in the left panel denotes the true case.
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Figure 8.7. Temperature profiles resulting from the SMAS forward model and absolute de-
parture of the retrieved atmospheric temperature for July/northern hemisphere. The blue lines
refer the superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
The black solid line in the left panel denotes the true case.
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Figure 8.8. Temperature profiles resulting from the SMAS forward model and absolute depar-
ture of the retrieved atmospheric temperature for October/northern hemisphere. The blue lines
refer the superimposed error of 0.1% and the red lines refer an rms-error of 0.3%, respectively.
The black solid line in the left panel denotes the true case.



Summary & Conclusions

In this study — the ENVI-ATCHANGE Programme, Part 1 — the exploitation of data
from two different occultation techniques was discussed and results show in general good
performance. Stellar occultation with GOMOS on Envisat, once developed to monitor
ozone, is now is in a phase were data became reliable and one can start to use them for
long term trend studies. For SMAS, a solar occultation sensor concept, we showed its
feasibility and presented results of a simulation study, which left us with the desire for
a real mission in future. Comparing both instruments there is still a lot of potential
for cross-validation and exploitation of retrieval techniques.

Part 2 of the ENVI-ATCHANGE Programme, proposed to ASA-BMVIT, is planned
to start using the validated Envisat/GOMOS and MIPAS data for climate change
monitoring and analysis.

GOMOS - Global Ozone Monitoring by Occultation of Stars

We developed an optimal estimation algorithm for retrieval of atmospheric pro-
files from Envisat/GOMOS-measured level 1b transmission data. In this study ozone
and temperature profiles were retrieved, which is the primary focus of the algorithm,
though the whole processing chain is capable of retrieving other trace gases (e.g., NO2)
simultaneously.

We applied refractive occultation retrieval to bending angle data from GOMOS
star tracker data (SFA/SATU) gaining refractivity, density, pressure, and temperature
profiles. This allows to improve the background fields required by the raytracing in the
ozone retrieval part.

In conclusion, the approach adopted for an efficient retrieval of ozone profiles has
yielded encouraging results for simulated data, with ozone profile accuracy <3% from
mid stratospheric up to mid mesospheric regions. The application to real data clearly
showed errors depending on transmission data quality and the selected star magnitude.
The ozone retrieval performs best for bright stars (magnitude: -1.44 to 2) at low and
mid latitudes for heights from 25 km to 65 km. There the signal coming from the
measurement enables to accurately see ozone structures. Ozone profiles at high lati-
tudes suffer from occultations for dim stars only, which leads to larger biases and higher
standard deviations. Comparisons with ECMWF ozone profiles show biases of up to
20% throughout all latitude regions.

Simulated temperature errors based on optimally initialized bending angle profiles
show a high retrieval quality with errors of <2 K below 35 km and <1 K below 25
km. Real GOMOS data was then incorporated successfully into our retrieval. GOMOS
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SFA/SATU temperatures where compared to CHAMP, MIPAS, and ECMWF analysis
data and showed rms-errors of 2 - 3 K from 25 km upwards. Below 25 km, temperature
errors increase due to the small set of data available < 25 km as well as due to large
fluctuations in SFA/SATU data.

SMAS - Sun Monitoring Atmospheric Sounder

The SMAS occultation sensor concept allows for a retrieval of the atmospheric key
parameters temperature and ozone (amongst others), furnishes a good estimation of
the atmospheric state in the mesosphere. The measured limb transmission data can be
related to height profiles of the major absorbing species which are for the mesosphere,
at middle ultraviolet wavelengths, molecular oxygen and ozone. Molecular oxygen
profiles can be converted into pressure and temperature profiles. These data are of
major importance for atmospheric analysis and process studies as well as for middle
atmosphere modeling.

The SMAS retrieval algorithm computes robustly atmospheric data within the re-
quired accuracy (temperature errors less than 2 K at 2 km vertical resolution up to a
height of about 100 km), including a realistic noise level. For a future work the SMAS
transmission data should be processed with an optimal estimation algorithm similar to
the one described in Section 3.2.1 for a verification of the results shown in these work.
Furthermore the small nitric oxide photo dissociation structures near 191 nm and 183
nm (c.f. [43]), constituting the primary mechanism for NOx removal in the middle
atmosphere, should be regarded.

In summary, the SMAS sensor concept bears great capability to monitor mesospheric
temperature and ozone for producing long-term stable data with high vertical resolution
and accuracy.
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(FMI, Helsinki, Finland) for discussions and their contributions. We acknowledge G.
Barrot, B. Theodore, and O. Fanton d’Andon (ACRI-ST, Sophia Antipolis, France) for
helping with GOMOS data. Furthermore, we are grateful to J. Wickert and T. Schmidt
(GFZ Potdam, Germany) for providing CHAMP occultation data. The authors are
grateful to A. Hauchecorne also for his co-supervision of the Ph.D. thesis of C. Retscher,
of which this work is a major part, and for hosting C. Retscher for a 6 month stay in
2001 at SA/CNRS. We thank C. Zehner and S. Casadio (ESRIN, Frascati, Italy) for
discussion and support related to Envisat atmospheric payload products.

C. Retscher and C. Rehrl received financial support for the work from Envisat
Project AO-620/Part-I funded by the Austrian Ministry for Traffic, Innovation, and
Technology (BMVIT) and carried out under contract with the Austrian Space Agency
(ASA).

87



88 Acknowledgments



List of Figures

2.1 The Envisat satellite with all mounted instruments. The solar array is
not shown. (http://envisat.esa.int) . . . . . . . . . . . . . . . . . . . 6

2.2 Ozone hole over the South Pole, September 2001. (http://envisat.esa.int) 7
2.3 Artist impression of the GOMOS instrument. (http://envisat.esa.int) . 8
2.4 The MIPAS instrument. (http://envisat.esa.int) . . . . . . . . . . . . 10
2.5 The SCIAMACHY instrument. (http://www-iup.physik.uni-bremen.de) 10

3.1 Typical a priori ozone covariance matrix with 6 km correlation length
and exponential drop-off. . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 An example of error patterns (scaled eigenvectors) for a covariance matrix. 14

4.1 Absorption coefficients of ozone (left) and NO2 (right) at typical GO-
MOS wavelengths from 250 - 700 nm at heights of 20, 30, 40, 50, and 60
km. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Locations where GOMOS measurements were performed. The graph
displays 1719 occultation profiles available for days: September 20 - 27,
October 11 - 13 and December 2, 2002. The lack of data at high altitudes
is evident. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.3 Locations where CHAMP measurements were performed. The graph
displays 4099 occultation profiles available for days: September 20 - 25,
2002. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.4 Coincidences for GOMOS and CHAMP measurements within an interval
of 300 km and 3 hours. In this set 92 profiles were compared. . . . . . 24

4.5 Locations where MIPAS measurements were performed. The graph dis-
plays 4222 occultation profiles available for days: September 20 - 26 and
October 11 - 13, 2002. . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.6 Coincidences for GOMOS and MIPAS measurements within an interval
of 300 km and 3 hours. In this set 198 profiles were compared. . . . . . 26

4.7 Locations where GOMOS data is validated with ECMWF analysis prod-
ucts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.1 Test occultation event shown with 7.5 km spacing between rays from
15 km to 90 km along the tangent point trajectory in nadir view over
north-eastern France and southern Belgium. The bundle of parallel lines
illustrates the raypaths for ±150 km about the tangent point, roughly
reflecting the horizontal resolution of the occultation data. . . . . . . . 27

89



90 List of Figures

5.2 The top left panel shows a selected simulated GOMOS ozone profile,
where the black dashed line is the ”true” profile, the blue dotted line is
the a priori profile, and the solid red line denotes the retrieved profile,
respectively. The corresponding error profile (retrieved-minus-”true”)
is shown in the top right panel. The profiles were simulated at the
occultation event location shown in Fig. 5.1. The mid two panels are
simulated ozone profile errors, where the solid blue line indicates the
error against a selected ”true” profile, while the light green dotted line
is the a priori profile deviation from the ”true” reference profile. The
bottom panels are randomly initiated simulated GOMOS ozone profile
errors with 20% a priori error (left) and 30% a priori error (right). The
light green line is the bias profile, while the dark blue lines show bias ±
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