INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA
800-521-0600

®

UMI






NOTE TO USERS

This reproduction is the best copy available.






RETRIEVAL OF STRATOSPHERIC OZONE DENSITY PROFILES

FROM OSIRIS SCATTERED SUNLIGHT OBSERVATIONS

Christian von Savigny

A THESIS SUBMITTED TO THE FACULTY OF GRADUATE
STUDIES IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN EARTH AND SPACE SCIENCE
YORK UNIVERSITY

TORONTO, ONTARIO

April 2002



i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Waellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

385, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence

Our fle Notre rétérence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent &tre imprimés
ou autrement reproduits sans son
autorisation.

0-612-72017-9

Iel

Canada



Abstract

A major Canadian contribution to Global Change research involves a novel satel-
lite instrument for monitoring stratospheric ozone concentrations. The instrument,
known as OSIRIS (the Optical Spectrograph and InfraRed Imager System), was
designed to measure ozone densities using a powerful new technique based on
measurements of sunlight scattered by the atmosphere. It is expected that this
technique will provide ozone concentration measurements with significant im-
provements compared to conventional methods. These improvements are urgently
required by the international research community in order to explain observed
ozone trends and to make reliable predictions for the future. On February 20,
2001, OSIRIS was launched on the Swedish Odin satellite from Svobodny, Russia.
This dissertation reports the first global distributions of ozone obtained from the
OSIRIS measurements made during the first few months of operation.

The method used to retrieve the ozone densities from the OSIRIS observations
follows that of Flittner et al. [2000] and McPeters et al. [2000]. These authors used
this method to analyze limb scattered sunlight observations made in 1997 with
the SOLSE/LORE instrument (Shuttle Ozone Limb Sounding Experiment/Limb
Ozone Retrieval Experiment) on the NASA space shuttle mission STS-87. The

method is based on the analysis of normalized limb radiance profiles measured at



wavelengths in the centre and the wings of the Chappuis-Wulf absorption bands
of ozone. As part of this thesis work a non-linear Newtonian iteration version of
Optimal Estimation [Rodgers, 1976; 1990] has been coupled with the LIMBTRAN
multiple scattering radiative transfer model described by Grifficen and Oikarinen
[2000] in order to analyze the OSIRIS limb radiance measurements.

An extensive set of OSIRIS limb observations was collected during August
2001, when Odin started normal operation and was observing in the northern
hemisphere. The analysis of all limb scans that are available for August has yielded
stratospheric ozone density profiles that are in excellent agreement with the cur-
rent knowledge of the global morphology of ozone. The tropospheric ozone column
densities have been inferred from the OSIRIS stratospheric ozone densities using a
residual approach and the total ozone columns measured by the Total Ozone Map-
ping Spectrometer (TOMS) on the Earth Probe (EP) satellite. These tropospheric
estimates are in reasonable agreement with those derived by Fishman et al. [1990].
The OSIRIS ozone density profiles have been partially validated with the POAM
III solar occultation measurements made on the SPOT-4 satellite. A total of 43
near coincidences between OSIRIS and POAM III were identified for the period
of August 2001. The OSIRIS and the POAM III ozone densities between 15 and
35 km agree to within about 5 % with the OSIRIS ozone densities systematically
lower than the POAM densities. The OSIRIS ozone densities have also been com-

pared with ozone densities predicted by the Canadian Middle Atmosphere Model



(CMAM) [Beagley et al., 1997]. The OSIRIS zonally averaged densities are found
to be in reasonable agreement with the CMAM predictions. However, the model
seems to overestimate the ozone densities at the peak altitude by as much as 20
% and underestimate the densities above 35 km by about 15 %.

At the end of October 2001 OSIRIS was able to make observations in the south-
ern hemisphere in the Antarctic ozone hole region. The first extensive observations
of the ozone profile in the ozone hole are presented and it is shown, from November
2001 data, that OSIRIS is capable of accurately monitoring the evolution of the
3-dimensional structure of the Antarctic ozone hole.

It is concluded that satellite based limb scattered sunlight measurements, made
with a high-performance spectrometer, when combined with state-of-the-art ra-
diative transfer models, provide a powerful and reliable technique for the remote
sensing of stratospheric ozone. The analysis of the OSIRIS observations has shown
that global ozone profiles with high accuracy and high vertical resolution (1-2 km)

can be obtained using this new technique.
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Chapter 1

Introduction

Ozone is an atmospheric trace constituent of great importance. It has played a
major role in the evolution of life on earth, since it protects biological organ-
isms from harmful solar UV radiation that has the potential of damaging organic
macromolecules vital for life. Evolution of life on land is thought to have become
possible only because of ozone formation caused by the release of molecular oxy-
gen produced by cyanobacteria (blue-green algae) through oxygenic photosynthesis
[Warneck, 1988; Wayne, 1991].

Ozone also has important implications for the vertical structure of the Earth’s
atmosphere. The absorption of solar radiation by ozone, leading to its dissociation,
causes a peak in the atmospheric temperature profile at about 50 km - defining
the stratopause - and the stratosphere’s stable stratification.

Ozone is one of the most extensively studied and best understood atmospheric



trace constituents and has thus played an important role in the development of
atmospheric chemistry. Atmospheric ozone has been the object of scientific in-
quiry for over 150 years, starting with Schonbein’s notion of some atmospheric
constituent with a peculiar odour!' [Schdnbein, 1840]. Houzeau proved the exis-
tence of ozone in 1858 using chemical methods. The next important milestone
was Hartley’s realization that absorption of solar radiation by ozone may be re-
sponsible for the sharp cutoff in the transmitted solar spectrum at about 300 nm
[Hartley, 1881]. Strutt?> [1918] concluded from long-path transmission experiments
employing a mercury line at 253.7 nm, that the bulk of the atmospheric ozone can-
not be located at the Earth surface, but must occur higher up in the atmosphere.
In the early nineteen twenties Dobson began to measure the column amount of
atmospheric ozone, starting the famous Arosa time series, a continuous record of
ozone column densities over Arosa (Switzerland) [e.g., Dobson, 1968] from 1926 to-
date. Only a few years later the first photochemical model explaining the existence
and the shape of the stratospheric ozone layer was proposed by Chapman in 1930.
With the advent of absorption spectrometers aboard Earth orbiting satellites (par-

ticularly SBUV? and TOMS*?) enabling scientists to infer global maps of different

lozein: Greek, to smell
2the fourth Lord Rayleigh, also known as “airglow Rayleigh”.
3Solar Backscatter Ultraviolet Spectrometer on Nimbus 7 (11/1978 - 1990), NOAA-9, NOAA-

11, and NOAA-14 (1984 - present) [Heath et al., 1975]
4Total Ozone Mapping Spectrometer on Nimbus 7 (11/1978 - 05/1993), Meteor 3 (08/1991 -

11/1994), and Earth-Probe (07/1996 - present) [Heath et al., 1975]



minor constituents including ozone on a daily basis, our knowledge has greatly
improved in terms of the global morphology of ozone, its dependence on latitude
and season and its interaction with other chemical compounds, particularly those
containing halogens.

Ozone has also been a spectacular example of the unpredictability of the conse-
quences of human behaviour when the ozone destruction potential of chloroflouro-
carbons (CFCs) became obvious with the discoveries of Molina and Rowland [1974)].

Partly because of the availability of replacement products for CFCs, an in-
ternational agreement on the ban of ozone depleting compounds was reached in
1989 with the “Montreal Protocol on Substances that Deplete the Ozone Layer”
[UNEP, 2000], and has been adjusted and/or amended in London (1990), Copen-
hagen (1992), Vienna (1995), Montreal (1997) and Beijing (1999). The Protocol
regulates the phase out of production and trade of CFCs, Halons, halogenated
CFCs and other halogen compounds for the parties of the protocol. The urgency
of the ozone problem was dramatically emphasized by the discovery of the Antarc-
tic ozone hole by Farman et al. [1985] and subsequent confirmation with TOMS

observations [Stolarski et al., 1986], which made the true extent of the phenomenon

apparent.

Satellite-based remote sensing experiments to study the chemical composition

of the atmosphere have traditionally been of two types: (a) nadir viewing spec-



trometers (TOMS, GOME?®) capable of producing global maps of the total ozone
column on a daily basis, but they provide either no information on the vertical
ozone profile, or vertical profiles with poor vertical resolution (7 - 10 km) [e.g.,
Hasekamp and Landgraf, 2001; Hoogen et al., 1999]; (b) solar Occultation experi-
ments, e.g. HALOES, POAM, and SAGES? yielding vertical ozone density profiles
with better vertical resolution (about 2 km), but suffer from poor geographical
coverage, since the occultation condition has to be met. For typical satellite orbit
parameters only about 15 sunset and 15 sunrise occultation measurements can be
obtained with a solar occultation experiment per day.

A new technique, i.e. limb scatter of sunlight, that combines the advantages of
the other techniques, provides vertical profiles of ozone density with (near) global
coverage on a daily basis. One of the instruments applying this technique is the
Canadian Optical Spectrograph and InfraRed Imager System (OSIRIS) [Llewellyn
et al., 1997; Warshaw et al., 1996] aboard the Swedish-led Odin satellite that has
been orbiting the Earth since February 2001. The optical part of OSIRIS consists
of a grating spectrometer and the nodding of the satellite enables OSIRIS to scan

the Earth’s limb. Other instruments also capable of limb scanning or limb imaging

5Global Ozone Monitoring Experiment on ERS-2 (04/1995 - present) [Burrows et al., 1999]
6HALogen Occultation Experiment aboard UARS (09/1991 - present) [Russell et al., 1993]
"Polar Ozone and Aerosol Measurement on Spot-3 (POAM II, 09/1993 - 11/1996) and on

Spot-4 (POAM III, 03/1998 - present) [Lucke et al, 1999]
8Stratospheric Aerosols and Gas Experiment on ERBS (SAGE II, 10/84 - present) and Meteor

3M (SAGE III, launch 12/2001)



are SCIAMACHY?® and GOMOS!. The limb scatter technique has already been
successfully applied to limb radiance profiles measured by the LORE/SOLSE!!
instruments flown on NASA’s space shuttle mission STS-87 in 1997 and yielded
ozone profiles that agreed to within 10% with ozonesondes [Flittner at al., 2000;

McPeters et al. 2000].

It must be mentioned that the limb scatter technique has been discussed since
the early 1970s [Cunnold et al., 1973], and has already been applied by Rusch et al.
[1984] to retrieve ozone in the mesosphere, and by Mount et al. [1984] to retrieve
NQO; in the upper stratosphere.

The present dissertation describes the application of a method to recover verti-

cal profiles of ozone density from spectra of limb scattered sunlight obtained with

OSIRIS.

1.1 Structure of the thesis

The structure of the thesis is as follows. An overview of the most important char-
acteristics of the stratospheric ozone layer and its chemistry is given in Chapter 2.

Chapter 3 gives a detailed description of the OSIRIS instrument, providing all the

9SCanning Imaging SpectroMeter for Atmospheric CHartographY aboard ENVISAT-1,

launched on March 1, 2002 [Bovensmann et al., 1999]
10Global Ozone Measurement by Occultation of Stars aboard ENVISAT-1 [Bertauz et al.,

1991]
11imb Ozone Retrieval Experiment/Shuttle Ozone Limb Sounding Experiment



information necessary for ozone density profile recoveries. The method applied in
the present study to infer vertical ozone profiles from OSIRIS observations of limb
radiance spectra is described in Chapter 4. Since the limb radiance profiles em-
ployed depend not only on the ozone density profile, but also on several geophysical
and instrumental parameters including, e.g., ground albedo, clouds, stratospheric
aerosols and the polarization of the detected radiation, a comprehensive sensitivity
study has been carried out to establish the systematic uncertainties introduced into
the recovered ozone density profiles if some of those factors are unknown or not
known with sufficient accuracy. The results of this sensitivity study are presented
in Chapter 5.

Chapter 6 presents a comparison of OSIRIS ozone density profiles with ozone
profiles measured with the POAM III occultation instrument. Over 40 spatio-
temporal coincidences were identified during August 2001. The analysis of OSIRIS
observations in the northern hemisphere (NH) during August 2001 and in the
southern hemisphere (SH) during November 2001 is described in Chapter 7. It is
shown that the NH ozone densities derived from OSIRIS limb scans are in excel-
lent agreement with the known characteristics of the global morphology of ozone.
Moreover, OSIRIS is capable of monitoring the evolution of the 3-D structure
of the Antarctic ozone hole. This Chapter also includes a comparison of strato-
spheric ozone columns derived from OSIRIS observations with total ozone columns

measured with EP-TOMS (Earth Probe TOMS). Furthermore, in Chapter 8 the



zonally and temporally averaged northern hemisphere ozone density field for Au-
gust 2001 as retrieved from OSIRIS data is compared to the 10 year mean ozone
density field for August determined with the Canadian Middle Atmosphere Model
(CMAM). Chapter 9 presents the major conclusions and gives an outlook on pos-

sible future work and improvements.



Chapter 2

Stratospheric ozone

The first section (2.1) of this Chapter is an overview of the most important aspects
of stratospheric ozone chemistry, i.e. the Chapman mechanism and the catalytic
ozone destruction cycles. Section 2.2 presents a brief introduction to the main
characteristics of the global morphology of stratospheric ozone. It is demonstrated
in Chapter 7 that all of the principal features of the global distribution of ozone
are easily identified in the OSIRIS data set. Finally, section 2.3 describes the

absorption spectrum of ozone.



2.1 Overview of stratospheric chemistry

2.1.1 The Chapman cycle

Chapman [1930] proposed that the photodissociation of molecular oxygen was
responsible for the formation of O3. His theory stated that atomic oxygen is formed

by photolysis of O,

O2+hv —0+0 (A < 242nm) (2.1)

The highly reactive oxygen atoms recombine with O, to form O,

02 +O0+M— O3+ M (2.2)

with Ny or O as the third body M required for the simultaneous conservation of

energy and momentum. Oj is photolyzed by
Os+hv — 02+ 0 (2.3)

with the resulting atomic oxygen most likely being in the electronically excited
O('D) state for A < 310 nm [Wayne, 1987]. For 310 nm < A < 1100 nm the
oxygen atom is in its ground state O(3P). Since the O atoms have a very short
lifetime!, O3 is reformed very quickly, and reaction 2.3 cannot be considered a loss

mechanism for O3. Chapman proposed that the loss mechanism for “odd oxygen”

1The lifetime of O is about 1 s at 40 km, and about 102 s at 20 km



(Oz) , i.e. O and O3, is

O3+0 — 03+ Oy (2.4)

Although the Chapman cycle was an important step towards a better under-
standing of stratospheric ozone chemistry, it is incomplete for several reasons: (a)
if it were correct the ozone columns should be the highest in the tropics, where
SZAs (solar zenith angles) are small, whereas they assume a maximum at moderate
to high latitudes; (b) the Chapman cycle leads to predictions of ozone densities
that are a factor of 2 higher than observed densities in the tropics?; and (c) at
polar latitudes the predictions of the Chapman model are too low. Those incon-
sistencies disappear if additional odd oxygen loss mechanisms, i.e. catalytic ozone
destruction cycles involving halogen, hydrogen and nitrogen compounds, as well
as the Brewer-Dobson circulation, a slow stratospheric equator-to-pole motion, are

considered.

2.1.2 Catalytic gas phase reactions

Stratospheric chemistry and particularly the chemistry of catalytic ozone destruc-
tion cycles, has become a complex field involving a great number of chemical species
and both gas phase and heterogeneous reactions. A complete description of these

processes is beyond the scope of the present thesis, and only the most important

2Chapman’s model produces a globally averaged total ozone column of 790 DU [Newman,

2000}, whereas the actual total column is about 300 DU
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reactions are described. A more detailed description is given by Wayne [1991].

The catalytic cycles can be summarized schematically in the following way

X+0;3 — XO0+0, (2.5)
X0+ O2n+1 — X + (TL + 1)02 (26)
net O3 + Ozpy1 — (n+2)0s (2.7)

with X = H, OH, NO, Cl, belonging to the three families HO,, NO, and ClOy,,
and n = 0,1. The importance of the HO, family on stratospheric ozone was
already established in the 1960s, whereas the NO, cycle was established in the
early seventies by Crutzen [1971] and Johnston [1971].

Only a few years later Stolarski and Cicerone [1974] proposed the existence of
another catalytic cycle involving the ClO, family in the context of HCI released
by solid rocket boosters used for Shuttle launches. Molina and Rowland [1974]
suggested that photolysis of CFCs in the stratosphere could be a significant source
of stratospheric ClO,.

According to Wayne [1991], the catalytic HO, cycle is the most important single
odd oxygen loss mechanism above about 45 km. At around 45 km the ClO, cycle is
the most important single odd oxygen loss mechanism, and below 40 km catalytic
ozone destruction by NO, dominates. Note that the fractional contribution of the
Chapman reaction O + Oj to the total odd oxygen loss rate is less than 20 % at

all altitudes.

11



It is important to realize that the schematic reactions 2.5 - 2.7 present a sim-
plified picture of the actually more complex stratospheric chemistry. Even within
individual families, reaction chains occur that do not fit within the above scheme,

but catalytically destroy ozone. For example,

OH+0 — H+0, (2.8)
H+0,+M — HO,+ M (2.9)
HO,+ 0 — OH + O (2.10)
net O+0+M-—0:+M (2.11)

i.e., destroying O.. This cycle is of importance above 40 km. Furthermore, the
catalytic families also interact, therefore the total effect of all families is not iden-
tical to the sum of the effects of individual families. For example, calculations with
ClOg, or HO; + ClO, alone lead to more O3 destruction than in the case including

NO;. This is due to the following reactions
HO;+ NO — OH + NO, (2.12)
ClO+ NO — Cl+ NO, (2.13)
which produce NO; which may be considered an odd oxygen source due to
NO;+hv — NO+ 0O (2.14)

Apart from reactions between the three catalytic families there are also null
cycles and holding cycles competing with the catalytic ozone destruction cycles.

12



Null cycles interconvert X and XO without loss of O, e.g.

NO + 03 — NOy + O, (215)
NO; +hv — NO + 0 (2.16)
net O3+hv —0;+0 (2.17)

The net effect of this cycle corresponds to the photolysis of ozone, without loss
of O.. Holding cycles, on the other hand, involve the production of an unreactive
reservoir compound from reactive members of the family. These cycles lead to a
reduction of “active” material. They can involve more than one catalytic family,

e.g. the formation of nitric acid
OH+ NO;+M — HONO; + M (218)

Subsequently, HONO, is photolyzed and OH and NO; are released again. Nitric
acid contains more than half of the stratospheric NO, load. In terms of the ClO,
family the most important reservoir species is HCI, representing about 70 % of the
stratospheric ClO;.

All the reactive families (NO,?, Cl,, H,0, and Bry) involved in the catalytic
ozone destruction cycles have their origin in the troposphere and were also present

in the preindustrial atmosphere, yet at lower concentrations. The precursor species

3NO, or “odd nitrogen” includes NO., N2Qs, HNO3, HNOy4, CIONO; and other nitrogen
compounds. It is the sum of NO, and all oxidized nitrogen species that act as sources and sinks

of NO; on relatively short time scales. Similar definitions apply to ClO,, and BrO,.
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enter the stratosphere mainly through the tropical tropopause where they are
brought by the upward branch of the tropical Hadley cell. The main net sources
of OH radicals in the stratosphere are reactions of electronically excited O(*D)
with H,O and CH,; the first reaction yielding 2 OH and the latter OH and CHj.
Stratospheric NO; (i.e., NO and NO,) is predominantly produced from nitrous ox-
ide (N2O) via reaction with O('D). The only natural precursor of ClO, is thought
to be CH3Cl (methyl chloride). The sink mechanism for the catalytic families in-
volves transport of the reservoir species across the tropopause into the troposphere,
where they are thought to dissolve in water and are consequently rained out.

For more information on the stratospheric chemical reactions involving the

HO,;, NO, and ClO, families see appendix B.

2.2 Global distribution of stratospheric ozone

2.2.1 The vertical profile of ozone

The vertical ozone density profile exhibits a maximum in the lower stratosphere,
and the altitude of the ozone density peak as well as the maximum density are
dependent on geographic latitude and season. The shape of the stratospheric ozone
layer (i.e. a Chapman layer [e.g., Wayne, 1991]) can be well described with the
Chapman mechanism already described in section 2.1. The ozone density peak in

the tropics is higher in altitude compared to mid- and high-latitudes, a consequence
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of the higher tropical tropopause. Typical tropical ozone density peak altitudes
are about 27 km. When going from tropical to higher latitudes the ozone density
peak descends, most significantly within the stratospheric surf zone, broadens and
assumes an altitude of about 20 km at polar latitudes. Fig. 2.1 shows the latitudinal
dependence of zonally averaged ozone density profiles, retrieved from OSIRIS limb
scans. The data set consists of all ozone density profiles retrieved from OSIRIS
observations carried out during August 2001 (about 3900 profiles in total). The
latitudinal variation of both the ozone peak altitude and peak density in Fig. 2.1
is in excellent agreement with the current knowledge of the global morphology
of ozone. The retrieval algorithm and its error budget is discussed in detail in
subsequent Chapters.

Tropical ozone profiles are generally smoother than profiles at higher latitudes
where ozone laminae occur frequently. A statistical analysis of northern hemisphere
ozone data [Dobson, 1973] showed that laminated structures in the ozone layer
occur most frequently in spring for latitudes greater than 30°N, when the poleward
transport associated with the Brewer-Dobson circulation is the strongest.

Generally, the peak densities are greatest at low latitudes and decrease with
increasing latitude, yet the total ozone column increases with increasing latitude
(for latitudes up to about 60°). The latitudinal dependence of both the ozone
peak altitude and the total ozone column can be explained through the Brewer-

Dobson circulation, first proposed by Brewer (1949)* and Dobson (1953). The

4Brewer suggested rising air in the tropics as an explanation for the low water vapor con-
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Figure 2.1: The latitudinal dependence of the August 2001 mean zonally averaged
ozone density profiles as retrieved from OSIRIS limb spectra observations. The
retrieval method is described in subsequent Chapters.

Brewer-Dobson circulation qualitatively corresponds to rising motion in the trop-
ics, followed by poleward transport, leading to a reduction of ozone densities at
low latitudes. At high latitudes, sinking motion lowers the altitude of the ozone
peak and leads to an accumulation of ozone, in agreement with higher total ozone
columns at higher latitudes. The Brewer-Dobson circulation is most efficient in
the winter hemisphere, whereas meridional transport in the summer stratosphere

is weakened partly by stable and strong easterly winds [e.g., Roedel, 1992].

centrations in the stratosphere. Vertical motion causes dehydration due to condensation and

precipitation of water, i.e. water vapor is essentially “freeze dried” out.
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2.2.2 The global distribution of the total ozone column

Fig. 2.2 shows a contour plot of the annual variation of zonally averaged total
ozone columns from April 1970 to June 1972 (i.e. pre-ozone hole conditions) as
measured with the Backscatter Ultraviolet Spectrometer (BUV) on board the Nim-
bus 4 spacecraft. Apparent are low ozone columns at tropical latitudes with values
between 250 and 270 Dobson Units® (DU). Furthermore, the annual variation of
ozone columns is relatively small at tropical latitudes. In contrast, high northern
and southern latitudes experiencemé significant annual variation of the total ozone
columns with maxima occurring in spring (i.e., April in the northern hemisphere
and October in the southern hemisphere), with maximum columns typically being
larger in the northern hemisphere. It is important to note that the Antarctic ozone
hole, occurring from August until the end of November since the early 80s, leads to
systematically lower total ozone columns at southern hemisphere polar latitudes
during austral spring, yet there is still a local maximum in the so-called “collar”
regions around 50-60°S. The collar is formed by poleward moving air-masses car-
rying ozone from the tropical source region. Due to the stable polar vortex further
poleward meridional transport is prevented leading to an accumulation of ozone.

The general picture of increasing ozone columns with increasing latitude can

50ne DU corresponds to an O3 column of 1072 mm under standard conditions (i.e., 1013.25
hPa and 0° C). Thus, typical vertical Oz columns of about 300 DU correspond to a total O;

column of 3 mm under standard conditions.
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Figure 2.2: The annual variation of the global ozone column field as observed
with BUV on Nimbus 4. Low latitudes exhibit little annual variability, whereas
high northern latitudes show the typical spring maximum.

again be qualitatively explained by the Brewer-Dobson circulation. The Brewer-
Dobson circulation, strongest during winter and spring in each hemisphere is also
responsible for the appearance of the spring-time maximum.

It is noteworthy that the tropospheric ozone column corresponds to 10-15%
of the total atmospheric ozone column. Only a few percent of the total column

resides in the mesosphere.

2.2.3 The Antarctic ozone hole

The Antarctic ozone hole corresponds to a temporally and spatially limited event

of significant reductions of the total ozone column over the Antarctic continent dur-
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ing austral spring. Starting in late August, the temporal ozone depletion reaches
its maximum in October, and disappears entirely by the end of November. Dra-
matic losses of total ozone over Antarctica were first observed in the early 80s,
when Farman et al. [1985] published the first paper on the sudden formation of
what is now called the “ozone hole”, observed with a ground-based Dobson spec-
trophotometer operated by the British Antarctic Survey at Halley Bay (76° S, 27°
W). Stolarski et al. [1986] subsequently analyzed TOMS data of the vertical ozone
column in the southern hemisphere and found that the sudden ozone depletion in
southern spring extends over most of the Antarctic continent, and is centered over
the south pole.

Different theories were invoked to explain the sudden stratospheric ozone loss
over Antarctica, some of them being of dynamical nature and some of chemical
nature. The Nitrogen Oxide Theory, proposed by Callis and Natarajan [1986],
hypothesized that huge amounts of NO, were produced as a consequence of the
solar maximum in 1979. Enhanced NO, would be photochemically produced by
increased intensities of solar UV radiation. NO, would then catalytically destroy
O; through NO + O3 => NO; + O, and NOy + O = NO + O, yielding a net
reaction O3 + O = 20,. Yet observations reported by Farmer et al. [1976] and
Coffey and Mankin [1989] indicate low NO, densities at high latitudes during the

ozone hole event.

The generally accepted theory now involves heterogeneous reactions occur-
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ring on the surface of PSCs (polar stratospheric clouds, i.e. particles consisting
of ternary mixtures of nitric acid, sulphuric acid and water) that convert reser-
voir compounds to catalytically active species or their precursors. The formation
of PSCs requires extremely low temperatures (below 195 K) that occur more fre-
quently in the Antarctic polar stratosphere than in the Arctic polar stratosphere.

Of particular importance in this context is chlorine that is usually stored in the
reservoir compounds HCl and CIONO, (see also appendix B). Those two reservoir

species can react with each other on the surface of PSCs through
CIONO;+ HCl — Cly + HNO3 (2.19)

whereby chlorine is released as a gas. Once solar photons reach the polar strato-

sphere in the southern hemisphere spring, molecular chlorine is photolyzed
Clo+hv — Cl+Cl (2.20)

to chlorine atoms. Due to the low atomic oxygen concentrations when the sun first
reaches the polar stratosphere the rapid ozone destruction cannot be explained by
the catalytic cycle described by reactions 2.5 - 2.7. Of principal importance in this

context is thought to be the catalytic cycle involving ClO but not oxygen atoms:

ClO +CIO + M — (ClO)s + M (2.21)
(ClO)2 + hv — Cl + ClOO (2.22)
ClOO+M — Cl+0,+ M (2.23)
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2(Cl+ 03 — CIlO + O,)
net 203+ hv — 30,

Also important is the bromine - chlorine synergism via the reactions

BrO+ClO — Br+Cl+ 0,
Br + 03 — BrO + O,
Cl+03——)ClO+02

net O34+03 — 0;+0,+ 0,

2.3 Absorption cross section of Ozone

(2.24)

(2.25)

(2.26)
(2.27)
(2.28)

(2.29)

The absorption spectrum of ozone in the UV to NIR (near infrared) spectral region

is divided into four different absorption bands. The smooth Hartley bands extend

from about 200 to approximately 310 nm, followed by the more structured Huggins

bands, ranging from about 310 nm to 360 nm. The visible part of the spectrum

is covered by the Chappuis bands between 400 and 650 nm which partly overlap

with the Wulf bands, ranging from about 600 nm to 1100 nm.

Fig. 2.3 shows the ozone absorption cross section between 240 and 800 nm

for temperatures ranging from 202 K to 293 K as measured in the laboratory

with the GOME FM (Flight model) [Burrows et al., 1997]. The spectral resolution

of the GOME FM is wavelength dependent and ranges from 0.2 nm to 0.4 nm.
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Figure 2.3: The absorption cross section of ozone for different temperatures as
measured with the GOME Flight Model [Burrows et al., 1997).

Apparently the Hartley as well as the Chappuis bands are rather insensitive to
temperature, an advantage when ozone absorption structures in those bands are
employed for absorption spectroscopy and remote sensing. The Huggins bands, on
the other hand, exhibit significant variation with changing temperatures, and the
temperature sensitivity increases with increasing wavelength. Also, the Wulf bands
are more temperature sensitive than the Chappuis bands.

The molecular transitions associated with the absorption bands of ozone are
still somewhat unknown. According to Wayne [1987] the Hartley bands are prob-
ably caused by the !By <— X'A, transition. The Huggins bands may be due to

the 2'A; « X'A; transition. The Chappuis bands are probably caused by the
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1B, + X'A, and the Wulf bands seems to be almost exclusively caused by the

(345 + X'A;) and (3B; + X'A4;) transitions [ Wayne, 1987].
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Chapter 3

The OSIRIS Instrument on the

Odin Satellite

3.1 The Odin satellite

OSIRIS, the Optical Spectrograph and InfraRed Imager System is one of two
instruments on board the Swedish/Canadian/Finish/French Odin satellite. The
second instrument is a Submillimeter and Millimeter Radiometer (SMR) designed
for both astronomy and aeronomy studies. Odin was launched on February 20,
2001 from Svobodny (about 128°E, 51°N) in eastern Siberia with a Russian Start-1
(converted SS-25) InterContinental Ballistic Missile (ICBM) into a near-terminator
sun-synchronous orbit with ascending/descending nodes at 18:00/6:00 LST (Local

Solar Time), respectively. See Fig. 3.1 for a depiction of the launch vehicle and the
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launch.

Odin is a relatively small satellite with a total mass of 235 kg, and a total
energy consumption of 260 Watts. The satellite’s overall height is about 2 m, its
width is 1.1 m, and 3.8 m when solar panels are deployed. A picture of Odin in
the laboratory during the mass property tests in Toulouse in May 2000 is shown

in Fig. 3.2

a) Start 1 missile b) Launch

Figure 3.1: The mobile launcher carrying the Start-1 missile and the launch on
February 20, 2001 from the Cosmodrome at Svobodny.

The nominal viewing direction of OSIRIS and SMR in aeronomy mode is in the

orbit plane, but it can be directed anywhere between £ 32.0° out of plane. Odin’s
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period is 96 minutes, and the satellite will cross a certain latitude circle always
at the same LST, while the longitude will change by 24° between two consecutive
orbits. The inclination of Odin’s orbit is 97.8° leading to a precession period of 365
days, and limiting the maximum latitudinal coverage of OSIRIS from 82.2°N to
82.2°S when viewing is in the orbit plane. The geographical coverage is of course
further limited, since limb spectra can only be taken with the Optical Spectrograph

on the sunlit side of the Earth.

e ot e, el

Figure 3.2: Odin with solar panels deployed and covers removed. OSIRIS is located
in the right back corner of the spacecraft, below the SMR antenna.

Unlike other satellite based scanning spectrometers (e.g., GOME, TOMS)
OSIRIS does not have a movable mirror to perform the limb scanning. Rather

the entire satellite nods continuously. This enables OSIRIS and SMR to scan the
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Earth’s limb within tangent height (TH) ranges of nominally 7 to 70 km in strato-
spheric mode, 7 to 100 km in strato-mesospheric mode and 70 to 110 km in meso-
spheric mode. The limb observation geometry and important parameters (e.g.,
solar zenith angle (SZA) and change in azimuth angle (A¢)) are illustrated in
Fig. 3.3. Due to the near terminator orbit and the fact that OSIRIS and SMR are
looking in the flight direction, the scattering angles associated with the OSIRIS
viewing geometry fall within the range 0 € [57.8°,121.3°].

Zenith
r' s

Sun

SZA

Odin

LOS a A

Tangent height = Tangent point

Figure 3.3: Illustration of the limb observation geometry (LOS: Line of Sight,
SZA: Solar Zenith Angle).

The Odin orbit parameters have important implications for the geographical
coverage achievable with OSIRIS (see Fig. 3.4). On the terminator days, i.e. Octo-

ber 12, and February 28, Odin flies along the terminator and the SZA, A¢ and the
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scattering angle theoretically are all 90° throughout the orbit (panel b) in Fig. 3.4).
Between October 12 and February 28 only the southern hemispheric part of the
tangent point’s trajectory is sunlit, and observations in the northern hemisphere

are not possible with the optical spectrograph (panel c) in Fig. 3.4).

a) Spring and fall equinox b) Terminator days
North

Qdin

Qdin

Sun g Sun

¢) December solstice d) June solstice

Figure 3.4: The orientation of Odin’s orbit throughout the year (adapted from
Infante [2001]).

Between February 28 and October 12 observations can be performed in the
northern hemisphere only, since the southern hemispheric part of the tangent point
trajectory is in darkness. This period includes the NH (northern hemisphere) spring
and fall equinoxes as well as the NH summer solstice (panels a and d) in Fig. 3.4).
A disadvantage of Odin’s orbit is that the Antarctic ozone hole region cannot be

observed before October 12, which leaves only approximately 6 weeks of observa-
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Figure 3.5: The dependence of the tangent point SZA on latitude for three days in
summer and autumn 2001. Also indicated are the local solar times (LST) of some

scans.
tion before the break-up of the polar vortex which usually occurs at the end of
November. Fig. 3.5 shows the SZA variation as a function of geographic latitude
for three selected days in summer and fall of 2001. Apparently, there are small
deviations from an exact sun-synchronous orbit. On August 20, 2001, the SZAs
for the up-leg and down-leg scans are almost equal for a certain latitude, indicative
of equator crossing times of close to 6:00 and 18:00 LST. This is not the case on
the other two days. Apart from slightly altering the geographical coverage, these

deviations do not have negative consequences for the aeronomy mission.
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3.2 The Optical Spectrograph

A detailed and comprehensive description of the Optical Spectrograph and the
Infrared Imager has been given by Warshaw et al. [1996), therefore, only a brief
summary is presented here. The Optical Spectrograph is a grating spectrograph
covering the spectral range between 280 and 800 nm with a resolution of about
1 nm. The infrared imager consists of three channels, two of which have filters
designed to select the O, infrared atmospheric band (a'A, + X°%;) at 1.27 pm.
These two filters have Gaussian passbands with 10 nm FWHM and are centered at
1.263 pm and 1.273 um [ Warshaw et al., 1996]. Channel 3 measures the OH Meinel
(4-2) and (3-1) bands at 1.520 ym and has an approximate top-hat passband with
40.0 nm FWHM [Warshaw et al., 1996]. The infrared imager observations will be
employed for a tomographic recovery of the 2-dimensional structure of the observed

airglow emissions [Degenstein, 1999).

3.2.1 The Optical Spectrograph design

Fig. 3.6 illustrates schematically the Optical Spectrograph (OS) design. The OS
has a 36 mm x 36 mm square aperture with truncated corners. Radiation enters
the UV/Vis entrance port, goes through a set of baffles and vanes, and is then
reflected by an off-axis parabolic objective mirror onto a flat folding mirror. Then,
the radiation passes through the slit and is reflected by a second off-axis parabolic

mirror that illuminates a blazed aspheric reflective grating. The first order light
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Figure 3.6: Layout of the Optical Spectrograph design (top view; adapted from
Warshaw et al. [1996].

reflected off the grating is directed out of the main optical plane by a camera
mirror through a combination of field-flattener, order sorter and prism (FOP)
onto a CCD detector. The aspheric reflection grating, produced by Instruments
SA/Jobin-Yvon, has a density of 600 lines/mm and operates in first order. Second
order radiation that overlaps with the first order is removed with a filter that
blocks radiation with wavelengths longer than 455 nm incorporated into the FOP
between the prism and the exit lens, and positioned starting at the location of 480
nm dispersed light. The CCD detector has an active imaging area of 1353 x 143
pixels each having a size of 20 x 27 um. The CCD is passively cooled to a nominal

temperature of -20° C in orbit. The dispersed image of the slit is projected onto
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Wavelength range 280 - 800 nm

Spectral Resolution = 0.9 nm, for A € [280 nm,470 nm)
~ 1.2 nm, for A €[530 nm,800 nm]

Slit orientation horizontal

Vertical FOV nominally 1 km

Horizontal FOV nominally 40 km

Dynamic Range > 3000

A/D converter 14 bits

Table 3.1: Technical parameters for the Optical Spectrograph

the CCD as a rectangle of 1353 by 44 pixels. The sampling ratio, ¢.e. the number
of pixels per FWHM of the instrument function, is about 2.4. Evans and Alfred
[2001] characterized the internal scatter and spectral cross talk of the Optical
Spectrograph and also devised an algorithm to correct for contamination due to

internal scattering (see section 5.1.7 for further information).

3.2.2 A sample limb scan

Fig. 3.7 shows a limb scan measured with the Optical Spectrograph on July 30,
2001 when the tangent point passed over Spitsbergen (78° N, 20° E), Norway.
Interesting features are the O; A band between 7594 A and 7621 A appearing
in absorption at lower tangent heights and in emission at higher tangent heights.
The O, B band between 6976 A and 6884 A on the other hand, can only be seen

in absorption since quenching of the B band upper state is stronger than for the
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A band. Also noteworthy is the fact that the H,O absorption band around 7250
A can be identified even at the highest THs. This can be explained by multiply
scattered photons carrying the absorption signature from the lower atmosphere

to high THs. In many scans, although not in the present one, the Na doublet
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Figure 3.7: Example of the limb radiance spectra measured during an OSIRIS
limb scan.

at 5896 A and 5890 A (Na(2Py/2,32 — 2S)) appearing as the D Fraunhofer line
near the center of the ozone Chappuis absorption bands, can be identified as an
airglow emission line at high THs. If sufficiently high THs are covered then the
“gTeen oxygen line” emission at 5577 A, corresponding to the forbidden O(*S +
3P) transition, as well as the “red oxygen line” at 6300 A (O(*D ¢ 3P)) can be

observed.
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Of great importance for the present thesis are of course the ozone absorption
features that are easily identified in the spectra shown in Fig. 3.7. Absorption
in the Huggins bands of ozone is responsible for the sharp gradient in the limb
spectra at about 320 nm. At lower THs absorption in the Chappuis bands of ozone
centered around 600 nm can be clearly identified in the limb spectra. The impact
of the ozone Chappuis absorption bands on the observed limb radiance spectra is
employed in the method described in Chapter 4 to retrieve vertical ozone density

profiles from OSIRIS limb scans.

3.3 Main scientific objectives of the Odin aeron-

omy mission

Murtagh et al. [1993; 2002] identified the following topics as the main scientific

objectives of the Odin aeronomy mission:

o Stratospheric O; science: Study of the geographical extent of and mechanisms
responsible for ozone depletion in the ozone hole region and possible heterogeneous
chemistry even outside of polar regions due to sulphate aerosols (OS and SMR).

e Mesospheric O3 science: Establish the relative role of odd hydrogen chemistry and
effects of transport and radiation (IRIS! and SMR).

o Summer mesospheric science: Establish the variability of mesospheric water vapor

including an assessment of the required fluxes for aerosol formation in the polar

Infrared Imager System
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mesosphere (SMR and OSIRIS).

e Coupling of atmospheric regions: Downward transport of aurorally enhanced NO
from the MLT (Mesosphere/Lower Thermosphere) region into the stratosphere and
its impact on stratospheric O3 photochemistry, as well as downward transport of

NO during polar night [e.g., Siskind and Russell, 1996] (SMR).

OSIRIS has the potential to contribute to the first three items.

The main scientific goals of the optical spectrograph are the determination
of vertical density profiles of stratospheric O3, NO2, OCIO and possibly BrO.
All those species are potentially retrievable with DOAS (Differential Optical Ab-
sorption Spectroscopy) [Platt, 1994] and their column amounts were in the past
retrieved with ground-based [Eisinger et al., 1997; Frief et al. 1999] and satellite-
based spectrometers, e.g. GOME [Burrows et al., 1999]. Furthermore, PMCs (Polar
Mesospheric Clouds) have already been detected and mapped using limb spectra
observed with the optical spectrograph [Petelina et al., 2001; Evans et al., 2001],
and PSCs (Polar Stratospheric Clouds) may be detected as well immediately after
the end of the polar night. Furthermore, the OSIRIS limb radiance spectra contain
information on stratospheric sulphate aerosols.

The main goal of the Infrared Imager is the tomographic reconstruction of 2-
D airglow emission rate fields. Densities of mesospheric ozone can be determined
from the IR A band emission at 1.27 um caused by the ozone photolysis product

02(*A,) [Evans and Llewellyn, 1972]. Moreover, the combination of mesospheric

35



Os profiles and OH volume emission rates observed with the 1.53 um channel
of the infrared imager will provide atomic hydrogen density profiles [Evans and
Llewellyn, 1973]. The infrared imager channels can also be used for PMC and PSC

detection.

3.4 Methods to retrieve stratospheric ozone den-

sity profiles from Odin

Three different methods are applied to OSIRIS limb spectra to retrieve strato-
spheric ozone density profiles: (a) the method based on normalized and paired
limb radiance profiles discussed in the following Chapters of the present thesis, (b)
limb DOAS, and (c) Modified Onion Peeling (MOP). The following subsections
briefly introduce the limb DOAS and MOP techniques.

Furthermore, the SMR is also capable of measuring stratospheric ozone density
profiles. The availability of 4 different methods to retrieve stratospheric ozone den-
sity profiles from measurements of both instruments on Odin offers the advantage

of cross comparison and consistency checks.

3.4.1 DOAS with OSIRIS limb spectra

Differential Optical Absorption Spectroscopy (DOAS) [Platt, 1994] may also be

applied to recover vertical profiles of ozone density from OSIRIS limb spectra. The
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method is capable of yielding vertical density profiles of other minor species, e.g.
NO;, OCIO and maybe BrO as well. The difficulty of DOAS in limb scattering
geometry, compared to occultation measurements, is that the inversion process
from profiles of apparent absorber column densities to vertical absorber density
profiles requires forward modelling with a multiple scattering RT model that takes
all important physical processes into account. McDade et al. [2002] demonstrated
that recovery of ozone density profiles from DOAS analysis of limb spectra and
subsequent inversion is possible with a linear inversion scheme in a single scattering
(SS) atmosphere. Infante [2001] showed that recovery of vertical absorber density
profiles from multiple scattering limb radiance spectra requires a nonlinear retrieval
scheme, e.g. a Newtonian iteration version of optimal estimation [Rodgers, 1976.
Haley et al. [2001b] and Sioris et al. [2001] applied DOAS to OSIRIS limb spectra

and obtained vertical profiles of O3 and NO, using optimal estimation.

3.4.2 Modified Onion Peeling

Auvinen et al. [2001a] describe an algorithm developed to analyze OSIRIS limb
spectra. It is a modified onion peel (MOP) method that uses a non-linear
Levenberg-Marquard [e.g., Press et al., 1992] algorithm to determine the O3 and
NO; density, background density and aerosol number density profiles from many
spectral points for each atmospheric shell assuming a typical aerosol size distribu-

tion and ground albedo. The iterative algorithm works its way down from the top
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of the model atmosphere to the surface. Initial results indicate that the method

yields very reasonable ozone density profiles [Auvinen et al., 2001b].
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Chapter 4

Methodology

4.1 Retrieval of ozone density profiles from limb

scatter observations

This section describes the method used in subsequent sections to retrieve ozone
density profiles from limb radiance profile observations made with the optical spec-
trograph. It starts with an introduction of the fundamental characteristics of limb
radiance profiles and their dependence on ground albedo (section 4.1.1), followed
by a discussion of the application of limb radiance measurements for attitude de-
termination (section 4.1.2).

The method employed for ozone profile retrieval is introduced in the sections
4.1.4 and 4.1.5 and follows the method described by Flittner et al. [2000] and

McPeters et al. [2000] who applied it to limb radiance profiles measured with
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the LORE/SOLSE experiment. It essentially consists of the application of optimal
estimation (OE) [Rodgers, 1976; 1990] (discussed in section 4.2) to a retrieval vector
derived from the limb radiance profiles which is very sensitive to ozone, but has
little sensitivity to all other parameters. OE iteratively adjusts the estimate of the
ozone density profile by comparing the observed retrieval vector with a retrieval
vector simulated with the forward model LIMBTRAN [Griffioen and Oikarinen,

2000] described in section 4.3.

4.1.1 General characteristics of limb radiance profiles

In the context of the OS measurements limb radiance corresponds to the solar
radiation that is Rayleigh and Mie-scattered along the line of sight (LOS) and
transmitted into the field of view (FOV) of the observer. Airglow emissions also
contribute to limb radiances at different wavelengths, but they do not contaminate
limb radiances at the wavelengths used for the retrieval of ozone density profiles
with the method applied here. The sources of the scattered radiation are (a) the
direct solar beam typically from above (for SZA < 90°) and (b) diffuse radiation
that mainly comes from the denser atmosphere below the tangent point. Compo-
nent (a) is the single scattering (SS) contribution, and component (b) the multiple
scattering (MS) contribution to the total limb radiance. The fraction of MS radi-
ation depends on SZA, the change in azimuth angle A¢, the atmosphere’s aerosol

loading, the presence of clouds and ground albedo. It changes rather slowly with
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Ad¢, but more rapidly with SZA. For example, for A = 500 nm and TH = 20 km
the fraction of MS radiation decreases with increasing SZA from about 50 % at
SZA = 0° to approximately 15-20 % at SZA = 90° [Oikarinen et al., 1999]. These
simulations were carried out with stratospheric background aerosols and a ground
albedo of A = 0.3.

Scattering along the LOS into the FOV of the instrument competes with the
attenuation along the LOS due to extinction by scattering out of the LOS and by
absorption. If the atmosphere is optically thin (the LOS optical depth is 7, ,; < 1)
then the limb radiance is approximately proportional to the number of scatter-
ers along the line of sight. Due to the exponential increase in neutral density the
limb radiance will therefore increase exponentially with decreasing TH. This is
illustrated in Fig. 4.1 which shows limb radiance profiles at several wavelengths
between 280 and 750 nm. Above about 65 km the limb radiance profiles at all
wavelengths approximately decrease exponentially with increasing TH. In the op-
tically thin case most of the scattered photons will originate from within an air
volume at or near the tangent point.

If the LOS optical depth is 7, ,; > 1 then the transmission from the tangent
point to the observer is reduced leading to a slower increase of limb radiance with
decreasing TH and the majority of the photons will not have experienced the last
scattering event at the tangent point, but somewhere between the tangent point

and the observer. For sufficiently low THs the limb radiance “saturates” and does
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Figure 4.1: Examples of limb radiance profiles (in arbitrary units) at differ-
ent wavelengths determined for a tropical atmosphere, stratospheric background
aerosol (MODTRAN) and ground albedo A = 0.3 using LIMBTRAN. The view-
ing geometry parameters are: SZA = 70°, A¢ = 90°. The larger the extinction
coefficients, the higher the “knee” altitude.

not increase further. Depending on observation geometry and wavelength the limb
radiance profile can even assume a peak. As illustrated in Fig 4.1 the saturation
occurs at higher TH for shorter wavelengths, a consequence of greater molecular
absorption (by ozone at 280 and 305 nm) and due to greater Rayleigh and Mie-

extinction coefficients (at 355 nm).

4.1.2 Attitude determination with the “knee”

During the initial period of OSIRIS observations attitude data was either not avail-

able or was of poor quality. As a consequence the shape of limb radiance profiles
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at certain wavelengths was used for attitude determination. Janz et al. [1996] used
the “knee” of the limb radiance profile at 355 nm to determine the attitude of
a limb imaging instrument with the RSAS (Rayleigh Scattering Attitude Sensor)
flown on NASA’s space shuttle. 355 nm was considered a suitable wavelength,
since it is mainly affected by Rayleigh scattering, making it insensitive to po-
tentially highly variable minor constituent density profiles. Further investigation
[Sioris et al., 2001] using the radiative transfer model MODTRAN 3.5 [Berk et al.,
1989] showed that 355 nm is not a suitable wavelength for satellite attitude deter-
mination, since, depending on albedo, stratospheric aerosols and the presence of
clouds, the knee may appear anywhere between about 0 and 25 km. For the initial
ozone recoveries from OSIRIS limb spectra we used the limb radiance profile at
a wavelength of 305 nm, which assumes a knee at altitude 44 km (see Fig. 4.1).
The estimated accuracy is < 1 km. The ozone profiles used for this test are the
MODTRAN profiles for both tropical and polar latitudes. Excellent agreement
was achieved between the retrieved ozone density profiles and ozone sonde profiles
[Savigny et al., 2001] (see also Fig. 4.9 in section 4.4) as well as between the re-
trieved NO, profiles and POAM NO, profiles [Sioris et al., 2001] indicating that
the limb radiance profile at 305 nm allows for an accurate attitude determination.
The extinction of solar radiation at a wavelength of 305 nm is dominated by ozone,
whereas it is dominated by Rayleigh scattering at 355 nm. The main reasons why

the position of the knee of the limb radiance profile at 305 nm is a more reliable
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attitude indicator than at 355 nm are: (a) due to the strong absorption by ozone,
limb radiances at 305 nm are very insensitive to albedo, clouds and stratospheric
aerosols; and (b) ozone densities are not very variable above 40 km [Sioris et al.,
2001].

It is also noteworthy that the Student Nitric Oxide Explorer (SNOE) [Solomon
et al. 1998], measuring nitric oxide in the MLT (Mesosphere/Lower Thermosphere)
region by detecting solar UV radiation resonantly scattered in the (1,0) and (0,1)
v-bands of NO with an ultraviolet spectrometer (UVS), employs the knee of the
limb radiance profile at A = 237 nm [D. K. Mankoff, private communication,

12/2001] for attitude determination.

4.1.3 Line of sight optical depth

In order to estimate the lower boundary of the TH range that is sensitive to ozone
density, the dependence of the LOS optical depth 7, (from the tangent point to
the observer) on TH was studied. 7, was calculated with MODTRAN 3 [Berk
et al., 1989 for (a) a tropical atmosphere, and (b) an arctic atmosphere with
background stratospheric aerosols in both cases. The different atmospheres were
considered, because the significant latitudinal dependence of the ozone profile may
introduce a latitudinal variation of the altitude range for which ozone densities can
be retrieved. MODTRAN calculates the transmission and LOS optical depth in a

spherical atmosphere. It is important to note that the retrieval method described
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Figure 4.2: The LOS optical depth 7, at the three wavelengths employed for the
ozone retrievals is shown for (a) a tropical and (b) a polar atmosphere as calculated
with MODTRAN 3 in a spherical shell atmosphere.

in subsequent sections works well in the optically thin case, .e. if the 7,4 is
small, i.e. 7o < 1. In this case a significant fraction of the detected photons will
experience the last scattering event at or near the tangent point. That also implies
that the optical depth between the sun and the tangent point must be small. For
large SZAs the altitude range that can be “seen” with OSIRIS is limited further,
since the transmission of radiation from the sun to the tangent point is reduced.
Figure 4.2 shows the LOS optical depth 7,5 as a function of tangent height at
the three wavelengths that are used for the ozone profile recoveries in the Chappuis-
Wulf absorption bands of ozone (see section 4.1.5). At A = 532 nm and A =

672 nm 7, is dominated by Rayleigh extinction, whereas absorption by ozone
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dominates the extinction at A = 602 nm. Fig. 4.2 indicates that the lower limit
of the TH range sensitive to ozone is about THi<> = 14 km in the tropics and
THﬁf; = 12 km at polar latitudes, if a LOS optical depth threshold of 1.5 is
assumed. For higher latitudes this is well above the tropopause, i.e. interference
with tropospheric clouds appearing in the FOV does not occur. At low latitudes
the penetration depth is further limited by the frequent occurrence (40-50 %) of
cirrus clouds at the tropical tropopause, most of which are subvisible [Wang et al,
1996]. Peter et al. [2001] reported the detection of subvisible cirrus clouds with
a vertical extension of 100-300 m, but a horizontal extension of several thousand
square kilometers and at altitudes up to 17 km. Furthermore, cumulonimbus clouds
may reach or even penetrate the tropopause if the equivalent temperature of the
rising air volumes is large enough [e.g., Rédel, 1992). The impact of clouds on the
ozone retrievals is investigated in section 5.1.6.

Fig. 4.3 shows a contour plot of the optical depth 7 for a slant path to space
as a function of the altitude of the lowest point of the path and zenith angle.
Note, that for ZA = 90° the altitude corresponds to the TH and the optical depth
7 then corresponds to the OSIRIS LOS optical depth 7,,. Clearly, the optical
depth 7 increases with increasing zenith angle. The zenith angle dependence of
T is important, because the solar photons have to reach the tangent point before

they can be scattered into the FOV of the observer. For SZA <« 90° 7 is apparently

very small and the transmission from the sun to the scattering point is high. For

46



2
8
£
2
2
8
2
g
3
4

Figure 4.3: The optical depth for a slant path to space as a function of the altitude
of the lowest point of the path and ZA (zenith angle) for the three wavelengths
used for the ozone retrieval. For ZA = 90° the altitude is identical to the TH.
Panels a - ¢ correspond to a tropical background atmosphere and ozone profile.
Panels d - f are for an arctic atmosphere and ozone profile. The simulations were
performed with MODTRAN 3 [Berk et al., 1989).

example, if SZA < 87° then 7 < 1.0 for all three wavelengths employed in the
ozone retrievals. As discussed in section 3.1, SZAs close to 90° in terms of the
OSIRIS viewing geometry, occur at low latitudes throughout the year and at all

latitudes near the terminator days.
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4.1.4 Step I: Normalization of radiance profiles

The first step in the retrieval scheme consists of normalizing the individual limb
radiance (LR) profiles using the radiance at a reference tangent height (TH,e) to

produce LRy, the normalized limb radiance as

_ LR(TH;,\) .
LRN(TH,, /\) = LR(TH,-ef, /\), 1= 1, ey NTH (4.1)

where Nrg is the total number of tangent heights used. The effect of this nor-
malization is twofold: (a) it reduces the dependence on albedo and clouds while
preserving the sensitivity to ozone and (b) it renders the absolute calibration of
the instrument unnecessary, similar to the self-calibration feature of solar occul-
tation measurements [e.g., Chu et al., 1989]. The reference TH used for all the
ozone profile retrievals employing the Chappuis-Wulf system presented in the fol-
lowing Chapters is TH,; = 50 km. It is important to realize that normalization
does not entirely remove the albedo sensitivity of limb radiances, but reduces it
significantly.

The combination of several wavelengths discussed in section 4.1.5 and appendix
D further reduces the sensitivity to ground albedo, aerosols and clouds. Fig. 4.4
shows absolute and normalized limb radiance profiles at 532 nm for SZAs of 60°
and 80° with albedos changing from 0.0 to 1.0 in steps of 0.2. The limb radiance
profiles were calculated with LIMBTRAN for an azimuth angle of A¢ = 90° and
stratospheric background aerosol. The following conclusions can be drawn from
the figures:
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Figure 4.4: Illustration of the effect of normalization on the albedo dependence
of limb radiance profiles for A = 532 nm, SZA = 60° (panels a and b) and SZA =
80° (panels ¢ and d). The reference tangent height is TH,.; = 50 km. The albedo
sensitivity of limb radiances obviously decreases with increasing SZA.

e Absolute limb radiances are very sensitive to ground albedo and albedo af-

fects the limb radiance at all THs, not only those close to the Earth’s surface

e The albedo dependence of limb radiance decreases with increasing SZA,

which is a consequence of increasing LOS optical depth

e Normalization significantly reduces the impact of albedo on the limb radiance
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profiles

4.1.5 Step II: Wavelength pairing
Lower stratospheric Ozone from Chappuis-Wulf band absorption

Due to the large optical depths in the Huggins bands of ozone in limb geometry
the lower stratosphere is inaccessible for their use. Therefore, for ozone retrievals
at altitudes below approximately 25 km the Chappuis-Wulf absorption bands of
ozone have to be employed. Following Flittner et al. [2000] we use limb radiance
profiles at three wavelengths: 602 nm, which is in the center of the Chappuis bands
(1A + X'A; and 'B; + XA, transitions), 532 nm in the wing of the Chappuis
bands and 672 nm in the Wulf bands (34, < X'A,; and 3B, + XA, transitions)
of ozone. The normalized limb radiance profiles are then combined to form the
Chappuis retrieval vector yo(TH), a column vector containing the combined limb

radiances for different THs:

LRy(TH;, A = 602 nm)
exp (} [ln LRy(TH;, A = 532 nm) + In LRy(TH;, A = 672 nm)))

ye(TH;) = (4.2)

_ LRN(THi, A =602 nm)
VLRy(TH;, X = 532 nm) x LRy(TH;, A = 672 nm)’

Figure 4.5 shows simulated and observed retrieval vectors yc(T H;) for different

albedos and stratospheric aerosol loadings. The open squares, solid circles and
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Figure 4.5: Sample Chappuis retrieval vectors yc(TH;) as modelled with LIMB-
TRAN (SZA = 80°, A¢ = 90°, high latitude ozone profile) and as observed with
OSIRIS for different scenarios. The height of the minimum is correlated with the
height of the stratospheric ozone peak. The black solid line corresponds to a strato-
sphere without ozone.

open triangles correspond to an aerosol free stratosphere and ground albedos of
A = 0.0, 0.5, 1.0 and the same atmospheric ozone profile. Obviously the retrieval
vectors differ, but the difference is relatively small. For comparison the vector for an
ozone free atmosphere (solid line) is also shown in Fig. 4.5. The apparent difference
between the vector without ozone and the other vectors comprises the “signal” used
to recover ozone profiles. The vectors indicated by solid inverted triangles and open
diamonds correspond to retrieval vectors for different stratospheric aerosol loadings
and an albedo of A = 0.3. Again, the retrieval vectors are not entirely insensitive to

aerosols, but the sensitivity is rather small. A quantitative characterization of the
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Figure 4.6: The dependence of the Chappuis retrieval vector yc(TH;) on SZA
(panel a) and azimuth angle A¢ (panel b).

sensitivity of recovered ozone profiles to albedo, stratospheric aerosols and other
important geophysical and instrumental parameters is given in Chapter 5.

Fig. 4.5 also shows two retrieval vectors derived from OSIRIS measurements.
The first corresponds to a limb scan performed during an Odin overpass over the
Canary Islands (about 29° N, 26° W) off the Atlantic coast of Africa on August 22,
2001 at 18:48 UTC. The second vector was derived from a limb scan on August 08,
2001 at about 7:32 UTC over Spitsbergen (about 79° N, 17° E) in the Arctic Sea.
Those observations were chosen, because ozone sondes were launched from Santa
Cruz on Teneriffa (Canary Islands) and from Koldewey station on Spitsbergen on

the corresponding days. The fact that the minimum of the vector occurs at a lower
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TH for the Spitsbergen scan compared to the Canary Island scan is indicative of
lower altitudes of the peak of the stratospheric ozone layer at higher latitudes as
compared to lower latitudes.

The Chappuis retrieval vector yc(T'H;) is quite insensitive to the azimuth angle
A¢. Panel b in Fig. 4.6 shows the yc(TH;) for A¢ = 60°, 90° and 120° and SZA
= 75°. The values of yc(T H;) for all tangent heights between 10 and 50 km vary
by less than 0.7 % if A¢ is changed from 90° to 60° and 120°. For tangent heights
greater than 30 km the change is less than 0.1 %. As illustrated in panel a of Fig.

4.6 the retrieval vector is more sensitive to SZA, particularly for smaller SZAs.

As mentioned above, the basic idea behind the ozone density profile recoveries is
to use optimal estimation (OE) [Rodgers, 1976] together with the radiative transfer
model LIMBTRAN [Griffioen and Oikarinen, 2000] to adjust a modelled Chappuis
retrieval vector to the observed vector. Optimal estimation and LIMBTRAN is
described in the following sections 4.2 and 4.3. A method employing limb radiance

profiles in the Huggins absorption bands of ozone is described in Appendix D.

4.2 Optimal estimation

4.2.1 The linear case

Optimal estimation is based on the weighted combination of two independent

measurements z, and z, with standard deviations o, and ¢, as weights:
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of 0% ot 03
If the measurement consists of vector quantities x; and x, instead of scalar quan-
tities the above equation can be generalized using covariance matrices S; and S;

instead of standard deviations (vectors are denoted by lowercase boldface letters

and matrices appear as uppercase boldface letters):

%= (S7'+ S;l)_1 (S7x1 +83x2) (4.4)

The covariance matrix of X is given by

S; = (Sp* +85%)” (4.5)

In terms of retrieval of atmospheric composition one usually has an a prior:
constraint (e.g., a climatological or modelled profile), which will be referred to
as a wirtual measurement Xo and a real measurement y. In the linear case the
measurement vector y is related to the quantity x to be retrieved by y = Kx,

with K being the weighting function matrix. Thus, one obtains

%= (S;1 + K'S;'K) ™ (Szlxo + K7S;ly) (4.6)

with the covariance matrix

S; = (S + K7S;'K) (4.7)
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where S, and S, are the covariance matrices of x, and y, respectively. KT denotes
the transpose of the weighting function matrix.
The equations 4.6 and 4.7 are equivalent to the following equations (as shown

in Appendix A) which are generally used for retrievals:

% = Xo + S5 KT (KS3, KT +8,) ™ (y — Kxo) (4.8)

§ = S, — SoKT (KSo KT +5,)” KS,, (4.9)

4.2.2 The nonlinear case

Many atmospheric retrieval problems are nonlinear and the linear retrieval theory
is not directly applicable. In particular, the retrieval of stratospheric ozone density
profiles from OSIRIS limb radiance spectra applying the limb radiance method
described in the present Chapter poses a nonlinear problem for the following rea-

sons:

e A linear approach would assume linearity between the Chappuis retrieval
vector yc and the ozone density profile x: y¢ = KX, i.e. in particular
yc = 0if x = 0. As is illustrated in Fig. 4.5 this is not the case here. If there
is no ozone in the atmosphere, then the Chappuis retrieval vector does not

vanish.
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e For non optically thin conditions, absorption, e.g., by ozone, is an intrinsi-
cally nonlinear process (Beer’s law), as is extinction by scattering. Hence,
for example, the doubling of the ozone profile does not double the retrieval

vector y¢. Even an affine relation y = a + Kx is not appropriate.

If the retrieval problem is nonlinear a Newtonian Ilteration method [e.g.,
Rodgers, 1976] can be applied. It is based on the Taylor-expansion of the forward

model F(x) about a profile x,,:

y = F(x) = F(x,) + 0F /0x(x — x,) (4.10)

where only the first order term is taken into account.

One obtains (for details see Rodgers [1976])
-1
Xnt1 = Xo + Sgo K7 (KnSzoKE +8y) " ((y - ¥a) — (Ka(x0— %)) (411)

The covariance matrix of the solution is given by:

S=(sz+ I"{TSy‘ll”{)'1 (4.12)
where K is K evaluated at X, with x, — X for n — oc.

The above equations 4.11 and 4.12 are employed for the retrieval of ozone
density profiles from OSIRIS limb radiance profiles. In this specific application, xg
corresponds to the natural logarithm of the a priori ozone density profile vector,
Xn is the nth estimate of natural logarithm of the ozone density profile vector, y
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denotes the natural logarithm of the Chappuis retrieval vector determined from
the observed limb radiance profiles and y,, corresponds to the natural logarithm of
the retrieval vector determined with the forward model LIMBTRAN for the ozone
density profile x;,.

The use of logarithms instead of the actual ozone density profile and the Chap-
puis retrieval vector makes the retrieval stable. If non-logarithmic magnitudes are
used, then the iterated estimate of the ozone density profile may contain nega-
tive values. This can occur due to (a) an inappropriate a priori (i.e. significant
differences between the a priori and the actual ozone density profile), and (b)
nonlinearity of the retrieval problem. For the initial OSIRIS ozone retrievals an al-
gorithm applying non-logarithmic quantities was used, and the retrievals became
unstable in approximately 3 % of all scans. Using logarithmic quantities ozone
profiles can be successfully retrieved in 100 % of all scans tested.

The disadvantages of a nonlinear approach are: (a) the weighting function ma-
trix (or Fréchet derivative [Rodgers, 1976]) has to be evaluated at the new lin-
earization point x,; after every iteration step and (b) precalculation of weighting

functions is not possible, which leads to increased computing time.

4.2.3 Weighting functions

The weighting function matrices K as well as the modelled retrieval vector y,

required for the retrieval are determined with the pseudo-spherical multiple scat-
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tering RT model LIMBTRAN (see section 4.3). The weighting functions are de-
termined numerically by perturbing the ozone density in every altitude bin by 5 %
followed by running LIMBTRAN to calculate the perturbed limb radiance profiles
at 532 nm, 602 nm and 672 nm from which the perturbed retrieval vector is cal-
culated. The elements of the weighting function matrix are then simply obtained

by

_ oy(m) _ Ay(m) ws)

Kom = dz(n) ~ Az(n)

where x again denotes the vector corresponding to the ln of the vertical ozone
profile. Eqn. 4.13 indicates that the elements of the ideal weighting function matrix
correspond to the partial derivatives of the In of the retrieval vector element m with
respect to the In of the ozone profile vector element n. The rows of the weighting
function matrix are also called weighting functions and their shape is indicative of
the vertical resolution of the retrieval method. High vertical resolution cannot be
achieved by narrow weighting functions alone, but also by a sharp cutoff.

Fig. 4.7 shows Chappuis weighting functions for SZAs increasing from 60° to
90° in increments of 10° both for a polar ozone profile (80°N, panels a to d) and
a tropical ozone profile (10°N, panels e to h). The ozone profiles employed are
the zonally averaged 10 year mean ozone profiles for August determined with the
Canadian Middle Atmosphere Model [de Grandpré et al., 2000]. The weighting
functions are negative because an increased ozone density leads to enhanced ab-

sorption (i.e., smaller limb radiances at 602 nm relative to 532 nm and 672 nm).
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Figure 4.7: Chappuis retrieval weighting functions as a function of SZA for a polar
ozone profile (top panels) and a tropical ozone profile (bottom panels). The large
gradient below the peak is indicative of high vertical resolution.

Therefore, the value of the Chappuis retrieval vector becomes smaller, and so does
its logarithm. Every line in Fig. 4.7 corresponds to a single TH and within the op-
tically thin regime every weighting function peaks at an altitude equal to its TH.
The sharp gradient of the weighting functions below the peak indicates that it
should be possible to obtain high vertical resolution with the inversion process. As
indicated in Fig. 4.7 for both tropical and polar latitudes, the weighting functions

for SZA = 60°, 70°, and 80° do not differ significantly. This is not unexpected,
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since the retrieval vectors yc(T'H;) do not vary significantly for SZA € [60°, 80°]

(see Fig. 4.6).
While in the case of the linear inversion problem the weighting function matrix
is independent of the profile x where it is calculated, nonlinearity directly implies

a dependence of K on the linearization point x;,.

a) SZA = 60, Lat: 10° b) SZA =70, Lat: 10° ¢) SZA = 80, Lat: 10° d) SZA = 90, Lat: 10°
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Figure 4.8: Selected averaging kernels for the weighting functions shown in Fig.
4.7. The width of the averaging kernels is a measure of the vertical resolution of
the retrieval method.
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4.2.4 Contribution functions and averaging kernels

While the weighting functions correspond to the sensitivity of the retrieval vector
y to a change in x, the contribution functions summarized in the contribution
function matrix Dy correspond to the sensitivity of the retrieved vector to y. The

contribution function can be determined numerically or can be obtained from
Dy = S,K” (KS,K” +8,) " (4.14)

The correct vertical resolution of the method is inferred from the width of the
averaging kernels (i.e., the rows of the averaging kernel matrix A = DyK). Fig.
4.8 shows sample averaging kernels corresponding to the weighting functions shown
in Fig. 4.7. The sharp shape of the kernels with a FWHM of about 2 km indicate

that the vertical resolution of the retrievals is better than 2 km.

4.2.5 Sequential estimation

The solution of the optimal estimation equations does not require the inversion of
matrices but can be done sequentially [Rodgers, 1976] by treating the measurement
vector y as a set of scalars y;, where i = 1,..., M.

With Sg = S, the following operations have to be carried out:

X; = Xi—1 + Sink; (yi - szxz'—l) / (szSiqki + 02) (4.15)
S;=8,_; - S,-_lk,-kiTSi_l/ (k?S,-_lk,- + 0’2) , for i=1,....,.M
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with k; being the ith row of K. Each element of y is treated separately and each
step yields a new estimate of x. Note, that the index ¢ does not refer to the number
of iterations of the nonlinear OE algorithm. A complete loop from i = 1,..., M
yields the next estimate of the ozone density profile x,41.

In the present work the optimal estimation equations for the ozone retrieval

problem were solved sequentially.

4.3 LIMBTRAN

The retrieval of minor species density profiles from satellite based observations of
nadir or limb scattered radiance profiles requires forward modelling. The radiative
transfer for the limb geometry is more difficult than the nadir geometry, because
the spherical shape of the Earth’s atmosphere has to be taken into account, whereas
it can be neglected in the nadir case if the SZA is sufficiently small. Full spherical
models exist (e.g., the Monte Carlo model Siro [Oikarinen et al. 1999; Otkarinen
2001a] or Rozanov et al. [2001], Herman et al. [1995]) but they are slower than
simplified models and are not suited for many repetitive calculations. LIMBTRAN
is a pseudo-spherical scalar RT code [Grifficen and Oikarinen, 2001] that solves
the radiative transfer equation in an inhomogeneous atmosphere. The radiance

observed by a limb scanning or imaging observer can be expressed in the following

way
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1Q) = L(Q)e™™ + /0 " §(r)e~mgr (4.16)

where Ip(?) is the radiation outside the atmosphere directed at the observer, which
is zero in the limb scatter case. 7 is the optical depth along the LOS, which is
zero at the observer and 7y is the total optical depth along the LOS. S(7) is the
source function that determines the contribution of radiation scattered towards the
observer from all air volumes. The source function has two main contributions: (a)
solar radiation, and (b) diffuse, i.e. multiply scattered solar radiation.

LIMBTRAN treats single scattering in a spherical shell atmosphere, whereas
the diffuse contribution to the source function is calculated with a 1-D plane par-
allel (pp) model based on the finite differences method (FDM).

A spherical atmosphere can be approximated by taking the SZA variation of
the MS contribution to the source function into account. The computing time is
a linear function of the number of SZAs considered since the 1-D pp model has
to be run for every SZA. The variation of the azimuth angle along the LOS is
handled in the following way. The 1-D problem is solved by expanding radiances,
source functions and phase functions in a Fourier series, which yields RT equations
for each Fourier order. Once the Fourier coefficients are calculated the change in
azimuth angle is easily determined for each grid point from the Fourier series
without significant additional computational load.

The accuracy of the RT model used for the retrievals is important, since the
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quality of the retrievals directly depends on it. The absolute accuracy of LIMB-
TRAN is not easily established with OSIRIS, since the instrument is not optimized
for high accuracy of absolute limb radiances. A comparison with other radiative
transfer models is easier and LIMBTRAN results were compared with the Monte
Carlo RT model SIRO [Grifficen and Oikarinen, 2000; Oikarinen et al., 1999] and
with several other RT models [Oikarinen et al., 2001b]. Grifficen and Oikarinen
[2000] report that LIMBTRAN and SIRO agree to within 3 - 4 % for single scat-
tering and within 15 % for multiple scattering in the 10 to 60 km TH range for
a variety of SZAs, azimuth angles, Lambertian ground albedo values and wave-
lengths between 310 and 600 nm. It should be noted, that the agreement in the

MS case is generally much better than 15 %.

4.4 Sample recoveries

To illustrate the potential of the method Fig. 4.9 shows sample ozone profiles re-
covered from the two measured retrieval vectors shown in Fig. 4.5. The recoveries
are performed for the altitude range between 10 and 50 km. However, above about
40 km the method becomes insensitive to ozone and the recovered profiles asymp-
totically approach the a priori profile xo. Furthermore, below about 15 km the
LOS optical depth exceeds 7 = 1.5, and the lower regions of the stratosphere be-
come increasingly inaccessible with decreasing TH. At those altitudes the weighting

functions become very small and no longer peak at the TH (see low THs in Fig.
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Figure 4.9: Example of retrieved ozone profiles and comparison with ECC sondes
launched from the Koldewey station in Spitsbergen (Norway) and Santa Cruz on
Teneriffa (Canary Islands). The recoveries are carried out between 10 km and 50
km, but the method is only sensitive to ozone in the 15 - 40 km range.

Fig. 4.9 allows the following conclusions to be made: (a) the general agreement
between ozone density profiles derived from OSIRIS observations and measured
with ozone sondes is excellent. The shape of the profiles as well as the peak altitudes
and densities are almost perfectly retrieved, (b) structures in the ozone profiles
with scales of less than several kilometers, e.g., the laminae caused by meridional
transport of air masses with higher or lower ozone densities in the stably stratified

stratosphere, typical of mid- and high latitudes, cannot be recovered. This is due to

(a) the geometrical vertical FOV of about 1 km, leading to an intrinsic smearing,
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(b) an additional smearing caused by non negligible integration times, (c) the
motion of the tangent point caused by the satellite’s motion as well as its scanning,
(d) the undersampling problem mentioned in Chapter 3, (e) the averaging kernel

width on the order of 2 km, and (f) smearing along the LOS!.

1The slant path segment for, e.g., TH = 20 km between the 22 km altitude points corresponds

to about 320 km.
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Chapter 5

Error Analysis

The method used to recover vertical ozone density profiles described in Chapter 4
is based on limb radiance profiles at several wavelengths in the visible part of the
solar spectrum. Those wavelengths were chosen to obtain the highest sensitivity to
ozone possible. However, as has been noted before in Chapter 4, the limb radiance
profiles used are not only affected by the stratospheric ozone density profile. Other
geophysical parameters (e.g., ground albedo) and instrumental properties (e.g.
the instrument’s polarization sensitivity, and noise) also affect the observed limb
radiance profiles and an incorrect or insufficient knowledge of those parameters
will interfere with an accurate recovery of the actual stratospheric ozone density
profile. In this Chapter potential errors introduced by the most important error
sources are estimated. Section 5.1 and associated subsections deal with systematic

errors, and section 5.2 with random errors, i.e. instrument noise.
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5.1 Systematic errors

5.1.1 Ground albedo

Although the normalized limb radiance profiles were shown to be relatively insen-
sitive to ground albedo (section 4.1.4) and the albedo sensitivity is further reduced
by combining normalized limb radiance profiles at different wavelengths in the re-
trieval vector yc (section 4.1.5), its impact on the retrieved ozone density profiles
has to be investigated for a thorough analysis of systematic errors. Since the im-
pact of albedo on limb radiance profiles decreases with increasing SZA one also
expects a decreasing impact of ground albedo on the retrieved ozone profiles with
increasing SZA. The fact that the OSIRIS viewing geometry is associated with
relatively large SZAs, i.e. SZA > 57°, can therefore be considered an advantage.

A study was carried out to determine the sensitivity of ozone retrievals using
the Chappuis-Wulf system with respect to ground albedo. The “correct” albedo
adapted was A = 0.5 and retrievals with simulated limb radiance profiles were
carried out with albedos A € {0.0,1.0] and SZA € [55°,90°], where the albedo was
increased in steps of 0.1 and the SZA was increased in steps of 5°.

Fig. 5.1 shows a contour plot of the relative difference between the correct
partial vertical ozone column between 15 and 40 km and the retrieved partial ozone
column if the assumed ground albedo is wrong. The partial ozone column is shown

as a function of assumed albedo and SZA. The following features are obvious: (a)
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Figure 5.1: Relative retrieval error ([Oj]reirieved.[Og]true) /[O;]fr ¢ of the partial
ozone column between 15 and 40 km as a function of SZA and assumed albedo for
a “true” albedo of A = 0.5. The error decreases with decreasing difference between
the assumed and the true albedo and with increasing SZA.

the retrieval error increases with increasing difference between assumed and correct
albedo; (b) the errors for a constant assumed albedo decrease with increasing
SZA, which is expected from the fact that the impact of albedo on limb radiances
decreases with increasing SZA [e.g., Oikarinen et al., 2000].

Fig. 5.2 shows the relative error in retrieved ozone density for altitudes between
10 and 38 km if the assumed albedo differs from the true albedo A = 0.5, as a
function of assumed albedo and SZA. The largest errors occur as expected at the
lowest altitudes, where the method is rather insensitive to ozone and the impact

of disturbing parameters is greater. Above 15 km the error is smaller than about
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Figure 5.2: Relative retrieval error for a true albedo of A = 0.5 as a function of
albedo and SZA and altitudes ranging from 10 to 38 km.

1.5 % for all SZA > 57° if the albedo is known to £ 0.15. With increasing altitude
the resulting relative error decreases slightly. In the worst case, when the actual
albedo is 0 or 1 and assumed to be A = 0.5, the error is less than 7% for altitudes
> 16 km, less than 5 % for altitudes > 20 km, and less than 2 % for altitudes >

30 km, if SZA > 60°.

70



It can be assumed that ground albedo can be estimated from existing databases
of global albedo [e.g., Matthews, 1983] that include seasonal dependence to within
+ 0.15, assuming the sensed air volumes are cloud free. Therefore, the sensitivity
study presented in this section leads to the conclusion that the systematic errors
in total ozone column introduced by an incorrect albedo are smaller than about
1.5 % between 15 and 40 km.

The insensitivity of the recovered ozone density profiles to ground albedo is a
consequence of (a) normalization of the limb radiance profiles used in the retrieval,
and (b) the use of a ratio of normalized limb radiance profiles for wavelengths that

are affected by ground albedo in a similar way, to a first approximation.

5.1.2 Number of SZA used in interpolation

As already mentioned in section 4.3 the RT model LIMBTRAN employed for the
ozone recoveries is not a fully spherical model. SS is treated in a spherical shell
atmosphere, but the MS contribution to the source function is determined with
a 1-D plane parallel model. Yet, the spherical atmosphere can be interpolated
by taking the variation of SZA along the LOS into account, and the accuracy
of the model depends on the number of SZAs used for the interpolation. Since
the computational load is approximately a linear function of the number of SZAs
considered (the 1-D pp MS model is run for each SZA separately) [Griffioen and

Oikarinen, 2000] a compromise has to be found between speed and accuracy.
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The variation of SZA along the LOS is a function of the azimuth angle A¢
and the tangent point SZA. In the special case of Ap = SZA = 90° (e.g., on the
terminator days) the SZA does not change at all along the LOS. In all other cases
the SZA will vary along the LOS. For example, for A¢ = 121.3° and SZA = 90.0°
at the tangent point, the SZA changes from about 95.0° to about 85.0° along the
LOS for scattering altitudes below 100 km.

To estimate the impact of using only a few SZAs in the retrievals Chappuis
retrieval vectors were determined for 41 SZAs and tangent point SZAs of 80°, 85°
and 90°. The recoveries were then performed with 1, 3, 5, and 7 SZAs. The albedo
was A = 0.3 for all cases and the simulations were performed for a pure Rayleigh
scattering atmosphere. Four iterations of the OE algorithms were carried out.

Fig. 5.3 shows the vertical dependence of retrieval errors in percent for all
cases and the altitude range 10 km to 40 km. Several aspects are obvious: (a) the
retrieval error decreases with increasing number of SZAs used in the interpolation,
which is easily explained, since the more SZAs are taken into account the more
accurately the spherical atmosphere is simulated; (b) the retrieval errors for the
same number of SZAs is dependent on SZA, and they increase with increasing SZA.
This might be expected, since for greater SZAs the spherical correction becomes
more important. For SZA = 90° the retrieval errors can be on the order of 20 - 30
% if only one SZA is considered in the interpolation. Large errors can be expected

in this case since on the far side of the tangent point the SZA > 90° (i.e., only
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partly lit atmosphere and no directly illuminated ground). This has a large impact
on the limb spectra but is completely ignored if only the MS contribution from
the tangent point is considered. (c) an apparent asymmetry exists about the 0%
line between A¢ = 58.7° (panels a, b, and c in Fig. 5.3) and A¢ = 121.3° (panels

d, e, and f in Fig. 5.3).
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Figure 5.3: Retrieval error if LIMBTRAN is used with different numbers of SZAs
(1,3,5, and 7) in the interpolation for SZA = 80°, 85°, and 90° and A¢ = 58.7°,
and 121.3°.
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For SZA = 80° and 3 SZAs used in the interpolation the retrieval errors are
smaller than 1 % between 15 and 36 km. For SZA = 85° the same number of SZAs
results in retrieval errors of less than 2 % between 15 and 38 km.

To limit the computational time required for the ozone profile retrievals 3 SZAs
are used in the interpolation of the SZA variation of the MS contribution to the
source function. To limit the retrieval error only observations with SZAs < 85°
are included in the data analysis presented in the following Chapters. Under these
conditions we can conclude that retrieval errors of less than 2 % between 15 km
and 38 km can be expected.

It is important to note that additional errors may occur, if the spherical shape
of the atmosphere is not correctly modelled with a large number of SZAs used in
the interpolation. Oikarinen et al. [2001b] indicate that a systematic bias exists be-
tween fully spherical models and pseudo-spherical models including LIMBTRAN.
The difference between LIMBTRAN and the fully spherical models Siro [Oikari-
nen et al., 1999] and CDIPI (Combined Differential-Integral approach involving
the Picard Iterative approximation) [Rozanov et al., 2001} increases with increas-
ing TH for all three wavelengths studied by Oikarinen et al. [2001] (i.e., 325 nm,
345 nm, and 600 nm) and can reach several percent. Due to the combination of
limb radiance profiles at different wavelengths, it is likely that the retrieved ozone
profiles are relatively insensitive to systematic deviations of the modelled limb ra-

diance profiles from correctly modelled limb radiance profiles. This requires further
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study. The exact systematic error introduced can only be studied with a model

that allows for both spherical and pseudo-spherical RT.

5.1.3 Stratospheric aerosols

The stratospheric aerosol loading has reached the lowest levels observed by modern
instrumentation, due to an extended relaxation period after the last major volcanic
eruption (i.e., Pinatubo in 1991) [e.g., Thomason et al., 2001]. The MODTRAN
background stratospheric aerosol extinction profile [Berk et al., 1989] originally
employed for ozone retrievals from OSIRIS observations therefore overestimates the
actual stratospheric extinction. For this reason a mid-latitude aerosol extinction
profile observed with the Polar Ozone and Aerosol Measurement III [Lucke et al.,
1999] in August 2001 was used instead.

An analysis of all limb scans performed on August 20, 2001 was carried out
assuming the POAM III aerosol extinction profile and a Henyey-Greenstein [e.g.,
Hansen and Travis, 1974] phase function with an asymmetry parameter (i.e., av-
erage cosine of the scattering angle or (cos@)) of g = 0.7. To study the impact
of stratospheric aerosols on the retrieved ozone density profiles the analysis was
repeated with doubled and tripled aerosol extinction coefficient profiles and the
same aerosol phase function.

Panel a of Fig. 5.4 shows the dependence of the zonally averaged ozone profiles

on August 20, 2001 for the latitude range 60°N to 65°N on the assumed aerosol
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Zonally averaged ozone profiles for latitudes between 60°N to 65°N
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Figure 5.4: The sensitivity of the ozone retrievals to stratospheric aerosols. 1 x
POAM corresponds to the stratospheric aerosol extinction profile measured by
POAM III on August 20, 2001 at a latitude of 60°N.

extinction profile. An overestimate in the assumed stratospheric aerosol loading
will lead to an under-determination of retrieved ozone densities above the peak
of the ozone layer and to an over-determination of ozone densities at and below
the peak. As panel b of Fig. 5.4 indicates, the ozone retrieval error is smaller than
about 5 % between 15 and 40 km if the aerosols extinction profile is known to
within a factor of 2. If one assumes that the actual stratospheric aerosol extinction
coefficient profile can be estimated to within a factor of 2, then the relative differ-
ence between the retrieved ozone densities for 1 x POAM and 2 x POAM can be

considered a measure of the systematic errors introduced by incorrect knowledge

of the stratosphere’s aerosol loading.
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A further stratospheric aerosol sensitivity test was performed for enhanced
stratospheric or moderate volcanic aerosol. This was modelled as 5 x POAM, and
an Henyey-Greenstein (¢ = 0.7) phase function. The relative retrieval errors for
moderate volcanic aerosols listed in Table 5.2 correspond to the case that the
actual stratospheric aerosol loading is moderately volcanic, yet the retrieval is
performed assuming stratospheric background aerosol, i.e. 1 x POAM. If it is
known that the actual aerosol loading is moderately volcanic then the relative
retrieval errors are significantly smaller. It should be mentioned that the retrieval
error due to insufficient knowledge of the correct stratospheric aerosol loading is
negligible above the stratospheric aerosol layer.

Stratospheric aerosols are the most important source of systematic errors of the
retrieved ozone density profiles. This is due to the fact that the aerosols appear
in the field of view. Roughly speaking, the ozone retrieval method described in

Chapter 4 is relatively insensitive to phenomena not appearing in the FOV of the

Optical Spectrograph.

5.1.4 Atmospheric density profile

To investigate the sensitivity of ozone retrievals to the background atmosphere
two tests were performed, where measurements were simulated with LIMBTRAN
for different scenarios (SZA = 55°, 60°, ..., 90°, A¢ = 90°, A = 0.5, stratospheric

background aerosols (MODTRAN), no clouds) and retrievals were carried out
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with an incorrect background atmosphere. By background atmosphere we mean
atmospheric profiles of temperature, No and O, density. For the first test the
atmospheric temperature profile was perturbed by + 10 K while the pressure at
each altitude was held constant, leading to a background density perturbation.
Retrievals were carried out for SZA € [55°, 90°] and the differences in the ozone
column between 15 and 40 km were smaller than 0.5 % for all SZAs. The relative
differences ([O3]"¢trteved - [Og]tr¥¢) /[O3)t™¢ are smaller than 2 % at all altitudes
within the range from 15 to 40 km.

A second sensitivity test was carried out with entirely different background
atmospheres. The retrieval vector yo(T H;) was calculated with LIMBTRAN using
an equatorial summer (EQ-SU) atmosphere (July 15, 2000, 12:00 LST, Latitude:
0°, Longitude: 0°) obtained from the MSIS 90-E model [Hedin, 1991]. A recovery of
the ozone density profile was then performed assuming a polar winter (POL-WI)
atmosphere (December 21, 2000, 12:00 LST, Latitude: 90°, Longitude: 0°) also
obtained from MSIS 90-E. The neutral densities of the EQ-SU and the POL-WI
atmospheres differed by up to 50% in the altitude range between 10 km and 40 km.
This difference may be unrealistically high, i.e., it presents, if anything, a more
stringent test of the method’s sensitivity to the background density profile. The
maximum error in ozone density for altitudes below 38 km is 3.1 % and the error
in the ozone column between 10 km and 38 km is only 0.89%.

This indicates that the ozone profile retrieval method is robust and very insensi-
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tive to the background atmosphere. This is again a direct consequence of combining
the limb radiance profiles at 602 nm, 532 nm and 672 nm to the Chappuis retrieval
vector yc(TH). Roughly speaking, limb radiances at all three wavelengths are af-

fected in a similar way by enhanced Rayleigh scatter due to increased density.

5.1.5 Temperature dependence of ozone cross sections

An advantage of the ozone retrieval method applied here is that the ozone absorp-
tion cross section in the Chappuis bands is only weakly dependent on temperature.
At A = 672 nm, a wavelength lying within the Wulf bands, the absorption cross sec-
tion is slightly more temperature dependent (see Fig. 2.3 in section 2.3). According
to Burrows et al. [1997], a temperature change from 241 K to 202 K corresponds
to an 8.0 % increase of the GOME FM ozone cross section. At A = 532 nm and
A = 602 nm, the cross sections increase by 1.57 % and 1.49 %, respectively, if the
temperature changes from 241 K to 202 K. Chappuis retrieval vectors (for SZA
= 70°, A¢ = 90°) were simulated for (a) an isothermal atmosphere with T = 202
K, (b) a tropical temperature profile and T-dependent ozone cross sections, and
retrievals were performed assuming T = 202 K, T = 241 K, and T = 273 K for
the cross sections. The relative retrieval error never exceeded 1.0 % for altitudes

ranging from 15 to 40 km.
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5.1.6 Clouds

Tropospheric clouds affect limb radiance profiles by enhancing the radiance. Similar
to the SZA dependence of the impact of ground albedo on limb radiance profiles

(see section 5.1.1), the impact of clouds on limb radiance profiles decreases with

increasing SZA.

Assume that the impact of clouds on the limb radiance profile I(TH, )) at

wavelength A can be modelled as
Icloud(TH, /\) = Icloud—free(TH, )\) X C(TH, )\) (51)

where C(TH, )) is the wavelength and TH dependent cloud correction factor. The

normalization (section 4.1.4) then leads to:

Lioua(TH, \) Ijoud—free(TH,A) x C(TH, )
n (TH, ) = = 5.2
claud( ) Icloud(THrefa /\) Icloud—free(THref, /\) X C(THref, ’\) ( )

- I:lm;d—free(TH7 A) X Cn (TH, A)

With equation 5.2 it is easily shown that the following separation of the cloud-free

Chappuis retrieval vector from a cloud correction vector (goua(TH) is possible:
Ioua( A2, TH)

exp[%(ln Ig(md(’\l, TH) + In IZoud(’\\?n TH))]

— Igoud—free(’\% TH)
exply(In Loy free(Ms TH) + 1017304 tree(a, TH))]

with the cloud correction vector (qoud(TH) = P (g:%;’)ﬁ?m OaTH)] hav-

(5.3)

yo(TH) =

X Ccloud (TH )

ing the same form as the cloud-free Chappuis retrieval vector. The wavelengths
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are: A\; = 532 nm, Ay = 602 nm, and A\, = 672 nm. The cloud correction vector
Caond (TH) was determined with MODTRAN 3 for (a) a reference scenario with-
out tropospheric clouds, (b) cumulus clouds (Cu) ranging from 600 to 3000 m,
(c) altostratus clouds (As) extending from 2400 to 3000 m and (d) stratus (St)
clouds between 300 and 1000 m and SZA of 60° and 85°. At SZA = 60° the limb
radiances increase by up to 60 % in the 10 to 50 km altitude range if clouds are
present. Fig. 5.5 illustrates the impact of clouds on limb radiance profiles at the
three wavelengths used. For SZA = 85° the change in limb radiances is less than

10 % in the same altitude range if clouds are introduced.

50 I v ! v J 4 V v i v R
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Figure 5.5: The effect of tropospheric clouds on the limb radiance profiles at the
wavelengths used for ozone profile retrieval modelled with MODTRAN 3.

The difference in retrieved ozone density between the cloud free reference sce-
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nario (a) and a cloudy troposphere is a measure of the systematic impact of clouds
on the retrieval, if clouds are entirely ignored. For SZA = 60° the retrieval error is
less than 2.5 % at 15 km altitude for all cloud types studied and increases roughly
linearly to 4.9 % at 35 km altitude. The retrieved ozone densities are systemat-
ically smaller than the true values. At SZA = 85° the retrieved ozone densities
underestimate the correct ozone profile by 2.5 % at 15 km and overestimate it by
5.2 % at 35 km. Between 15 and 35 km the change is roughly linear.

We find that tropospheric clouds do not have a major impact on the retrieved
ozone density profiles, although the retrieval errors, if clouds are ignored, are
greater than the ones reported by Flittner et al. [2000] (< 1 %).

A possible way to reduce the systematic error introduced if tropospheric clouds
are ignored or incorrectly modelled, would be to use global maps of daily reflec-
tivity (as say measured with EP-TOMS) and assume climatological and latitude-
dependent cloud altitudes. This would, however, slow down the ozone profile re-
trievals significantly. For the ozone density retrievals presented in the following

Chapters clouds were not taken into account.

5.1.7 Internal scattering

Internal stray-light arises from the scattering of light inside the optics unit, i.e.
cross talk between wavelengths that are separated by the spectrograph’s grating.

Internal scattering is of much greater importance for wavelengths shorter than
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about 340 nm, where the limb radiances are limited by the large LOS optical
depths at lower THs due to ozone absorption and Rayleigh extinction. For example,
at 305 nm the limb radiance profile assumes a maximum at a TH of 44 km, as
discussed in section 4.1.2. However, the observed OSIRIS limb radiance profile
at this wavelength exhibits a minimum value below a knee at about 35 km, and
below the minimum the limb radiances increase with decreasing TH. This can be
explained by the internal stray-light from longer, optically thin wavelengths for
which the limb radiance continues to increase with decreasing TH. At A < 300 nm
and TH < 20 km the internal scattering contamination can exceed 100 % of the
actual signal. This does not pose a problem for most OSIRIS applications, because
the limb radiances do not contain much information at lower THs anyway, due to
the large LOS optical depths. Although important for the UV spectral range,
simulations showed that the internal scattering contamination corresponds to up

to 1 % of the signal in the visible part of the spectrum.

Internal scattering correction algorithm

Evans and Alfred [2001] characterized the internal scattering contamination and
spectral cross talk of the Optical Spectrograph and devised an algorithm to correct
for contamination due to internal scattering. The algorithm integrates in wave-
length over the entire dark current and DC-bias corrected observed spectrum and

the internal scatter contamination for each pixel is then determined by multiplying
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the resulting integral with a constant value, i.e. the so called internal scattering

correction factor v:

1353
Iint =9 X Z Ii (54)
i=1

where I;,; is the modelled internal scatter contamination received by each pixel and
I; is the dark current and DC-bias corrected, but not responsivity corrected signal
in CCD pixel i. Observed spectra are corrected for internal scattering by subtract-
ing Iy from each radiance I;. Obviously the Evans and Alfred [2001] algorithm
assumes a pixel (i.e., wavelength) independent internal scattering contamination.
Furthermore, the algorithm is based on the assumption that the internally scat-
tered photons can be represented by a fixed fraction of the photons received at each
CCD pixel and are equally distributed over all pixels. This renders a responsivity
correction of the internally scattered photons unnecessary.

Evans and Alfred [2001] obtained a -factor that lies within the range 3.0 x 10~°
£0 5.0 x 1078 for the OSIRIS FM (flight model) based on calibration measurements
made at the University of Calgary. These values are slightly higher than ~-factors
determined with the OSIRIS development model of (2.4 & 0.9) x 10~° [Marshall,
1996]. Haley et al. [2001a) used in-flight data to determine the -y factor assuming the
Evans and Alfred [2001) model and obtained a value of vy = (2.51 £ 0.05) x 10~C.
This value has been used for the internal scattering correction of all retrievals
carried out in this study.

Adding internally scattered light (with v = 2.51 x 107%) to simulated limb
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radiance profiles and performing a retrieval without internal scattering correction

resulted in retrieval errors of less than 0.7 % for the 15 - 40 km altitude range.

5.1.8 Polarization
Description of polarized electromagnetic radiation

The most convenient way to treat polarized radiation is to use the Stokes vector
le.g., Stephens, 1994], I = [I,Q, U, V|7, a four-element vector. Here, I corresponds
to the total radiance, @) is a measure for the radiance linearly polarized parallel
and perpendicular to a reference plane, U is a measure for the radiance linearly
polarized at 45° and 135° with respect to the same reference plane and V is the
circularly polarized radiance!. The reference plane for the limb geometry is the

meridian plane defined by the local vertical and the LOS. The degree of linear

polarization LP is defined by

V@ +U? (5.5)

LP = Fi

Polarization sensitivity of the Optical Spectrograph

Limb scattered solar radiation will generally be linearly polarized and the degree of
polarization will be a function of TH. The only cases without linear polarization are
forward and backward scattering, i.e. scattering angles of © = 0° and © = 180°.

The polarization of the radiation measured by OSIRIS will affect the retrieved

1The fraction of circularly polarized solar radiation is < 1 % [Hansen and Travis, 1974]
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ozone density profile, if the instrument’s radiance response is polarization sensi-
tive. In this case the detected radiances will be altered during the measurement
process depending on the polarization state of the radiation and the instrument’s
polarization sensitivity. The radiance response of the Optical Spectrograph is in
fact polarization sensitive and most of the polarization sensitivity is introduced
by the diffraction grating. Unlike other satellite-based spectrometers (e.g., SCIA-
MACHY and GOME) OSIRIS is not equipped with a polarization measurement
device (PMD). McLinden et al. [2002b] (a) characterized the polarization sensi-
tivity of the Optical Spectrograph based on laboratory measurements performed
at the University of Calgary, and (b) devised a polarization correction scheme
applicable to minor constituent retrievals using DOAS.

Generally, only the Q-sensitivity of grating spectrographs is considered, yet
McLinden et al. [2002b] found better agreement with the laboratory measurements
if a U-sensitivity is allowed for, particularly at the shortest wavelengths covered by
the Optical Spectrograph. The relationship between the true atmospheric Stokes
vector Liyye(A) (i.e., before the measurement process takes place), and the observed
total radiance Jo5(A) that includes the measurement process, is given by (the Ve
component is neglected):

1 Itrue(/\)
Iobs(’\) = f(A) 912(/\) _Qtrue(/\) = f(/\) [Itrue(/\) - ng(A)Qtrue(’\) - ngUtrue(’\)]

i g13(A) —Usrue(N)

ol L -

(5.6)
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The signs appearing in the true atmospheric Stokes vector are introduced by the
7 /2-rotation from the reference plane to a plane parallel to the grating grooves.
The wavelength dependent function f(A) corresponds to the instrument’s flat-field
response, and g and g;3 describe the dependence of the instrument’s radiance

response on the linear polarization Stokes vector elements Qirue(A) and Upye(A).
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Figure 5.6: The OSIRIS polarization correction coefficients g;2 and g;3.

Figure 5.6 shows the grating efficiency coefficients g;, and g3 as determined by
McLinden et al. [2002b]. If Qsrue(A) and Uprye(A) can be modelled with reasonable
accuracy a polarization correction can be achieved by multiplying the observed

radiance spectrum with a correction factor spectrum C(A) given by

_ Qtrue()\) _ Utrue(/\)
C(/\) =1- g12 X _Itrue(/\) g1z X —It.,.ue(/\) (57)
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As in the case of the impact of clouds on the Chappuis retrieval vector (section
5.1.6) a separation of the observed Chappuis retrieval vector y.,(TH) into the
true atmospheric Chappuis vector yyw..(TH) and a polarization correction vector

Cpot(TH) is possible:
yobs(TH) = Ytrue (TH) X Cpol (TH) (58)

with the polarization vector having the same mathematical form as the Chappuis
retrieval vector:

C™ (TH, )o)

pol

Ga(TH) = expl3(InCp (TH, M) + In Cpy(TH, A3))] 9

Here, C',',‘o,()\, TH) corresponds to the normalized correction factor similar to the
one defined in eqn. 5.1.6 for the effect of clouds.

This section presents an estimation of the systematic error introduced if the
polarization sensitivity of the instrument’s radiance response is ignored. Two dif-
ferent cases are studied: (a) a pure Rayleigh atmosphere and (b) an atmosphere
with stratospheric background aerosol.

Since LIMBTRAN is not capable of solving the RT equation for the full Stokes
vector the vertical profiles of the degree of linear polarization were determined
with the McLinden et al. [2002a] model, while the recoveries were carried out
using LIMBTRAN.

The polarization state of the detected scattered radiation depends on SZA and

A¢@, and therefore on the location of the tangent point and on the date. To take pos-
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Scenario Day of Location of sub- SZA A¢ S

year tangent point
June Solstice Ascending Equator  90.0° 58.7°  58.7°
June Solstice Highest Latitude 58.7° 90.0°  90.0°
June Solstice Descending Equator 90.0° 121.3° 121.3°
September Equinox Ascending Equator  90.0° 82.3° 82.3°
September Equinox Highest Latitude 82.3° 90.0° 90.0°
September Equinox Descending Equator 90.0° 97.7°  97.7°

7 Terminator Ascending Equator  90.0° 90.0°  90.0°
Terminator Highest Latitude 90.0° 90.0°  90.0°
Terminator Descending Equator 90.0° 90.0°  90.0

Table 5.1: Summary of the scenarios used for the polarization sensitivity study.
© is the (SS) scattering angle (cos(0) = sin(SZA) x cos(A¢) for limb geometry).

sible variations due to different viewing geometries into account, simulations were
carried out for three days: June solstice, September equinox and the terminator
days (see Table 5.1). On the two terminator days Odin flies along the terminator
and the ground track of the tangent point coincides with the terminator through-
out the ideal orbit. On each of the three chosen days three satellite positions are
considered: (a) when the tangent point crosses the equator from south to north
(18:00 LST); (b) at the highest northern latitude of the orbit (12:00 LST); and
(c) when the tangent point crosses the equator from north to south (06:00 LST).
The parameters of each viewing geometry are listed in table 5.1. The albedo was

assumed to be 0.30 for all scenarios.
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Pure molecular atmosphere

First, stratospheric aerosols were ignored, and the impact of the instrument’s po-
larization sensitivity was estimated for a pure Rayleigh scattering atmosphere.
It was found that the elements of the polarization correction vector were within
the range 1 £ 0.00031 for all tangent heights and observation geometry scenarios
listed in Table 5.1. The simulated retrieval errors for all scenarios listed in Table
5.1 were less than 0.07 % for the altitude range 15 to 40 km. The impact of the
Optical Spectrograph’s polarization sensitivity for a pure molecular atmosphere
can therefore be neglected. Note that the individual (not normalized) correction
factors C(T'H, \) partly deviate from 1 by several %. Yet, they exhibit very little
TH dependence and thus the normalization of the limb radiance profiles removes
the polarization sensitivity almost entirely. This is not true for an aerosol loaded
stratosphere, which leads to a more pronounced TH dependence of the LP(TH, )

and therefore the C(T H, ) profile.

Stratospheric background aerosol

For stratospheric background aerosol the linear polarization elements of the Stokes
vector exhibit a slightly larger TH dependence than in the case for the pure molec-
ular atmosphere. The associated retrieval errors are smaller than about 0.25 % for
all scenarios throughout the 15 to 40 km altitude range. Thus, even for strato-

spheric background aerosols, the instrument’s polarization sensitivity is very small
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compared to the dominant error sources and is therefore negligible.

5.1.9 Baflle scattering

Baffle scattered radiation is ezternal stray light from outside the instrument’s FOV
(e.g., from the bright limb of the Earth surface). The required rejection of off-
axis radiation is a major challenge in the design of a limb viewing instrument.
Considering that limb radiances in the visible part of the electromagnetic spectrum
change by more than 3 orders of magnitude (see Fig. 3.7 in Chapter 3) during a
limb scan, the off-axis signal rejection has to be very good.

Llewellyn and Gattinger [1998] estimated the OSIRIS in-flight baffle scattering
contamination based on laboratory measurements at three wavelengths (i.e., 400
nm, 550 nm and 700 nm) for THs of 25 km, 40 km and 70 km. At longer visible
wavelengths and high tangent heights the estimated baffle scattering contamina-
tion can reach several 100 % of the true signal, e.g., 440 % at 700 nm and TH =
70 km.

In the following, the impact of baffle scattering on the retrieved ozone density
profiles will be estimated based on the findings of Llewellyn and Gattinger [1998].
The baffle scatter contamination as a percentage of the true signal increases expo-
nentially with TH at all three wavelengths. Moreover, the wavelength dependence
of the baffle scatter contamination at a given TH can be very well fitted with

a log-polynomial function. Fig. 5.7 illustrates both the exponentially increasing
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Figure 5.7: Panel a illustrates the exponential dependence of the bafle scatter con-
tamination at the three wavelengths used for the retrievals. The contamination at
these wavelengths was obtained by a log-polynomial interpolation (panel b) of the
spectral estimated by Llewellyn and Gattinger [1998]. The contamination factors

n ae(TH, ) differ quite significantly from 1.0, yet the wavelength pairing leads
to a relatively small deviation of (pame(TH) from the ideal value, i.e. 1.0. Panel d
illustrates that the estimated baffle scatter contamination leads to unrealistically
large retrieval errors. The simulations were performed for SZA = 58.7°, A¢ = 90°,
albedo A = 0.3 and stratospheric background aerosols.

contamination (panel a) and the spectral dependence of the contamination (panel
b).

To estimate the bafle scattering contamination at 532 nm, 602 nm, and 672 nm
at THs of 25 km, 40 km, and 70 km a log-polynomial fit of the contamination at
the wavelengths of Llewellyn and Gattinger was used. Then, the TH dependence
of the contamination at those wavelengths was approximated by a exponential

function.
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Similar to the normalized cloud and polarization correction factors (Cg,,4 and
Cp,) a normalized baffle scatter correction factor C},q.(TH, A) was defined. Its
TH dependence at the three wavelengths used is shown in panel ¢ of Fig. 5.7. For
the longest wavelength (A = 672 nm), where the contamination is the largest, sig-
nificant deviations from the ideal, no contamination value of 1.0 occur. At shorter
wavelengths the contamination is smaller. Panel ¢ also shows the baffle scatter
correction vector (pame(TH). Due to the wavelength pairing its deviation from the
ideal value 1.0 is significantly smaller than for C},g.(TH, A) at each of the wave-
lengths.

The baflle scatter contamination based on the assumptions made here leads to
non-negligible retrieval errors (panel d) and to a systematic underestimate of the
actual profile. The obtained retrieval errors are unrealistically large, and are not
consistent with the excellent agreement of (a) OSIRIS ozone density profiles with
POAM III ozone profiles (Chapter 6) an (b) OSIRIS stratospheric columns with
EP-TOMS total ozone columns (section 7.2 of Chapter 7).

The analysis indicates that the actual in-flight baffle scatter contamination is

smaller than suggested by Llewellyn and Gattinger [1998). This is consistent with

the findings of S. Petelina (personal communication).
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5.1.10 Pointing errors

Inaccurate knowledge of the satellite’s pointing direction will lead to systematic
errors in the retrieved ozone densities. At best, these errors occur because the re-
trieved ozone density profile is simply shifted vertically by the error in TH assign-
ment. Above and below the ozone density peak, where the ozone density gradients
are large, this will lead to relatively large errors (i.e., tens of percent).

Generally, the retrieved profile will not only be shifted vertically with respect
to the true profile, but also distorted in non-trivial ways. For example, retrievals of
aerosol density or extinction profiles based on absolute limb radiance profiles, can
be very sensitive to pointing errors, with limb radiance gradients (in the optically
thin regime) on the order of 15%/km (with 7.5 km scale height). The resulting
difference between observed and modelled limb radiance profiles will be wrongly
attributed to aerosols.

Due to the use of normalized and paired limb radiance profiles the ozone re-
trieval method applied here is very insensitive to an incorrect background density
(see section 5.1.4). This insensitivity to neutral density means that pointing errors
of up to several kilometers will merely result in a vertical shift of the retrieved
profile, but not in a additional distortion of the profile.

Odin’s nominal pointing accuracy in limb scanning mode is & 1.2 minutes of
arc [Berge et al., 1997] corresponding to approximately = 1 km in terms of tangent

height. In staring mode the nominal pointing accuracy is 15 seconds of arc (i.e., 200
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m in tangent height). The analysis of in-flight attitude data after the initial phase
indicates that the pointing accuracy is higher than expected: generally within & 15
seconds of arc in limb scanning mode (U. Frisk, personal communication). It can
therefore be concluded that the effect of the actual pointing errors on the retrieved
ozone density profiles is negligible.

The excellent agreement between individual OSIRIS and POAM III ozone den-
sity profiles discussed in Chapter 6 also indicates that the attitude accuracy does

not negatively affect the ozone profile retrievals.

5.2 Random errors

5.2.1 Instrument noise

The main sources of random measurement error are shot noise, detector dark
current correction noise, and detector readout noise. The determination of the
errors in the limb radiance profiles employed for the ozone retrievals is based on
the Level 0 to 1 processing described by Haley [2001c]. The relative measurement
errors (standard deviations) associated with the Chappuis retrieval vector are on
the order of 2.0 - 3.0 x1072 at all THs, and show only little dependence on SZA
and A¢. Fig. 5.8 shows an example of the absolute (panel a) and relative (panel
b) measurement noise in the Chappuis retrieval vector.

The effect of random measurement error on the ozone profile retrievals was de-

95
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Figure 5.8: Example of the Chappuis retrieval vector error due to random mea-
surement errors.

termined in the following way. A Gaussian random number generator was written
(based on the central limit theorem [e.g., Bronstein and Semendjajew, 1991}]) to
create realistic random noise with a TH dependent standard deviation. The stan-
dard deviation profile employed for this purpose is the mean observed standard
deviation profile for August 20, 2001. The simulated measurement errors o(TH)
were added to a simulated Chappuis retrieval vector yo(TH) and a retrieval was
carried out. This was performed N = 100 times, and the mean difference between
the true and retrieved ozone density profiles was determined to estimate the re-
trieval error due to random measurement errors. The resulting retrieval errors are

listed in Table 5.2. The retrieval errors due to random measurement errors could
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be reduced by co-adding several pixels near the chosen wavelengths when deter-
mining the limb radiance profiles used for the retrievals. For this work only single

pixel values were used.

5.3 Summary

A summary of the systematic and random errors in the retrieved ozone density
profiles caused by the different geophysical and instrumental parameters discussed

in the previous sections of this Chapter is given in Table 5.2.

I Altitude 15 km 20 km 26 km 30 km 35 km
Ground albedo! < 3.5% < 1.5% <1% <1% <08%
# of SZAsS (see section 5.1.2) <1% < 0.8% <1.2% <05% | <0.08%
Stratospheric aerosols’ (background) <5% < 5% <5% <02% <01%

Stratospheric aerosols® (mod. volcanic) <25% < 186% <14 % <05% <04%

Background atmosphere <2% < 2% <25% <2% <2%
T-dependence of Og X-section < 1% < 1% < 1% < 1% < 1%
Clouds® <25% <3% | <35% | <4% <5%
Internal scattering® < 05% < 0.7% <07% | <04 % <04%
Polarization ¥ <015% | <016% | <0.2% [ <02% | <01%
Instrument noise <2% <13% | <153% <3% < 5%

Table 5.2: Summary of the sensitivity studies.

tfor SZA > 60 °, if albedo known to + 0.2

! relative difference between retrieval with 2 X POAM and 1 x POAM
53 SZAs used for interpolation, SZA < 85°

*relative difference between retrieval with § x POAM and 1 x POAM
&;f not appearing in FOV

#for stratospheric background aerosol, no polarization correction

Qif no correction is applied, with correcti <01%

The total retrieval error can certainly not be considered a simple linear super-

position of the errors introduced by the different error sources studied. A more
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comprehensive study investigating the combined effects of different error sources
would involve a large number of possible combinations and is beyond the scope of

the present work. The error budget of the method would be improved if

e global data sets of measured and season-dependent ground albedo values were

employed, instead of a constant value of A = 0.3

o daily maps of the global reflectivity as provided by EP-TOMS, for example, were
used to identify clouds and the ozone profile retrievals were performed including

clouds in the forward model

e daily background atmospheres as determined with the UKMO or ECMWF models,

for example, were used

e co-added pixel data were used to determine limb radiance profiles at the required

wavelengths

Concluding, it must be noted that the ozone density profile retrieval method
described here has been shown to be quite insensitive to all disturbing parameters
and processes discussed. Based on the sensitivity studies described here the overall
accuracy of the ozone densities in the 15 to 35 km altitude range is estimated to be
10 % or better. Comparisons with EP-TOMS and POAM III ozone measurements

(see following Chapters) suggest that this is a very realistic estimate.
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Chapter 6

Cross-validation of OSIRIS ozone

profiles with POAM II1

6.1 The POAM III instrument

The Polar Ozone and Aerosol Measurement III [Lucke et al., 1999], a satellite re-
mote sensing instrument employing the solar occultation technique, was launched
in March 1998 into a polar, sun-synchronous orbit on the French SPOT-4 space-
craft. The satellite’s orbit has an inclination of 98.9° and the local time of the
descending node is 10:30. In the northern hemisphere POAM III makes sunrise ob-
servations and in the southern hemisphere sunset observations. Note that POAM
orbital sunrises are local sunsets. The latitudes of the POAM III tangent point vary

between about 54°N and 70°N in the northern hemisphere and between about 62°S
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and 87°S in the southern hemisphere. POAM III has 9 spectral channels between
wavelengths of 353.4 nm and 1018 nm, varying in FWHM between 2.1 and 17.7 nm.
Its main purpose is the observation of O3, NO;, H,0, and stratospheric aerosols.

Lucke et al. [1999] reported the first validation results, and POAM III was
found to overestimate ozone densities between 10 and 35 km in the northern hemi-
sphere (NH) relative to HALOE. In the 15 to 35 km altitude range POAM was
systematically 5 % higher than HALOE, and below 15 km the difference increased
to > 10 %. Above 30 km the discrepancy decreased with increasing altitude and
reached 0 % at 35 km.

More recently, Rusch et al. [2001] presented a comprehensive validation study
that compared POAM III ozone profiles with profiles derived from both HALOE
and SAGE II occultation measurements, as well as from ozone sondes. For the
northern hemisphere the agreement with HALOE, SAGE II and the ozone sondes
is better than 10 % from 10 - 60 km. Both HALOE and SAGE II comparisons
indicate a slope in the POAM bias between 15 and 25 km, increasing from -5 % at
15 km to +5 % at 25 km. According to Rusch et al. the POAM III ozone densities
are systematically lower than HALOE ozone densities between 20 and 30 km by up
to 7 %, as well as SAGE II densities between 20 and 40 km, by 5 %. The number
of coincidences in the comparison with HALOE is 183 and with SAGE II it is 122.

Although there are differences between the Lucke et al. [1999] and the Rusch

et al. [2001] assessments (and between comparisons with other instruments), a
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general characteristic of all comparisons is that POAM III overestimates the ozone
densities by approximately 5 % at least in the 20 - 30 km altitude range, and
possibly up to 40 km. Below 15 km, the POAM III ozone densities are significantly
higher (> 20 %) than measurements with the other occultation instruments and
ECC sondes.

The POAM III data (Version 3) wused for the compar-
ison with OSIRIS was taken from the POAM III  website

(http://www.cpi.com/products/poam/download.html).

6.2 Coincidence criteria

The OSIRIS/POAM coincidence criteria employed in this study are that the mea-
surements were coincident to within 4° in latitude, 6° in longitude and 3 hours
in terms of UTC. This is more restrictive than the criteria applied to the early
validation of POAM III (5° in latitude, 12° in longitude, 12 hours in time) [Lucke
et al., 1999]. The latitudes of the POAM III ozone observations increased from
about 57.8°N on August 2, 2001 to about 63.1°N on August 25, 2001, the last
day of OSIRIS data collection in August. In total 43 coincidences were found, in-
cluding 43 OSIRIS ozone profiles and 35 POAM III ozone profiles. Since OSIRIS
completes an up or down scan approximately every 5° in terms of latitude at a
latitude of 60°, more than one OSIRIS scan may fulfill the coincidence criteria

for a given POAM observation. In this case all OSIRIS scans are considered in
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the comparison. This explains the larger number of OSIRIS ozone profiles com-
pared to the POAM ozone profiles. The UTC difference of the OSIRIS and POAM
IIT measurements varies slightly around 2.5 hours. The application of the trajec-
tory hunting technique [Danilin et al., 2001] in the near future [A. Tang, personal
communication, 01/2002) will provide many more “effective” coincidences between
OSIRIS and other satellite or balloon-borne remote sensing experiments. A trajec-
tory analysis has already been performed at the Free University of Berlin (Katja
Grunow, personal communication, 2002) for the LPMA/DOAS [Ferlemann et al.,

2000] balloon flight that was part of the Odin validation campaign BALODIN in

August 2001.

6.3 Comparison

Fig. 6.1 shows the comparison of mean OSIRIS and POAM III ozone density
profiles for all coincidences considered (panel a). Also shown is the mean relative
difference (OSIRIS - POAM)/POAM (panel b), as well as the standard deviations
of all profiles used for both POAM III and OSIRIS (panel c). Obviously the general
agreement is excellent, and better than suggested through the sensitivity analysis
presented in Chapter 5. Between 15 and 35 km the agreement is better than
approximately 5 %. The ozone densities inferred from OSIRIS observations are
systematically lower than the POAM ozone profiles at all altitudes between 15

and 40 km.
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Comparison of OSIRIS and POAM il ozone density profiles
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Figure 6.1: Comparison between averaged OSIRIS and POAM III stratospheric
ozone density profiles for all coincidences in August 2001. Panel b shows the relative
difference as a percentage and in panel c the standard deviation of both the OSIRIS
(43) and POAM III (35) profiles are shown).

Due to the different vertical resolution of the two instruments the mean POAM
III ozone density profile was convolved with a Gaussian with FWHM = 2 km. Note
that convolving the mean is identical to taking the average of individually con-
volved profiles, since convolution is a linear operation. The correct way to perform
comparisons between instruments with different vertical resolution is to convolve
the profile of the instrument with the higher resolution with the averaging kernels

(see section 4.2.4) of the instrument with the lower resolution [e.g., Hasekamp and
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Landgraf, 2061]. In the case of OSIRIS the actual vertical resolution is better than
2 km, but due to the vertical undersampling, the instrument is not used to its full
capability, and further smoothing occurs. Using a 2 km FWHM Gaussian is some-
what arbitrary, but (a) smoothing is justified, since POAM’s vertical resolution is
better than OSIRIS’; (b) using a Gaussian with slightly altered FWHM (or even a
box-car with variable width) has been found to have little impact on the relative
difference between OSIRIS and POAM III.

Note that for comparisons of individual profiles the differences between OSIRIS
and POAM can be significantly greater. This is illustrated in Fig. 6.2 showing
comparisons of individual ozone density profiles for coincidences on different days
in August. 20 coincidences between OSIRIS and POAM III were randomly picked.
In most cases the general agreement is very good, indicating that the ozone profile
retrieval method described in Chapter 4 is reliable and robust. In some cases the
fine structures and laminae present in the POAM III ozone profiles (e.g., panels
k, n, o0 and q) are not recovered in the OSIRIS ozone profiles. This disagreement

is not unexpected and may be due to:

e Horizontal variability of the ozone field which can be significant [e.g., Tuck
et al., 1999]. This is most likely at mid-latitudes, i.e. about 60°, where the
observations were made. Here the zonal and meridional variability of ozone
density is greater than at tropical and polar latitudes. In terms of merid-

ional variation, 60°N is close to the latitude with the greatest gradient of
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the ozone peak height and latitude (around 55° N for August; see Figs. 7.5
and 7.4). In terms of longitudinal variability 60° N falls within the highly
structured transition regime between tropical and polar latitudes, with lon-
gitudinal variations of up to 100 DU, and longitudinal gradients of up to

70-80 DU/30°.

e OSIRIS has a vertical resolution that is better than 2 km, yet the limb
radiance spectra are sampled only every 2.5 km in stratospheric mode. A
direct consequence of this is that small scale features cannot be accurately

recovered. It would be desirable to increase the vertical sampling of OSIRIS.

Since POAM III seems to overestimate ozone densities in the 20 - 35 km range
by up to 5 - 7 %, according to the comparisons with both HALOE and SAGE
II, OSIRIS would seem to agree even better with HALOE and SAGE II. In other
words, we might expect the “agreement” of OSIRIS with HALOE and SAGE II
to be as good or better than that between OSIRIS and POAM.

It is also noteworthy that the agreement between other satellite instruments
measuring stratospheric ozone density profiles is usually in the 5 - 10 % range,
and larger differences of mean profiles are not uncommon. For example, ILAS, the
Improved Limb Atmospheric Spectrometer [Suzuki et al., 1999], a solar occultation
instrument on board the Advanced Earth Observing Satellite (ADEQOS), yields
stratospheric ozone densities that are up to 20 % lower than HALOE?’s in the 20

to 40 km altitude range for high southern latitudes with no-ozone-hole conditions.



Moreover, HALOE (Version 17) ozone densities are systematically 5 - 10 % lower
when compared to SAGE II data, whereas MLS values are 5 % larger, CLAES

densities are 15 % higher and ISAMS values are much more variable [Cunnold et

al., 1996].

The comparison of mean ozone density profiles including all coincidences within
4° latitude, 6° longitude and 3 hours of UTC indicates that the OSIRIS ozone

density profiles are in excellent agreement with ozone density profiles obtained

from POAM III.
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Figure 6.2: The figure shows 20 randomly chosen coincidences of OSIRIS and
POAM III northern hemisphere observations during August 2001. Coincidence
criteria are 4° in latitude, 6° in longitude, and 3 hours in UTC. The numbers in
the legend of each panel correspond to latitude, longitude and UTC. The POAM

III profiles are not smoothed.
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Chapter 7

A preliminary analysis of OSIRIS

observations

This Chapter describes the main characteristics of the stratospheric ozone den-
sity fields obtained from OSIRIS observations during August 2001 (northern
hemisphere summer) and November 2001 (southern hemisphere spring). The
stratospheric ozone column densities determined from the ozone profiles are also
compared to total ozone columans measured with the EP-TOMS spectrometer

[McPeters et al., 1998].

7.1 A priori ozone profiles

The impact of the a priori X on the retrieved ozone density profile was found to be

generally negligible. Simulations showed that even if a high latitude ozone profile
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for non-ozone hole conditions is used as the a priori profile for the recovery of an
ozone profile inside the ozone hole, the impact is only on the order of a few percent.
This insensitivity is a consequence of the large a priori covariance chosen to be
100 % of the a priori. For the analyses in the case of non-ozone hole conditions
the a priori was the zonally averaged 10 year mean August ozone profile from the
Canadian Middle Atmosphere Model (CMAM) [de Grandpré et al., 2000]. The a
priori is latitude dependent and was binned into 5° latitude bins. For recoveries

under ozone hole conditions a POAM III ozone hole profile was used.

7.2 NH summer observations and comparison

with EP-TOMS

Due to early problems with Odin’s attitude control system routine limb scanning
did not begin until late July 2001. Most of the northern hemisphere data that
can be used for ozone profile retrievals was collected during August 2001. As a
consequence of Odin’s orbit parameters only the northern hemisphere was observed
between July 2001 and the fall terminator day, i.e. October 12, 2001 (see Chapter
3).

All data obtained during August 2001 have been analyzed - this represents
nearly 3900 individual scans. Table 7.1 gives an overview of the data availability

for the days, when OSIRIS was operating. The retrieval of 200 scans (with 3 SZAs
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Date observation | Scan rate | Nominal scan | Number
mm/dd/yyyy mode [km/s] range [km] of scans
08/02/2001 | stratosph! 0.75 0-10 to 60-70 118
08/03/2001 | summermest | 0.75 | 70-80 to 90-100 58
08/04/2001 | summermes 0.75 70-80 to 90-100 51
08,/05/2001 stratosph 0.75 0-10 to 60-70 270
08/06/2001 | stratmeso* 0.75 0-10 to 90-100 228
08/07/2001 | summermes 0.75 70-80 to 90-100 263
08,/08/2001 stratosph 0.75 0-10 to 60-70 219
08/09/2001 | stratmeso 0.75 0-10 to 90-100 54
08/11/2001 stratosph 0.75 0-10 to 60-70 28
08/12/2001 stratmeso 0.75 0-10 to 90-100 106
08/14/2001 stratosph 0.75 0-10 to 60-70 108
08/15/2001 stratmeso 0.75 0-10 to 90-100 225
08/17/2001 stratosph 0.75 0-10 to 60-70 109
08/18/2001 stratmeso 0.75 0-10 to 90-100 118
08/19/2001 stratosph 0.75 0-10 to 60-70 108
08,/20/2001 stratosph 0.75 0-10 to 60-70 398
08/21/2001 stratosph 0.75 0-10 to 60-70 343
08/22/2001 stratosph 0.75 0-10 to 60-70 342
08/23/2001 stratosph 1 0.75 0-10 to 60-70 236
08/24/2001 stratosph 0.75 0-10 to 60-70 279
08/25/2001 stratosph 0.75 0-10 to 60-70 372

08/26,/2001 stratosph 0.75 0-10 to 60-70 0

Table 7.1: Compendium of data availability for August 2001.

tStratospheric mode

tSummer mesospheric mode, particularly observation of PMCs

*Combined stratospheric/mesospheric mode
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used in the interpolation (see sections 4.3 and 5.1.2) and 4 iterations of the OE
algorithm (section 4.2)) takes about one day on York University’s “winded”, a 2

processor (Intel Pentium III, 933 MHz, SMP kernel) machine with 1 GB RAM.

7.2.1 August 20, 2001

August 20 is given special attention, since Odin was scanning almost continuously
on this particular day, introducing only a few gaps in the geographical coverage of

the observations. 398 limb scans were performed on this day.

Selected orbits

8 orbits on August 20 were chosen, i.e., orbits 2, 3, 5, 6, 8, 10, 11, and 14. The
variation of the stratospheric ozone profiles along the orbit tracks is shown in the
panels a - h of Fig. 7.1. The segments of the orbits shown begin at a latitude of
about 30°N on the upleg, and, going through a westward arc, reach the northern-
most point at about 82°N latitude. The tangent point trajectories for all 8 orbits
of Fig. 7.1 are shown in Fig. 7.2, superimposed on the NH total ozone column
field measured by EP-TOMS on the same day. Each orbit consists of 21 individual
profiles. 30°N was chosen as the lowest latitude, since for all orbits shown a 15°
latitude gap in Odin data exists south of the scan at about 30°N. The positions
of the markers (i.e., circles, squares etc.) in Fig. 7.2 correspond to the average

location of the tangent point between tangent heights of 10 and 50 km, and thus
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are the locations of the tangent point at a tangent height of 30 km.

The individual orbits in Fig. 7.1 have several common features: (a) the low
latitude profiles (profiles 1 and 21 of each orbit correspond to latitudes of about
30°N as indicated in Fig. 7.2) have relatively high ozone peak altitudes (26 - 27 km)
and the peak ozone densities are generally higher than at mid- and high-latitudes;
(b) going to higher latitudes the peak altitude decreases, reaching abcut 20 km
at the highest latitudes. These features are in excellent agreement with the global
morphology of the stratospheric ozone field | Warneck, 1988; Wayne, 1991].

It is instructive to examine whether the areas with extremely high (around
60°N/30°W) and very low total ozone columns (around 75°N/75°E) in the EP-
TOMS data are reflected in the OSIRIS ozone profiles. The area with elevated
total ozone columns is crossed by orbit 5 (scan 16), orbit 6 (scans 15 - 17), and
orbit 8 (scans 14 - 15). For all three orbits the corresponding cases are associated
with local minima in the height of the 2.5 x 10! c¢m™3 isopleth and also with
maxima in the total stratospheric ozone column. These findings are consistent
with the known correlation between total ozone column and tropopause pressure
[e.g., Hoinka et al., 1996] (see also section 7.2.1). The area with extremely low
total ozone columns is crossed by orbit 2 (scans 13 - 14), orbit 3 (scan 13), orbit
6 (scans 8 - 9), and orbit 8 (scan 9). In case of orbits 2 and 3 the low total ozone
manifests itself as an increase in the height of the 2.0 x 10'? cm™2 isopleth below

the ozone peak. For orbits 6 and 8 correlation with the ozone isopleth heights is
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Figure 7.1: The stratospheric ozone field (in molecules cm™2) along the tangent
point trajectory for 8 orbits on August 20, 2001, and latitudes north of about
30°N. The tangent point trajectory ground tracks are shown in Fig. 7.2.
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Figure 7.2: The total ozone column distribution on August 20, 2001, for the
northern hemisphere as measured by EP-TOMS. Superimposed are the tangent
point trajectory ground tracks of the 8 orbits on August 20, 2001 shown in Fig.
7.1.

not obvious, but in case of orbit 6 a narrowing of the ozone peak and a slightly

elevated 2.5 x 10'2 cm™2 isopleth height is discernible.

Longitudinal variation of ozone

A correlation is known to exist between tropopause pressure and the total vertical
ozone column [e.g., Hoinka et al., 1996]. Tropospheric low pressure systems are
associated with lower than average tropopause heights, and higher than average
total ozone columns [e.g., Warneck, 1988]. Strictly speaking, the upper tropo-

spheric troughs are displaced westward from the centre of the surface low pressure

114



system. Tropospheric low pressure systems induce a convergence and subsidence
in the mid-stratosphere, forcing ozone rich air downward to the lower stratosphere
leading to increased total ozone columns.

Fig. 7.3 shows the longitudinal variation of ozone profiles binned into 15° lat-
itude and 30° longitude bins for August 20, 2001. The figure also shows a com-
parison of the longitudinal variation of OSIRIS strato-mesospheric ozone columns
(a detailed description of how these columns are determined is given in section
7.2.2) with EP-TOMS total ozone columns. The EP-TOMS ozone columns were
also binned into 15° latitude bins. Between the equator and 40°N the longitudinal
variation of the recovered ozone profiles and also the ozone columns is quite small.
At higher latitudes, particularly between 60°N and 75°N, the peak altitude of the
ozone layer varies with longitude. The ozone columns from both EP-TOMS and
OSIRIS exhibit two local minima and 3 local maxima (wave number 3 pattern)
associated with the polar front between mid and polar latitudes. The local min-
ima appear at 90°E - 120°E, and at 240°E. The 2.0 x 102 cm™2 ozone isopleth
anti-correlates with the ozone columns, although it should be pointed out that it
assumes altitudes as low as 12 km where the retrieval method is less reliable. The
2.5 x 10'? cm™3 and 3.0 x 10'2 cm™3 ozone isopleths anti-correlate with the ozone
column as well, but the longitudinal variation is smaller.

It is concluded that the observed anti-correlation of ozone columns and ozone

isopleth heights is consistent with the known correlation between tropopause pres-
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sure and the total ozone column.

7.2.2 August 2001

Fig. 7.4 shows zonally averaged ozone fields for six consecutive days in August 2001
and Fig. 7.5 shows the latitudinal variation in the zonally averaged ozone profiles
derived from the entire August 2001 data base of OSIRIS limb measurements.
Clearly, all of the known main features of the stratospheric ozone layer and its
dependence on latitude are reproduced: (a) the tropical peak is sharper and appears
at an altitude of about 27 km, (b) with increasing latitude the peak descends and
widens, and (c) the peak altitude at high latitudes appears at about 20 km.

Fig. 7.4 also shows comparisons of stratospheric and mesospheric ozone columns
(inferred from OSIRIS zonally averaged partial stratospheric columns) and to-
tal ozone columns measured with EP-TOMS. The difference between the strato-
mesospheric and the total ozone columns should correspond to the residual tro-
pospheric ozone column. The EP-TOMS zonally averaged vertical ozone columns
were determined from data sets of EP-TOMS ozone columns available from the
EP-TOMS website!. The strato-mesospheric columns were determined based on

the following assumptions:

e OSIRIS ozone profiles are used between the tropopause (TP) and 40 km

altitude. Climatological TP heights were obtained from NCEP model anal-

http://toms.gsfc.nasa.gov/
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Figure 7.4: Contour plots of the zonally averaged ozone field on six consecutive
days in August, 2001. Also shown is a comparison of the latitude dependence of
the OSIRIS stratospheric ozone column (plus CMAM mesospheric ozone columns)
with total ozone column as measured with EP-TOMS.
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Figure 7.5: Latitude dependence of the zonally and temporally averaged ozone
density profile for the August 2001 OSIRIS data set.

yses (40 year August average, from 1958 to 1997) [Randel et al., 2000]. TP
heights were determined from TP pressure assuming a ground pressure of pg
= 1013.25 hPa, and a scale height of H = 7 km, as recommended by Bill
Randel (NCAR, personal communication). The TP heights used, are listed
in Appendix C as a function of latitude. For altitudes below 10 km (the TP
height is less than 10 km for latitudes > 60°N) an ozone density of 1.0 x

102 cm~23 was assumed.

e Above 40 km CMAM ozone densities are used (note that ozone is not highly
variable at these altitudes, and only about 1.5 % or less of the total ozone

column occurs above 40 km, including the secondary ozone peak in the meso-
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sphere?)

The retrieval method has been shown to work extremely well in the 15 to 35
km altitude range, with agreement with POAM III to within approximately 5 %.
Above 35 km (up to 40 km) the method becomes more insensitive to ozone and
the differences between OSIRIS and POAM increase to 10 %. Because the ozone
density above 35 km is quite low (5 x 10" c¢cm™32 at 40 km and a scale height
of Ho, ~ 4.5 km), retrieval errors at those altitudes will have little effect on the
partial stratospheric ozone columns. For example, for latitudes between 80°N to
85°N the partial ozone column between 35 and 40 km corresponds to only 4.6 %
(= 11 DU) of the column between 10 and 40 km for the entire August 2001 NH
data set. Between 10°N and 15°N the fraciion is about 6.8 % (=~ 16 DU), which is
slightly higher due to the higher tropical ozone layer. The figures indicate that a
20 % error in the densities at altitudes between 35 and 40 km will lead to only a
2 - 4 DU difference.

Although the quality of the retrieved ozone densities below 15 km has not yet
been established, OSIRIS ozone densities were used if the TP height was less than
15 km. As discussed in Chapter 6 the OSIRIS ozone densities between 10 and 15
km are very realistic, justifying their use for the determination of ozone columns

with lower boundaries of less than 15 km. Because the bulk of the atmospheric

2This estimate is based on 10 year averages of August ozone profiles determined with CMAM

[de Grandpré et al., 2000]
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ozone column is above 15 km only small errors should arise if the OSIRIS ozone
densities below 15 km are incorrect. Between 10°N and 15°N less than 1 % (= 1
DU) of the 10 to 40 km ozone column occurs between 10 and 15 km (based on the
August 2001 OSIRIS data set). At 80°N to 85°N this fraction is 17 % (= 40 DU).
At high latitudes a 20 % error in the ozone densities between 10 and 15 km would
lead to column density errors of about 8 DU, which is less than 4 % of the 10 to

40 km ozone column. At low latitudes the error is negligible.

7.2.3 Estimation of tropospheric ozone columns: the resid-
ual approach

The idea of determining tropospheric column densities of trace constituents from
satellite measurements of stratospheric profiles and total vertical column densities,
was first proposed by Fishman et al. [1986] and is known as the “residual method”.
Enhanced tropospheric ozone columns caused by biomass burning in the tropics
[Fishman et al., 1986] and large scale air pollution episodes at mid-latitudes [Fish-
man et al., 1987] are difficult to measure but can be identified using the residual
method.

Tropospheric ozone columns have been determined with this method using the
OSIRIS strato-mesospheric ozone columns described in the previous section and
the EP-TOMS total ozone columns. When clouds are present, EP-TOMS is only

able to measure the vertical ozone column above the cloud tops. The EP-TOMS
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Figure 7.6: Panel a Contour plot of the zonally averaged August 2001 ozone field
retrieved from OSIRIS limb radiance profiles. Panel b shows a comparison of EP-
TOMS total ozone columns (averaged over all days in August, when OSIRIS was
observing) with OSIRIS stratospheric ozone columns (CMAM mesospheric ozone
columns added). Panel ¢ shows the residual tropospheric ozone column obtained
from TOMS - (OSIRIS + CMAM).

data analysis algorithm estimates cloud top height from the visible reflectance and
below this height it uses a climatological distribution to correct for the column
of air not observed [McPeters et al., 1998]. Fishman et al. [1990] note that a
comparison of TOMS data sets with and without cloud screening revealed that

cloud screening is not required for the determination of tropospheric ozone column.
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Therefore cloud screening is not implemented in the present study.

Fig. 7.6 shows the zonally averaged ozone density field determined from all
OSIRIS limb observations performed in August 2001 (panel a), the latitude de-
pendence of the strato-mesospheric ozone column compared to EP-TOMS total
columns (panel b) and the inferred tropospheric residual (panel c). The tropo-
spheric residual is approximately 35 DU at 10°N and increases almost linearly to
55 - 60 DU at 40°N. At higher latitudes the tropospheric residuals are between
45 and 55 DU. The lower tropospheric columns at low latitudes reflect the ozone-
poor upward branch of the Hadley cell with ozone densities of < 0.5 x 10'? cm™3.
At higher latitudes larger tropospheric ozone columns occur as a result of the
downward transport of ozone rich air from the stratosphere.

Fishman et al. [1990] report that NH tropospheric ozone columns for the
months of June to August are about 20 to 30 DU at the equator and increase
to greater than 45 DU at 50°N. These values are based on the analysis of 22,000
TOMS (Nimbus-7) observations coincident with SAGE I (1979 - 1981) and SAGE
I1 (1984 - 1987) measurements. It should be noted that Fishman et al. [1990] could
only comment on latitudes between 50°S and 50°N. Clearly, the inferred OSIRIS
tropospheric ozone column densities are quite consistent with the Fishman et al.
[1990] value trends up to 50°N and provide important new information on the

tropospheric ozone columns at higher latitudes.

It can be concluded therefore that:
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(a) the latitude dependence of the derived tropospheric columns between 5°N and
50°N is in excellent agreement with Fishman et al. [1990]

(b) the absolute tropospheric columns deduced from OSIRIS and EP-TOMS obser-
vations are about 10 - 15 DU higher than the tropospheric ozone columns reported
by Fishman et al. {1990]

(c) OSIRIS provides reliable information on the trend for latitudes above 50°

It should be noted that the relative errors in the inferred OSIRIS tropospheric
ozone columns are quite large, since the tropospheric columns comprise only 10 -
15 % of the total ozone column. The expected errors in the OSIRIS stratospheric

ozone profiles and columns are of the same order of magnitude.

7.3 SH Spring observations: the Antarctic Ozone

Hole

An integral part of the Odin Aeronomy Mission is to monitor the evolution of
stratospheric ozone in polar regions, particularly in the Antarctic ozone hole region.
After the mid-October terminator day the southern hemisphere segment of Odin’s
orbit is sunlit and this makes OSIRIS limb scatter observations possible. Two
days of OSIRIS observations towards the end of November 2001 (i.e., 11 orbits on

November 24/25 and 13 orbits on November 27/28) have been analyzed in some
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detail.

7.3.1 November 24/25, 2001

Fig. 7.7 shows the tangent point trajectories of 11 OSIRIS orbits made on Novem-
ber 24/25, 2001, superimposed on the EP-TOMS total ozone column map. Clearly,
the ozone hole is asymmetric in longitude. Also indicated (with blue solid circles)
are the locations of POAM III observations for November 24 and 25, when POAM
IIT was measuring at a latitude of 67°S.

Fig. 7.7 also shows how POAM III and OSIRIS observations compare for se-
lected coincidences in both the ozone hole region (POAM observations 160, 161,
167,170 and 171) and the “collar” region (POAM observations 162 and 163), where
ozone densities are enhanced and the total column values exceed 350 DU. This
comparison shows that even under “ozone hole” conditions the retrieval method
employed here seems to be capable of recovering valid ozone density profiles. More
comprehensive validation studies will be required to confirm this conclusion.

Fig. 7.8 shows cross sections through the stratospheric ozone density field along
the tangent point trajectories for the 11 orbits of Fig. 7.7. The highest latitude
measurements (i.e., =~ 82°S) are marked with black arrows. It is interesting to
note the regions of enhanced ozone density in the collar area measured during the

up-legs of orbits 5 and 6, and during the down-legs of orbits 10 and 11.
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Figure 7.7 The tangent point trajectories of the 11 orbits shown in Fig. 7.8
superimposed to the EP-TOMS total ozone column map are shown. Panels a to
g show comparisons of individual OSIRIS ozone density profiles with POAM III
profiles.
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ozone hole is clearly visible.
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7.3.2 November 27/28, 2001

Fig. 7.9 shows the tangent point locations for 13 orbits made on November 27 and
28 and the corresponding EP-TOMS total ozone map. Obviously, the location and
the shape of the ozone hole have changed somewhat since the previous observations
on November 24/25. The ozone hole is elongated and it is approximately oriented

along the 60° and -120° meridians. The ozone hole rotates clockwise (viewed from

above) with a period on the order of 20 days [Stolarski et al., 1986].
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Figure 7.9: Same as Fig. 7.7, but for November 27/28.

Interesting features occur during orbits 10 ({) and 11 (*) on November 27/28.

Between 40°S and 70°S on the down-leg the profiles exhibit sharp peaks and
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Figure 7.10: 13 orbits measured by OSIRIS in the SH on November 27/28, 2001
are shown. The noisy profiles between 40°S and 70°S for the orbits 10 and 11 were
taken when Odin was flying through the South Atlantic Anomaly.
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troughs, and the profiles are noisier than the others. For orbit 10 the longitude
changes from -30° at a latitude of 40°S to -50° at a latitude of 70°S. In the case of
orbit 11 the longitudes are shifted by about 25° westward. Note that the angular
difference in the orbit plane between Odin and the tangent point is approximately
23° (22.1° for TH = 100 km, and 24.2° for TH = 0 km). Taking this difference
into account, it is clear that Odin was flying right through the South Atlantic
Anomaly (SAA) when these noisy limb observations were made. The SAA region
which extends from the equator down to 50°S and from -90° to +40° in longitude is
associated with enhanced energetic particle fluxes at Odin’s altitude arising from

the offset of the nominal Earth magnetic dipole.
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Chapter 8

Comparison of OSIRIS and

CMAM for NH summer

A comparison of the August 2001 NH (northern hemisphere) ozone density field
recovered from OSIRIS limb scatter measurements with simulations performed
with the Canadian Middle Atmosphere Model (CMAM) has been carried out.
CMAM [Beagley et al., 1997; de Grandpré et al., 2000] is a vertically extended
version (0 - 95 km) of the general circulation model (GCM) of the Canadian Centre
for Climate Modelling and Analysis (CCCma) [McFarlane et al., 1992]. The model
atmosphere consists of 50 levels, with about 3 km vertical resolution in the middle
atmosphere. Tracers (species and families) are transported throughout the model
atmosphere, and chemistry of shorter-lived species is solved on-line from about 6

km to the upper boundary. The model accommodates 127 photochemical reactions,
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including 34 photolysis reactions. It contains 44 chemical species including odd-
hydrogen, odd-nitrogen, odd-chlorine, and odd-bromine families, N;O, CFC-11,
CFC-12, CH3Br, CH4 and CH,4 oxidation products including CO. Several hetero-
geneous reactions occurring on stratospheric sulphate aerosols are also included,
but heterogeneous PSC chemistry was not included in the version used for the
comparison.

The CMAM ozone climatology with interactive chemistry has been described

by de Grandpré et al. [2000].

8.1 Comparison of ozone density profiles

Fig. 8.1 panel b shows the zonally averaged OSIRIS northern hemisphere ozone
field averaged over all days in August 2001, when OSIRIS was operating (i.e., a
total of nearly 3900 limb scans obtained over 21 days in August). Panel a of Fig.
8.1 shows a 10 year mean zonally averaged northern hemispheric ozone field for
the same altitude range from the CMAM. In panel c of Fig. 8.1 the ratio of the

OSIRIS and the CMAM ozone fields is also shown.

A visual comparison of the Figure leads to the following conclusions:
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8.1.1 CMAM overestimation below 30 km

Apparently, the CMAM ozone densities around the stratospheric ozone peak are
about 15 to 20 % higher than the OSIRIS densities. Previously, CMAM was found
[see de Grandpré et al., 2000] to produce ozone densities that were 20 % higher than
the COSPAR International Atmosphere (CIRA) ozone reference model [Keating
et al., 1990] between about 10 hPa and 20 hPa.

According to de Grandpré et al., part of the discrepancy between CMAM and
CIRA in the lower and middle stratosphere may be explained by an underesti-
mation of ozone densities in the upper stratosphere. This underestimation may
be caused by a CMAM stratospheric chlorine background that is higher than the
background value in the 1980s, when the measurements used for the CIRA com-
pilation were made. An underestimation of the upper stratospheric ozone density
will lead to enhanced lower and mid-stratospheric ozone densities since more UV
radiation will be able to penetrate into the lower stratosphere, producing more
O;z. Another reason for the discrepancy may be related to the 11 year solar cycle
which is neglected for the photolysis rate determinations in CMAM.

In terms of the discrepancy between OSIRIS and CMAM at the ozone peak
altitudes, the Cl background argument can certainly not be invoked. The fact
that the discrepancy between the OSIRIS and the CMAM at the ozone peak
altitudes is consistent with the discrepancy between CIRA and CMAM indicates

that differences in the stratospheric Cl background are not the main cause for the
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Figure 8.1: Panel a shows the CMAM 10 year mean zonally averaged ozone con-
tours for August. The zonally and temporally averaged ozone field, as measured
with OSIRIS from August 2 to 25, 2001, is shown in panel b. Panel ¢ shows the
CMAM/OSIRIS ratio.

differences between CIRA and CMAM.
The good agreement between OSIRIS and both POAM III (Chapter 6) and
EP-TOMS (Chapter 7) indicates that CMAM must overestimate ozone densities

between about 20 and 30 km as well as the total ozone column (discussed in section
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8.2).

Inter-annual variability can be ruled out as the cause for the apparent discrep-
ancy between OSIRIS and CMAM. One could argue that the OSIRIS data shown
in Fig. 8.1 represent only one year, and the CMAM data a 10 year mean. However,
de Grandpré et al. [2000] show that the modelled variability in the ozone densities
throughout the altitude range covered by OSIRIS is less than about 5 % for north-
ern latitudes in summer and fall. In this context it is interesting that the monthly
mean ozone column at certain locations may experience significant inter-annual
variations. For example, February means of total ozone over Arosa (Switzerland)
varied between about 325 DU and 415 DU during the period from 1957 to 1971
[Warneck, 1988]. In particular, the total ozone column changed by up to 50 DU
between two consecutive years.

At 18 km at tropical latitudes, and 14 km at mid and high latitudes, the ratio
CMAM/OSIRIS reaches values > 1.5. However, this discrepancy may not be sig-
nificant, since small altitude misalignments between OSIRIS and CMAM will lead
to relatively large differences at altitudes with large vertical ozone gradients. The
zonally and temporally averaged ozone density profiles between 10 and 35°N lati-

tude shown in Fig. 7.5 exhibit vertical gradients of more than 0.5 x 10'2 cm™3/km

or 50 %/km.
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8.1.2 CMAM underestimation above 35 km

Above 35 km the CMAM ozone densities are approximately 15 % lower than
OSIRIS ozone densities. This is again consistent with the comparison of CMAM
and CIRA, showing that CMAM ozone densities are about 20 % lower than CIRA
at 40 km and low latitudes. At high northern latitudes the discrepancy increased
to more than 30 %.

Drawing quantitative conclusions from this relationship between OSIRIS and
CMAM is difficult for several reasons:
(a) small altitude misalignments may easily cause differences on the order of 15 %
(in fact, a systematic upward shift of the OSIRIS profiles relative to the CMAM
profiles may explain CMAM'’s underestimation in the upper stratosphere as well
as part of its overshooting below the peak)
(b) the ozone profile retrieval method becomes less sensitive to ozone and therefore
less reliable at altitudes > 35 km and the comparison with POAM III indicates

increasing discrepancy for altitudes > 35 km.

Regarding (b) it must be noted that if the OSIRIS ozone densities really un-
derestimate the true densities by 10 % at 40 km altitude, the disagreement with

CMAM becomes even worse.
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8.1.3 Shape of Ozone isopleths

Fig. 8.1 also shows differences in the shape of the ozone isopleths between OSIRIS
and CMAM. Below the stratospheric ozone peak the ozone isopleths as measured
by OSIRIS are monotonically decreasing with increasing latitude, whereas the
CMAM isopleths assume a local minimum in altitude for latitudes of about 10°N
- 15°N and their altitude increases slightly with increasing latitude and reaches a
maximum at 30°N - 35°N latitude.

Another important difference between the OSIRIS and CMAM August ozone
fields is the steeper decrease of the ozone isopleths above the stratospheric ozone
peak in the OSIRIS data set compared to CMAM for latitudes north of 50°N.
This behaviour leads to the maximum in the ratio of CMAM and OSIRIS ozone
densities at 70°N and 25 km altitude present in Fig. 8.1. This is a greater differ-
ence than between CMAM and CIRA [de Grandpré et al., 1997]. Fig. 2 b) of de
Grandpré et al. [1997] also indicates a widening of the altitude range where the
ratio CMAM/CIRA exceeds 1.2 with increasing latitude, but the ratios do not
reach 1.3. The comparison of OSIRIS and POAM III ozone profiles at latitudes
around 60°N (see Chapter 6) does not indicate any significant underestimation of
ozone densities retrieved by OSIRIS for the altitude range 20 - 30 km.

We conclude that the difference between CMAM and OSIRIS at mid and high
latitudes between altitudes of 20 and 30 km is significant and consistent with the

previous comparison between CMAM and CIRA.
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8.2 Comparison of ozone columns

The overshooting of CMAM ozone densities at the ozone peak altitude also man-
ifests itself in the stratospheric ozone columns. Fig. 8.2 compares CMAM and
OSIRIS partial stratospheric columns between (a) 10 to 40 km and (b) 15 to 40

km.

Comparison of OSIRIS and CMAM ozone columns
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Figure 8.2: OSIRIS and CMAM ozone columns for different altitude ranges.
Clearly, CMAM ozone columns are systematically higher than the OSIRIS
columns.

It must be mentioned that CMAM’s monthly mean total vertical ozone columns
agree within about 3 % with the CIRA reference atmosphere [de Grandpré et

al., 2000], whereas CMAM partial stratospheric ozone columns are systematically

between 10 % and 20 % higher than OSIRIS columns.
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It should also be noted that despite the differences between OSIRIS and CMAM
ozone densities mentioned above, the general agreement is very good. The model
is able to capture the latitude dependence of the stratospheric ozone density peak,
and the widening of the peak with increasing latitude very well. Furthermore, the
shape of the latitude dependence of the partial stratospheric ozone column (Fig.

8.2) predicted by CMAM compares very well with OSIRIS observations.
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Chapter 9

Conclusions and Future work

It has been demonstrated, through both extensive modelling and the analysis of
actual satellite measurements, that observations of scattered sunlight limb radi-
ance spectra, coupled with state-of-the-art radiative transfer models, provide a
powerful new tool for the remote sensing of stratospheric ozone profiles. These
profiles can be obtained globally with high vertical resolution (1 - 2 km). The
stratospheric ozone density profiles retrieved from the OSIRIS observations made
during August 2001 are in excellent agreement with the current knowledge of the
global morphology of ozone. The analysis of the OSIRIS observations made from
the Odin satellite in the vicinity of the Antarctic ozone hole have provided the first
set of high resolution ozone profiles in the ozone hole region. The observation and
analysis technique represents a new capability that should be of great value for the

future development of atmospheric models used in ozone research. In addition, the
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analysis of observations made on several orbits during selected days in November
2001 has indicated that the scattered sunlight technique is also capable of accu-
rately monitoring the 3-dimensional evolution of the Antarctic ozone hole. These
measurements will also provide a new database for both atmospheric models and
ozone trend studies. While the derived ozone profiles are in good agreement with
those obtained from the POAM-III solar occultation measurements there is still a
need for formal validation of the retrieved ozone profiles within the stratospheric
ozone hole.

The ozone profiles derived from the OSIRIS measurements have been compared
with those calculated with CMAM model. Above 35 km the CMAM calculated
ozone densities are systematically lower than the measured OSIRIS densities by
as much as 15 %. The CMAM overestimation of the ozone density in the vicinity
of the peak altitude and the underestimation in the upper stratosphere have been
previously noted from a comparison of CMAM results and the CIRA reference

atmosphere [de Grandpré et al., 2000].

9.1 Future work

It is suggested that while the present work has made significant advances in the
remote sensing of the atmosphere there is still a need for new and on-going work

that is much more than simply collecting and analyzing OSIRIS data.
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e There should be a comparative evaluation of the different methods that are
available to retrieve ozone density profiles from OSIRIS limb scans (i.e., limb
DOAS (section 2.4.1) [McDade et al., 2002; Haley et al., 2001b] and MOP

(section 2.4.2) [Auvinen et al., 2001a; 2001b]).

e There should be a comprehensive validation of the OSIRIS ozone profiles
for different observing conditions (particularly for high SZAs and within the

Antarctic ozone hole).

e The extension of the present technique to higher altitudes using the both
Huggins and Hartley absorption bands of ozone should be investigated in
detail and the results compared with the ozone densities derived from the
IR Imager component of OSIRIS. This is particularly interesting in light of
the recent discovery of a third ozone maximum in the middle mesosphere at

high latitudes during spring [Marsh et al., 2001}.

o There should be a detailed comparison of the OSIRIS ozone density profiles

with those derived from the Odin SMR observations.

e The possible flight in the near future of an improved version of the OSIRIS
instrument should be considered and the concept of including three vertical
imagers operating at the three wavelengths used in this study should be

investigated.
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Appendix A

Derivation of the optimal

estimation equations

In the following the optimal estimation equations:

% = xo + SKT (KS,KT +8.) " (y — Kxo)

and

§ = S, — SKT (KS.KT +S.) " KS,

are derived from

%= (S;l + KTSC‘I)_I (S;lxo + KTS;ly)
and
S=(s;'+ KTSe‘l)—1
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Begin with the identity

K”S:* [S. + KS,KT| = [S;* + K”S K| S,K” (A.5)

The inverse of the right hand side of this equation is given by

-1

([8«7* + KTS.K] S,KT) ™ = KT 'S, [, + KTS,'K) (A.6)

Multiplying the left side of eqn. (A.5) by the right side of eqn. (A.6) yields

-1

KTS,. ' [S. + KS.KT| KT 'S, S, +KT"S, K| =1 (A.7)

-1

= KT8, [8, ' +K"S, K| = [S.+ KS:K'] SK™ (A8

=  [sx'+K'S'K] K'S. =S,KT[S.+KS,KT]"  (A9)

Now consider

S, — S,KT [S. + KS,K?] " KS, (A.10)

U9, 8+ KTS, K| K”S,'KS, (A-11)
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= [s«7* + K"s. K] 7 ([8<7t + K78, K] S« - KTS.'KS,)

= [Sx'1 + KTSC—IK]_1 =8, ie., eqn.(A.2) =eqn.(A.4)

Then eqn. (A.2) is inserted into eqn.(A.3) to give

% = x0 — SxK” [KS,KT + 5] ! Kxo + SKTS. 'y
Furthermore

§=[8, '+ K™, K] =[S, + K"S, K] ' gTg, g KT

(49 g KT [S. + KS<KT] g KT!

Insert eqn. (A.16) into eqn. (A.14)

% = %o + S:KT (KS,KT +5.)” = (y ~ Kxa)
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Appendix B

Catalytic ozone destruction cycles

This appendix graphically summarizes the chemical cycles important for strato-
spheric chemistry discussed in chapter 2. Photochemical reactions are denoted by

hv, and thermal decomposition by A. The Nicolet diagrams are adapted from

Wayne [1991].

B.0.1 The HO, cycle
B.0.2 The NO; cycle

B.0.3 The CIlO, cycle
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Figure B.1: Nicolet diagram of the chemical reactions of the HO, family in the
stratosphere.

=

Figure B.2: Nicolet diagram of the chemical reactions of the NO, family.
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Figure B.3: Nicolet diagram of the chemical reactions of the ClO, family.
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Appendix C

NCEP tropopause heights
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Geog. latitude Tropopause height in km
2.5°N 15.38
7.6°N 15.38
12,5°N 15.36
17.5°N 15.33
22.5°N 15.26
27.5°N 15.10
32.5°N 14.83
37.5°N 14.31
42.5°N 13.19
47.5°N 11.59
52.5°N 10.64
57.5°N 10.11
62.5°N 9.81
67.5°N 9.55
72.5°N 9.26
77.5°N 9.00
82.5°N 8.79

Table C.1: Tropopause height as a function of latitude obtained from the NCEP
tropopause pressure climatology [Randel et al., 2000} for the month of August.
Tropopause heights are obtained from NCEP tropopause pressure assuming a scale
height of H = 7 km and a surface pressure of 1013.25 hPa (recommendation of
Bill Randel (NCAR), January 2002). The NCEP climatology comprises an 40 year
average (1957-1997).
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Appendix D

Upper stratospheric Ozone from

Huggins band observations

A code has been written using a similar methodology as for the ozone retrieval
from Chappuis band absorption to retrieve ozone densities in the upper strato-
sphere from OSIRIS limb scatter observations. Due to the greater absorption cross
sections within the Huggins bands compared with the Chappuis bands, UV ra-
diances between 300 nm and 340 nm are more sensitive to ozone in the upper
stratosphere. Lower stratospheric ozone concentrations can not be inferred from
these wavelengths since the atmosphere is optically thick causing limb radiances at
TH below about 25 km and wavelengths shorter than about 340 nm to be almost
completely insensitive to ozone. The normalized limb radiance profiles at 4 different

wavelengths within the Huggins bands are simultaneously used to retrieve ozone.
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Those wavelengths are A; = 306 nm, A; = 316 nm, A3 = 322 nm and A4 = 355 nm,
and they have been chosen as a compromise to minimize the combined sensitivity
to (a) the temperature dependence of the ozone absorption cross section, and (b)
Rotational Raman Scattering (RRS) [C. Sioris, personal communication, 2001).
The limb radiance profiles at these four wavelengths are combined to form a

vector - similar to the Chappuis retrieval vector - that is used by the OE algorithm:
~ _ LRN(TH;,)) |
= —_— = ]. D.l
vall) = TR TH,ag M (D-1)

_ LRy(TH;_m, M)
~ LRN(TH;_m, M)

LRN(THi—om, As) .
= ;i=2m+1,3m D.3
LRN(TH;—2m, As) (D3)

i=m+1,2m (D.2)

The recoveries are done in a similar way as described for the Chappuis band

retrieval in section 4.1.5.
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