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Abstract

Key to understanding and predicting the effects of global environmental problems
such as ozone depletion and global warming is a detailed understanding of the atmo-
spheric processes, both dynamical and chemical. Essential to this understanding are
accurate global data sets of atmospheric constituents with adequate temporal and
spatial (vertical and horizontal) resolutions. For this purpose the Canadian satellite
instrument OSIRIS (Optical Spectrograph and Infrared Imager System) was launched
on the Odin satellite in 2001. OSIRIS is primarily designed to measure minor strato-
spheric constituents, including ozone (O3) and nitrogen dioxide (NO;), employing
the novel limb-scattered sunlight technique, which can provide both good vertical
resolution and near global coverage.

This dissertation presents a method to retrieve stratospheric O3 and NO, from the
OSIRIS limb-scatter observations. The retrieval method incorporates an a posteriori
optimal estimator combined with an intermediate spectral analysis, specifically differ-
ential optical absorption spectroscopy (DOAS). A detailed description of the retrieval
method is presented along with the results of a thorough error analysis and a geophysi-

cal validation exercise. It is shown that OSIRIS limb-scatter observations successfully

iv



produce accurate stratospheric O3 and NOy number density profiles throughout the
stratosphere, clearly demonstrating the strength of the limb-scatter technique.

The OSIRIS observations provide an extremely useful data set that is of partic-
ular importance for studies of the chemistry of the middle atmosphere. The long
OSIRIS record of stratospheric ozone and nitrogen dioxide may also prove useful for

investigating variability and trends.
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Chapter 1

Introduction

Although the problem of stratospheric ozone depletion was recognized in the early
1980s, our understanding of the problem is still not complete. The decline in global
stratospheric ozone that was seen over the past decades appears to have halted due
to the Montreal Protocol controls on ozone depleting substances (ODS). However,
the predicted pace and extent of a recovery continue to have large degrees of uncer-
tainty since many factors are at play, including the behaviour of the ozone depleting
substances, dynamical, volcanic and solar variability, and climate change (e.g. Inter-
governmental Panel on Climate Change, 2005; World Meteorological Organization,
2007). Key to improving our understanding of these issues is the knowledge of the
concentration, distribution and time evolution of stratospheric constituents.
Measurements of the stratosphere are made with instruments on the ground (e.g.
Friess et al., 2005; Kerr and McElroy, 1995), balloons (e.g. Pommereau et al., 1994;
Thompson et al., 2003), rockets (e.g. Hilsenrath, 1983; Watanabe et al., 2001), aircraft

(e.g. Livingston et al., 2005; Proffitt et al., 1989) and satellites (e.g. McPeters et al.,



1998; Russell et al., 1993), using both in situ and remote techniques. Satellite instru-
ments have an advantage in that they can provide a global picture. However, satellite
measurements can be limited in vertical resolution, global coverage and temporal
resolution or sampling, with the specific limitations depending on the measurement
technique employed.

Satellite instruments measuring the stratosphere have historically used a number
of measurement techniques, primarily nadir (backscatter or thermal emission), solar
occultation and limb thermal emission. Nadir-measuring instruments, such as the
Ozone Monitoring Instrument (OMI) on Aura (Levelt et al., 2006) and the Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY)
on Envisat (Bovensmann et al., 1999), generally provide good global coverage and
horizontal resolution, but give limited or no vertical information. Solar occultation in-
struments, including the Atmospheric Chemistry Experiment (ACE) (Bernath et al.,
2005) and Measurements of Aerosol Extinction in the Stratosphere and Troposphere
Retrieved by Occultation (MAESTRO) (McElroy et al., 2007) instruments on Scisat,
provide good vertical resolution, but provide sparse coverage and limited horizontal
resolution. Limb thermal emission instruments, such as the Submillimetre and Mil-
limetre Radiometer (SMR) on the Odin satellite (Frisk et al., 2003), the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS) on Envisat (Fischer and
Oelhaf, 1996) and the Microwave Limb Sounder (MLS) on Aura ( Waters et al., 2006),
provide good global coverage and vertical resolution, but have limited horizontal res-
olution and can be affected by poor sensitivity in the upper troposphere and lower

stratosphere.



A novel measurement technique with the potential of providing vertical profiles
of stratospheric minor constituents with high vertical resolution (1-3 km) and global
coverage involves observations of sunlight scattered by the Earth’s atmosphere in the
limb-viewing geometry, known as the limb-scatter technique. A limitation of the tech-
nique is that measurements are restricted to daylight conditions. The limb-scatter
technique was pioneered by Cunnold et al. (1973), who used limb-scatter observations
from a high altitude aircraft to measure stratospheric ozone and aerosol, and McElroy
(1988), who used limb-scatter observations from a high altitude balloon to measure
stratospheric nitrogen dioxide. Early theoretical studies were carried out by Malchow
and Whitney (1977) and Aruga and Heath (1982). The first satellite to employ the
limb-scatter technique was the Solar Mesosphere Explorer (SME) (Thomas et al.,
1980), where an ultraviolet spectrometer was used to measure mesospheric ozone
(Rusch et al., 1983, 1984) and a visible spectrometer was used to measure upper
stratospheric nitrogen dioxide (Mount et al., 1983, 1984). The Shuttle Ozone Limb
Scattering Experiment (SOLSE) and Limb Ozone Retrieval Experiment (LORE) in-
strument package that flew on NASA’s Space Shuttle also used the limb-scatter tech-
nique to successtully derive stratospheric ozone profiles (Flittner et al., 2000; McPeters
et al., 2000).

Although the first limb-scatter instruments demonstrated the potential of the
measurement technique, a number of instrument and analysis limitations restricted
the vertical range, global coverage and quality of the measurements, preventing a
complete evaluation of the technique. However, based on the demonstrated poten-

tial, a new generation of limb-scatter satellite instruments was developed, including



two satellite instruments that are currently in operation, namely the Optical Spec-
trograph and Infrared Imager System (OSIRIS) instrument on the Odin satellite
(Llewellyn et al., 2004) and SCIAMACHY. SAGE (Stratospheric Aerosol and Gas
Experiment) III, which flew on the Meteor-3M spacecraft (McCormick et al., 1991),
was primarily a solar occultation instrument, but also included a limb-scatter ca-
pability and measured stratospheric O (e.g. Rault, 2005). GOMOS (Global Ozone
Measurement by Occultation of Stars) on Envisat (Bertaus et al., 1991), although
primarily a stellar occultation instrument, makes limb-scatter measurements to aid
in the interpretation of the daytime occultation measurements. This new generation
of limb-scatter instruments were designed with significant care towards stray light
effects (in the case of SCTAMACHY and OSIRIS) and measure broad spectral re-
gions with high spectral resolution. These improved measurements, combined with
the use of sophisticated radiative transfer models that account for multiple scattering
within a spherical atmosphere, have largely addressed the inadequacies of the early
instruments and allow for improved retrievals of stratospheric minor constituents.
The successful demonstration of the limb scatter technique, primarily by OSIRIS,
led to the inclusion of a limb-scatter instrument in the Ozone Mapping and Profiler
Suite (OMPS) on the NPOESS (National Polar-Orbiting Operational Environmental
Satellite System) Preparatory Project (NPP) (Seftor et al., 2003), due to be launched
in 2010, that will provide stratospheric O3 profiles on an operational basis. Also, a
follow-on OSIRIS instrument is planned for the STEP (Stratosphere-Troposphere
Exchange Processes) mission that is currently under development (D.A. Degenstein,

personal communication), with a focus on the upper troposphere/lower stratosphere



(UTLS) region.

This dissertation presents a method for retrieving stratospheric ozone and nitro-
gen dioxide number density profiles from limb-scattered sunlight observations from
OSIRIS limb-scattered sunlight measurements. The retrieval of stratospheric infor-
mation from the OSIRIS limb-scatter observations is not trivial, requiring the use of
a spectral analysis technique and the solving of a non-linear inverse problem within
a complicated radiative transfer environment. A number of methods for retrieving
stratospheric minor species profiles from OSIRIS and SCTAMACHY limb-scatter ob-
servations have been proposed, including methods that retrieve information directly
from the observations (Auvinen et al., 2002; Kaiser, 2001) and methods that apply
a spectral analysis technique to simplify the problem (Flitiner et al., 2000; McDade
et al., 2002; Rozanov, 2001; Sioris et al., 2003; Strong et al., 2002). The initial OSIRIS
Oj retrievals were undertaken by von Savigny et al. (2003), using an adaptation of
the retrieval method used for the SOLSE/LORE instrument package (Flittner et al.,
2000) that involves measurements at three wavelengths in the Chappuis band of O,
combined with an optimal estimation (OE) inversion approach (Rodgers, 2000). The
initial OSIRIS NO, retrievals were carried out by Sioris et al. (2003) using differen-
tial optical absorption spectroscopy (DOAS) (Platt, 1994) combined with a Chahine-
type inversion approach (Chahine, 1970). The retrieval method presented in this
dissertation combines DOAS with an OE approach, more specifically the maximum
a posteriori (MAP) estimator, with a forward model that uses the multiple scatter-
ing, pseudo-spherical radiative transfer model LIMBTRAN ( Griffioen and Oikarinen,
2000).



This dissertation is based on the work contained in the following papers, referred

to by Roman numerals in the text:

I.

IT.

III.

IV.

McDade, 1.C., K. Strong, C.S. Haley, J. Stegman, D.P. Murtagh, and E.J.
Llewellyn, A method for recovering stratospheric minor species densi-

ties from the Odin OSIRIS scattered sunlight measurements, Can. J.
Phys., 80(4), 395-408, doi:10.1139/P01-152, 2002.

Sioris, C.E., C.S. Haley, C.A. McLinden, C. von Savigny, I.C. McDade, J.C. Mc-
Connell, W.F.J. Evans, N.D. Lloyd, E.J. Llewellyn, K.V. Chance, T.P. Kurosu,
D.P. Murtagh, U. Frisk, K. Pfeilsticker, H. Bosch, F. Weidner, K. Strong, J.
Stegman, and G. Mégie, Stratospheric profiles of nitrogen dioxide ob-
served by Optical Spectrograph and Infrared Imager System on the
Odin satellite, J. Geophys. Res., 108(D7), 4215-4234,

doi:10.1029/2002JD002672, 2003.

Haley, C.S., C. von Savigny, S. Brohede, C.E. Sioris, I.C. McDade, E.J. Llewellyn,
and D.P. Murtagh, A comparison of methods for retrieving stratospheric
ozone profiles from OSIRIS limb-scatter measurements, Adv. Space

Res., 34(4), 769-774, doi:10.1016/j.asr.2003.08.058, 2004.

Haley, C.S., S.M. Brohede, C.E. Sioris, E. Griffioen, D.P. Murtagh, I.C. Mc-
Dade, P. Eriksson, E.J. Llewellyn, A. Bazureau, and F. Goutail, Retrieval of
stratospheric O3 and NO, profiles from Odin Optical Spectrograph

and Infrared Imager System (OSIRIS) limb-scattered sunlight mea-

surements, J. Geophys. Res., 109, D16303, doi:10.1029/2004JD004588, 2004.



V. McLinden, C.A., C.S. Haley, and C.E. Sioris, Diurnal effects in limb scat-
ter observations, J. Geophys. Res., 111, D14302, doi:10.1029/2005JD006628,

2006.

VI. Brohede, S.M., C.S. Haley, C.A. McLinden, C.E. Sioris, D.P. Murtagh, S.V.
Petelina, E.J. Llewellyn, A. Bazureau, F. Goutail, C.E. Randall, J.D. Lumpe,
G. Taha, L.W. Thomasson, and L.L. Gordley, Validation of Odin/OSIRIS
stratospheric NO, profiles, J. Geophys. Res., 112, D07310,

doi:10.1029/2006JD007586, 2007.
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This dissertation is presented as follows. Chapter 2 gives a brief synopsis of the

dynamics and chemistry of the stratosphere, including the problem of ozone depletion.



Chapter 3 is an introduction to remote sounding of the atmosphere using limb-scatter
measurements, including an overview of the measurement geometry and the radiative
transfer. Chapters 4 and 5 present the DOAS spectral analysis technique and the
OE inversion approach used in this work, respectively. Chapter 6 describes the Odin
mission and the OSIRIS instrument. Chapter 7 presents the retrieval of stratospheric
O3 and NO; number density profiles from OSIRIS measurements of limb-scattered

sunlight. Finally, Chapter 8 states the main conclusions and outlook.



Chapter 2

The Stratosphere

The stratosphere is the region of the Earth’s atmosphere situated between 8-16 km
(the tropopause) and 50 km (the stratopause) above the surface. In this region
the temperature increases with altitude, a so-called ‘temperature inversion’. This is
in contrast to the troposphere (and mesosphere), where the temperature generally
decreases with altitude. The temperature inversion is due to the absorption of solar
ultraviolet (UV) radiation by ozone, which heats the upper layers of the stratosphere.
The temperature inversion makes the stratosphere stable to vertical perturbations.
Radiative, chemical and dynamical processes are all important in the stratosphere
where, due to the vertical stability, horizontal mixing of gaseous components proceeds
much more rapidly than does vertical mixing. The stratosphere and the accompanying
ozone layer are extremely important for life on Earth as we know it, providing a shield
from potentially harmful UV-B (280-315 nm) and UV-C (180-280 nm) solar radiation
and contributing to the greenhouse effect of the atmosphere.

This chapter describes the basic dynamics and chemistry of the stratosphere as
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well as the problem of ozone depletion and the impact of climate change. More
detailed information can be found in Dessler (2000), Brasseur and Solomon (2005)

and World Meteorological Organization (2007).

2.1 Dynamics of the Stratosphere

2.1.1 Stratospheric Transport

Stratospheric transport is largely governed by the Brewer-Dobson circulation (Brewer,
1949; Dobson, 1956). The stratospheric Brewer-Dobson circulation consists of an
upwelling in the tropics and a descent in the extratropics, with a general poleward
flow (see Figure 2.1).

The Brewer-Dobson circulation is primarily driven by forcing from the dissipation
of planetary-scale waves in the stratosphere. These planetary waves are generated
in the troposphere by topographic and thermal forcing, and by synoptic meteorol-
ogy (large-scale weather systems). Vertical propagation of planetary waves into the
stratosphere occurs primarily during winter, and this seasonality in wave forcing ac-
counts for a winter maximum in the Brewer-Dobson circulation. Also, since planetary
wave activity is stronger in the Northern Hemisphere (NH) due to the more variable

topography, the Brewer-Dobson circulation is stronger there.
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Figure 2.1: Meridional cross-section of the atmosphere showing ozone density (colour
contours; in Dobson units (DU) per km) during Northern Hemisphere (NH) winter
(January to March). The dashed line denotes the tropopause, and TTL stands for
tropical tropopause layer, a region of characteristics intermediate to those of the tro-
posphere and stratosphere. The black arrows indicate the Brewer-Dobson circulation
during NH winter, and the red arrow represents planetary waves that propagate from

the troposphere into the winter stratosphere. Source: Intergovernmental Panel on

Climate Change (2005, Box 1.2 Fig.).
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2.1.2 The Polar Vortex

A polar night zonal westerly jet develops in response to the meridional temperature
gradient that is created by atmospheric heating (cooling). In the Antarctic, the jet
effectively isolates the polar vortex from the southern midlatitudes by preventing any
mixing between air inside and outside the vortex. Because the vortex is dynamically
isolated, no heat is delivered, and the vortex cools radiatively, causing temperatures
within the Antarctic polar vortex to reach as low as 180 K. The Arctic polar night
jet is not as effective in isolating the northern polar region from the warmer, ozone-
rich midlatitude air due to the increased planetary wave activity. As a result, the
Arctic polar vortex is less stable and the minimum temperatures within the vortex

are generally warmer.

2.1.3 The Quasi-Biennial Oscillation

In the tropical stratosphere there is a quasi-periodic oscillation of the equatorial zonal
winds from easterlies to westerlies with a period ranging from 24 to 30 months (Reed
et al., 1961). The alternating wind regimes of this ‘quasi-biennial oscillation’ (QBO)
propagate downward from the top of the lower stratosphere (~30 km) to the tropical
tropopause at a rate of about one km per month and arise from the interaction of the
zonal mean flow and vertically propagating equatorial waves (Lindzen and Holton,
1968). The easterly phase of the QBO is generally stronger, with zonal mean winds
of up to 40 m/s. The westerly phase is characterized by winds of up to 20 m/s. See

Baldwin et al. (2001) for a detailed review.
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2.1.4 The Semi-Annual Oscillation

Another dynamical feature of the stratosphere is the ‘semi-annual oscillation’ (SAO)
of the zonal winds near the equatorial stratopause (~50 km) (Reed, 1962, 1966). The
SAO has a period of six months related to the seasonal variation in solar heating.
The SAO has peak zonal mean winds of about 30 m/s, eastward at the equinoxes and

westward at the solstices. See Hirota (1980) for a detailed review.

2.2 Chemistry of the Stratosphere

2.2.1 0Odd-Oxygen Chemistry

Chapman (1930) first described the chemistry of stratospheric O3 through a cycle of

‘Chapman reactions’. The cycle begins with the photolysis of molecular oxygen:
O;+hvr—-0+0 (R2.1)

The resulting atomic oxygen then rapidly combines with O to form Os:
O0+0;+M—-03+M (R2.2)

where M is a third body that is required to stabilize the reaction (generally Ny or

O;). During the day, O3 is quickly photolysed:

O3+hv—0,+0 (R2.3)
and also reacts with O:

O3+ 0 — Oy + 0Oy (R2.4)
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An additional reaction is part of the original Chapman reactions:
O+0+M—-0,+M (R2.5)

but is now known to be insignificant in the stratosphere. Reactions (R2.2) and (R2.3)
form a rapid photochemical equilibrium between O3 and O, together referred to as
‘odd oxygen’, Oy.

Due to the larger amount of actinic flux, O3 is created predominantly at tropical
latitudes and then is transported to the polar regions by the Brewer-Dobson circu-
lation, leading to the latitudinal distribution shown in Figure 2.1, with the largest
concentrations (number densities) generally located in the polar regions, in particular
the winter poles. The ascent in the tropics and descent at the poles also causes the
altitude of the peak O3 concentration to vary with latitude, with the peak occurring
at about 25 km in the tropics and near 15 km in the polar regions.

The loss of O3 by Reaction (R2.4) alone is not sufficient to account for the Os
concentrations found in the stratosphere, predicting concentrations that are signifi-
cantly higher than are observed. Additional loss mechanisms, loss through catalytic

destruction, occur:

X+03 — XO+0, (R2.6)
XO04+0 — X+4+0, (R2.7)

NET: 0403 — 20,
where X is the catalyst that is preserved in the cycle. The net result of this catalytic

cycle is equivalent to Reaction (R2.4). In the stratosphere the primary catalysts in

this cycle are hydrogen (H, OH) (Bates and Nicolet, 1950), nitrogen oxides (NO)
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(Crutzen, 1970; Johnston, 1971) and halogens (Cl, Br) (Molina and Rowland, 1974;
Stolarski and Cicerone, 1974; Wofsy and McElroy, 1974; Wofsy et al., 1975). In the
middle stratosphere (20-40 km), catalytic destruction by NO, (NO+NO,) dominates
over ClOyx (CI+ClO), HO, (HO2+OH+H) and loss from the Chapman cycle (Oy),
as is shown in Figure 2.2. BrO, (Br+BrO) also contributes to Oj loss, but the
contribution is small except in the lowest stratosphere (below ~20 km).

The above catalytic cycle is limited by Reaction (R2.7), and as a result is de-
pendant on the availability of atomic oxygen. Since the concentration of O increases
with altitude through the stratosphere, the O3 loss due to this cycle is greatest in the
middle and upper stratosphere. Other catalytic cycles that are not limited by atomic

oxygen, such as:

OH+0; — HO,+ 0, (R2.8)

NET :20; — 30,

are important in regions of low atomic oxygen concentrations (e.g. the lower strato-
sphere).

In the polar regions during winter and early spring, the low temperatures, partic-
ularly in the Antarctic due to the strong and stable vortex, allow for the formation

of polar stratospheric clouds (PSCs). Three types of PSCs exist:

e Type la (crystalline): nitric acid trihydrate (NAT), at temperatures less than

195 K
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e Type Ib (liquid): supercooled ternary solutions (STS) of HNOs, H,O and

H2SOy, at temperatures less than 195 K
e Type II: water ice crystals, at temperatures less than 185 K

Heterogenous reactions on the PSC particle surfaces lead to a greatly enhanced con-
centrations of ClO (see Section 2.3.2), allowing two additional catalytic cycles to

contribute to O loss. The first is the ClO dimer cycle (Molina and Molina, 1987):

CIO+CIO+M — CLOy+M (R2.10)
CLOy +hy — ClOy+Cl (R2.11)
ClO,+M — Cl+0,+M (R2.12)
2(Cl+03 — ClO+0,) (R2.13)

NET :203 — 30,

The second is the ClO-BrO cycle (McElroy et al., 1986; Tung et al., 1986):

ClO + BrO — BrCl+ O, (R2.14)
BrCl+hy — Br+Cl (R2.15)
Cl+0; — ClO+ 0, (R2.16)
Br+0s; — BrO+ O, (R2.17)

NET2203 — 302

These cycles are also not limited by atomic oxygen.
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The catalytic cycles are limited by the formation of reservoir species, most impor-

tantly HCl, CIONO; and HNOj:

Cl+CH, — HCl+ CHs (R2.18)
Cl0 +NO,+M — CIONO, + M (R2.19)
OH+NO,+M — HNO;+M (R2.20)

that store the reactive species in less reactive forms.

Pressure (hPa)
(unf) epniy

—
o

0 20 40 60 80 100
Contribution to O, Loss Rate (%)

Figure 2.2: The vertical distribution of the relative importance of the contributions
to Oj loss by the HOy, ClO4 and NO, cycles as well as the Chapman loss cycle (Oy).

Source: Intergovernmental Panel on Climate Change (2005, Fig. 1.11).
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2.2.2 Nitrogen Chemistry

Reactive nitrogen species, known collectively as NO, (N+NO+NO;+NOQO3+HNO;z+
2xN205+CIONO2+BrONO3+HO;NO,), play an important role in stratospheric O
chemistry. Reactive nitrogen species are the largest contributors to O3 destruction in
the middle stratosphere, primarily through catalytic cycles involving NO and NO,,
as mentioned in Section 2.2.1. In the lower stratosphere, NO, also indirectly affects
O3 through its influence on the partitioning of the HO,, ClO, and BrO, families.

The primary source of stratospheric NOy is the oxidation of N,O:
N,O + O(*D) — NO + NO (R2.21)

where O('D) is an excited state of atomic oxygen. This competes with other N,O

loss processes:

NoO+hy — Ny+O (R2.22)
N,O4+hy — NO+N (R2.23)
NoO +0(*D) — N+ 0, (R2.24)

with Reaction (R2.22) being dominant in the stratosphere. Reaction (R2.23) also
produces NOy, but is much less important than Reaction (R2.21). The source of
N>O is a combination of natural and anthropogenic surface sources. A much smaller
and more sporadic source of NOy is downward transport from the mesosphere of NO
created by the precipitation of energetic particles in the auroral zones in the polar

night.
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The main loss of stratospheric NOy is transport into the troposphere. In the upper

stratosphere NOy, is lost through:
N+NO—-N;+0O (R2.25)

NO, can also be removed from the gas phase by sequestering HNOj in stratospheric

aerosols (‘denoxification’):

where (g) and (s) refer to gas phase and solid phase, respectively. The sedimen-
tation of these aerosols can lead to the permanent removal of NO, from the lower
stratosphere (‘denitrification’). These processes occur on PSCs in the winter polar
stratosphere (Crutzen and Arnold, 1986; Molina et al., 1987) and can also occur at
midlatitudes at times when the aerosol loading is high, for example after major vol-
canic eruptions. Stratospheric ‘renitrification’ can occur if the aerosols sublimate as
they descend or due to an intrusion of warmer air (e.g. in the polar spring).

As discussed in Section 2.2.1, the term NO, refers to the sum of NO and NOs,

and is used due to the strong interaction and short-lived nature of these species, with:

NO; +hy — NO+O (R2.27)
NO;+0 — NO+ O, (R2.28)
NO+03; — NO;+ 0, (R2.29)

NO + CIO — NO, + CI (R2.30)

NO +HO, — NO,+ OH (R2.31)
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NOj is also short-lived, but is often not included in NO,. The NO, species are
photochemically active, and their relative abundances are primarily determined by
the availability of solar radiation. During daytime, the balance is pushed toward NO.
As the sun sets the NO, concentration rapidly increases (see Figure 2.3).

During nighttime, NOy is converted to NO,, through the production of N,Os (and
NO3):

N02 + 03 i NO3 + 02 (R232)

NO3; +NO, +M — NoOs+M (R2.33)

which is photolysed during daytime to recreate NO,:

N205 +hy — N02 + N03 (R2.34)

The NOj3 is photolysed rapidly at sunrise, while NyOg is more slowly photolysed,
creating a positive gradient in NO, during the day. This is shown in Figure 2.3,
which illustrates the diurnal variation of NO, at different altitudes.

NOy can be converted to reservoir species via the following reactions:

ClO+NOy; +M — CIONO, +M (R2.38)
BrO + NO; +M — BrONO,; + M (R2.39)
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and can be released from the reservoir species by:

N,Os +M — NOy +NOz +M (R2.40)
NO; +NO — NO, + NO, (R2.41)

and the photolysis of CIONO; and BrONO,.

2.3 Ozone Depletion

Over the past few decades the amount of O3 in the stratosphere has been slowly
declining at midlatitudes, while in the polar regions a severe springtime depletion has
been occurring, particularly over Antarctica. A brief introduction to these issues and

the future of stratospheric O3 is presented below.

2.3.1 Global Ozone

The depletion of stratospheric O3 at midlatitudes was first reported by Reinsel et al.
(1982) and has been taking place since the early 1970s. As an example, Figure 2.4
shows column O3 variations in the 60°N to 60°S latitude band measured using ground-
based instruments over the past few decades. As is illustrated, many factors affect
the O3 abundance, including the annual cycle, solar cycle, QBO and volcanic activ-
ity. However, when these effects are removed from the measurements, a clear trend
emerges, reaching a maximum O3 depletion of about 10 DU, or 3%, in the late 1990s

relative to the pre-1970 values. This trend is attributed to Oz destruction from an
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Figure 2.3: NO, concentrations (solid lines) and solar zenith angle (SZA) (dashed
line) as a function of local solar time (LST) and altitude based on simulations from
the University of California, Irvine photochemical box model (McLinden et al., 2000;
Prather, 1992) for equatorial conditions (1 June, albedo = 0.2). The NO, concen-
trations drop rapidly at sunrise due to photolysis and increase similarly at sunset as

NO, reforms from NO reacting with Os.
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increase in particular anthropogenic trace gases. The primary contributor is reactive
chlorine released from anthropogenic halocarbons, in particular chlorofluorocarbons
(CFCs). CFCs were in widespread use in the 1970s and 1980s as refrigerants and pro-
pellants because of their non-toxic and inert chemical structure. When released into
the atmosphere (in the manufacturing process or though use or leakage) CFCs prove
difficult to remove, with no appreciable short-term loss mechanism in the troposphere.
As a result, CFCs released into the troposphere are transported into the stratosphere
where they are photolysed, releasing chlorine atoms. A secondary contributor is reac-
tive bromine released from halons, which are long-lived halocarbons used in fumigants
and fire extinguishers. Other contributors are carbon tetrachloride (CCly), methyl
bromide (CH3Br), methyl chloroform (CH3CCl;), bromochloromethane (CH,BrCl)
and hydrobromofluorocarbons (‘HBFCS). The short-term replacements for CFCs, hy-
drochlorofluorocarbons (HCFCs), also lead to O3 depletion, though significantly less
than CFCs.

In recent years, a leveling-off or possibly the beginnings of an O3 recovery has
begun to appear due primarily to the controls over halocarbon emissions (see Section
2.3.3) that have reduced the equivalent effective stratospheric chlorine (EESC) in the
atmosphere, as shown in Figure 2.5. EESC is a measure of the destructive potential

of all of the ODS in the stratosphere.

2.3.2 Polar Ozone

Farman et al. (1985) made measurements of column O3 in the springtime Antarctic
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vortex that showed considerably less O3 than had been measured previously. This
was later confirmed with satellite measurements by Stolarski et al. (1986). This was
the first recognition of the Antarctic ‘ozone hole’. The series of maps of total O3
(vertical columns) for the Southern Hemisphere (SH) in October covering the period
from 1979 to 2003 in Figure 2.6 and the time series of average total O3 in Figure 2.7
show the extent of the Antarctic O3 depletion.

The severe depletion is due to a combination of the cold temperatures within
the polar vortex and the springtime release of ODS, primarily reactive chlorine from
CFCs (Solomon et al., 1986). As discussed in Section 2.2.1, at the low stratospheric
temperatures within the winter polar vortex, PSCs are formed. The cloud particles

provide surfaces for a number of heterogeneous reactions to take place:

CIONO(g) + HCl(s) — Cla(g) + HNOs(s) (R2.43)
HOCI(g) + HCl(s) — Cla(g) + H0(s) (R2.45)

The Cl; and HOCI accumulated through these processes during the polar night are

photolysed when the sun rises in the spring, releasing Cl atoms:

Clo+hr — Cl+Cl (R2.46)

HOCl+hyr — OH+Cl (R2.47)
that are subsequently converted to ClO:

Cl+ 03 — ClO + O, (R2.48)
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This process is known as ‘chlorine activation’, releasing chlorine from the reservoir
species HCl and CIONO,. The ClO is then available to catalytically destroy Oj as
described in Section 2.2.1. Furthermore, the denoxification and denitrification of the
lower stratosphere by PSCs (in particular Type IT PSCs) limits the amount of NO,
available to react with ClO to produce CIONO,.

Ozone depletion in the Arctic has also been observed, as is shown in Figures 2.7
and 2.8, but is generally not as severe or consistent due to dynamical conditions -
as mentioned earlier, the Arctic polar vortex is not as stable as the Antarctic vortex
largely because of the more variable topography, which leads to warmer temperatures

and less PSC formation.

2.3.3 The Future of Stratospheric Ozone

The recognition of the severe polar O3 depletion due to CFCs led to the Vienna Con-
vention for the Protection of the Ozone Layer in 1985 and the subsequent Montreal
Protocol on Substances that Deplete the Ozone Layer in 1987. The Montreal Protocol
(and amendments) placed controls on the production of the halocarbons that con-
tribute to ozone depletion. As a result, the concentrations of a number of halocarbons
are now decreasing in the atmosphere, with the EESC predicted to reach its pre-1980
level by 2050, as is shown in Figure 2.5.

Figure 2.9 shows that atmospheric models that account for expected changes in
halogen gases and other atmospheric parameters predict a full ozone recovery (to pre-

1980 values) in the midlatitudes by 2030. The recovery in the Antarctic stratosphere
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Figure 2.6: October monthly-averaged total ozone for the Southern Hemisphere de-
rived from the Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) (1979-1981 and

1985) and the Earth Probe TOMS (2000-2003). Source: Courtesy of P. Newman.
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Figure 2.8: March monthly averaged total ozone for the Northern Hemisphere. The
1971 and 1972 images are from the Nimbus-4 Backscatter Ultraviolet (BUV) instru-
ment; the 1979 and 1980 images are from the Nimbus-7 TOMS instrument; the 1996
image is from the NOAA-9 Solar BUV instrument (SBUV/2); the 1997, 2000, 2002,
2003 and 2004 images are from the Earth Probe TOMS instrument; and the 2005 and
2006 images are from OMI. Source: World Meteorological Organization (2007, Fig.
4-6).
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is expected to occur later due to the older age of air compared to the lower latitudes,
with a return to 1980 levels occurring around 2050 (or later). The range of model
predictions shown in Figure 2.9 is from the use of a number of different models of the
future atmosphere (World Meteorological Organization, 2007). Note that the range

of model calculations is significantly larger than the range of observations.

2.4 Climate Change

It is well established that radiative forcing from increased concentrations of anthro-
pogenic greenhouse gases is causing a ‘global warming’ phenomenon in global surface
temperatures. The observed surface temperature increase is shown in Figure 2.10
along with the associated rise in sea level and decrease in snow cover. Many factors
contribute to the positive radiative forcing causing the global warming, as is shown
in Figure 2.11, with the primary contributor being the anthropogenic increase in the
greenhouse gases CO,, CHy, N,O, halocarbons and tropospheric O3 (Intergovernmen-
tal Panel on Climate Change, 2007a). The primary concern with respect to global
warming is the increase in the temperature of the surface and oceans and the related
consequences (Intergovernmental Panel on Climate Change, 2007b). However, the
effects on the stratosphere are also of concern.

In the stratosphere, the combined influence of increased greenhouse gases and
ozone depletion has been a cooling, as shown in Figure 2.12. In the upper strato-
sphere, this cooling can lead to increased levels of ozone through the reduction of the

rates of gas phase ozone destruction. However, in the polar lower stratosphere the
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Figure 2.9: Observed midlatitude total ozone (top panel) and September-October
minimum total ozone values over Antarctica (bottom panel) along with the range
of model predictions. Also plotted in the top panel is the pre-1980 average total
ozone value as a baseline for global ozone recovery. Source: World Meteorological

Organization (2007, Fig. Q20-1).
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cooler temperatures can lead to increased PSC formation and potentially more Os
depletion, at least until EESC decreases further. Additional increases in greenhouse
gases are expected to cool the upper stratosphere further (Intergovernmental Panel
on Climate Change, 2007a), although any O recovery will mitigate this effect. The
temperature changes may also affect the stratospheric circulation, complicating the

ability to accurately predict O3 recovery.
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Difference from 1961-1990

Figure 2.10: Observed changes in (a) global average surface temperature; (b) global
average sea level from tide gauge (blue) and satellite (red) data; and (c) Northern
Hemisphere snow cover for March-April. All differences are relative to corresponding
averages for the period 1961-1990. Smoothed curves represent decadal averaged values
while circles show yearly values.
estimated from a comprehensive analysis of known uncertainties (a and b) and from

the time series (c). Source: Intergovernmental Panel on Climate Change (2007a, Fig.

SPM.3).
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Radlative forcing components

AF Terms RF values (W/m?) | Spatial scale | LOSU
: 1.86 [1.49 to 1.83] Global High
Long-lived
greenhouse gases 0.48 [0.43 10 0.53)
O 46 {014 10 0,15] Global High
. =0.05 [-0.15 10 0.05] | Continental
2 Ozone Stratosphetic 0.35025t00.65) | toglopal | Med
Q :
Stratospheric water .
g vapour from CH, .07 [0.02 to 0.12} Global Low
=
< ‘ 0.2 (0.4 t0 0.0} Local to Med
< Surface albedo 8.1{00to0z; | continental | -Low
. N Continental | Med
Direct effect 0.5[-0.910-0.1] to global -Low
Total :
Aerosol | Cloud albedo “ Continental
" effect -0.7 [1.8 1o 0.3) 1o global | Low
Linear contrails 0.01 [0.003 to 0.08] | Continental | Low
B
Z| Solarimadiance 0.12 {0.06 o 0.30) Global | Low
b4
Total net 1.6 0.6 to 2.4
anthropogenic
-2 -1 0 1 2

Radiative Forcing (W/m")

Figure 2.11: Global average radiative forcing (RF) in 2005 (best estimates and 5 to
95% uncertainty ranges) with respect to 1750 for CO,, CHy, NoO and other important
agents and mechanisms, together with the typical geographical extent (spatial scale)
of the forcing and the assessed level of scientific understanding (LOSU). Aerosols
from explosive volcanic eruptions contribute an additional episodic cooling term for
a few years following an eruption. The range for linear contrails does not include

other possible effects of aviation on cloudiness. Source: Intergovernmental Panel on

Climate Change (2007a, Fig. SMP.2).
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Figure 2.12: Vertical profile of temperature trends derived from satellite and ra-
diosonde data over 60°N-60°S for the period 1979-2005, together with a synthesis of
model results. The satellite data are from a number of fundamental (26, 26, 27) and
synthetic (15x, 26x, 36x, 47x) channels from the Stratospheric Sounding Unit (SSU)
and one channel (MSU4) from the Microwave Sounding Unit (MSU), instruments

that have flown on a number of operational satellites. Source: World Meteorological

Organization (2007, Fig. 5-6).
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Chapter 3
Sounding the Atmosphere Using

Limb-Scattered Sunlight

The limb-scatter technique involves passive remote measurements of UV /visible/near-
infrared (IR) sunlight scattered by molecules and particles from the limb of the at-
mosphere. This chapter provides an introduction to the limb-scatter observation
geometry and radiative transfer, followed by a presentation of some existing radiative

transfer models (RTMs), including sample limb-scatter calculations.

3.1 Limb-Scatter Geometry

The limb-scatter viewing geometry is illustrated in Figures 3.1 and 3.2. A limb-
scatter observation is defined by the tangent height (TH) and the SZA, 6,, and single
scattering angle (SSA), ©, at the tangent point along the observation line of sight

(LOS). Alternatively, the difference in azimuth angle (dAZ),A¢, can be used instead
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of the SSA, where the two are related by:
cos(©) = cos(fp) * cos(f) + sin(fy) * sin(6) * cos(A¢) (3.1)

where the zenith angle 6 is, by definition, 90° at the tangent point for limb mea-
surements. Forward scattering is defined as A¢ < 90°, while backward scattering is
defined as A¢ > 90°.

As is shown in Figure 3.2, the total limb-scatter radiance contains contributions
from single scattering (SS), albedo scattering (AS) and multiple scattering (MS),

causing a complicated radiative transfer environment.

3.2 Limb-Scatter Radiative Transfer

This section describes the radiative transfer of limb-scattered sunlight in the atmo-
sphere, beginning with a brief introduction to the radiative transfer equation (RTE)
and its application to limb-scatter for both singly- and multiply-scattered light. Ap-
proaches to the problem for spherical geometries are then presented. More complete
treatments of atmospheric radiation and radiative transfer can be found in Goody and

Yung (1989) and Thomas and Stamnes (1999).
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Figure 3.1: Limb-scatter geometry. Source: Courtesy of S. Brohede.
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Figure 3.2: Limb-scatter viewing geometry illustrating the contribution of SS, AS and
MS to the measurements. TOA is the top of the atmosphere. Source: Haley et al.

(2004, Fig. 1).

3.2.1 The Radiative Transfer Equation

The radiation field of the atmosphere, including polarization, can be described using

the Stokes vector:

(1)

Q
U

V)

The four Stokes components describe the polarization properties of the electromag-

netic radiation. I describes the total radiance (intensity) of the radiation, @ and
U describe the linear polarization, and V describes the circular polarization. If the

radiation is assumed to be unpolarized (i.e. Q = U = V = 0), I is the so-called
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‘scalar approximation’. The unit of energy used in this work is the spectral radiance
(or spectral intensity). The spectral radiance is the flux of energy in a given direction
per second per unit wavelength range per unit solid angle per unit area perpendicular
to the given direction, for example photons/(cm?-s-nm-sr). In the presentation of the
radiative transfer equation below, the radiances are assumed to be unpolarized for
simplicity. However, in some applications, in particular when an accurate calculation
of the absolute radiance is required or when the quantity of interest has a signifi-
cant dependence on the degree of polarization of the atmosphere, the more thorough
treatment is required.

The radiative transfer equation for unpolarized monochromatic radiation in an

isotropic medium can be expressed as (e.g. Chandrasekhar, 1960):

dl(r,2)
ds -

—ke(r)I(r, Q) + J(r, ) (3.3)
with corresponding boundary conditions, where r and €2 are the position of the
observer and the direction of light propagation, respectively, and J is the source
function, describing the sources of radiation within the atmosphere. The extinction
coefficient, k., is given by the sum of the scattering coefficient, k,, and the absorp-
tion coeflicient, k, (i.e. k. = k; + k). The coefficients are related to the extinction
cross section, ., scattering cross section, o,, and absorption cross section, o,, by
K(e,s,0)(2) = 1(2)0(e,5,a), Where n(z) is the number density at altitude 2. When a num-
ber of different molecules and aerosols, denoted by 4, contribute to the extinction, the

total extinction coefficient is given by:

ke(z) = Z ni(2)0e; = Z ni(2) (0si + 0ay) (3.4)
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The integral form of Equation (3.3) is:
I(r(s),2) = I(r(0), Q) exp [-7(0, s)] + /0S J(s',Q)exp [-7(5,5)] ds (3.5)

and describes the radiance observed at position r (point s) along a path (or LOS)
in the propagation direction €2. I(r(0), Q) represents the radiance at the end of the

path (point zero). 7(s,, sp) is the ‘optical depth’ between the points s, and sp:

(50r88) = / " ku(s)ds (3.6)

3.2.2 Radiative Transfer in a Scattering Atmosphere

In a scattering atmosphere and in the absence of thermal emission (e.g. measurements

in the UV /visible/near-IR spectral region), the source function at point s is:

ks(s)

J(s, Q) = =

/ B(s, ¥, Q)I(s, ¥V)dQY (3.7)

where ® is the scattering phase function, describing the angular dependence of the
light scattering.

In order to understand the scattering source function it is useful to separate the
radiance field into its direct, Iy, and diffuse (indirect), Iy 7f, components. The direct

component is given by:
Tiir (5, 82) = wFu0 (2 — Q) exp [—7(sT04, 9)] (3.8)

where 7Fp is the (unpolarized) solar flux per unit area incident in the direction €,

4 is the Dirac delta function, and sro4 is the point at the top of the atmosphere on
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the path specified by €2y and s. Using Equation (3.5), the diffuse component can be

expressed as:
Laigs(s,82) = laiss(0,€2) exp [-7(0,5)] +
/ [ss(5' ) + Jus (s, )] exp [—r (s, 8)] ds’ (3.9)
0
I45¢ is clearly more complex because of its dependence on the local source function,

which also has a diffuse component (i.e. the radiative transfer is not localized). Jgg

and Jys are the single scattering and multiple scattering parts of the source function,

respectively:
k
Jss(5,2) = as 00, 0)14(,9) (3.10)
Tus(s,Q) = kﬁ) / (s, U, Q) Ly (5, 2 )dY (3.11)
%

3.2.2.1 Boundary Conditions

Two boundary conditions are required in the solution of Equation (3.3): the inward
radiance at the top of the atmosphere and upward radiance at the bottom of the
atmosphere. In the UV /visible/near-IR spectral region considered here, the diffuse
radiance at the t.op of the atmosphere is zero. The diffuse source at the bottom of
the atmosphere can arise from reflection off of the surface. The normal (and sim-
plest) approach is to treat the surface as Lambertian (isotropic), with its reflectivity
expressed in terms of the surface albedo A, which is the ratio of the total up-welling

irradiance to the total down-welling irradiance.
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3.2.2.2 Solution

If only single scattering is considered, the solution to Equation (3.3) is:
I(r(s), Q) = (3.12)
I(r(0),2) exp [-7(0, 5)] +
F [?

7 ), ks(s)@(s', Q, ) exp [—7(s704,8)] exp [—7(5', 8)] ds’

If the path intersects with the ground, the radiance at the end of the path is given

by:
I(r(0),2) = AFyexp [—7(sT04,0)] cos [65(0)] (3.13)

where 69(0) is the solar zenith angle at the ground intersection point. If the path
does not intersect the ground, as is the case for limb measurements, the radiance at

the end of the path is zero:
I(r(0),2) =0 (3.14)

with the exception being when the observation direction is directly towards the sun
(solar occultation) or another extra-terrestrial source, cases that are not considered
here.

The solution for higher-order scattering is significantly more complicated due to
the dependence of the diffuse radiance radiance field on scattering at other locations,
with the entire atmosphere acting as a coupled system, and requiring sophisticated
methods to determine the local diffuse radiation. A thorough review of scattering
theory and methods for computing the multiple scattering is given in Hansen and

Travis (1974) and Lenoble (1985).
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3.2.3 The Spherical Atmosphere

When dealing with limb observations, the spherical nature of the atmosphere must
be considered and multiple scattering (often) can not be ignored (Oikarinen et al.,
1999). A number of methods for solving the RTE for limb-scattering in a spherical

and multiply-scattering atmosphere are discussed below.

3.2.3.1 Monte Carlo Approach

The complicated nature of the radiative transfer in a three-dimensional, inhomoge-
neous, spherical atmosphere means that no complete analytical solution exists other
than a Monte Carlo approach (Marchuk et al., 1980). In this approach the RTE is not
solved explicitly. Instead, the paths of model photons through the atmosphere are
simulated numerically in a random fashion. The accuracy of the calculation depends
on the number of photons simulated. Although there are a number of approaches to
minimize the computationally expensive nature of the calculations, the Monte Carlo
approach is still prohibitive for application to large data sets. However, Monte Carlo
models are very useful for evaluating the approaches of approximate models (e.g.

Griffioen and Oikarinen, 2000; Loughman et al., 2004; Rozanov et al., 2001).

3.2.3.2 Plane-Parallel Approximation

For many problems of radiative transfer in the atmosphere it is appropriate to assume
that the atmosphere is ‘plane-parallel’, that is, one-dimensional planar with all quan-

tities invariant in the horizontal direction. Under the plane-parallel approximation
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the RTE is expressed in terms of the vertical optical depth, 7(2):

T(z) = /ZTOA ke(2)dz (3.15)

which is stated as 7 for simplicity, and spherical polar coordinates (a zenith angle ¢

and an azimuth angle ¢):

pIOLD _ p 6~ S, 0) (3.16)

where p = | cos(0)].

For upward propagating radiance streams (+pu), the integral expression is:

)/qu, exp< )‘%(317)

where 7; is the total vertical optical depth of the atmosphere. For downward propa-

I(Tv +lj’7 ¢) = I<Tt7 +/1'7 ¢) exp <

gating radiance streams (—u) the expression is:

17, 1, 8) = I(0,—p1, 8) exp (—;) + [96 g e (— T ) L (319

As mentioned in Section 3.2.2.1, for UV /visible/near-IR radiation, I(0, —u,$) = 0

(assuming that there is no direct source). I(7, i, $) is the source from reflection of

the solar beam by the surface:

I(1, +p, ¢) = AFppop exp(—Ts,) (3.19)

where pi is the cosine of the solar zenith angle and 7, is the optical depth along the
solar beam to 7; (the surface). The solar beam direction is defined as (—puq, ¢o).

The plane-parallel scattering source function is given by:

e = G2 [0 [ 1w )0t noias +

A1) By (7, o, b0, 1, ¢) xp (<) (3.20)
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where @ is the ‘single scattering albedo’, representing the ratio of extinction by scat-

tering to the total extinction:

k k
s _ kd 21
ke Rtk (3:21)

O =
The first term on the right in Equation (3.20) represents the multiply-scattered radi-
ation and the second term represents the singly-scattered radiation.

In a pure plane-parallel approach, 7, in Equations (3.19) and (3.20) is calculated

as:

Ty = — (3.22)
Ho

However, at large SZAs (larger than about 75°), the plane-parallel calculations over-
estimate the attenuation of the solar beam since as pg tends toward zero, the plane-
parallel enhancement, 1/u9, becomes infinite. To improve the accuracy at large SZAs,
a calculation of the optical depth along the solar beam in spherical geometry using

the ‘Chapman function’ is required (e.g. Dahlback and Stamnes, 1991):

P
ASJ'
T, = ZATj (A_z;> (3.23)
7=1
where p is the number of spherical layers above the scattering point at altitude z,

Az; is the vertical thickness of layer j and As; is spherically-corrected path through

layer j. For 6 < 90°, the path enhancement is given by:

ASj = \/(7‘] + [XZJ‘)2 — T'zz) Sin2 90 - \/7'? - 7‘12, Sin2 90 (324)

where 7, and r; are the distance from the centre of the Earth to the scattering point

7 and the bottom of layer j, respectively.
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By including the spherical correction to the solar beam, plane parallel calcula-
tions produce accurate radiances for near-nadir and near-zenith viewing geometries.
However, as the observation geometry departs from nadir or zenith (i.e. as u — 0),
the plane-parallel approximation begins to break down. Most importantly, in the
plane-parallel approximation the limb observation geometry, where the LOS crosses
through the atmosphere (6=90° or 1 = 0 at the tangent point), is not defined.

Note that the plane-parallel approximation tends to overestimate the multiple
scattering contribution to the radiances, particularly at high altitudes, since the up-
welling diffuse source for a plane-parallel atmosphere is larger than for a truly spherical

atmosphere (there is no limb-dimming).

3.2.3.3 Pseudo-Spherical Approximation

As noted above, the plane-parallel approximation is not valid for limb observations.
As a result, some treatment of the spherical nature of the atmosphere, beyond its con-
sideration in the attenuation of the incoming solar beam, is required. One approach
is to treat the atmosphere as ‘pseudo-spherical’. In the pseudo-spherical approxima-
tion, the singly-scattered light is calculated assuming spherical geometry, both in the
attenuation of the incoming solar beam and in the integration of the single scattering
source function along the LOS. For the multiply-scattered light, the spherical nature
of the atmosphere is approximated by calculating the multiple scattering source func-
tion under the plane-parallel approximation, where the diffuse radiances, Iy, are
calculated as described in Section 3.2.3.2 (with a spherical correction to the incoming

solar beam) at a number of points along the LOS for the local SZA. The number of
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points, and in some implementations the positions of the points, are varied depend-
ing on the desired accuracy. The integration of the approximate multiple scattering
source functions along the LOS is then carried out assuming a spherical atmosphere.

Although the pseudo-spherical approximation is generally a good representation
of the spherical atmosphere, it tends to overestimate the radiance even when a large
number of SZA points are used since the plane-parallel approximation overestimates
the multiple scattering source functions, as mentioned in Section 3.2.3.2 (Griffioen
and Oikarinen, 2000; Loughman et al., 2004). This error increases with increasing
altitude as the curvature becomes more important. Also, in the application of the
approximation it can be difficult to determine the appropriate number (and position)
of the SZA points at which the source function calculations are carried out since
the impact of the selection depends on the viewing and solar conditions (and optical

depth).

3.2.3.4 Spherical Approaches

A number of approaches have been devised to allow for the sphericity of the atmo-
sphere in the determination of the diffuse field in a more accurate fashion. The ap-
proaches can be classed into two types: ‘approximately spherical’ and ‘fully spherical’.
The approximately spherical approaches generally expand on the pseudo-spherical
approximation to give a better representation of the spherical atmosphere. One ap-
proach is to use the pseudo-spherical approximation to determine the diffuse field at a
number of points along the LOS, thereby effectively calculating the first two orders of

scattering in spherical geometry and higher orders in plane-parallel. Fully-spherical
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approaches calculate the diffuse radiance in a fully spherical geometry, but tend to
be computationally expensive and usually only the most important contributions to
the limb radiance (e.g. the first and second orders of scattering at UV /visible/near-
IR wavelengths in a cloud-free atmosphere) are calculated explicitly in a spherical
atmosphere. Higher orders of scattering are either ignored or are approximated to
make the calculations computationally efficient. The contribution from the third or-
der of scattering is generally small (<15%), with higher orders contributing even less
(Bourassa et al., 2008). However, the contribution is a function of the wavelength as
well as the solar, viewing and atmospheric conditions, including the effective albedo
and optical depth.

Spherical approaches are generally in better agreement than pseudo-spherical cal-

culations with Monte Carlo results (Bourassa et al., 2008; Loughman et al., 2004).

3.3 Radiative Transfer Models

A number of radiative transfer models for limb-scatter observations have been devel-
oped. Following the approaches for addressing the spherical atmosphere discussed
in Section 3.2.3, the RTMs can be divided into three types: Monte Carlo mod-
els, pseudo-spherical models and spherical models. Available Monte Carlo models
include Siro (Otkarinen, 2001, 2002; Oikarinen et al., 1999) and MCC++ (Monte
Carlo C++) (Postylyakov, 2004a,b,c). Available pseudo-spherical models include
LIMBTRAN (Griffioen and Oikarinen, 2000), CDI (Combined Differential-Integral)

(Rozanov et al., 2000), and VECTOR (Vector Orders-of-Scattering Radiative Trans-
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fer Model) (McLinden et al., 2002a). Available spherical models include CDIPI
(Combined Differential-Integral Picard Iterative) (Rozanov et al., 2001), SCIARAYS
(Kaiser, 2001), SASKTRAN (Bourassa et al., 2008), and GSLS (Gauss-Seidel Limb
Spherical) (Loughman et al., 2004). Note that CDI and CDIPI are implemented in
the radiative transfer package SCIATRAN (Rozanov et al., 2005). Table 3.1 summa-
rizes the models and their features. A detailed intercomparison of a number of the

limb-scatter RTMs can be found in Loughman et al. (2004).

3.3.1 Sample Calculations

Figure 3.3 shows limb-scattered sunlight radiances calculated using the LIMBTRAN
radiative transfer model (Griffioen and Oikarinen, 2000). The calculations were car-
ried out for a tangent height of 20 km with a SZA and SSA (defined at the tangent
point) of 70° and 90°, respectively, in an aerosol-free atmosphere with the ground
approximated as a Lambertian surface with an albedo of 0.3. The figure illustrates
the contributions of singly- and multiply-scattered light to the total radiance over the
UV /visible/near-IR spectral region, and includes absorption by O3 and NOsy. The
figure shows that the limb-scatter radiances resemble a Rayleigh-trended solar spec-
trum, with the predominant spectral features due to Fraunhofer lines in the solar
spectrum. The sharp cut-off from absorption by the O3 Hartley and Huggins bands
below 330 nm and the broad absorption feature between 500 nm and 700 nm from the
O3 Chappuis band are clearly evident. Additional spectral features in limb-scatter

spectra will be discussed in more detail in Section 6.2.
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Name Type vector refrac SS MS

Siro Monte Carlo yes yes statistical statistical
MCC++ Monte Carlo yes yes analytic  statistical
CDI pseudo-sph.  no yes analytic ~ plane parallel

LIMBTRAN pseudo-sph. no no analytic  plane parallel
VECTOR pseudo-sph.  yes no analytic  plane parallel
GSLS spherical yes no analytic  approx. sph.
CDIPI spherical no yes analytic approx. sph.
SCIARAYS  spherical no no analytic  analytict

SASKTRAN spherical no no analytic  analytict

Table 3.1: Summary of limb-scatter radiative transfer models. Here ‘vector’ indicates
whether the model can account for the polarization of the scattered radiance; ‘refrac’
indicates whether refraction can be included in the model; ‘SS’ indicates whether
the single scattering calculation is done statistically (in the Monte Carlo case) or
analytically (by direct integration of the SS source function); and ‘MS’ indicates the
method employed for the multiple scattering source function calculation. {SCIARAYS
only includes two orders of scattering. 1SASKTRAN uses an approximation for the

third and higher orders of scattering.
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Figure 3.4 shows the fractional contribution of MS to the total limb-scatter radi-
ances for the same conditions as Figure 3.3, but over a range of tangent heights. Since
the single scattering calculations (by definition) do not include an albedo contribu-
tion, the calculations assumed a surface albedo of zero to clearly illustrate the impact
of multiple scattering. The contribution of multiple scattering generally increases
with shorter wavelengths, as is expected by the increased Rayleigh scattering, with
multiple scattering accounting for 30-40% of the total radiance at 350 nm. Note the
almost complete attenuation of the upwelling diffuse radiance by Oz absorption at
the shortest wavelengths, where the total radiance is dominated by single scattering.

The ratio of total limb-scatter radiance calculations at two albedos (0.6 and 0.3)
is shown in Figure 3.5. As is expected, the effect of an increased albedo depends on
the transparency of the atmosphere, and the enhancement in total radiance increases
with increasing wavelength (as the Rayleigh extinction of the upwelling radiation de-
creases). At the shortest wavelengths, the strong O3 absorption effectively eliminates

the sensitivity of the limb-scatter radiances to the surface albedo.
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Figure 3.3: Limb-scatter radiances at 20 km tangent height calculated using the

LIMBTRAN model and illustrating the contributions of single and multiple scatter-

ing to the total radiance for SZA=70°, SSA=90° and albedo=0.3 in an aerosol free

atmosphere with absorption by Oz and NOs.
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Figure 3.4: Fractional contribution of multiply-scattered light to the total limb-scatter

radiance, calculated using the LIMBTRAN model at a series of tangent heights for

the same conditions as Figure 3.3, except at albedo=0.
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Chapter 4
Differential Optical Absorption

Spectroscopy

Retrieving stratospheric minor species concentrations directly from absolute limb-
scattered radiance observations is challenging. This is largely due to the strong sen-
sitivity of the observed signal to many parameters, including neutral density, aerosol,
albedo and instrument calibration. A direct retrieval may also require more detailed
forward model calculations, possibly making it impractical for use on large data sets
or in an operational setting.

To aid in the interpretation it can be advantageous to apply an initial spectral
analysis on the observed radiances. The analysis technique used in this work is
differential optical absorption spectroscopy, first described by Nozon (1975), Nozon
et al. (1979), Platt et al. (1979), Perner and Platt (1979) and Perner and Platt
(1980). In general, DOAS is a spectral fitting technique, analysing broadband spectra

of UV /visible/near-IR light that has been transmitted through long paths. Different
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atmospheric species leave their absorption ‘fingerprints’ in the spectra, from which
concentrations can be derived. DOAS has been used in ground, balloon, aircraft
and satellite applications, with both active and passive instruments (e.g. Azelsson
et al., 1990; Burrows et al., 1999; Pfeilsticker et al., 2001). Advantages of the DOAS

technique include:

e A minimized sensitivity to broad extinction features such as Rayleigh and Mie

extinction.

e No requirement for measuring or estimating the unattenuated spectrum (when

it contains no high-frequency structure).
e The opportunity of simultaneously measuring multiple species.
e A high sensitivity due to long pathlengths.
e A high specificity due to broad spectral bands.
Disadvantages of the technique include:
e Limited to species that exhibit relatively narrow absorption features.

e Measurements can be affected (or prevented) by strong attenuation sources (e.g.

rain, snow, fog and clouds).

This chapter describes the general DOAS technique. A detailed discussion of the
technique can be found in Platt (1994), Stutz and Platt (1996) and Platt and Stutz
(2008). A presentation of the application of DOAS to limb-scatter observations can

be found in Chapter 7.
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4.1 The Beer-Lambert Law

The basic equation of absorption spectroscopy is the Beer-Lambert Law, where the

local attenuation of radiation is described by:

dI(s, )
ds

= —k(s,\)I(s, ) (4.1)

where dI(s, A) is the change in radiance I (s, \) at wavelength ) after passing a distance
ds through a medium with absorption coefficient k(s, \), where the subscript a has
been removed for clarity. In the case of a single absorber in a homogeneous medium

of length L, the integration of Equation (4.1) gives:
I(A) = Io(A) exp [-Lk(N)] (4.2)

where Io()) is the incident (unattenuated) radiance and I()\) is the attenuated radi-
ance. The extinction coefficient is the product of the absorption cross section, (),
where the subscript a has been removed for clarity, and the concentration of the

absorber, n, and Equation (4.2) can be stated as:
I(A\) = Ip(A) exp [—La(A)n] (4.3)

The product Lo(\)n is referred to as the optical depth of the medium, 7()), which

can also be expressed as:

o [HeN)
T(A) =1In [I()\) ] (4.4)
and the concentration of the absorber can be determined from:
_ W)
=1 B (4.5)
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It should be noted that the Beer-Lambert law as expressed above is not strictly

valid for averaged (convolved) spectra unless the medium is optically thin (i.e. 7 < 1).

4.2 The Beer-Lambert Law in the Atmosphere

In the atmosphere, Rayleigh and Mie scattering contribute to the radiation extinction.
By scattering light away from the line of sight these phenomena act like absorption
processes. Also, several atmospheric species can have significant absorption that must
be considered. The various sources of extinction can simply be added, and the total
atmospheric absorption through a homogeneous path of length L can be expressed

as:

where kr()) and kpr(A) are the Rayleigh and Mie scattering coefficients, respectively,
and n; and o;()\) are the concentration and absorption cross section of absorbing
species 1, respectively.

However, for atmospheric measurements the medium is generally not homoge-
neous, with the absorber concentrations usually varying along the measurement path.
As a result, instead of number density, an integral quantity referred to as the ‘column

density’ or ‘slant column density’, ¢, is necessary, with:

c= /n(s)ds (4.7)

However, this terminology is only appropriate when the path is direct from I (e.g.

occultation measurements). When I is diffuse, as is the case for scattered sunlight
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measurements, the term ‘effective column density’ (ECD) (also sometimes referred
to as ‘apparent column density’) is more appropriate, indicating that I(\) contains
contributions from different routes through the atmosphere and that the measurement
path is not well defined. In this case the relationship between the ECD and the
absorber concentration requires a detailed understanding of the radiative transfer
processes.

The temperature and pressure also usually vary along the measurement path, and
this can impact o;() since the absorption cross sections can have a temperature and
pressure dependence. For clarity this will not be considered here.

Modifying Equation (4.6) for a non-homogeneous medium gives:

I(/\) = I()()\) €exp {— [Z O'i()\)Ci + TR()\) + TM()\)jl } (48)

where c; is the ECD of absorber i. 7x()\) is the Rayleigh scattering optical depth,
which is the product of the Rayleigh scattering cross section, or()), and the ECD
of air, ¢y Similarly, the Mie optical depth, 7/()\), corresponds to o37()\)cger, where
Caer i the ECD of aerosol and oj,(A) is the Mie scattering cross section.
Determining the absorber concentrations in Equation (4.6) or the effective column
densities in Equation (4.8) can be difficult because all of the contributions to the
radiances must be modeled and a direct measure of Io(\) (a measurement of I()\)

with no absorbers in the path) is often not available.
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4.3 Differential Optical Absorption Spectroscopy

The key principle of DOAS is the separation of the total cross section, o(}), into two
components, one slowly varying with wavelength, o°(\), and another rapidly varying

one, o’(A):
a(A) =a*(A) +5'(A) (4.9)

The slowly varying component describes the general shape while the rapidly varying
component, referred to as the differential cross section, corresponds to the difference
between 0°(\) and o()) (see Figure 4.1). The use of the terms “slowly” and “rapidly”
is somewhat subjective and depends on the nature of the cross section. What is
important, and becomes more evident in the discussion below, is that the slowly
varying component addresses the relatively broad spectral features, with the rapidly
varying component containing information that is more unique to the absorbers.
Combining Equations (4.6) and (4.9) and separating the slowly and rapidly varying

components gives:
I(\) = (4.10)
In(\) exp [—L Z ag()\)ni] exp {—L [Z a;(M)n; + kr(N) + kM()\)} }

Note that the Rayleigh and Mie extinction coefficients both vary slowly with wave-
length. If a measurement or accurate estimate of Io(\) exists, the optical depth can,
like the absorption cross sections, be separated into its slowly, 7°()\), and rapidly,

7'(\), varying components:
(N) = 7°(N) +7 () (4.11)
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The rapidly varying component can be assigned to the rapidly varying term of Equa-

tion (4.10), giving the expression for the differential optical depth (DOD):

T'(/\)={l [IIO(;\)H LZ (4.12)

where 7'(\) is determined by calculating the differential component of the natural

logarithm of the ratio of Is(A) and I()). The concentrations can then be determined,
for example through a least squares (LSQ) fit of Equation (4.12), finding the minimum

of the norm of the residuals:

I7"(A) = Lz:ffé(A)WH2 (4.13)

with respect to the concentrations, n;. Note that the number of wavelengths should
greatly exceed the number of fitted species concentrations.

When ECDs are considered, Equation (4.12) simply becomes:

7(N) =2 alVe (4.14)

and c; can be determined as in Equation (4.13).
If the true Io(A) is not available but is known to vary slowly with wavelength, an

analogous quantity can be defined using Equation (4.10):

I3(N) = Ip(\) exp { L {Z ot (Mni + kr()) + kM(A)} } (4.15)

where I5()) is the radiance in the absence of any differential absorption. I$()\) can
be estimated from I(\), for example, by interpolating using measurements made near
narrow absorption lines. Other options include approximating I$()\) by a polyno-
mial fit to I(A\) or a smoothed (filtered) version of I(\). Figure 4.2 illustrates the

determination of I§(\).
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Using Equations (4.10) and (4.15), the differential optical depth can be expressed

as:

#(\) = In [i ((AA))] LZ (4.16)
and the concentrations (or analogously ECDs) can be determined.

Note that a differential approach can be advantageous even when the true Io()),
or an adequate approximation, is available. Such an approach has two particular ben-
efits: (1) it reduces the need to model all of the contributions to I(\) explicitly, with
slowly varying components effectively eliminated through the differential technique,
and (2) it places the focus on the rapidly varying components of the spectra, which

can be advantageous when studying minor absorbers.

Cross Section

Wavelength

Figure 4.1: The differential cross section, ¢’(}), calculated as the difference between

the total cross section, o()), and the slowly varying component, o*(\)
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Intensity

Wavelength

Figure 4.2: The determination of I§()\), a proxy for the (slowly varying) unattenuated

reference radiance, Io(\), and calculated from I()\).
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Chapter 5

Inversion Theory

The general problem to be solved is the inversion of measurements of the atmosphere
to atmospheric state parameters. The inversion method used in this work is optimal
estimation, or more specifically the maximum a posteriori estimator for moderately
non-linear problems (Rodgers, 1976, 1990). The MAP estimator is a Bayesian ap-
proach that gives the most likely solution based on the measurements and a priori
information, along with the associated covariances. The advantages of the MAP
approach are that it is statistically-based, makes intuitive sense as a weighted com-
bination of the measurements and a priori information, and provides an estimate of
the associated uncertainties. Also, the MAP approach provides useful diagnostics,
including a measure of the effective resolution and degree of a priori contamination.
Disadvantages of the approach include the need for well characterized a priori infor-
mation and the assumption of Gaussian statistics. This chapter gives a summary
of the inversion problem, solution, characterisation and error analysis formalism. A

detailed description of the MAP estimator and derivations of the presented formulae
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can be found in Rodgers (2000).

5.1 The Inversion Problem

The inversion problem is first addressed by recognizing that the measurement, y, is

a function of some unknown state, x:
y =f(x,b)+€ (5.1)

where f is a forward function that describes the physics of the measurement, b is a set
of known parameters of the function and € is the measurement noise, with covariance

Se. The forward function must be replaced with a numerical forward model, F:
F(x,b) ~ f(x,b,b’) (5.2)

where b’ are the parameters of the forward function not included in F. The problem

can now be stated as:
y ~F(x,b) + ¢, (5.3)

where €, is the total error in the measurement relative to the forward model (i.e.
including errors in the representation of f by F). The contributions to €, will be
discussed in Section 5.4 and €, will be ignored in the following discussion for clarity.

It is useful to linearize Equation (5.3) about an initial guess, x;, to account for
non-linearities in the relationship between x and y. This is accomplished through a
Taylor expansion:

0F(x,b)

6X X=XJ,

y ~ F(xz,b) + *x(x—xp)+--- (5.4)

68



Neglecting the higher-order terms gives:
y ~F(xz,b) + Kp(x — x1,) (5.5)

where K is the so-called weighting function matrix or Jacobian, and K, is K evaluated
at x = xg.

When measurement noise and the measurement conditions are considered, it is
clear that Equation (5.5) is ill-posed, meaning that a unique solution does not exist
(there are an infinite number of states that can give the same measurement, within
the measurement uncertainty). The inversion method must estimate or retrieve the

solution in some fashion.

5.2 The Maximum A Posteriori Solution

In the MAP approach the prior knowledge and the measurement are quantified as
probability density functions (PDFs) over the state and measurement space, respec-
tively. Bayes’ theorem describes how the measurement PDF maps into state space

using the a priori information:

Pylx)P(x)

P(xly) = Ply)

(5.6)

where P(x) is the a priori PDF, or the PDF of the state before the measurement is
made, P(y) is the PDF of the measurement before it is made, P(y|x) is the conditional
PDF of y given x, and P(x]y) is the conditional PDF of x given y, or the PDF of
the state after the measurement is made. P(x|y) is the desired quantity from the

inversion, denoted the posterior PDF.
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Applying Gaussian formalism (normal distribution) for vectors and expressing

P(x) in terms of the difference from the a priori gives:
—2InP(x)+ ¢ = (x — x,)78; (x — x,) (5.7)

where x, is the a priori state vector, S, is the covariance matrix of x, and ¢; is a

constant. Using Equation (5.5), P(y|x) can be expressed as:

—2In P(y|x) + ¢; = (5.8)

[y = F(xz,b) —Kp(x —x,)]" 87! [y — F(x,b) — K1 (x — xp)]

where c; is a constant. No prior information about the quantity y is assumed, so
P(y) = constant. The posterior PDF, P(x|y), can be determined by substituting

Equations (5.7) and (5.8) into Bayes’ theorem, Equation (5.6), and rearranging:

—2In P(x|y) + ¢z = (5.9)
(x — %) 787 (x — x,) +

[y — F(xz,b) = Kp(x —x.)]" 87" [y — F(xz,b) — Kp(x — x1)]

where c3 is a constant.
Equation (5.9) shows that P(x|y) is normally distributed and can be analogously

expressed in terms of the MAP expected value, %, and covariance, S:

—2InP(x|y) +cs = (x - %)78 1(x — ®) (5.10)
where ¢4 is a constant. X is the x at which P(x]y) reaches its maximum:

% = max [P(x]y)] (5.11)
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Finding the maximum in Equation (5.11) is equivalent to finding the minimum of
the right hand side of Equation (5.9), which is referred to as the cost function, C. To
find the minimum, the first-order derivatives of C' with respect to x, denoted g(x),

are required:
g(x) = — [ViF(x,b)]" ST [y — F(x1,b) — Kp(x — x1)]+ S; M (x — x,) (5.12)

The quantity V<F(xr,b) is recognized as equivalent to K in Equation (5.5), giving

the final expression of g(x):
g(x) = KIS [y — F(xz,b) — Kp(x — x1)] + 87! (x — x,) (5.13)

and finding X is identical to finding the x for which g(x) = 0.

5.2.1 The Linear Case

If the problem is linear, with y = F(x, b) = Kx, the solution to Equation (5.11) can

be expressed as:

% =%, + S KT (KS K™ +S.) Hy — Kx,) (5.14)

5.2.2 The Nearly-Linear Case

If the problem is nearly-linear, where Equation (5.5) is a good approximation given

a sensible choice of x;,, the solution to Equation (5.11) can be expressed as:
% =%, + S KT (KLS KT +S)7 [y — F(xz,b) + Kp(x1 — x,)] (5.15)
A common choice for the linearisation point is x,.

71



5.2.3 The Moderately Non-Linear Case

If the problem is moderately non-linear, the solution to Equation (5.15) will not
minimize the cost function C, but in many cases will give a result that produces
a smaller C' than when evaluated at x;. In this case an iterative approach can be
employed, where x; is updated at each iteration using the result from the previous
iteration. What is required is an iterative technique that guides the iterations towards

the result that minimizes C.

5.2.3.1 Gauss-Newton Iteration

A popular option for finding the minimum of the cost function is Gauss-Newton (GN)

iteration, which utilizes Newton’s method:

Xiy1 = X; — [ng(xz‘)]—l 8(x:) (5.16)
where V,g(x;), known as the Hessian, is equal to:

Vxg(x:) = 8.1 + K{S7'K; — (VLK]) 87! [y — F(x:,b)] (5.17)

with x;, replaced by x; and K; representing K evaluated at x;. Computing the
Hessian involves ’éhe time-consuming and cumbersome calculation of the second-order
derivative of the forward model, VLK. Fortunately, the third term on right hand side
of Equation (5.17) is small for moderately non-linear problems and can be ignored.
Inserting Equations (5.17) and (5.13) into Equation (5.16) and rearranging gives the

Gauss-Newton iterative solution to Equation (5.11):
Xi+1 = Xq + SoKT (KiSoK] + So) ™ [y — F(x4,b) + K;(xi — x,)] (5.18)

72



Note that x, is not updated. The starting value, xg, can be anything, but it is

common to use X,.

5.2.3.2 Levenberg-Marquardt Iteration

For some moderately non-linear problems, Gauss-Newton iteration will fail if the
starting value, xo, is not close enough to the true state. A solution to this is to
employ the Levenberg-Marquardt (LM) algorithm, which combines the method of

steepest descent with Newton’s method:
X1 =% — [y + ng(xi)]—l g(xi) (5.19)

The parameter v controls the step size in the descent.
Following Section 5.2.3.1, the Levenberg-Marquardt iterative solution to Equation

(5.11) can be expressed as:

X1 =%+ [(1+7)S; ! + KIS 'K, - {K!S' [y — F(x;,b)] — S;(x; — %a) }

(5.20)

Note that Equation (5.20) with v = 0 is identical to the Gauss-Newton solution.
The standard approach to using the Levenberg-Marquardt method is as follows.
If C decreases after a particular step, v is decreased and the next iteration is begun.
If C' is instead found to increase after a step, y is increased and x;,; is recalculated,
with this process repeated until C decreases.
The Gauss-Newton algorithm generally converges more quickly than does the

Levenberg-Marquardt algorithm when the problem is well-behaved and the starting
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value, Xg, is reasonable. However, the Levenberg-Marquardt algorithm is more ver-
satile and able to handle more difficult problems and cases where the starting value

is far away from the true state.

5.2.3.3 Determining Convergence

Equations (5.18) and (5.20) are considered to have converged to %X, with corresponding

S, when:
(Xi+1 - Xi)Tg—l(Xi_H - Xi) <p (521)

where p is the number of elements in x and with:

A

S7H(xis1 — %) @ K787 [y = F(xi,b)] — 8.1 (% — Xa) (5.22)
Correct convergence is determined from a x? test:

Xiw = [y = F(X,b)]" S5 [y — F(%,b)] > ¢ (5.23)
where S5 = SC(KSGKT + S!S, K is K evaluated at % and q is the number of
elements in y.

5.2.4 The Grossly Non-Linear Case

If the problem being addressed is grossly non-linear, a significantly more sophisticated,
and usually problem-dependent, approach is required. Grossly non-linear problems

are generally difficult to solve and have unpredictable outcomes.
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5.2.5 The Covariance Matrix

In both the nearly-linear and the moderately non-linear cases the covariance of X is

the same as for the purely linear solution:

S =8, -S.K'(KS,K” +8,)"'KS, (5.24)

5.3 Solution Characterization

The MAP solution can be restated as:
X=(1,— A)x, + Ax + Gye, (5.25)

where 1, is the p X p identity matrix, G, is the gain matrix, or the sensitivity of the
retrieval to the measurement:

G, = % =S, KT(KS,K” +8,)7! (5.26)

A is the averaging kernel matrix, or the sensitivity of the retrieval to the true state:

_ & _
- ==

A G,K (5.27)

From Equation (5.25) it can be seen that in the case of the retrieval of a profile
the rows of A are effectively smoothing functions. The resolution of a profile retrieval
is usually defined as the width of the averaging kernels (the rows of A). A quantity
called spread (Backus and Gilbert, 1970), denoted w, can be used to determine this
width:

(20 — 2')? [A(0, z')]2 dz

w(zp) = 12f 5
[f A(zo,z’)dz’]

(5.28)
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where 2y is the nominal altitude of the peak of the related averaging kernel.
The sums of the rows of A give the response of the retrieval to the state vector,

or the relative contribution of the measurement and a priori information to X.

5.4 Error Estimation
The total error in X can be expressed as:

X—x=(A-1,)(x—x,) + Gye, (5.29)
with:

e, = Ky(b — b) + [f(x,b,b’) — F(x,b)] + € (5.30)

where K, are weighting functions representing the sensitivity of the forward model
to the forward model parameters (0F/8b) and b is the best estimate of the forward

model parameters. The total error can thus be expressed as:
X—x=(A-1,)(x—x,)+G,Ky(b—b) + G, [f(x,b,b) — F(x,b)] + Ge (5.31)

The first term on the right hand side of Equation (5.31) is referred to as the smoothing
error, or the error due to the limited resolution of the retrieval compared to the true
state. The second term is the forward model parameter (FMP) error, or the error due
to uncertainties in the various input parameters of the forward model. The third term
is the forward model (FM) error, or the error due to approximations or inadequacies
in the forward model. Finally, the fourth term is the measurement error, which is the

measurement noise propagated through the retrieval process.
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The covariance of the smoothing error is given by:
Ss = (A —1,)S.(A—-1,)T (5.32)

assuming that S, is a good approximation of the covariance of the ensemble of states

about the mean state. The covariance of the measurement error is given by:
Sm = G,S.G, (5.33)

Combining Equations (5.32) and (5.33) gives the covariance matrix related to the
retrieval, or the retrieval error, which is identical to the covariance of the solution,

Equation (5.24):
S=S,+Sn. (5.34)

This error represents the error in the retrievals under the assumption of a complete
and accurate forward model and perfect knowledge of all of the forward model input
parameters.

The forward model error covariance, Sy, and forward model parameter error co-
variance, S, are more difficult to determine and are obviously specific to the forward
model used in the retrieval. For the former, a true forward function (containing the
complete physics and no approximations) is required, while for the latter, knowledge
of the uncertainty in each of the forward model parameters, b, is required.

The total error covariance, S;,; is the sum of the four error covariances:

Stot = Ss + Sm + Sf + Sb (535)
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Chapter 6

The Odin/OSIRIS Instrument

6.1 The Odin Mission

Odin is a small satellite mission sponsored by Sweden (Swedish National Space
Board), Canada (Canadian Space Agency), France (Centre National d’Etudes Spa-
tiales), and Finland (National Technology Agency of Finland). Since May 2007
Odin has also received support as an European Space Agency Third Party Mission.
Odin was launched in February 2001 into a 610 km circular sun-synchronous near-
terminator orbit with an inclination of 97.8° and an ascending node at 18:00 hours
LST. The characteristics of the Odin satellite are summarized in Table 6.1. The Odin

satellite is shown in Figures 6.1 and 6.2 and the launch is shown in Figure 6.3.

6.1.1 Scientific Objectives

The Odin mission is shared between astronomy and aeronomy objectives, with ini-

tially with approximately 50% of the scientific operations time spent on each discipline
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Characteristic

Specification

Launch date
Launch vehicle
Altitude
Inclination
Ascending node
Platform

Size

Mass

Power

20 February 2001

Start-1 rocket from Svobodny, Russia
610 km, circular

97.8°

18:00 LST

3-axis stabilized

2 m high, 1.1 m wide

(3.8 m wide with solar panels extended)
250 kg

340 W

Designed lifetime 2 years

Table 6.1: The Odin satellite characteristics.
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Radiometer

Sun
shield

Platform

Solar array

Figure 6.1: Exploded diagram of the Odin spacecraft. Source: Murtagh et al. (2002,
Fig. 1).
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Figure 6.2: The Odin spacecraft. Source: Courtesy of Saab Ericsson Space.
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Figure 6.3: The launch of Odin on 20 February 2001 from Svobodny, Russia with a

Start-1 rocket. Source: Courtesy of the Swedish Space Corporation.
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(Murtagh et al., 2002; Nordh et al., 2003) (see Figure 6.4). Since May 2007 most of
the scientific operations time is spent in aeronomy mode.

The Odin astronomy scientific objectives are (von Schéele, 1996):

1. Interstellar clouds and star formation: To enhance our understanding of
the chemical conditions and the cooling mechanisms in molecular clouds leading

to star formation.

2. Composition of comets: To study the surface properties and chemistry of

comets.

3. Composition and dynamics of the atmospheres of the giant planets:
To investigate the chemical composition, the structure and the dynamics of the

atmospheres of Jupiter, Saturn, Neptune and Uranus.
The Odin aeronomy scientific objectives are (Murtagh et al., 2002):

1. Stratospheric ozone science: To elucidate the geographical extent of and
mechanisms responsible for ozone depletion in the ozone hole region and to
study dilution effects and possible heterogeneous chemistry even outside of the

polar regions due to sulphate aerosols.

2. Mesospheric ozone science: To establish the relative role of odd hydrogen
chemistry and the effects of ordered and turbulent transport and corpuscular

radiation.

3. Summer mesosphere science: To establish the variability of mesospheric
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water vapour including an assessment of the required fluxes for aerosol formation

in the polar mesosphere.

4. Coupling of atmospheric regions: To study some of the mechanisms that
provide coupling between the upper and lower atmosphere, for example down-
ward transport of aurorally-enhanced NO with its effects on ozone photochem-

istry and the vertical exchange of minor species such as odd oxygen, CO and

H,O.

More specifically, the aeronomy scientific objectives related to the Canadian contri-

bution include (Llewellyn et al., 1995):

e The demonstration of the use and full applicability of limb-scattered spectra for

remote sensing.
e The measurement of polar ozone depletion.

e The detection and mapping of polar stratospheric clouds and polar mesospheric

clouds.

e The measurement and global mapping of the ozone concentration profile in the

stratosphere and mesosphere.

e The measurement and global mapping of the temperature profile throughout

the stratosphere and mesosphere.

e Improved radiative transfer codes for twilight conditions on a spherical Earth.
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e Improved 3-D chemical models that will validate the satellite measurements and

advance our understanding of stratospheric and mesospheric processes.

7' : | Mm‘ ﬂ

Astionumy Strat basic Strat+meso Summer mesao

Figure 6.4: The distribution of observing time between the aeronomy and astronomy

programs. Source: Murtagh et al. (2002, Fig. 4).

6.1.2 Instrument Complement

Odin contains two scientific instruments: SMR (Frisk et al., 2003) and OSIRIS

(Llewellyn et al., 2004). The SMR is used for both astronomy and aeronomy studies

85



while OSIRIS is dedicated to aeronomy studies. The SMR measures in the 118.25-
119.25, 486-504 and 541-581 GHz frequency ranges. OSIRIS, the main Canadian con-
tribution to Odin, is essentially two instruments with separate optics and common
electronics: the Optical Spectrograph (OS) and the Infrared Imager (IRI). The IRI is
a camera that vertically images the atmosphere in three spectral channels, one at 1.53
pm and two near 1.27 pm. The OS is a grating spectrograph that measures spectra of
scattered sunlight and airglow emission features in the atmospheric limb between 275
nm and 815 nm at a spectral resolution of about 1 nm, sampled at 0.4 nm intervals.
The OS is the focus of this study and is discussed in detail in Section 6.2. The Odin
instruments are co-aligned and scan the limb of the atmosphere in the orbit plane over
a tangent height range of 7 km to 70 km in approximately 85 seconds in a sawtooth
pattern during the normal stratospheric (strat) mode operations through controlled
nodding of the spacecraft. Other modes include a mesospheric (meso) mode, in which
the scanning covers 60-110 km, and a stratosphere-mesosphere (strat-meso) mode, in

which the scanning covers 7-110 km.

6.1.3 Data Products

The SMR provides profiles of O3, NoO, C1O and HNO; (Urban et al., 2005) as well as
CO (Dupuy et al., 2004) and HyO (Lautié et al., 2004). HyCO (Ricaud et al., 2007)

and NO (J. Urban, personal communication) have also been retrieved from the SMR

measurements.

The IRI provides high resolution 2-D measurements of the O, and OH nightglow
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during local night and the O, dayglow and limb-scattered sunlight during local day
through a tomographic retrieval technique (Degenstein et al., 2003, 2004). The O,
measurements can be used to derive mesospheric O3 profiles (Khabibrakhmanov et al.,
2002). The IRI measurements have also been used to derive subvisual cirrus properties
(Bourassa et al., 2005).

The OS measurements have been used to produce a number of operational and
research (off-line) data products. The current operational data products are strato-
spheric O3, NO, and aerosol extinction. Oj is produced using the so-called Chappuis
triplet approach combined with OE (Haley and Brohede, 2007; von Savigny et al.,
2003). NO, is produced using the DOAS approach combined with OE, as described
in this work. Stratospheric aerosol is recovered using an iterative multiplicative al-
gebraic reconstruction technique (SaskMART) (Bourassa et al., 2007). Alternative
processing algorithms for stratospheric O3 and NO, have been developed at the Uni-
versity of Saskatchewan (Degenstein et al., 2006, 2008; Roth et al., 2007) and the
Finnish Meteorological Institute (Auvinen et al., 2002; Tukiainen et al., 2008). Off-
line analyses have produced a number of additional stratospheric products, including
BrO (Freedman, 2005), OCIO (Krecl et al., 2006) and NO3z (McLinden and Haley,
2008). Additional analyses of OS measurements have produced polar mesospheric
cloud (PMC) information (e.g. Karlsson and Gumbel, 2005; Petelina et al., 2006),
mesospheric Na (Gumbel et al., 2007), mesospheric OH (Gattinger et al., 2006) and
polarization information (McLinden et al., 2004). Table 6.2 summarizes the primary

Odin data products.
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Instrument Data Products

SMR, 03, N,O, CIO, HNO3, CO, H,0
0S 03, NO,, BrO, OCIO, aerosol, PMC cloud properties
IRI O, and OH airglow, mesospheric Oz, subvisual cirrus properties

Table 6.2: Summary of the Odin mission primary data products.

6.2 The Optical Spectrograph

A brief description of the OS design, Level 1 data processing and data characteristics
is presented below, with a focus on the OS daytime measurements. The characteristics

of the OS are summarized in Table 6.3.

6.2.1 Instrument Design

Detailed descriptions of the OSIRIS instrument can be found in Warshaw et al. (1998)
and Llewellyn et al. (2004) and only an overview is presented here. Figure 6.5 shows
a schematic of the OSIRIS instrument and Figure 6.6 shows a picture of the OSIRIS
instrument.

The OS has a 36 mm by 36 mm square aperture with truncated corners. Light
enters the entrance port, goes through a series of baffles and vanes and then is reflected
by an off-axis parabolic objective mirror onto a flat folding mirror. The light then
passes through the input slit and is reflected off of a fold mirror, followed by a second
off-axis parabolic mirror that illuminates a blazed aspheric reflective grating. The

first-order light reflected off of the grating is directed out of the main optical plane
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Characteristic

Specification

Size

Mass

Power

Spectral range

Spectral resolution

Spectral sampling interval
Instantaneous vertical resolution
Instantaneous horizontal resolution
Integration time

Tangent height range

Scan rate

Pointing accuracy

200 mm x 426 mm x 485 mm
12 kg

15-20 W

275-815 nm

~1 nm

0.4 nm

1 km

40 km

0.01-2 s

7-70 km (strat mode)

7-110 km (strat-meso mode)
60-110 km (meso mode)
0.75 km/s

+500 m

Table 6.3: The Optical Spectrograph characteristics.
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by a camera mirror in combination with a field-flattener/order-sorter/prism (FOP)
element onto a charge-coupled device (CCD) detector (EEV model CCD26). The
aspheric grating, produced by SA/Jobin-Yvon, has a density of 600 lines/mm, is
blazed at 400 nm and operates in first-order. Second-order radiation that overlaps
with the first-order is removed with a filter that blocks radiation with wavelengths
shorter than 455 nm. This filter is incorporated into the FOP between the prism and
the exit lens, and is positioned starting at the location of ~500 nm dispersed light.
The CCD detector has an active imaging area of 1353 by 143 pixels, each having a
size of 20 by 27 pm, and is passively cooled to a temperature of approximately -20°C
in orbit.

The spectrally dispersed image of the slit is projected onto the CCD. The slit is
oriented perpendicular to the orbit plane (horizontally) so that the horizontal field
of view (FOV) is imaged over 32 rows and the light is dispersed in wavelength over
1353 columns, covering the wavelength range 275 nm to 815 nm (Sioris and Haley,
2001). Under normal operations the 32 rows are binned onboard. The spectral
resolution, specified as the FWHM (full-width at half maximum) of the approximately
Gaussian instrument function, ranges from 0.78 to 1.26 nm (see Figure 6.7) (Brohede,
2003; Stegman, 1998), giving a sampling ratio of about 2.5 pixels per FWHM. The
spectral resolution was found to have some dependence on the temperature of the
optical bench, with the optics de-focussing as the optical bench temperature decreases
(Llewellyn and Gattinger, 2000).

The instantaneous vertical resolution is about 1 km and the horizontal (cross-

track) resolution is about 40 km at the tangent point. The OS operates with a pseudo
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auto-exposure technique, where the detector exposure times are varied autonomously
to account for the extreme change in limb-scatter radiance with tangent height (see
Figure 6.14). Due to the varying exposure times (~0.01 seconds at 10 km increasing
to ~2 seconds at 70 km) combined with the nodding motion of the spacecraft, the
effective vertical resolution of the limb-scatter measurements varies from about 1 km
at 7 km to 2.5 km at 70 km.

As is the case with all instruments utilizing a diffraction grating, the OS ex-
hibits some wavelength-dependent sensitivity to the polarization (Hutley, 1982). The
grating efficiencies for the OS were measured during the pre-launch characterization
campaign (McLinden et al., 2002b) and are shown in Figure 6.8. The relationship
between the grating efficiencies and the diffracted radiance is discussed in Section
6.2.2.1.

The baffles and vanes are used to reduce both internal and external stray light,
while the optical design, in which there are no obstructions in the optical path and
where there is only one refractive element (the FOP), provides for a low level of
internal stray light. Internal stray light arises from the scattering of unwanted light
inside the optics unit (cross talk between light wavelengths which are separated in the
spectrograph) and external stray light is unwanted light from outside the instrument
FOV (e.g. from the bright limb or the Earth surface that is not adequately prevented
from entering the instrument). The internal stray light is important at the short
wavelengths and at low tangent heights (Evans and Alfred, 1999; Haley et al., 2001;
Lloyd, 2005b). The external stray light is a significant contaminant at the long

wavelengths and at high tangent heights (Llewellyn et al., 1998). An example of the
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contamination due to external stray light is shown in Figure 6.9.

In the region of the edge of the order-sorting filter (~477-530 nm), there is some
uncertainty about the characteristics of the OS, in particular the spectral resolution
and responsivity. As a result the measurements in this spectral region are not retained
during the normal operations, resulting in a gap in the OS spectra.

Another issue that affects the OS data is physical contamination of the slit that
was discovered just prior to launch. This contamination is believed to be related
to the gas purge of the instrument while it was stored awaiting integration on the
satellite (Llewellyn et al., 2001). A picture of the contaminated slit is shown in
Figure 6.10. The impact on the OS radiances can be seen in Figure 6.11, where a
full-field (32 row) OS image is shown. The spatial structure seen in the radiances
is due to the contamination of the slit. The primary impact of the contamination
is on the instrument responsivity. To compensate for this the responsivity measured
during the pre-launch characterization campaign (Stegman, 1999) is adjusted at each
wavelength by a factor determined under the assumption that the brightest row is

free of contamination (N. Lloyd, personal communication).

6.2.2 OS Level 1 Data Processing

An important part of interpreting the OS data is understanding the various processing
steps that are taken to convert the raw (Level 0) data to calibrated (Level 1) radiances.
Equally important is an understanding of the estimated error in the measurements.

The OS Level 0 data is provided in data numbers (DN) and is influenced by the
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Figure 6.5: Schematic drawing of the OSIRIS instrument. Source: Llewellyn et al.
(2004, Fig. 2a).
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Figure 6.6: The OSIRIS instrument. Source: Courtesy of E.J. Llewellyn and L. Piché.

94



1.3 M T v T v 1 v 1 v 1 v T v ] v L] o 1 v Ll v 1

1.2

—_
—_—

Point Spread Function [nm]

Q
©

0.8

O measurements

~—— fit

0.7 M 1 i 1 i | i [} M L 1 M [ M i N 1 s 1

300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 6.7: The OS point spread function (spectral resolution), defined as the FWHM

of a Gaussian function from Stegman (1998).

95



0-06 v L v L] v ] M ¥ v | v 1 v T T v T

0.04}

0.02

-0.02

Efficiency [1]

-0.04

-0.06

-0.08

_012 i 1 i 1 M 1 L 1

- - o —

500 550 600 650
Wavelength [nm]

300 350 400 450

Figure 6.8: The OS polarization (grating) efficiencies from McLinden

96

700

750 800

et al. (2002Db).



90

70

(2]
o
T

Exponential

[9)]
o
T

S
o
T

Tangent Height [km]

W
o
T

20

10

0 i 23 333321 i 2. 2 3zl 1 22 32331l .
10 10° 10" 10" 10" 10

Radiance [photons cm2 s nm™’ sr“]

10"

13 .
Figure 6.9: External stray light (baffle-scatter) contamination for a typical OS limb
scan (scan 6045012) at a wavelength of 800 nm. The deviation from an exponentially-

decreasing radiance profile is due to contamination from outside of the instrument

FOV.

97



Enhanced Image of Slit

Figure 6.10: Picture of the contaminated OS input slit. Source: Llewellyn et al.

(2001).
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Figure 6.11: A full-field OS image (Level 0), with the structure in the vertical (spatial)

dimension clearly showing the impact of the contaminated slit.
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operating mode of the instrument as well as the instrument characteristics at the
time of the measurement. OS Level 1 data is given in absolute radiance units. As
is discussed below, the OS Level 1 data processing does not account for all of the
instrument characteristics. Some issues, including polarization sensitivity and baffle

(out-of-field) scatter, must be included in further (Level 2) processing, if necessary.

6.2.2.1 Level 0 Corrections

As described in Haley and Sioris (2001), the calibrated limb radiance, I()), in
photons/(cm?-s-nm-sr), is calculated from the OS Level 0 data (in DN) through the
following steps:

(1) Determine the normalized signal - DN/pixel/s):

, N -BG)
on exp

(2) Correct for internal stray light:

I =TI =g > I (6.2)

(3) Convert to absolute radiance units - photons/(cm?-s-nm-sr):

-4

(6.3)

where S(7) is the Level 0 measurement in DN for pixel ¢ corresponding to wavelength
A. Nygy is the off-chip binning, B(7) is the bias correction in DN for pixel i, N,, is
the number of pixels binned on-chip, D(i) is the dark current correction for pixel i

(~ 1—4 DN/pixel/s) (Lloyd, 2005a), t.,, is the exposure or integration time (0.01 —2
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s), 9 is the internal stray light correction factor (1.6 — 3.4 x 107%) (Haley et al., 2001,
Lloyd, 2005b) and R(i) is the flat-field responsivity of pixel ¢ (0.1 — 0.8 x 108 DN
per photon/cm?/sr/nm) (Lloyd, 2007; Stegman, 1999).

As discussed in Section 6.2.1, the OS has some sensitivity to polarized light, and
the measured (polarized) radiances should be converted to equivalent unpolarized
radiances, Iynpo, using the OS grating efficiency parameters g2 and ¢g13 (McLinden
et al., 2002b):

I(N)

Lunpot(X) = 14 LP(X) [g12(N) cos 2x(A) + g13(A) sin 2x(A)]

(6.4)

where LP is the degree of linear polarization:

Lp(y) = YO + UV’ (6.5)

o)

and x is the angle of polarization:

2x()\) = tan™! [%} (6.6)

The V component of the Stokes vector can be ignored for the terrestrial atmosphere
(McLinden et al., 2002b). The calculation of the Stokes parameters @@ and U requires
assumptions about the state of the atmosphere and a radiative transfer model. This
is beyond the scope of the Level 1 data processing.

Another issue that is not addressed in the Level 1 processing is that of external
stray light (discussed in Section 6.2.1). To date no suitable correction for this effect
has been discovered, and any correction for this effect would likely require knowledge
of the source. As a result, no correction is included in the Level 1 data processing.

A sample calibrated Level 1 OS limb scan is shown in Figure 6.12.
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Figure 6.12: A sample calibrated Level 1 OS limb scan (scan 6045012).
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6.2.2.2 Error Approximation

A key element of the Level 1 data product is an estimation of the error in the measured
radiances. There are a number of sources of error that must be taken into account,

including:
e photon shot noise from the source at the detector
e shot noise due to the detector dark current
e detector readout noise

e the impact of digitization

The error due to these sources is assumed to be random with a mean of zero, and
the standard deviation (STD) of the error in the Level 0 data at pixel i, eg(4), is

approximated as:

. Sd — B(i) 1)2
85(1) >~ -t + 5%01_;; + | = * Noff (67)
G 2
where G is the reciprocal effective gain (14.3 electrons/DN) and egop is the readout
electronics (ROE) noise (1.2 DN). When the Level 1 processing discussed in Section
6.2.2.1 is applied to the Level 0 data, the estimated STD of the error in I()), £7()),

is calculated as follows:

oy = | ] v lestr

(Non * temp)2

+ [en(4)]? (6.8)

e =l + [+ 10V (69)
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er(N) = I(\) » \/ [%] " [?((j))} 2 (6.10)
where ep(t), ep(i), €4 and eg(i) are the standard deviations of the errors in B(3),
D(3), ¥ and R(1), respectively. Note that the current OS Level 1 processing assumes
no uncertainty in R. A complete derivation of the above equations can be found in
Haley and Stioris (2001).

The signal-to-noise ratio (SNR) for a typical OS limb scan is shown in Figure 6.13.

6.2.3 Data Characteristics

Spectra from a typical OS limb scan are shown in Figure 6.14. The spectra in this plot
resemble the 20 km tangent height modeled spectrum shown in Figure 3.3. However,
a number of differences are evident. There is a gap in the measured spectra near 500
nm discussed in Section 6.2.1. Also, there are a number of spectral features present in
the measured spectra that are not shown in the modeled spectra, including a number
of absorption features from molecules not included in the model calculations: the O,
A-band (758-771 nm), the O, b-band (685-693 nm), the Oy y-band (623-634 nm) and
water vapour (HzO(g)) (720-740 nm). A number of airglow emissions are also visible
in the measured spectra at high tangent heights, including the green and red lines of
atomic oxygen (557.7 nm and 630.0 nm, respectively) and the Na doublet (~589.0
nm). Note that the Na and Oy A-band features appear as absorption features at low
tangent heights and emission features at high tangent heights. The Na doublet is also

a Fraunhofer feature, accounting for this behaviour (i.e. the airglow fills in and then
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Figure 6.13: Signal-to-noise ratio for a typical OS limb scan (scan 6045012).
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dominates the Fraunhofer feature as the tangent height increases). For the O A-
band, the strong absorption by O, in the lower atmosphere decreases with increasing
tangent height while the A-band airglow emission increases. Also note that at high
tangent heights the Oz b-band and H,O(g) features are unexpectedly still present
in the spectra, primarily due to contamination by external stray light that causes a
reddening of the high TH spectra and contains these lower atmosphere signatures.
The measurement noise is also apparent in the measured spectra, in particular in the
UV and and at high tangent heights.

Since the Odin spacecraft is in a near-terminator orbit, the limb-scatter measure-
ments (which are normally made in the orbit plane) are hemispheric in nature, with
the Northern Hemisphere sampled between mid-February and mid-October and the
Southern Hemisphere sampled between mid-October and mid-February. There are
short periods in February and October where near-global coverage is obtained (82.2°N
to 82.2°S) when the are made along the terminator (terminator days). Figure 6.15
illustrates the Odin orbit orientation. Scheduled out-of-plane pointing manoeuvres
provide measurements all the way to the pole in the Southern Hemisphere at certain
time periods. The latitude coverage for a true near-terminator orbit, including the
related SZAs, is shown in Figure 6.16. The actual latitude coverage of the OS from
November 2001 (the start of nominal OSIRIS operations) to December 2007 is shown
in Figure 6.17, with the associated SZAs and SSAs shown in Figure 6.18 and LSTs
shown in Figure 6.19. The impact of the precession of the Odin orbit away from a
true near-terminator orbit through the mission is clear in the figures, leading to better

coverage in the sunrise (AM) portion of the orbit and poorer coverage in the sunset
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(PM) portion.

6.2.4 Tangent Height Registration

An important issue for limb-viewing instruments is pointing or tangent height reg-
istration accuracy. From an orbit altitude of 600 km, a pointing error of only 0.01°
corresponds to an approximately 500 m at the tangent point and can introduce sig-
nificant errors in retrieved minor species profiles (e.g. Haley et al., 2004; Loughman
et al., 2005; von Savigny et al., 2005). The original design for the Odin spacecraft
required pointing knowledge of +0.04° or 2 km vertically on the limb for aeron-
omy measurements. Fortunately, the Odin attitude control system is designed for
astronomical work as well, requiring very accurate pointing information (+8 arcsec-
onds). Significant work was done by the Swedish Space Corporation to improve the
aeronomy pointing accuracy, including providing improved GPS and star tracker in-
formation and making a number of aeronomy-specific improvements to the attitude
reconstruction software. In addition, the relative alignment of the OS field of view
was measured in-flight using measurements of Jupiter and determined to an accuracy
of about 3 arcseconds, which translates to ~50 m vertically on the limb (N. Lloyd,
personal communication). McLinden et al. (2007) confirmed that the current tangent
height registration has a random variation of approximately 400 m and a positive
systematic offset of about 100 m. Although the current pointing information is gen-
erally very accurate, there are infrequent periods of poor pointing, primarily caused

by GPS position errors. A pointing issue (~200-500 m negative offset) in the Odin
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Figure 6.14: Limb-scatter radiance spectra from typical OS limb scan (scan 6045012),
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Figure 6.15: The orientation of the Odin orbit throughout the year. Source: von

Savigny (2002, Fig. 3.4).
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Figure 6.16: The expected latitude coverage of the OS limb-scatter measurements for
a true near-terminator orbit (shaded) and the associated SZAs (contours). Source:

Haley et al. (2004, Fig. 2).
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Figure 6.17: The latitude and temporal coverage of the OSIRIS version 3.0 NO, data
product from November 2001 to December 2007, where sunrise measurements (AM)
are shown in the upper panel and sunset measurements (PM) are shown in the lower
panel. White regions indicate no measurements. Full global coverage is achieved near
the equinoxes and hemispheric (summer hemisphere) coverage is achieved elsewhere.
Note the gradual loss of PM measurements as the equator crossing time of the Odin

orbit drifts over time.
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Figure 6.18: The SZA and SSA conditions of the OSIRIS version 3.0 NO, data
product from November 2001 to December 2007, where sunrise measurements (AM)
are shown in the upper panels and sunset measurements (PM) are shown in the lower
panels. White regions indicate no measurements. The smallest SZAs are found in
high latitude summer conditions, whereas the SZA is close to 90° for all latitudes at
the equinoxes. The SSA deviates furthest from 90° in the equatorial region in the

Northern Hemisphere summer.
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Figure 6.19: The LST of the OSIRIS version 3.0 NO, data product from November
2001 to December 2007, where sunrise measurements (AM) are shown in the upper
panel and sunset measurements (PM) are shown in the lower panel. The AM node
corresponds to a LST of about 06:00 hours for most latitudes and the PM node to
about 18:00 hours. At high latitudes the LST rapidly sweeps through noon (12:00

hours) in the Northern Hemisphere and midnight (00:00 or 24:00 hours) in the South-

ern Hemisphere.
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eclipse season (May-July) has also been discovered (McLinden et al., 2007) and is

likely caused by thermal distortions of the spacecraft during this period.
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Chapter 7
Retrieval of Stratospheric O3 and
NO5 from OSIRIS

The retrieval theory presented in the preceding chapters has been extended and ap-
plied to the retrieval of stratospheric O3 and NO; number density profiles from limb-
scatter measurements made by OSIRIS. This chapter presents an overview of the
results published in Papers I-VII. The retrieval method described here is currently
being applied to the OS data to produce the operational stratospheric NO, data

product (version 3.0).

7.1 Minor Species Retrieval

Paper I and Strong et al. (2002) present the first applications of DOAS to simulated
OS limb-scatter radiances for the retrieval of stratospheric species. Paper II presents

the first application of DOAS to on-orbit OS data to retrieve stratospheric NO,.
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Paper III presents an early application of the method used in this work to OS data.
Paper IV gives a detailed description of the retrieval method used in this work for
retrieving stratospheric O3 and NO; number density profiles from OS limb-scatter
measurements, including the application of DOAS to the OS limb measurements and
the inversion of the derived effective column densities to number density vertical
profiles.

Some modifications to the retrieval algorithm presented in Paper I'V have been
made and are discussed in the following sections. The main changes are a widening
of the Oj fitting window, the use of a tangent height dependent tilt pseudo-absorber,
a lower reference tangent height for O3 and a smaller a priori standard deviation
for NO,. In addition, the HoO and O, cross sections have been updated and a
LM retrieval is carried out following a failed GN retrieval. Some of the changes are
discussed in Paper VII.

Figure 7.1 shows an overview of the retrieval method applied to the OS observa-

tions. Table 7.1 summarizes the retrieval configuration for the O3 and NO, retrievals.

7.1.1 Level 1 Data Evaluation

All OS Level 1 data (see Section 6.2.2) in which the SZA at the tangent point is less
than 92° are selected for further processing. A large amount of data verification and
filtering is carried out on the Level 1 data prior to further processing, as described

in Paper VII. In particular, each scan is checked for large pointing offsets (Sioris

et al., 2001) and clouds in the FOV (Sioris et al., 2007). A first-order correction for
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Figure 7.1: Overview of the retrieval process. Source: Adapted from Haley et al.

(2004, Fig. 4).
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O3 NO;

Wavelengths 562-623 nm 435-451 nm
Fitted species 03,NO,,04,H,0, 03,NO,,04,
Rayleigh Rayleigh
Corrections Polarization Tilt,Ip,A-shift
Retrieval range 10-46 kmf 10-46 kmt
Reference height nearest above 46 km 46-65 km average
Estimating F 4 nm grid 2 nm grid
Estimating K 2-),55,n0 aerosol 2-),55,n0 aerosol
Response > 0.75 ~12-44 km ~12-44 km
Resolution @ 25 km ~2 km ~2 km
Total error @ 25 km ~8% ~10%

Table 7.1: Summary of the configuration settings used for O3 and NO, retrievals. {If

no cloud is detected, otherwise the cloud top is used to set the lower limit.
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the effect of refraction of the tangent heights is also applied.

7.1.2 The Application of DOAS to OS Measurements

When applying the DOAS technique described in Chapter 4 to the OS measurements
(and to limb-scatter measurements in general), a number of issues must be considered.
These include the selection of a method for determining the differential quantities,
the inclusion of measurement noise, the choice of a reference, the selection of a spec-
tral window and absorption cross sections, and a number of corrections to the ideal
spectral fitting approach described previously. Papers I-III consider some of these
issues, while a comprehensive treatment of the application of DOAS to the OS mea-
surements can be found in Paper IV. Below is a summary of the issues and an brief

presentation of typical results.

7.1.2.1 Determining the Differential Quantities

A number of options exist for determining the differential quantities 7/(\) and o’()\)
to use in the spectral fitting. A common approach is to use a filter function (often a
boxcar, or running average) to remove any slowly varying features. In this case the
width of the boxcar must be chosen such that it is narrow enough to properly remove
the low frequency component and identify the differential structure, but wide enough
as to not remove a significant portion of that structure (thereby reducing the effective
signal-to-noise ratio). A disadvantage of using a filter function is that measurements

(most importantly, simulated measurements) outside of the desired spectral fitting
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window are required. An alternative approach is to fit a low-order polynomial to
the spectra. Again, the order of the polynomial must be chosen carefully, but in
this case only measurements within the spectral window are required. Also, since
the entire spectral window is considered in the fit, the calculation is less sensitive to
measurement noise.

In this work an alternative approach is used. Instead of explicitly determining
7/(A) and ¢’(\), a polynomial function is included in the spectral fit, with 7(\) ex-

pressed as:

7(A) =In [?((:\))] = XZ: oi(A)e; + or(N)cair + or(N)Coer + Z a; N (7.1)

J

where a; are the coeflicients of the polynomial. The effective column densities and
polynomial coefficients are then determined through a least squares fit. This approach
is equivalent to fitting a polynomial of the same order to each of the quantities
separately to determine the differential values, and then performing the fit. The
advantage of fitting the polynomial simultaneously is the consistency with respect to
the errors since the error related to the differential calculation is implicitly included
in the results.

In this work a second-order polynomial is used. The wavelength dependence of
the aerosol extinction depends on the Angstrém coefficient, o, where om(A) o< A7
For background stratospheric aerosol, a ~ 2 (e.g. Lenoble and Pruvost, 1983) and
the wavelength dependence can be approximated by a second-order polynomial over
short intervals. Thus, the aerosol component can be neglected from the fits. The

Rayleigh extinction has wavelength dependence og()\) oc A™* and is not adequately
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removed with a second-order polynomial, and thus must be included in the fits.

7.1.2.2 Including Measurement Noise

In the application of DOAS to the OS limb-scatter measurements, made at a sequence
of tangent heights, h;, the error (noise) in the measured optical depths must be con-
sidered. Recalling that 7(X, h;) = In[Io(N\)/I(A, k)] (now including the TH notation),

the standard deviation of this error, €,(A, hy), can be estimated as:

where €/, ()) is the standard deviation of the error in Io(A) and e;(A, h;) is the standard

deviation of the error in I (A, h:), both determined as described in Section 6.2.2.2. Note
that if differential optical depth is considered (as opposed to including a polynomial
directly in the fit) an additional error contribution due to the technique used to
determine the differential optical depth is required.

It is useful to express Equation (7.1), including noise, as a matrix equation for

each tangent height:

T=Bc+e, (7.3)

where 7 is the optical depth vector, B is the basis function matrix, ¢ is a vector
containing the ECDs (and polynomial coefficients) and €, is a vector of the errors in
T, with covariance S,. The basis functions include the absorption cross sections of all
significant absorbers, the Rayleigh cross section and the polynomial components. The

ECDs (and the polynomial coefficients) are determined through a least-squares fit of
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Equation (7.3) with respect to ¢. The LSQ solution with a known error covariance

matrix of the optical depth, S,, is given by:

ce = [BTS;'B] 7 BTSr (7.4)
Slsq = [BTS;lB] - (75)
r, = T — Beyg, (7.6)

where ¢, is the least-squares estimation of ¢, S, is the covariance matrix of the
erTors in ¢4, and ry,, is the fitting residual vector. A separate fit is carried out for
each tangent height. The lsq notation is omitted in further discussions for clarity.
Note that S, is a diagonal matrix due to an assumed independence of the errors in
7, with values calculated using Equation (7.2).

The quality of the fits is evaluated using a x? test:

2 il T )\j7h‘t 2
Xidoas(ht) = ; [ET(()\—J,ht))] ~d (7.7)

where 7 is the residual, d is the number of degrees of freedom (the number of pixels in
the spectral window minus the number of parameters in the fit), and # is the number
of pixels in the fitting window. Tangent heights with x2 ../d > 4 are excluded from

further analysis.

7.1.2.3 Choice of I,

If a measurement of the radiance of the unattenuated reference spectrum, Io(\), is not
available, as is the case for the OS, either a limb-scatter measurement from another

tangent height or a modeled or measured exoatmospheric spectrum can be used.
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Using another OS limb-scatter spectrum from the same scan is preferable because it
removes the need for absolute calibration. In addition, it is measured under similar
conditions (e.g. SZA and surface reflectivity), minimizing the impact of issues such
as the Ring-effect (see Section 7.1.2.6.5) and surface albedo sensitivity. However, a
measurement at a reference tangent height, h:ef , will contain some absorption from
minor species as well as some Rayleigh (and possibly Mie) extinction. Replacing Ip(A)

with I(\, hief ) leads to a modified expression for the optical depth:

B F(CW )
(A k) = In [m}

= Zai()\) [ci(ht) — Ci(h:ef)] +or(A) [cair(ht) - Cair(h:ef)] +

> ai(h)N (7.8)

where 7(\, ;) is now the optical depth between h}® and h,. In this formulation
Equations (7.4) to (7.6) still hold, where the ECD elements of ¢ are now interpreted
as the effective column densities relative to the reference tangent height. It is generally
desirable to choose a limb-scatter spectrum from a high tangent height (containing
minimal absorption) as the reference in order to maximize the differential structure,
hence maximizing the signal-to-noise ratio.

In this work the measurement closest to 46 km is chosen as the reference for the
Oj retrievals, while the average of measurements between 46 km and 65 km is used
as the reference for the NO, retrievals to reduce noise. No averaging is carried out
for the Og reference due to potential contamination from external stray light (baffle
scattering) at high tangent heights, as discussed in Section 6.2.1. For the same reason

the reference for O3 was lowered from 50 km used in Paper IV.

123



7.1.2.4 Fitting Window Selection

Although it is possible to retrieve multiple species simultaneously from the same
fitting window using DOAS, it is often unsuitable to do so. To decrease uncertainties
it is usually advantageous to use a separate window for each target species. The
fitting window must be selected carefully, with the target species being (preferably)
the dominant absorber and having highly structured absorption features in the region,
with interfering species avoided as much as possible. In addition, the differential
absorption of the target species must be strong enough to achieve a high signal-
to-noise ratio, but the total absorption must be weak enough to avoid large optical
depths. The selected windows for Oz and NO, are specified in Table 7.1 and illustrated
in Figures 7.2 and 7.3.

For Og, the spectral fitting window is 562-623 nm in the Chappuis region. This
is selected to avoid the strong temperature dependence of the O3 cross section in the
Huggins and Wulf bands. Measurements in the region of the Na Fraunhofer/airglow
feature (13 pixels centred around ~590 nm) are not included in the spectral fitting.
For this fitting window, absorption cross sections of NOj, the Os dimer (O4) and
H2O(g), and the Rayleigh cross section are included along with O3. The window has
been modified slightly from that used in Paper IV, where a narrower window of 571-
617 nm was used. Note that the selected O3 window is not ideal for a DOAS analysis
due to the broad nature of the spectral features and the potential interference from
O4 and polarization (see Section 7.1.2.6.6). A more suitable window that provides

sufficiently large differential structure while also avoiding regions of strong O3 cross
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section temperature dependence is near 500 nm. However, as mentioned in Section
6.2.1 the OS data in this spectral region is not recorded.

The fitting window selected for NOy is 435-451 nm. In this window the NOy
differential absorption cross section is large compared to that of Oz and there are no
strong Fraunhofer features. For this fitting window, absorption cross sections of Os

and Oy, and the Rayleigh cross section are included along with NO,.

7.1.2.5 Absorption Cross Sections

No useful measurements of Oz, NO,, O, or HyO(g) absorption cross sections were
conducted with the OS, and thus the cross sections used in the DOAS analysis must
be taken from the literature. These cross sections, usually highly resolved, must be
convolved to the OS resolution. The procedure for this convolution is presented in
Paper IV.

The following high resolution and temperature dependent cross sections are used

in this work:

O3: Bogumil et al. (2003) at temperatures 293 K, 273 K, 243 K, 223 K and 203 K
with quadratic interpolation. Resolution (FWHM): 0.47 nm at 600 nm and 0.52

nm at 440 nm.

NOj: Vandaele et al. (1998) at temperatures 294 K and 220 K with linear interpo-
lation. Resolution (FWHM): 2 cm™" (0.072 nm at 600 nm and 0.039 nm at 440

nm).
O4: C. Hermans, Belgian Institute for Space Aeronomy (unpublished data, http:

125



14

10

39 km

i~
Y

—_
o

45 km

54 km

Radiance [photons cm™2s™! nm™" sr™"]

70 km

1 " i 1 A 1 (1 " L " 1 2 1

300 350 400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 7.2: A sample of limb-scatter radiances at different tangent heights as mea-
sured by the OS for a typical limb scan (scan 6045012). Shaded area (a) is the NO,

fitting window and (b) is the O3 window.
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Figure 7.3: Cross sections of O3 (Bogumil et al., 2003), NO, (Vandaele et al., 1998),
O4 (C. Hermans, unpublished data) and HoO (Rothman et al., 2005) convolved to
the OS resolution. The H,O cross sections have been multiplied by 100 for clarity.

Shaded area (a) is the NO; fitting window and (b) is the O3 window.
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//www .aeronomie.be/spectrolab/o2.htm) at temperature 296 K. Resolution

(FWHM): 2 cm™! (0.072 nm at 600 nm and 0.039 nm at 440 nm).

H,0(g): HITRAN 2004 (Rothman et al., 2005) line-by-line calculation at pressure

500 hPa, temperature 246 K and partial water vapor pressure 0.03 hPa.

The O4 and H2O cross sections have been updated compared to those used in Paper
IV. The new Oy cross sections cover a wider wavelength range and are at a higher
spectral resolution. The new H2O cross sections take advantage of updates to the
HITRAN database.

The above cross sections convolved to the OS resolution are shown in Figure 7.3.

The Rayleigh cross section is taken from Bates (1984).

7.1.2.6 Corrections

In order to correctly apply the DOAS analysis to determine ECDs of atmospheric
species like Oz and NO, for the OS spectra, some corrections are required (e.g. Platt
et al., 1997). The effects of instrument resolution and sampling, polarization response,
wavelength shifts, cross section temperature dependence and Ring contributions are
briefly described in the following sections. Table 7.1 summarizes the corrections

applied in each fitting window.

7.1.2.6.1 The I)-Effect

The limited spectral resolution of the OS (approximately 1 nm FWHM) can lead to

the interference of highly structured Fraunhofer features in the limb-scatter spectra
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with the absorption cross sections. Dividing measured spectra with Iy, as in the
DOAS analysis, can therefore lead to interfering spectral structure. This effect is
usually referred to as the Iy-effect because it results from structure in the Iy spectrum
(Aliwell et al., 2002). To deal with the Ip-effect, the convolution of absorption cross
sections to the OS resolution must include structures in a highly resolved reference.
This process is described in Paper IV.

The Iy-effect is not important in regions lacking deep Fraunhofer lines and highly
structured differential cross sections. Thus, the Iy-effect is taken into account in the
NOy window, but is not necessary in the O3 window. Figure 7.4 shows that in the
NO, fitting window the difference between the uncorrected and corrected NO, cross

sections is up to 2%.

2 —r—r ey ———— .

-t

NO, Io—effect Error [%]

435 440 445 450
Wavelength [nm]

Figure 7.4: The difference in the cross sections of NO, ( Vandaele et al., 1998) in the
NO; window when convolved to the OS spectral resolution and sampling with and

without accounting for the Iy-effect.
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7.1.2.6.2 The Tilt-Effect

Undersampling of Fraunhofer structures in combination with different slopes (tilts) of
the reference and measurement spectra can lead to a skewed partitioning of the wings
of Fraunhofer lines. The slope differences are primarily due to Rayleigh extinction.
As described in Paper II, the effect, denoted tilt-effect, was discovered when the
locations (pixels) of Fraunhofer minima in the OS spectra were found to vary with
tangent height, leading to additional structures in the derived optical depths when
a high tangent height measurement is used as the reference in the DOAS fit. The
strongest influences from the tilt-effect are found in regions of strong Fraunhofer lines
and in the blue part of the spectrum due to Rayleigh (and Mie) trending. Hence, the
tilt-effect is negligible in the Os window but can be important in the NO, window.

In Paper II the tilt pseudo-absorber was calculated by subtracting a quadratic
function from the ratio of two modeled limb radiance spectra (convolved to the OS
resolution and sampling) at a high and low tangent height for a non-absorbing at-
mosphere. Paper IV proposed two modifications to the original approach. The first
modification was to remove the trending in the ratio of the convolved and sampled
radiances using the ratio of the modeled high resolution radiances at a high and at
a low tangent height rather than using a quadratic polynomial. The second change
was to employ the logarithm of the radiance ratios to be consistent with the DOAS
treatment.

In Paper IV, limb radiances modeled at 10 km and 50 km were used to create

a fixed tilt pseudo-absorber that was used at all tangent heights. Krecl et al. (2006)
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expanded on this by simulating limb radiance spectra at a series of tangent heights to
create a tangent height dependent tilt pseudo-absorber. This approach was found to
produce better results (smaller residuals) compared to a fixed tilt pseudo-absorber.
In this work a set of tilt pseudo-absorbers was calculated with limb-scatter ra-
diances from LIMBTRAN at tangent heights 10-48 km (2 km intervals) with a 50
km reference ta,ngent height. The tilt pseudo-absorber for a specific tangent height is
then linearly interpolated from this set of pre-calculated tilt pseudo-absorbers. The
fixed 50 km reference tangent height simplifies the calculations and adequately rep-
resents the effective reference used for the measurements. Figure 7.5 shows the tilt

pseudo-absorber at a tangent height of 10 km in the NO, window.

x 107

Tilt—effect [1]

445
Wavelength [nm)]

435 440

Figure 7.5: The tilt pseudo-absorber calculated for the NO, window for a tangent

height of 10 km.
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7.1.2.6.3 Wavelength Shifts

Wavelength calibration discrepancies between the measured spectra and the cross
sections can affect the spectral fitting. A shift in wavelength of the measured spectra
relative to the cross sections is accounted for through non-linear iterations of Equation
(7.3) with respect to a wavelength shift, similar to the approach of Stutz and Platt
(1996) and as described in Paper IV.

Ozone retrievals are insensitive to wavelength shift errors due to the relatively
broad cross section features in the chosen window and no wavelength shift approach
is required. However, due to the fine structure in the NOj cross section, the NO,
retrievals are somewhat sensitive to wavelength shifts. It is not expected that the OS
pixel wavelengths vary during the duration of a scan due to the short time period and
the temperature stability of the OS. As such, the non-linear approach is only used to
derive the wavelength shift at the lowest tangent height in each scan and the derived
shift is then applied to all measurements in the scan.

An analysis of the wavelength shifts derived from NO, spectral fits for the entire
OSIRIS data set has found a shift in the wavelengths (in the NO, fitting window) of
about 0.1 nm (approximately one quarter of a pixel) towards shorter wavelengths at
the beginning of the data set, decreasing approximately linearly to a zero shift in the
current data. The source of this behaviour is unknown. The spectral fits have also
been analyzed for a possible squeeze or stretch in the wavelength registration, but

this was found to be negligible (in the NOy window).
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7.1.2.6.4 Temperature Dependence

Any temperature dependence of the absorption cross sections can affect the DOAS fit
since the derived ECDs depend on the specific cross sections used in the spectral fit.
If there is a significant temperature dependence, the cross sections ¢;() in Equation
(7.1) should be denoted o;(\, Tp, ), where T}, is the temperature appropriate to mea-
surements at tangent height h;. However, since limb radiances contain information
from many heights (temperatures), T}, is not well defined.

Fortunately, the temperature dependence of the O3 cross section in the chosen
windows is small, and the temperature dependence can be ignored in the DOAS
fits, with the absorption cross section for one temperature, 223 K from Bogumil
et al. (2003), used in all cases. The NO, cross section exhibits some temperature
dependence in the selected window (see Figure 7.6) and this can lead to errors in
the derived ECDs. However, as is discussed in Section 7.1.3.2, a forward model is
utilized in the inversion of the ECDs. If the technique used to determine T}, for the
measurements is also applied in the forward model, errors resulting from the choice
of T}, are minimized. In other words, any systematic error in the ECDs derived
from the measurements resulting from an incorrect 7j, will be compensated for when
ECDS are derived from the model radiances, providing that the radiative transfer
model within the forward model properly accounts for the temperature dependence
through the use of both the correct atmospheric temperature profile and the correct
(temperature dependent) cross sections. As a result, it is also appropriate to select

a cross section at one temperature for all cases in the NO, fits, and the 220 K cross
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section from Vandaele et al. (1998) is used.

NO2 Cross Section [cm2 molecule‘1]
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Figure 7.6: Cross sections of NOs in the NO, fitting window at temperatures 220 K

and 294 K from Vandaele et al. (1998). The maximum difference between the two

temperatures is about 10% in this window.

7.1.2.6.5 The Ring-Effect

The Ring-effect refers to the ‘filling-in’ (broadening and reduction of depth) of spectral
features compared to the unattenuated spectrum (Grainger and Ring, 1962). The
impact of the Ring-effect on the OS limb-scatter spectra varies with tangent height,
and as a result Fraunhofer structures in the radiances do not cancel out entirely in a
ratio of two limb-scatter spectra from different tangent heights, creating some residual
structure that may interfere with the fit (Sioris and Evans, 1999). In addition, the

filling-in of O3 and NO, features can affect the derived ECDs.
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The Ring-effect is negligible in the O3 window due to the broad absorption fea-
tures and lack of strong Fraunhofer structures. However, the impact is potentially
important in the NO, window, where the difference between the limb radiances with
and without accounting for the Ring-effect can be up to 0.5% at 15 km tangent height,
for example (see Figure 7.7). In Paper IV it was found that accounting for the Ring-
effect did not result in improved fits, likely due to a combination of the lack of strong
Fraunhofer lines in the selected NO, window, imperfections in the method used to

account for the Ring-effect and the use of a high tangent height spectrum from each

scan as the reference.
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Figure 7.7: Difference between limb radiances at a tangent height of 15 km with and

without correcting for the Ring-effect using the method of Sioris et al. (2002).

135



7.1.2.6.6 Polarization

The presentation of DOAS to this point has assumed unpolarized light. When linearly
polarized light is considered the differential structure in the grating efficiency must
be taken into account since it can lead to interference in the DOAS fits. As described
in McLinden et al. (2002b) and Paper IV, a polarization pseudo-absorber can be
introduced in the DOAS fit to account for the polarization features, where the pseudo-
absorber is the OS g;, grating efficiency parameter (see Section 6.2.1) and the resulting
fit coeflicient is a measure of the degree of linear polarization (McLinden et al., 2004).

In the NO, fitting window, g2 varies slowly with wavelength and the polarization
pseudo-absorber can be neglected. However, in the O3 window the differential struc-
ture of gjo is significant (see Figure 7.8) and can interfere with the spectral fitting

and thus the polarization pseudo-absorber must be included.
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Figure 7.8: The OS grating efficiency parameter g;2 in the O3 window from McLinden
et al. (2002D).
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7.1.2.7 Sample Results

Sample spectral fits in the O3 and NO, windows for a typical OS measurement at a
10 km tangent height are shown in Figures 7.9 and 7.10, respectively. In these figures
the differential components of the fit are shown and compared to the measurements
(fit component plus residual). The total measured differential optical depth is also
plotted against the final fit. The differential quantities are shown to illustrate the
components of the fits more clearly.

Figure 7.11 shows retrieved O3 and NO, effective column densities plotted against
tangent height for a typical OS scan. Also shown are the reduced x? of the fits
(X254s/d) and the root-mean-square (RMS) residuals. The RMS residuals are given
by:

n
> I, b))

Jj=1

Trms(ht) = (79)

n

Residuals from the DOAS fits are typically less than 3x10~3 RMS for the O3 window
and less than 1x10~3 RMS for the NOy window. These residuals represent approxi-
mately 3% and 7% of the peak differential optical depths in the O3 and NOy windows,
respectively.

Figure 7.12 shows the ECDs calculated for a typical orbit. The variation in ECD is
a result of both the variation in the species concentrations and the changing observing
conditions (SZA /LST) over the orbit, making the ECDs difficult to interpret directly

and necessitating an inversion.
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Figure 7.9: Typical example of the measured (blue lines) and fitted (red lines) dif-
ferential optical depths of: O3z, NO4, O4, H2O, Rayleigh and polarization in the O3
window. The measured DODs are determined from the fit plus the residual. The
total measured and fitted total DODs, and the residuals from the fit are shown in
the bottom panels. The corresponding OS measurement was performed at the 10 km

tangent height of scan 6045012.
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Figure 7.10: Same as Figure 7.9, but for the NO, fitting window.
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Figure 7.11: Typical DOAS fit results for O3 (upper panels) and NO, (lower panels)
from a typical OS scan (scan 6045012). The left panels show the derived ECDs as a
function of tangent height, with the error bars giving the 1-STD uncertainties from
the LSQ fit. The middle panels show the reduced x? of the fits (x2%,./d) and the

right panels show the RMS residuals.
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2003 as a function of latitude, with corresponding 1-STD ECD uncertainties, (c¢) and
(d). Also plotted is the SZA and SSA for each scan versus latitude (panels e and f,

respectively).
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7.1.3 Inversion of OS Effective Column Densities

Effective column densities of the target species from the DOAS fit (O3 or NO,) need
to be converted to number densities as a function of altitude. This conversion is an
inverse problem, which uses a forward model, the measured quantities and some a

priori information.

7.1.3.1 Inversion Algorithm

The inversion algorithm used in this work is the maximum a posteriori estimator from
Rodgers (2000) described in Chapter 5. Cast in terms of the vector of ECDs for the
target species, ¢, and the number density vector of that species, n, the LM solution

from Equation (5.20) becomes:

ni =n;+ [(1+7)S;" + K S;'K;] - {K7{S;'[c = F(n;,b)] — S;'(n; —n,)}
(7.10)

where n, is the a priori number density vector and S, is the covariance matrix of
the target species ECD errors. In this study the iteration is started at ng = n, and
the retrieval (altitude) grid is chosen to be a 2 km grid from 10 km to 46 km for
both Oz and NO;.. As described by Krecl et al. (2006), a GN approach (Equation
(7.10) with v = 0) is first attempted since the GN method generally converges more
quickly. Cases where the GN iterations fail to converge or converge to a solution with
an unacceptable x2? are subjected to the LM approach. Convergence is evaluated
as discussed in Section 5.2.3.3, with a criterion of 0.001 % p. Profiles that have not

converged after ten iterations or that have converged with x2 /q > 4 are discarded.
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The target species ECD errors are assumed to be uncorrelated in tangent height,
making S, a diagonal matrix with elements taken from the diagonal component of
Sisq from Equation (7.5) for the target species at each tangent height. However,
some correlation is expected due to the use of a fixed reference spectrum in the
calculation of the optical depths. A more thorough approach would fit all tangent
heights simultaneously in order to determine the correlations, but this has not been
considered in this work. Also, not all of the noise in the measurements is truly
random, with, for example, dark current correction errors expected to be largely
consistent over all tangent heights in a particular scan. In other words, some portion
of the residual spectral structure will be similar for all tangent heights.

As discussed in Papers IV and VI, a positive constraint is applied to the re-
trievals by inverting the natural logarithm of n instead of n directly, under the as-
sumption that n follows a log-normal distribution. The relation between the log-

normal and normal distributions is given by:

Ny (2)?
Megl) = o 7.11
) {\/nlm(z)2 + €zm(z)2] (7.11)
_ n Elin(2)?
Elog(z) = \/1 [1 + nlin(z)z] (7.12)

where £, and €;,, are the normal and log-normal standard deviations, respectively.

Note that the positive constraint necessitates a non-linear retrieval.

7.1.3.2 Forward Model

A radiative transfer model is used to simulate limb-scattered sunlight radiances from

given vertical number density profiles and parameters describing the atmospheric
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state and measurement conditions. Simulated optical depths are then determined and
subjected to a DOAS analysis. The resulting effective column densities constitute the
forward model. As described in Chapter 5 and Section 7.1.3.1, the forward model is
used to invert ECD as a function of tangent height to number density as a function
of altitude. In this work, the pseudo-spherical multiple scattering radiative transfer
model LIMBTRAN is used. For further description of LIMBTRAN see Griffioen and
Otkarinen (2000).

The temperature and pressure information used in LIMBTRAN is from the Eu-
ropean Centre for Medium-range Weather Forecasts (ECMWF') analysis fields. Oj;
and NO, mean state distributions (climatologies) are included and are discussed in
Section 7.1.3.3. Aerosol information is also included and consists of the stratospheric
aerosol extinction for 1999 as a function of latitude, month and wavelength from Bau-
man et al. (2003a,b) and a Henyey-Greenstein phase function (asymmetry parameter
0.7). The surface albedo as a function of latitude, longitude, month and wavelength
is taken from the clear-sky database of Koelemeijer et al. (2003). The O3 and NO,
temperature-dependent absorption cross sections and the Rayleigh cross section used
in LIMBTRAN are the same as those used for the DOAS spectral fits (see Section
7.1.2.5). Note that O4 and H,O are not included in the forward model.

As is discussed in detail in Paper IV, LIMBTRAN assumes horizontal homo-
geneity within its vertical layers, uses cross sections convolved to the OS resolution,
and accounts for the variation of SZA and SSA with tangent height and along the
viewing LOS. The forward model does not account for the vertical FOV of the OS

(the calculations are carried out assuming a pencil-beam LOS).
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7.1.3.3 A Priori Information

The a priori number density profiles for O3 as a function of latitude, longitude and
month are taken from the climatology of Li and Shine (1995), which was constructed
from satellite and ozonesonde data sets. The O3 climatology is assumed to follow a
log-normal distribution, with standard deviations for the diagonal components of the
covariance matrix of the a priori state, S,, set to 40%. The off-diagonal components
are defined assuming an exponential correlation, where the value of element S,(z, 5)
is:

0] r.13)

.o . . 4
Sa(i,7) = €a(i)ea(7) exp {—2 L 1L0)
where ¢, is the standard deviation of the a priori and [, is the correlation length. A
correlation length of 4 km is assumed at all altitudes.

The NO; a priori number density profiles as a function of latitude, time of year
(bi-weekly) and local time (SZA) are taken from a climatology constructed using
the University of California, Irvine photochemical box model (McLinden et al., 2000;
Prather, 1992). A log-normal distribution and 4 km correlation length are also used

to characterize the NO; a priori, but since the NO; climatology is assumed to be less

accurate, g, is set to 60% (reduced from 80% in Paper IV).

7.1.3.4 Calculating F and K

As discussed in Chapter 5, the calculation of weighting functions requires knowledge
of the derivatives of the forward model. In this work K is calculated using finite

differences with sequential perturbation of the elements of n. Perturbation in this
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case refers to changing an element in n by some amount (5% in this work). The
forward model is run with and without this perturbed n. An element of the weighting

function matrix can then be approximated as:

Fln*, hy(i)] — Fn, h(3)]

K(i,j) ~ n*[z(5)] — n[z(j)]

(7.14)

where F'[n, hy(7)] is the forward model calculation for tangent height h(7) and n[z(5)]
is the number density at altitude z(j). n* denotes n perturbed in the region of z(j).

Calculating K using sequential perturbations can be very time-consuming, and the
various approximations used to reduce the computational requirements are discussed
in detail in Paper IV. Since a non-linear inversion approach is used, F must be
calculated at every iteration and some approximations are used in this calculation as

well (see Paper IV for details).

7.1.3.5 Sample Results

Figure 7.13 shows retrieved O3 and NO,; number density profiles and the associated
retrieval errors for a typical OS scan. As described in Section 5.3, each retrieved
profile is characterized by the measurement response and the vertical resolution, and
this information is also shown in Figure 7.13. Retrievals with high response (>0.75)
and good vertical resolution (<5 km) are generally obtained between 12 km and 44
km for both O3 and NO,, though these ranges vary somewhat with latitude and
season and, for NO,, local time. However, the response and vertical resolution of the
retrievals must be considered together since a high response at the extremes of the

retrieval range can be associated with a degraded resolution, as can be seen in Figure
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7.13.

Weighting functions calculated for the sample scan are shown in Figure 7.14. The
non-uniformity in the weighting functions is due to the irregular measurement (tan-
gent height) grid compared to the regular retrieval (altitude) grid. For comparison,
weighting functions calculated for a regular measurement grid that matches the re-
trieval grid (i.e. where the tangent heights are located at the centres of the perturbed
altitude layers) are shown in Figure 7.15. Note that the the NO, weighting function
peaks above about 30 km are smaller than expected. The source of this underesti-
mation is unknown and is under investigation, however, the impact on the retrieved
NO, profiles is small.

Number density profiles retrieved from the ECDs in Figure 7.12 are shown in
Figure 7.16. The retrieval error fields, given by panels (b) and (c) in Figure 7.16,
are anti-correlated with the concentration of the retrieved species and increase at low
and high altitudes, particularly for NO,, primarily due to the smoothing error. The
structure in the error fields is due to the irregular OS measurement grid. Note that
Odin was pointing off of the orbital plane into the sunlit region for the second half of
this particular orbit, explaining the unexpected measurement pattern (Figure 7.16,
panel g) and SZAs (Figure 7.16, panel e). This off-plane mode is occasionally utilized
to provide better global coverage.

Results from one entire day of measurements, spanning 1-2 October 2003, are
shown in Figure 7.17 with maps of retrieved O3 and NO; number densities at 16, 20
and 26 km. The NO, retrievals are divided based on local time in order to account

for the strong NO, diurnal variation.
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Figure 7.13: Retrieval characteristics of the O3 (upper panels) and NO; (lower panels)
retrievals for a typical OS scan (scan 6045012). The left panels show the retrieved
and a priori profiles, with the error bars giving the 1-STD retrieval error. The middle
panels show the averaging kernels (solid lines) and the measurement response (dashed

line) and the right panels show the vertical resolution.
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Figure 7.14: Weighting functions for O3 (left panel) and NO, (right panel) calculated
for a typical OS scan (scan 6045012). Each line represents the altitude-dependent

weighting function for one of the tangent heights.
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Figure 7.15: Same as Figure 7.14, but assuming a regular measurement (tangent

height) grid that matches the retrieval (altitude) grid.
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Figure 7.16: Retrieved profiles of O3 (a) and NOs (b) for Odin orbit 14013 on 20
September 2003 as a function of latitude, with corresponding 1-STD retrieval errors,
(c) and (d). Note that values with a measurement response less than 0.75 and non-
converging or poorly-converged profiles are excluded. Also plotted is the SZA for
each scan versus latitude (e), the tangent heights of the Odin/OSIRIS limb scanning

(f) and the global map of the retrieved profile locations (g).
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Figure 7.17: Retrieved O3 and NO, number densities for the Southern Hemisphere
on 1-2 October 2003 at 16, 20 and 26 km. Data has been binned to a 4° longitude
by 2° latitude grid and interpolated to the nearest neighbour. The crosses denote the
retrieved profile locations. Note that values with a measurement response less than
0.75 and non-converging or poorly-converged profiles are excluded. NO, has been
separated into sunset (ascending) nodes (ss) and sunrise (descending) nodes (sr) due

to the strong variations between daytime and nighttime chemistry.
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7.2 Sensitivity Analyses

As discussed in Section 5.4, the total error of the solution can be separated into
four separate components. The smoothing and measurement errors are statistically-
based and straightforward to calculate. However, they require an understanding of
the statistics of the measurements (in the case of the measurement error) and of
the a priori state (in the case of the smoothing error). The latter can present a
particular challenge, since the covariance of the a priori is often not known and must
be estimated, with S, frequently used as a tuning parameter in the retrievals rather
than a true constraint. As a result, the smoothing error is often not reliable. The
FM errors are evaluated by studying the various approximations taken in the forward
model. The impact of most of these are addressed in Paper IV, with an additional
contribution assessed in Paper VII. The FMP errors are more difficult to determine.
The approach taken in this work is described in Paper IV and involves treating the
systematic sources of error as independent error sources with assumed uncertainties.
A comprehensive treatment of the FMP errors is contained in Paper IV, with some

modifications and updates in Papers V, VI and VII.

7.2.1 Forward Model Error

In Paper IV, the FM error is estimated by considering the impact of simplifications
and approximations used in the forward model, including the neglect of spectral
convolution, the number of line-of-sight points used in LIMBTRAN, ignoring the

effects of the OS vertical resolution and the choice of atmosphere grid in LIMBTRAN,
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as well as any biases in the implementation of the retrieval method (retrieval bias).
The impact of the neglect of polarization in the forward model is added to the analysis
in Paper VIIL.

The individual components of the FM error are shown in Figure 7.18, along with
the total FM error, given by the sum of the individual components. The total FM
error is estimated at less than 2% for O3 and less than 6% for NO;, with the largest
source of error being the atmosphere grid step size (1 km is used in both retrievals).
Note that no attempt is made to estimate the error introduced by the use of a pseudo-

spherical RTM.

7.2.2 Forward Model Parameter Error

The FMP error is estimated in Paper IV by performing perturbations (1-STD)
to a number of forward model parameters, including: aerosol, neutral density, tem-
perature, clear-sky surface albedo, spectral resolution, absorption cross sections and
tangent height registration. In addition, the impact of cloud on the retrievals is es-
timated in a preliminary manner in Paper VII by perturbing the surface albedo to
a value of 0.6 (reduced from 1.0 used in Paper IV, since this value was excessive).
The sensitivity of the retrievals to interfering species was added to the analysis in
Paper VI. The main interfering species for the O3 retrievals is NO, and the main
interfering species for the NO, retrievals is Os.

Figure 7.19 shows the FMP errors for the O3 and NO, retrievals for low-sun (SZA

= 90°) and high-sun (SZA = 60°) scenarios. The error for the worst-case single
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Figure 7.18: Forward model errors for Os (upper panel) and NO, (lower panel) due
to retrieval bias, the use of convolved cross sections, approximations in the variation
of SZA and SSA along the LOS, the neglect of taking the vertical resolution of the
OS measurements into account, the use of a 1 km atmosphere grid in LIMBTRAN
and the neglect of polarization. The total forward model error is given by the sum of

the individual errors.
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scattering angle was used in all cases. The total error, calculated as the square root
of the sum of the individual variances under the assumption that the components are
independent, is also shown. The total FMP error is estimated at less than 10% for O4
and less than 15% for NO,, with the largest source of error being the tangent height

registration uncertainty (see Section 6.2.4).

7.2.3 Total Error

As discussed in Section 5.4, the total error is estimated by combining the smoothing
error, measurement error, forward model error and forward model parameter error.
The estimated total error is shown in Figure 7.20 for low-sun (SZA = 90°) and high-
sun (SZA = 60°) scenarios. The estimated total error for the O3 retrievals is 8% at
25 km, increasing roughly linearly to 20% at 10 km and 25% at 44 km. The NO,
total error is estimated to be 10% at 25 km, increasing roughly linearly to 35% at
10 km and 50% at 46 km. In both cases the smoothing error is the largest error
source at high and low altitudes, where the a priori begins to significantly impact
the retrievals. As mentioned above, since the a priori covariance matrix is somewhat
uncertain, and only technically relates to an ensemble of profiles, the inclusion of this
component in the total error must be treated with caution, since it may tend to lead
to an overestimation of the error for individual profiles.

An additional source of error in the NO, retrievals not included in the above error
estimate is that due to the ‘diurnal effect’, which is discussed in Papers V and

VI. This source of error is highly dependent on the observation conditions and thus
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Figure 7.19: Forward model parameter errors (1-STD) for O3 (upper panels) and
NO; (lower panels) due to uncertainties in aerosol, albedo/cloud, neutral density,
temperature, tangent height registration (pointing), spectral resolution, cross section,
and interference from Oz or NOjy. The total forward model parameter error is given
by the square root of the sum of the individual variances. The calculations were
carried out for high-sun (SZA=60°, panels a and c) and low-sun (SZA=90°, panels b

and d) scenarios.
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difficult to quantify generally. However, the error is relatively small (<10%) above
25 km and is at most 456%, with the maximum error located at the lowest altitudes,
putting this error source on par with the estimated NO, total error. More importantly,
the observation conditions where the diurnal errors are significant (>10%) below 25
km are only present for about 16% of OSIRIS data, primarily at the solstices in the
tropics. The impact of other sources of horizontal inhomogeneities have not been

considered in this work.

7.3 Geophysical Validation

A validation study for an older version of the OS NO, retrievals (version 2.4) in Paper
VI estimated the OSIRIS random and systematic uncertainties through comparisons
with a number of solar occultation instruments. This analysis was repeated in Paper
VII on the current OS NO, data (version 3.0) with similar results. Oj retrieved using
the method presented in this work is not used as the operational O3 data product.
As such, no detailed validation studies have been carried out since the initial limited
comparisons in Papers IIT and IV. The validation methodology described in Paper
VI and updated in Paper VII is briefly described below and has been applied to O
produced using the retrieval method described in this work. The validation results

for both species are summarized in Table 7.2 and Figure 7.21.
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Figure 7.20: Total error estimates (1-STD) for O3 (upper panels) and NO, (lower
panels). The four main error sources are included; the smoothing error, the mea-
surement error, the forward model error, and the forward model parameter error.
The total error is given by the square root of the sum of the four variances. The

calculations were carried out for high-sun (SZA=60°, panels a and c) and low-sun

(SZA=90°, panels b and d) scenarios.
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Random Systematic

Os:
35-40 km 5% 6-12%
25-35 km 3% 7-9%
12-25 kmf 4% 20-31%

NO,: PM AM PM AM
35-45 km | 8% 10% | 13-33%  30%
25-35km | ™% 9% | 7-40% 22-29%
15-25 kmi | 14% - 20% -

Table 7.2: Estimated systematic and random (1-STD) uncertainties of the OS Oj
and NO, profiles in percent, based on comparisons with SAGE II, SAGE 111, HALOE
and POAM III, as described in the text. {HALOE results have been excluded. $Only

comparisons with SAGE III are included.
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Figure 7.21: Results from all coincidences between OS Oz (upper panels) and NO,
(lower panels) profiles and HALOE, POAM III, SAGE II, and SAGE III from 2001
to 2006, expressed as the mean (panels a, b, d and €) and standard deviation (panels
c and f) of the differences (OS-Instrument). The coincidence criteria used were 4

hours, 500 km and 20 DU, as described in the text.
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7.3.1 Methodology

The validation methodology applied to the OS O3 and NO, data is described in detail
in Paper VI. Small changes to the approach were introduced in Paper VII. The
methodology is briefly described below.

The coincidence criteria used are a difference in time of measurement of less than
4 hours and in distance between the measurements of less than 500 km. In addition,
coincidences are restricted to cases where the total column O3 at the two measurement
locations differs by less than 20 DU, with the total ozone information taken from the
Earth Probe TOMS (McPeters et al., 1998) and OMI (Levelt et al., 2006). When
multiple coincidences with a particular OS measurement occur, the closest in distance
is chosen. Only OS data with good response (>0.75) and vertical resolution (<5
km) are included. In addition, OS profiles where potentially large pointing offsets
were indicated (flagged) are not considered. For NOg, the coincidences are further
constrained to cases where the local times of the measurements were both near sunrise
(AM) or sunset (PM) in order to limit the impact of diurnal scaling errors (see
below). The coincidences are separated into three latitude bins: 90°S-30°S, 30°S-
30°N, and 30°N-90°N, and four season bins: November-December-January, February-
March, April-May-June-July-August and September-October.

For NO, it is important that the coincident measurements not only occurred close
in time and space, but also that they occurred under the same SZA conditions because
of the strong diurnal cycle of NO,. However, a tight constraint on the SZA differences

would severely limit the number of coincidences. To remove the need for a specific
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SZA constraint, the OS NO, measurements are scaled to 90° SZA using output from
the University of California, Irvine photochemical box model (McLinden et al., 2000;
Prather, 1992). In addition, occultation measurements of NO, are strongly affected by
the variation in NO, along the measurement line of sight (the solar beam), which adds
a bias to the retrieved profiles. A correction similar to that described in Paper VI
is applied to each occultation profile except for the Halogen Occultation Experiment
(HALOE) (see below), which accounts for this variation (Gordley et al., 1996). This
differs from the treatment in Paper VI, where only representative corrections were
determined for various latitude/season conditions. The OS NO, measurements are
also affected by diurnal variations both along the measurement line of sight and along
the incoming solar beam, as described in Paper VI. However, as noted in Section
7.2.3, this error is generally small and for the comparisons here is significantly smaller
than the solar occultation correction, and no correction for this effect is applied.

In each latitude/season coincidence bin the mean and standard deviation of the
differences between OSIRIS and each instrument are determined at every altitude.
From these statistics the OS random and systematic uncertainties are estimated for
three altitude regions: 12-25 km (15-25 km for NOy), 25-35 km and 35-40 km (35-45
km for NOy). The random uncertainties are estimated by assuming that the in-
strument and latitude/season bin with the smallest standard deviation represents an
estimate of the random uncertainty, with OSIRIS and the other instrument contribut-
ing equally to the standard deviation. The systematic uncertainty is estimated from
the range of the maximum absolute mean differences from all of the instruments.

Strictly speaking, any validation analysis should consider the averaging kernels
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and the influence of the a priori (e.g. Rodgers and Connor, 2003). However, since
all of the instruments considered here have similar vertical resolutions (~1-2 km)
and generally have a low sensitivity to the a priori at the comparison altitudes, the

analysis in this work did not account for the individual averaging kernels.

7.3.2 O3 Results

Since the Oj retrieval method presented here is not run operationally on the OSIRIS
measurements, a selection of scans was processed for this work, based on a subset
of the identified validation coincidences used for the O3 (operational product) and
NOg; analyses in Paper VII. The methodology presented in Section 7.3.1 was then
applied to this data and measurements from HALOE (Russell et al., 1993), SAGE
IT (Mauldin III et al., 1985) and III (McCormick et al., 1991), and the Polar Ozone
and Aerosol Measurement (POAM) III instrument (Lucke et al., 1999). The OSIRIS
measurements used covered the period from 2001 to 2006, providing 485 SAGE II coin-
cidences, 1208 SAGE III coincidences, 1124 POAM III coincidences and 799 HALOE
coincidences. Figure 7.21 and Table 7.2 summarize the results.

The results are similar to those for the current operational O3 product (version
3.0), which were determined in Paper VII, and validation studies on previous ver-
sions of the operational O3 product (e.g. Petelina et al., 2004). In general, the re-
trievals using the method presented in this work produce smaller uncertainties (ran-
dom and systematic) than does the operational product. In particular, the ~5%

negative bias above 20 km in the operational product is not present.
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The smaller random uncertainties are likely due to a reduced sensitivity to spectral
outliers, due to the spectral fitting approach, and more vertical smoothing, due to a
reduced sensitivity below the O3 peak from a combination of the large optical depths
and interference from O, and the polarization pseudo-absorber in the spectral fits.
The smaller systematic uncertainties are likely due to the reduced impact of baffle
scatter and other wavelength-dependent features that are not properly accounted for
in the analysis for the operational product, including spectrally-varying albedo and

aerosol extinction.

7.3.3 NO; Results

In Paper VII the OS NO, data (version 3.0) were compared with measurements
from HALOE, SAGE II and III, and POAM III using the method described above.
In total 1060 SAGE II coincidences, 2784 SAGE III coincidences, 1334 POAM III
coincidences and 1548 HALOE coincidences were used, spanning 2001 to 2006. The
results were similar to those in Paper VI on a previous version of the NO, data and
are summarized in Figure 7.21 and Table 7.2.

In brief, the comparisons are very good overall, particularly above 25 km, with
SAGE III clearly giving the best results, both in terms of the mean difference and the
standard deviation. Below 25 km the results are mixed. However, this is expected
since most of the instruments have difficulties retrieving NO, at these altitudes. In
particular, the POAM III NO, profiles have a clear bias in the 20-25 km region. Note

that although not shown here, larger random uncertainties were found in the AM and
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are likely related to the small NO, abundances (compared to PM).
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Chapter 8
Summary, Conclusions and

Outlook

8.1 Summary and Conclusions

This dissertation has presented a method for retrieving stratospheric ozone and ni-
trogen dioxide number density profiles from measurements of limb-scattered sunlight
made with the OSIRIS instrument on the Odin satellite. The retrieval method in-
volves a combination of differential optical absorption spectroscopy, used to calculate
effective column densities from the measured UV /visible/near-IR spectra, and opti-
mal estimation, used to retrieve the optimal number density vertical profiles based
on the effective column densities, their uncertainties and a priori information. The
method has been described in detail in a series of publications included in this disser-
tation. The publications span work from initial studies based on simulated OSIRIS

measurements through to the current method used for operational retrievals. It has
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been shown that OSIRIS, and limb-scatter measurements in general, can be used to
retrieve accurate and highly resolved (vertically) stratospheric ozone and nitrogen
dioxide information with good spatial and temporal coverage. Data produced using
the retrieval method presented here have been used to produce a stratospheric NO,
climatology (Brohede et al., 2007), to study stratospheric NO, (Brohede et al., 2008),
and in a number of validation studies of other instruments (e.g. Kerzenmacher et al.,
2008; Taylor et al., 2007). The retrieval method has also been applied to the OSIRIS
measurements to retrieve additional species, including BrO (Freedman, 2005), OCIO
(Krecl et al., 2006) and NOs (McLinden and Haley, 2008), as well as polarization

information (McLinden et al., 2004).

8.2 Outlook

Although the retrieval method presented here is very robust and produces good re-
sults, further work is required, with a focus on the parameters that affect the total

retrieval error. The following issues need to be investigated and addressed:

1. The use of more accurate a priori information, in particular more representative

a priori covariances.

2. The impact of retrieving to a fixed altitude grid, which introduces artifacts in

the retrieved profiles.

3. The dependency of the retrievals on stratospheric aerosol and the impact of

stratospheric aerosol variations on the use of the data in trend and variability
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studies.
4. Approaches to deal with the remaining tangent height registration errors.
Additional issues include:

e Correlations in the effective column densities (caused by the use of the same

reference for all tangent heights).

o A better treatment of albedo in the retrievals, in particular accounting for clouds

and seasonal snow cover.

e The impact of horizontal inhomogeneities (other than the NO, diurnal effect)

and approaches to accounting for them in the retrieval process.
e The error introduced by using a pseudo-spherical radiative transfer model.

e The error introduced by baflle (out-of-field) scatter and approaches to correcting

for this.

e The application of the retrieval method to the UV to extend the ozone retrievals

to the upper stratosphere and lower mesosphere.
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angle of polarization
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difference in azimuth angle

number of pixels in the fitting window
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wavelength

identity matrix
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MAP expected or retrieval error covariance matrix
MAP expected value

direction vector
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averaging kernel matrix
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b forward function parameters included in F

c effective column density vector

Clsq least squares estimation of ¢

F bforward model

f forward function

g derivative of the cost function

Gy gain matrix

I Stokes vector

K weighting function matrix

K, forward model parameter weighting function matrix
K. linearisation weighting function matrix

n number density vector

n* perturbed number density vector

r position vector

Tisq residual vector

S. ‘covariance of the measurement noise

Sy forward model parameter error covariance matrix
St forward model error covariance matrix

S measurement error covariance matrix

Ss smoothing error covariance matrix

S, optical depth error covariance matrix

S. a priori covariance matrix

S. effective column density error covariance matrix
Stsq Cisq €ITOT covariance matrix
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Ho

oM

OR

Os

™

TR

total error covariance matrix

state vector

linearisation state vector

a priori state vector

measurement vector

“cosine of the zenith angle

cosine of the solar zenith angle

scattering phase function

azimuth angle

solar azimuth angle

internal stray light correction factor
absorption cross section

differential cross section

slowly varying component of the cross section
absorption cross section

extinction cross section

Mie scattering cross section

Rayleigh scattering cross section

scattering cross section

optical depth

differential optical depth

slowly varying component of the optical depth
Mie scattering optical depth

Rayleigh scattering optical depth

172



Tt

&2

Ey
€a
€B
€D
€1
ER
€s
Er
€Iy
€lin
€log

€ROE

Q W =

o

Caer

optical depth along the solar beam
total vertical optical depth

single scattering angle

zenith angle

solar zenith angle

single scattering albedo

standard deviation of the error in 1
standard deviation of the a priori
standard deviation of the error in B
standard deviation of the error in D
standard deviation of the error in I
standard deviation of the error in R
standard deviation of the error in the Level 0 data
standard deviation of the error in 7
standard deviation of the error in I
normal standard deviation
log-normal standard deviation
readout electronics noise

albedo

polynomial coeflicient

bias correction

cost function

effective column density

effective column density of aerosol
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Cair

g12

g13

Ryl

Lairy

I dir

-

unpol

FE T s
w

effective column density of air
dark current correction

degrees of freedom in the spectral fit
solar flux

reciprocal effective gain

Q grating efficiency

U grating efficiency

tangent height

reference tangent height

radiance (intensity)

incident (unattenuated) reference radiance
slowly varying component of I
diffuse (indirect) radiance

direct radiance

equivalent unpolarized radiance
source function

multiple scattering source function
single scattering source function
absorption coefficient

absorption coeflicient

extinction coefficient

Mie scattering coefficient

Rayleigh scattering coefficient

scattering coefficient
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= I R S

path length

correlation length

degree of linear polarization

concentration or number density

off-chip binning

on-chip binning

probability density function

number of elements in x or n

linearly polarized light (parallel and perpendicular)
number of elements in y or ¢

flat-field responsivity

radial distance from the centre of the Earth
residual

root-mean-square residual

Level 0 data

temperature

exposure/integration time

45° linear polarized light (45° and 135°)
circularly polarization light

spread (vertical resolution)

total error in the measurement relative to F
measurement noise

optical depth error vector

optical depth vector
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ACE
AS
BUV
CCD
CDI
CDIPI
CFC
dAZ
DN
DOAS
DOD
DU
ECD
ECMWF
EESC
FM
FMP
FOP
FOV
FWHM
GN
GOMOS
GPS
GSLS

Atmospheric Chemistry Experiment

albedo scattering

Backscatter Ultraviolet

charge-coupled device

Combined Differential-Integral

Combined Differential-Integral Picard Iterative
chlorofluorocarbon

difference in azimuth angle

data number

differential optical absorption spectroscopy
differential optical depth

Dobson unit

effective column density

European Centre for Medium-range Weather Forecasts
equivalent effective stratospheric chlorine
forward model

forward model parameter
field-flattener/order-sorter /prism

field of view

full-width at half maximum

Gauss-Newton

Global Ozone Measurement by Occultation of Stars
Global Positioning System

Gauss-Seidel Limb Spherical
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HALOE
HBFC
HCFC
ILS

IR

IRI

LM
LORE
LOS
LOSU
LSQ
LST
MAESTRO

MAP
MART
MCC++
MIPAS
MLS

MS

MSU
NASA
NAT

NH

Halogen Occultation Experiment
hydrobromofiuorocarbon
hydrochlorofluorocarbon
iterative least-squares

infrared

Infrared Imager
Levenberg-Marquardt

Limb Ozone Retrieval Experiment
line of sight

level of scientific understanding
least-squares

local solar time

Measurements of Aerosol Extinction in the Stratosphere and Tro-
posphere Retrieved by Occultation

maximum a, posteriori

multiplicative algebraic reconstruction technique

Monte Carlo C++

Michelson Interferometer for Passive Atmospheric Sounding
Microwave Limb Sounder

multiple scattering

Microwave Sounding Unit

National Aeronautics and Space Administration

nitric acid trihydrate

Northern Hemisphere
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NOAA National Oceanic and Atmospheric Administration

NPOESS National Polar-Orbiting Operational Environmental Satellite Sys-
tem

NPP NPOESS Preparatory Project

ODS ozone depleting substances

OE optimal estimation

OMI Ozone Monitoring Instrument

OMPS Ozone Mapping and Profiler Suite

0S Optical Spectrograph

OSIRIS Optical Spectrograph and Infrared Imager System

PDF probability density function

PMC polar mesospheric cloud

POAM Polar Ozone and Aerosol Measurement

PSC polar stratospheric cloud

QBO quasi-biennial oscillation

RF radiative forcing

RMS root-mean-square

ROE readout electronics

RTE radiative transfer equation

RTM radiative transfer model

SAGE Stratospheric Aerosol and Gas Experiment

SAO semi-annual oscillation

SBUV Solar Backscatter Ultraviolet

SCIAMACHY  Scanning Imaging Absorption Spectrometer for Atmospheric Char-
tography
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SH
SME
SMR
SNR
SOLSE
SS

SSA
SSU
STD
STEP
STS
SZA
TH
TOA
TOMS
TTL
UTLS
uv
VECTOR

Southern Hemisphere

Solar Mesosphere Explorer

Submillimetre and Millimetre Radiometer
signal-to-noise ratio

Shuttle Ozone Limb Scattering Experiment
single scattering

single scattering angle

Stratospheric Sounding Unit

standard deviation
Stratosphere-Troposphere Exchange Processes
supercooled ternary solutions

solar zenith angle

tangent height

top of atmosphere

Total Ozone Mapping Spectrometer
tropical tropopause layer

upper troposphere/lower stratosphere
ultraviolet

Vector Orders-of-Scattering Radiative Transfer Model
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A method for recovering
stratospheric minor species
densities from the Odin/OSIRIS
scattered-sunlight measurements

lan C. McDade, Kimberly Strong, Craig S. Haley, Jacek
Stegman, Donal P. Murtagh, and Edward J. Llewellyn

Abstract: A method for recovering minor species density profiles in the stratosphere from
observations made with the OSIRIS (optical spectrograph and infrared imager system)
instrument on the Odin satellite is described. The OSIRIS instrument measures limb
radiances of scattered sunlight over the spectral range 2800 to 8000 A, for tangent heights
ranging from 10 to 100 km. We describe how the limb spectra may be processed using the
DOAS (differential optical absorption spectroscopy) technique to derive apparent column
densities for the minor atmospheric constituents O3, NO,, OCIO, and BrO. We also show
how these column densities, measured over a range of tangent heights, may be inverted using
an iterative least-squares technique to determine the local density profiles. The procedures
are illustrated using simulated limb radiances generated with a realistic OSIRIS instrument
model.

PACS Nos.: 42.68Mj, 94.10Dy

Résumé : Nous présentons une méthode pour recouvrer les profils de densité de composés
mineurs de la stratosphére 3 partir des observations faites avec le détecteur OSIRIS
(spectrographe optique et systéme d’imagerie infrarouge) & bord du satellite Odin. OSIRIS

a pour mission de mesurer la radiance du limbe terrestre due 4 la diffusion de la lumiére
solaire dans le domaine de 2800 4 8000 A pour des altitudes allant de 10 & 100 km. Nous
montrons comment les spectres du limbe peuvent étre analysés par DOAS (spectroscopie
optique d’absorption différentielle) pour en déduire les variations verticales de densité

des constituents mineurs de I’atmosphére, O3, NO2, OCIO et BrO. Nous montrons aussi
comment ces distributions verticales, mesurées pour une gamme d’altitudes, peuvent étre
inversées par une technique de moindres carrés pour déterminer les profils locaux de densité.
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Nous illustrons ici la procédure en utilisant des radiances de limbe générées par un modéle
réaliste d’OSIRIS.

[Traduit par la Rédaction]

1. Introduction

OSIRIS (optical spectrograph and infrared imager system) is a Canadian instrument now flying
on the Swedish—Canadian—French—Finnish Odin satellite [1, 2]. Odin is in a 97.8° inclination, Sun-
synchronous near-terminator orbit, with ascending and descending nodes at 18:00 and 06:00 h, respec-
tively. OSIRIS makes limb measurements of solar radiation scattered by the atmosphere during the
daytime for the purposes of monitoring atmospheric composition and temperatures in the stratosphere
and lower mesosphere. The OSIRIS measurements are made over the wavelength range of 2800 to
8000 A, at a spectral resolution of about 10 A, for tangent heights ranging from 10 to 100 km. One
of the objectives of the OSIRIS instrument is to determine the local density profiles of the important
minor atmospheric constituents O3, NO2, OCIO, and BrO. In this paper, we describe one of the methods
being developed to extract the O3, NO;, OCIO, and BrO densities from the OSIRIS scattered-sunlight
measurements. The method exploits (i) the DOAS (differential optical absorption spectroscopy) tech-
nique [3] to determine apparent column densities for each of the species as a function of tangent height,
and (ii) an iterative least-squares (ILS) inversion algorithm to extract the O3, NO;, OClO, and BrO
densities from the apparent column densities. An alternative method for extracting the O3, NO,, OCIO,
and BrO densities using the optimal estimation method of Rodgers [4] is described in a companion
paper by Strong et al. [5].

2. DOAS processing of the Odin/OSIRIS observations

2.1. DOAS in a solar occultation case

To illustrate how the DOAS technique will be applied to the OSIRIS scattered-sunlight measure-
ments, we first consider the related, but much more restrictive, observational technique of solar occul-
tation. In solar occultation the intensity of the unattenuated solar radiation 7°(A) at wavelength A is
measured by a solar-pointing satellite instrument when the line of sight towards the Sun does not pass
through the atmosphere. Subsequent measurements of the transmitted solar intensity, /% (1), when the
line of sight, defined by the tangent altitude ¢k, passes through the atmosphere can be used to obtain
the column density of any absorbing species along the line of sight. If only one species, with known
absorption cross section o (1) at wavelength A, is responsible for the atmospheric attenuation of the
sunlight, the column density along the line of sight, ¢*# (molecules/cm?), can be readily obtained using
the Beer—Lambert Law

°0)
Ith()‘) — th th _ In [m]
o0y exp(—o(A)c™) or "= W )

where the dimensionless quantity o (A)c*” is the optical depth, D()). Note that in this discussion, we
are ignoring instrumentation effects such as finite spectral resolution and are not including the effects
of rotational Raman scattering.

Usually, more than one species absorbs at wavelength A, and Rayleigh scattering by air molecules
and scattering by atmospheric aerosols contribute to the extinction of the sunlight. This problem of
having more than one absorbing species can be taken into account by making the observations over
a range of wavelengths for which the individual absorption cross sections oj(A) vary. The effects of
Rayleigh and aerosol extinction can be taken into account by recognizing that the Rayleigh and aerosol
extinctions, represented by the Rayleigh and aerosol optical depths er (A) and ea (A), are slowly varying
functions of wavelength as opposed to the absorption cross sections o (A), which are typically rich
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in spectral structure. This is the basis of the DOAS approach [3], which assumes that the absorption
cross-section spectrum, o (1), can be represented by a component that varies slowly with wavelength,
o*(}), and a differential component, ¢’(1), which varies rapidly with wavelength, i.e.,

o(h) =0\ + 0’ (M) )

For a single absorbing species, the transmitted solar intensity 7*# (1) can then be expressed as
'y = 1°0) exp '— [05) + o' ()] ¢ — el (3) — el (x)] 3)

where ef{h (A) and ef(‘ (1) are the slowly varying Rayleigh and aerosol optical depths.
The total optical depth D™ (1), for a given tangent height, can then be written as

°()

D) = ln[ o)

] =0'Wec+[0°A)c + er (M) + ea(V)] C))

where the tangent height superscripts have been dropped for clarity.

If the measured total optical depth D(}) is resolved into its slowly and rapidly varying components
D5(2) and D’(2), the slowly varying component D®()A) can be assigned to the slowly varying absorption
and extinction components, i.e.,

D*(A) = o°(M\)c + er(A) + ea (M) %)

and the rapidly varying, or differential, component D’(A) can be assigned to the rapidly varying com-
ponent of the optical depth, i.e.,

D) =o' (M) (6)

The total column density of the absorbing species can then be obtained from

D'(2)
== (7
o’'(L)
where D’() is the rapidly varying component of the measured quantity In[1°(A)/I (A)].
For the case of more than one absorber, D’()) can be expressed as
D'(W) = o{(Mct + o5(M)ex + 0§ (Mes + - - ®)

and the actual column density of each species, ¢, ¢2, etc., can be obtained by fitting the observed D’ (1)
spectrum to the differential spectra of the individual species using standard linear regression.

2.2. DOAS in the Odin/OSIRIS case

In the case of OSIRIS, we do not make a direct solar transmission measurement, as in an occultation
experiment, but continuously measure the sunlight scattered by the atmosphere on the dayside of the
orbit, thus greatly enhancing the global coverage of the observations. The OSIRIS limb measurements
are made within the orbital plane, and for a true terminator orbit the scattering angle and the solar zenith
angle at the tangent point would both be 90°. However, since the Odin inclination is 97.8° the orbit only
coincides with the terminator twice per year (once in October and once in February) and the scattering
angle and solar zenith angle vary between 58.7° and 121.3°. Owing to this observing geometry, we do
not have a simple external source of radiation against which to register transmission, rather, we have a
continuum of internal Rayleigh-scattering sources along the instrument line of sight. This can be thought
of as a collection of discretized sources along the line of sight. The spectral distribution and radiance of
each of these discretized internal sources, IJ? (A), for a single-scattering atmosphere is determined by
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Fig. 1. Daytime limb-radiance spectra calculated for tangent heights of 20, 40, 60, and 80 km at 1 A spectral
resolution using MODTRAN [6].

108 E T T T T 3
- 20 km 1
7L
[y 10 3 E
N = ]
123 o -
< L N
o - i
% .
Ey 106 5— 40 km E
e H i
o ' g
] 1 ]
2 105 d =
3 : 60 km 3
© ]
£
4 104 e 3
' 80 km ]
10‘3 " 1 N 1 N 1 s I s
3000 4000 5000 6000 7000 8000

Wavelength (A)

(@) the attenuation of the sunlight on its way in to each scattering point,
(b) the wavelength dependence of the Rayleigh-scattering cross section, and
() the density of the scattering molecules at point j.

For tangent heights above ~70 km the attenuation of the sunlight on its way in to each scattering point is
negligible and the effective IJ‘.’ (A) for each element along the line of sight for some lower tangent height

can be characterized by a constant, B}h, times the spectral radiance I"*f(A) measured at a reference
tangent height of say 70 km, i.e.,

oy = Bj.hﬂef *) ©)

where B;" depends on the tangent height and position of the jth source along the line of sight. By
summing over all elements along a particular line of sight, we can define an effective 1°(A) for each
tangent height as 7°() = B**I™f(). Then by analogy with the standard DOAS approach described
above in Sect. 2.1, it can be shown that for a single absorbing species

Bth Iref(A‘) , .
1 [l”’—()»)] =o' W)™ + [a M)t + ef{h()») + eZ’(A)] (10)

where I'%(1) represents the radiance observed at tangent height th and c'* is the apparent column
density of the absorbing species along the line of sight. This apparent column density is determined in
part by absorption on the way in from the Sun to each scattering point and by absorption on the way
out from each scattering point towards OSIRIS.

By rearrangement of (10) we obtain

R (M) = o' W)™ + [US(A)C’]’ + o)+t - ln(B’h)] (11)
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Fig. 2. Daytime limb-radiance spectra calculated with the MISU model for tangent heights of 20 and 70 km in the
region where O3, NO,, OCIO, and BrO are significant absorbers.
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where R*()) is the natural logarithm of the ratio of 1™f()), the radiance observed at the reference
altitude, and the radiance 1" () observed at the lower tangent altitude ¢h, that is

Il‘ef()“) ]

th _
R™"(\) =In [_Ifh(x) (12)

If 7**f()) and I*h (*) are measured over a finite wavelength range then R™ (1) can be resolved into its
components that vary rapidly and slowly with wavelength and we obtain

RQ) = R'M) + R°(M) = o'M)c + [6°(M)c + er (M) + ea(A) — In(B)] (13)

where the eg (1) and €4 (1) terms represent the apparent Rayleigh and aerosol optical depths and the ¢4
superscripts have again been omitted for clarity.

By assigning the rapidly varying component of R(A) to the rapidly varying component of the
absorber optical depth, i.e., R’(A) = o’(A)c, we can obtain the absorber apparent column density from
¢ = R'(A\)/o’ (1) at any wavelength.

For the case of more than one absorbing species we have

R'(A) = a{(Me1 +o3(M)ea +o3(M)e3 + -+ (14)

and the individual species apparent column densities, c1, ¢z, etc., for each tangent height can be obtained
by least-squares fitting the differential ratio R’(A) spectrum to the individual differential cross-section
spectra using linear regression.

2.3. Hlustration of DOAS recovery for OSIRIS observations

To demonstrate how the DOAS approach can be applied to the OSIRIS observations we show in
Fig. 1 modelled daytime limb-radiance spectra calculated using the MODTRAN code [6] at a spectral
resolution of 1 A for a number of tangent heights. Figure 1 shows how the radiances generally increase
exponentially with decreasing tangent height and shows how absorption features appear at lower tangent
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Fig. 3. The natural logarithm of the ratio of the 70 and 20 km tangent height radiance spectra shown in Fig. 2.
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Table 1. DOAS fitting coefficients for a 20 km tangent height.

Absorber  Apparent column density

O; 1.2 x 10%° molecules/cm?
NO, 1.3 x 10'7 molecules/cm?
0OCIO 4.2 x 10" molecules/cm?
BrO 4.0 x 10" molecules/cm?

heights. For example, in the 20 km spectrum, the broad O3 Chappuis absorption between 5000 and
7000 A and the narrower O, atmospheric (0-0) band absorption feature at 7620 A are clearly evident.

Figure 2 shows more detailed 1 A resolution 20 and 70 km tangent height spectra in the region
where O3, NO, OCIO, and BrO are significant absorbers. The Fig. 2 spectra were obtained using the
MISU (Meteorological Institute Stockholm University) single-scattering radiance model® which, unlike
MODTRAN, incorporates absorption by O3, NO;, OCIO, and BrO in the UV and visible regions. The
radiances of Fig. 2 were calculated using a set of “standard” O3, NO,, OCIO, and BrO density profiles
for a nominal solar zenith angle of 80° and a scattering angle of 90°. For this study, acrosols were not
included in the MISU model and a surface albedo of zero was adopted. Note that most of the obvious
structure here arises from the structure in the solar spectrum and the decrease in the 20 km radiances
below 3300 A is due to strong absorption by O3 and enhanced Rayleigh extinction.

In Fig. 3, we show the natural logarithm of the ratio of the 70 and 20 km radiances, i.e., R(A) =
In[77f=70 (1) / 1*"=20(3)], for the 3400 to 3900 A region. The high-frequency structure here is due to
the absorption signatures of O3, NOy, OCIO, and BrO and the general increase in the ratio towards
shorter wavelengths is due to the effects of Rayleigh extinction in the 20 km radiances.

One simple way to perform a DOAS analysis of the Fig. 3 radiance ratios, and to resolve R(}) into
its slowly and rapidly varying components, is to pass a simple boxcar filter across R(A). The resulting

3. Stegman and D.P. Murtagh. Private communication.
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Fig. 4. The differential component of the Fig. 3 log ratio spectrum obtained as described in the text (continuous
line). The symbols show the fit obtained using the O;, NO,, OCIO, and BrO differential absorption cross sections
and the fitting coefficients listed in Table 1.
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